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Abstract

With the increasing interest and utilization of unmanned aircraft, also known as drones, current predictions
and simulations of the future airspace have found that the existing approach toward drone operation is not
sufficient to ensure traffic safety. To cope with the future demand, structuring the airspace has been found
beneficial and necessary. Accordingly, various structuring concepts have been proposed, with various con-
cepts suggesting the adaptation of drone corridors. Drone corridors are similar to roads and highways and
provide rules of engagement to navigate and improve traffic safety. Understanding how different corridor
types, rules, parameters, and placements affect the efficiency and safety of the traffic are all crucial areas
of research to improve and influence the future structuring of the airspace. Therefore, in this thesis, we
have explored different corridor types, rules, parameters, and placements to observe beneficial character-
istics for traffic efficiency and safety. By conducting fast-time simulations with randomized traffic within the
metropolitan area of Paris, we observed from our simulational results that structuring the airspace with
the utilization of drone corridors significantly improved traffic safety compared to current high-density op-
erations. Moreover, we observed that layering the corridor airspace into different layers is beneficial for
the safety and efficiency of the traffic. We further discovered that by assigning similar drone specifications
to the same layers, the efficiency of the traffic increased by allowing more optimal speeds and altitudes.
We noticed that a lower separation distance of 20 meters amongst drones increased efficiency and safety.
Similarly, we found that a higher base speed limit of 18 m/s increased traffic efficiency and safety. On the
other hand, no significant efficiency or safety benefit was observed with the increase or decrease in look-
ahead time. Finally, a significant contrast in the efficiency and safety of the traffic was observed for different
corridor placements. It was observed that a more spread-out corridor placement with a higher number of

junctions improved the safety and efficiency of the traffic.
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Chapter 1

Introduction

Unmanned aircraft, also known as drones, have become an increasing area of interest in recent years.
Due to a vast range of versatile designs and operational functionalities, they have been adopted both for
recreational and commercial use, ranging from package delivery services [1] to military applications [2].
Depending on the country of operation, different rules and regulations apply, with most of the operations
performed in unstructured free-flight [3] in countries where access to the airspace is permitted [4]. In un-

structured free-flight, drones can be operated freely in allowed areas directly from origin to destination.

By the year 2050, according to The Single European Sky ATM Research Joint Undertaking (SESAR JU), there
will be approximately 7,000,000 recreational drones operating throughout Europe, in addition to a further
400,000 drones expected to be operated by the government and commercial sector [5]. With the current
operational body of unstructured free-flight, it has been found that unstructured free-flight is only feasible
up until 10,000 flights per day within an area the size of the San Francisco Bay Area and that anywhere
above the given range will need a more complex and mature management system [6]. As a consequence
of future predictions and simulations, various structuring concepts of the airspace have been proposed,

also called Unmanned Aircraft System Traffic Management (UTM).

As implied by the name, UTM aims to efficiently and safely manage future drone traffic in both urban and
rural areas. Due to the complexities of the airspace, the vast range of different drone specifications, and the
existing Air Traffic Management (ATM) for manned aviation, UTM is still under development, and a com-
plete system is yet to be established and fully operable. To date, airspace structures within UTM remains
an open research gap in the literature [7], with most of the drones operating in unstructured free-flight [3].
However, as part of various UTM concepts, drone corridors have been proposed to navigate and contain
traffic. Drone corridors are similar to roads and highways and provide rules of engagement to navigate and

improve traffic safety.
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1.1 Motivation and Problem Statement

To date, a range of different corridor types have been proposed [8][9][10][11][12], ranging in complexity and
airspace utilization, with different rules and parameters. However, existing research on corridors’ effect on
efficiency and traffic safety is limited, restricting the overall knowledge of their viability and impact on the
traffic. Exploring and comparing different corridor types, rules, and parameters are crucial in observing and
determining beneficial characteristics for traffic efficiency and safety for future development, adaptation,
and optimization of corridors in the airspace. Moreover, both the urban and rural environments are com-
plex, and different factors such as the operational safety, social acceptance, integration into the existing
ATM, technological capabilities, and more will largely determine the allowed operational airspace in which
drone operations will take place in the future [13]. Consequently, topological placements of corridors will
likely be restricted and will need to confine to future rules and regulations. Currently, the knowledge of how
different corridor placements might impact the efficiency and safety of traffic is limited. Exploring various
corridor placements is necessary for observing characteristics of corridor placements that might be ben-
eficial for future corridor placements and the determination to what extent different corridor placements

impact the efficiency and safety of the traffic.

1.2 Approach

By adopting the BlueSky simulator [14] and creating an experimental area around the metropolitan area
of Paris, randomized drone traffic was generated within the defined simulational area as part of a simple
UTM system. Consequently, different corridor types, rules, parameters, and placements were simulated
as part of the UTM system. Accordingly, by conducting fast-time simulations, we collected and analyzed
the numerical results and compared the related results, ultimately aiding in filling the identified knowledge

gap in the literature as discussed in section 1.1.

1.3 Research Questions

In this section, we present the research questions created at the beginning of the thesis, aiding in the

exploration of the research area and the conduction of the simulational experiments.
1. Do different corridor types effect the efficiency and safety of the traffic?
Three different corridor types were simulated to answer this research question, ranging in airspace
utilization and complexity.

2. Do different corridor placements effect the efficiency and safety of the traffic?

Six different corridor placements based on proposed and adopted corridor placements in the existing
literature and the metropolitan structure of Paris were simulated, utilizing the same corridor type

for all placements.

3. How do changes to the traffic- or corridor rules effect the efficiency and safety of the traffic?
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To answer this question, we explored how different separation distances and corridor speed limits

effect the efficiency and safety of the traffic for two of the corridor structures compared in this thesis.

4. How do changes to the traffic- or corridor parameters effect the efficiency and safety of the traffic?

To answer this question, we explored how different look-ahead times effect the efficiency and safety

of the traffic for two of the corridor structures compared in this thesis.

1.4 Assumptions and Limitations

The assumptions and limitations section aids in clarifying any limitations or assumptions carried out through-
out the thesis. In addition, this section helps the reader further understand some of the choices made in
this thesis. Lastly, it also limits the overall scope and extent of the research to make it manageable to

complete within the provided time frame.

1.4.1 Assumptions

1. In reality, the allowed airspace in which drones can operate is limited. These limitations could be
due to buildings, such as the Eiffel tower, no-fly zones instantiated around airports, military zones,
or altitude restraints. In this thesis, we assume that all airspace from Om to 165m Above Ground

Level (AGL) was available without limitations within the simulated area.

2. The traffic awareness was not limited by communication delay or data loss. Thus, perfect global

knowledge of drone positions, speeds, altitudes, and headings was assumed.

3. While weather conditions, in reality, might effect the drones speed, heading, and altitude, the sim-

ulations were based on perfect weather conditions, without wind- or rain vectors.

1.4.2 Limitations

1. In reality, a vast amount of different drone types, with ranging technological capabilities and spec-
ifications would be utilizing the airspace. However, in the case of this thesis, four different drone

specifications were used, representing four different tiers of drones.

2. The UTM system utilized only provided the drones with access to the airspace and corridor routes
based on their origin and destination coordinate. A more complex and mature UTM system might

have caused different results.

3. For each simulational scenario, five simulations were conducted. While additional simulations for
each scenario would have been preferable, the number of simulations was limited due to time con-

straints.

4. For the corridor placement experiments, a single corridor type was used. However, different corri-

dor types might have an impact on the results. Furthermore, for the corridor placements based on
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geographical structures the corridor junctions were randomly selected, which might have impacted

the results.

1.5 Contributions

The main contribution of the thesis are as follows:

e First, we contribute to the existing literature by comparing three different corridor types ranging
in airspace utilization and structuring, comparing their efficiency and safety impact on the traffic,
and identifying beneficial characteristics for the future implementation and development of corridor

structures in UTM.

e Secondly, the thesis contributes to the literature by exploring how different rules and parameters
effect the efficiency and safety of two of the corridor types explored in this thesis. Specifically, we

explored separation distances, speed limits, and look-ahead times.

¢ Thirdly, this thesis contributes to the existing literature by exploring how different corridor place-
ments might effect the safety and efficiency of the traffic, identifying beneficial characteristics for

corridor placements based on the results.

e Lastly, this thesis contributes to the existing literature by comparing one of the corridor types simu-
lated in this thesis to unstructured free-flight, evaluating the feasibility, efficiency, and safety of the

two approaches towards the structuring of the airspace.

1.6 Thesis Outline

Chapter 2 presents an overview of the research area, providing sufficient insight and knowledge to under-

stand the background of the thesis questions and the experiments conducted.

Chapter 3 presents the related research within the area of this thesis. Consequently, positioning the con-
tributions of the thesis into the existing literature and providing a foundation for the structure of the con-

ducted experiments.

Chapter 4 explains the methodological construct of the experiments conducted while discussing and rea-

soning the choices made.

Chapter 5 provides detailed explanations of the experiments conducted in this thesis, providing the simu-

lational structures and relevant information.

Chapter 6 presents the results gathered from the experiments discussed in chapter 5, alongside their sig-

nificance.
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Chapter 7 discusses explanations of the results, their significance, and their placement in the existing liter-

ature. Furthermore, conclusions are drawn.

Chapter 8 concludes the thesis. Additionally, suggestions of both interesting and necessary future work
are presented based on the experiences gathered throughout exploration and experimentation within the

selected area of research.



Chapter 2

Background

This section starts with outlining the background theory by giving an overview of the concepts that act as

the building blocks of the main contributions of this thesis.

2.1 Unmanned Aerial Vehicles (UAVs)

Unmanned Aerial Vehicles (UAVs) are aerial vehicles, controlled by a ground control operator, autonomously
governing themselves, or both [15]. UAVs are often referred to as drones, although, unlike the term UAV,
which defines itself as an aerial vehicle, drones is a generalized term for any remotely or autonomously
controlled vehicle, such as boats, submarines, aircraft, or similar. However, the term UAV only refers to
the aircraft itself and excludes the equipment and accessories which make it operational. As such, the
term Unmanned Aerial System (UAS) was created, referring to the entire system, including the camera,
software, Global Positioning System (GPS), control operator, and similar [16]. However, in this thesis, UAV
is used to describe the aircraft itself including its onboard instruments, while UAS, is used to describe both

the aircraft along with the control operator.

Combined with its low development cost and vast scope, UAVs rapid development has enabled new oppor-
tunities in the civil and non-civil sectors. Surveillance, photography, filming, delivery, and agriculture, are
just some of the applications UAVs have been used for, with the scope expanding together with the rapid
technological development. However, to date, UAVs still have significant shortcomings, such as battery life,

sensor capability, environmental adaptation hurdles, and similar, limiting the UAVs use case [17].

Due to the various use-cases for UAVs, it comes in numerous specifications and features, varying in size,
material, attachments, mission goals, and similar. As such, a vast amount of classifications have been pro-
posed. However, due to the vast range of specifications and rapid development of UAV technology, it is
challenging to create a suitable classification model appropriately classifying each UAV properly. However,
UAVs can mainly be divided into four major UAV types, single-rotor, multi-rotor, fixed-wing, and hybrid

[18]1[191[20][21].
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Multi-rotor UAVs use rotors to achieve Vertical Take-Off and Landing (VTOL) and flying. Multi-rotor UAVs
can be divided into six sub-groups, bicopters (2 rotors), tricopters (3 rotors), quadcopters (4 rotors), penta-
copters (5 rotors), hexacopters (6 rotors), and octocopters (8 rotors). Due to the varying ranges of rotors,
exceptional control over its positioning and framing can be achieved in low wind environments, which is
why multi-rotor UAVs are often used for inspections, photography, and filming. However, due to its nu-
merous rotors, stabilizing technology, and other on-board technology, it is significantly energy expensive,
which is why most of the multi-rotor UAVs on the market only have around 10-20 minutes of in-air time
capability. However, larger multi-rotor UAVs can carry more weight, but consequently, the battery life will
be even shorter. Due to the characteristics of the multi-rotor UAVs and the need for quick changes in rotor
speed to maintain in-air stability as-well-as achieving safe VTOL, it is currently relying on battery technol-
ogy to achieve these fast and high-precision throttle changes, which is why it can not run solely on a gas
engine due to the latency [18][19][20][22]. However, hybrid gas and electric multi-rotor UAVs have been
successfully launched and tested, such as Skyfront’s Perimeter 8 octocopter, with a record-breaking multi-
rotor UAV flight time of 13 hours and 4 minutes in March 2021[23]. An illustration of a multi-rotor UAV can

be seen in figure 2.1.

Figure 2.1: Multi-rotor UAV (DJI Matrice 100) [24]

The fixed-wing UAV is comparable to a commercial airliner, as can be seen in figure 2.2, as it uses the
wings to lift the UAV, unlike the multi-rotor UAV, thrusting down air with enough force to counterweight
the gravitational force on the UAV. Because the fixed-wing use the wings to provide a lift, they can keep
themself in the air for a significantly longer duration than a typical multi-rotor UAV. As a consequence, they
can be used for long distance travel and map larger areas. Moreover, due to its characteristics, unlike the
multi-rotor UAV, the fixed-wing UAV can use gas as the primary source of power since it does not require as
fast a reaction time and stabilization as the multi-rotor UAV. As a result, it is common for fixed-wing UAVs
to stay in the air for around 16 hours. On the other hand, due to its fixed wings, and use of its wings for lift,
it can not hover in the same position as the multi-rotor UAV. Moreover, as the fixed-wing is not capable of

VTOL, a takeoff and landing strip is required, especially for the larger fixed-wing UAVs [18][19].
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Figure 2.2: Fixed-wing UAV (Delair DT26X LiDAR) [25]

The single-rotor UAV shares some characteristics with multi-rotor UAVs, such as rotors, VTOL, and their
ability to hover. On the other hand, it has some distinct characteristics. The single-rotor helicopter is
equipped with a single main rotor in addition to a tail rotor to control its heading, unlike the multi-rotor
UAV, which can have multiple main rotors and no tail rotor. It is a popular choice within manned aviation,
however significantly less utilized as a UAV. The single-rotor UAV has significantly greater power efficiency
and does not require rapid thrusting adjustments compared with the multi-rotor UAV. The blade size is
also considerably larger and spins slower than the multi-rotor UAV, making it a more power-efficient UAV.
Consequently, it can use a gas engine to achieve even longer endurance and carry heavier loads than the
multi-rotor UAV. Due to its increased rotor size, the single-rotor UAV is also more dangerous to operate

[18][19]. An illustration of a single-rotor UAV can be seen in figure 2.3.

Figure 2.3: Single-rotor UAV (PRODRONE) [26]

The fixed-wing hybrid combines the ability of hovering and VTOL, like the single- and multi-rotor UAV,
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and utilizing lift, such as the fixed-wing UAV, as can be seen in figure 2.4. However, due to its complexity
and difficulty to operate, it is not until the modern-day they have been found more practical due to the
rapid technological development within the aviation industry. Moreover, due to the hybrid solution, hybrid
UAVs expand the scope of services like food- and package-delivery, enabling further travel distances using
airlift and allowing for VTOL and hovering for package loading and drop-off with the use of multi-rotor
UAVs [18][19]. Corporations like Amazon [1] and Alphabet[27] are already well on their way into testing and
adopting hybrid UAVs for package delivery.

Figure 2.4: Hybrid UAV (Wings hybrid delivery UAV) [28]

2.2 Rules of Conduct for UAV Operation

There are three different lines of sight operations of a UAV in the aviation industry. The first is called Visual
Line of Sight (VLOS). To operate a UAV within VLOS means the UAS operator can see the UAV clearly with-
out the assistance of any additional tools such as telescopes or binoculars. However, this does not include

the use of prescription glasses[29][30].

The second operation of a UAV is within Extended Visual Line of Sight (EVLOS). When a UAV is operated
within EVLOS, the flight is operated beyond the restrictions of VLOS. This can be achieved by using a trained
observer to stay within VLOS of the UAV operated by the UAS operator. The trained observer will then col-
laborate with the UAS operator to fly the UAV safely and reasonably, avoiding any potential hazards in the
airspace or surroundings. The UAS operator and the trained observer can communicate through technolo-

gies such as radio, cellular, or similar [29][30].

The final operation of a UAV is Beyond Visual Line of Sight (BVLOS). In BVLOS the UAV is not visible for
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the UAS operator. Instead, the UAS operator controls the aircraft through Remote Pilot Station (RPS) /
Ground Control System (GCS) instruments, enabling the UAV to travel further distances, this is in contrast
to EVLOS, where flights rely on a second party. Since the UAS operator does not have direct sight of the
UAV or a second party to navigate the flight, such as a trained observer, this type of operation requires
careful planning and execution. Flights operated in BVLOS are controlled by data provided by the on-board
instruments on the UAV. Consequently, a telemetry link transmits information to the UAS operator about
the UAVs flight, such as speed, altitude, position, and other relevant parameters. As such, not all UAVs are
capable of a BVLOS flight due to missing vital instruments [29][30]. A visual illustration of the differences
between VLOS, EVLOS, and BVLOS can be seen in figure 2.5.

Several benefits are enabled with BVLOS flights. BVLOS allows UAVs to collect more data in fewer de-
ployments due to the extended travel distance compared to VLOS and EVLOS. As such, they can replace
long-range aerial data collection currently performed by satellites and manned aircraft, yielding economic
gain and providing higher quality results due to the Above Ground Level (AGL) distance and travel speed.
Lastly, BVLOS flights can be deployed instead of humans in places that may be of danger, such as inspections
of power lines, providing a level of safety [29][30].

Extended Visual Line of Sight (EVL0S) Beyond Visual Line of Sight (BVLoS)

Visual Line of Sight (VLoS)
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Figure 2.5: lllustrational comparison between the various operational lines of sights [31]

Depending on the country, different rules and regulations may apply when operating commercial or
recreational UAVs in the airspace. Jones [4] from the RAND Corporation in Santa Monica, California, ex-
plored the existing international commercial UAS rules and regulations within different countries. She

found that there are six broad approaches to national commercial UAS regulation.

The first approach is the "Outright ban", these countries do not allow UAVs for commercial use. The second
one is "Wait-and-see", these countries have few rules and regulations in place and intend to monitor the
other countries to see their regulatory effect. The third is "Effective ban", these countries have instantiated
formal rules and processes, although they are almost impossible to meet. The fourth is "VLOS required",
in these countries, the UAVs must be operated within VLOS, essentially limiting the commercial potential.

The fifth is "Experimental BVLOS", these are countries where exceptions to the VLOS requirements are pos-
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sible, although it comes with some restrictions. Finally, the last approach is "Permissive", these countries
have instantiated relatively unrestricted legalization of commercial UAV use, providing general guidelines

or requiring licensing, insurance, registration, and similar for the operation of the commercial UAV [4]. A

list of the approaches, alongside the approaches used by different countries can be seen in table 2.1.

Table 2.1: Legislation approaches for commercial UAV use by country [4]

Approach

Definition

Countries

Outright ban

Effective ban

VLOS required

Experimental
BVLOS

Permissive

Countries do not allow drones at all
for commercial use.

Countries have a formal process for
commercial UAV licensing, but
requirements are either impossible
to meet or licenses do not appear to
have been approved

UAVs must be operated with VLOS of
the pilot, this limiting their potential
range.

Exceptions to the constant VLOS
requirement are possible with
certain restrictions and pilot ratings.

Countries have enacted relatively
unrestricted legislation on
commercial UAV use. These
countries have a body of regulation
that may give operational guidelines
or require licensing, registration, and
insurance, but upon following
proper procedures it is
straightforward to operate a
commercial delivery UAV.

Argentina, Barbados, Cuba, India,
Morocco, Saudi Arabia, Slovenia,
Uzbekistan, United Arab Emirates

Algeria, Belarus, Chile, Colombia,
Egypt, Kenya, Nicaragua, Nigeria

Belgium, Bermuda, Bhutan,
Botswana, Croatia, Ecuador,
Jamaica, Latvia, Lithuania,
Luxembourg, Mexico, Nepal,
Netherlands, Slovakia, South Africa,
South Korea, Switzerland, Thailand

Australia, Austria, Brazil, Canada,
China, Czech, Republic, Denmark,
Finland, France, Germany, Greece,
Guyana, Ireland, Japan, New
Zealand, Panama, Poland, Rwanda,
Singapore, South Africa, Sri Lanka,
Russia, Trinidad and Tobago,
Uganda, United Kingdom, United
States

Costa Rica, Iceland, Italy, Norway,
Sweden

Initially, United Arab Emirates was placed as "Permissive" by the author. However, this has been changed
as of 2022. At the end of January 2022, a UAS attack on the Abu Dhabi International Airport was conducted,
killing three civilians. Consequently, the General Civil Aviation Authority (GCAA) reacted by banning all
VLOS, EVLOS, and BVLOS operations, without special permission from the GCAA [32]. However, in Norway,
according to the Civil Aviation Authority (CAA), a UAS can be operated within VLOS below 120m AGL within

allowed operational areas without permission by the CAA. On the other hand, EVLOS and BVLOS can be

conducted above or below 120m AGL with permission from the CAA [33].
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2.3 Unmanned Aircraft Systems Traffic Management (UTM)

In an outlook study conducted by The Single European Sky ATM Research Joint Undertaking (SESAR JU),
the authors observed that by the year 2050, there will be approximately 7,000,000 recreational UAVs and
an additional 400,000 UAVs operated by the governmental and commercial sector throughout Europe. In
total, the European UAV market will have a valuation of over EUR 15 billion annually [34]. Moreover, Bu-
lusu et al., explored the feasibility of unstructured free-flight, where all UAVs operated BVLOS at the same
altitude, in an area the size of the San Francisco Bay Area. The authors simulated 100 to 1,000,000 flights
per day with an average travel distance of 40km. The authors used the occurrences of large deconflictions,
defined by the number of simultaneous UAVs within a distance of 50m from each other, to estimate the
feasibility of the unstructured free-flight. The authors observed that unstructured free-flight is only feasi-
ble up to 10,000 flights per day within the restricted area, and that anywhere above the given range will
need a more complex and mature management system to avoid drone collisions which might harm the

environment, people, animals, or other valuable assets [6].

As can be drawn from the outlook study performed by the SESAR JU, both the interest and availability of
UAVs are rapidly increasing. As such, if their estimates for the future airspace are close to their predictions
and the current VLOS, EVLOS, and BVLOS operations continue as it currently is, an unsafe airspace can be
recognized as observed by Busulu et al. in the paper [6]. Consequently, a more mature and complex man-
agement system is needed to regulate the expected future demand for UAVs in low-altitude airspace. Cur-
rently, an existing management system is used for manned aviation, called Air Traffic Management (ATM).
The ATM aims to create a safe, efficient, and economical movement for various types of aircrafts. As such,
services and facilities have been created providing ground-based and airborne functions [35]. However,
due to its traditional reliance on voice communication through the Air Traffic Control (ATC), a centralized

human-centric ATM can be recognized, limiting the scalability of its operation [36][37].

In 2014 the National Aeronautics and Space Administration (NASA), proposed the idea of a Unmanned
Aircraft System Traffic Management (UTM) system for enabling safe and efficient low-altitude airspace op-
erations for UAVs. The idea represented an initial step to start a discussion surrounding UTM and not a
concrete solution. As such, NASA discussed that the system would be an extension of the currently imple-
mented ATM system, taking inspiration from its operation and removing the centralized operation limiting
its scalability. Since the proposition of the idea, various UTM concepts have been proposed, where two of

the most well-known are US-UTM and Urban Space (U-space) [38].

In the United States (US), UTM is currently a collaborative research between the Federal Aviation Admin-
istration (FAA), NASA, and industry [39], with the first UTM Concept of Operation (ConOps) published in
2016 [40]. Moreover, in Europe, the European Commission (EC) inaugurated an initiative to assure UAVs
secure and safe integration into European airspace. In 2007 the European Organisation for the Safety of

Air Navigation (EUROCONTROL) and European Union (EU) founded the SESAR JU with the responsibility of
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modernizing the European airspace [41]. As a consequence of the increasing need for the structuring of the
future airspace, in 2017 the SESAR JU published a blueprint called U-space. The blueprint was an expansion

of the UTM ConOps presented in the US in 2016, presenting their own vision for a possible UTM system [42].

In the US, the FAA created a ConOps for UTM in a collaborative research with NASA in 2016 [40]. Fur-
thermore, two other ConOpses have been released, one in 2018 [43], and the other in 2020 [44]. The
first version focused on the collaborative efforts among FAA, NASA, industry partners, government, and
non-government organizations. On the other hand, the second version released in 2020 is an updated and

expanded document of the previous document.

According to the FAA [44], the UTM system is a cooperative community-based traffic management system,
in which the FAA establishes the rules of the roads. The system is based on multiple layers of information
sharing from stakeholder to stakeholder to achieve its safe operation. The UAS operators will share their
flight intent amongst each other in which it is used to de-conflict and create separate safe trajectories. An

illustration of the architectural design for the US-UTM can be seen in the figure 2.6.
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Figure 2.6: Notional US-UTM architectural design [44]

The UTM ConOps has four levels, also referred to as Technical Capability Level (TCL). Each of the lev-
els has an increase in their complexity and different goals to help demonstrate the systems development
and maturity. The TCLs are based on a growing complexity, such as population density, air traffic density,
flight frequency, and similar. The four levels are TCL1, TCL2, TCL3, and TCL4. Each of them are designed
based on an increase in risk. Starting from low air traffic, and low density, to a more complex operational

environment, challenging the systems. An illustration of the various TCLs can be seen in figure 2.7
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Figure 2.7: US-UTM levels [45]

In Europe, in 2017, the SESAR JU published a blueprint called U-space, expanding on the UTM concept
presented in the US. In the blueprint, SESAR JU shares their future vision of the European airspace. Accord-
ing to SESAR JU, U-space aims to enable high complexity UAV operations with a great degree of automa-
tion. U-space will be a framework supporting growth and new business opportunities throughout Europe,
while ensuring security, safety, and privacy. U-space will be a set of procedures and services designed for
secure, efficient, and safe access to the airspace for a large volume of UAVs, with the intent of including
allowing access to the airspace for everyone. Moreover, SESAR JU believes this should be achievable by
implementing services that rely on high levels of digitization and automation, both on-board the UAVs and
ground-based environments. The U-space is envisioned not simply to be its own system but an extension
of ATM, providing a straightforward and efficient interface to manned aviation, making the shared airspace
possible. Two years after the publication of the blueprint, in 2019, a ConOps for U-space was published.
The ConOps was created, written, and published by a project called Concept of operations for European
UTM systems (CORUS), a project funded by the SESAR JU, to create a ConOps for U-space [46][47]. An

illustration of the architectural design for the U-space system can be seen in figure 2.8.
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Figure 2.8: Generic architectural design of U-space ConOps [46]

Due to the unavailability of the necessary technologies to achieve the vision for U-space, similarly to
US-UTM, a proposed increasingly iterative phase release structure was proposed in the initial blueprint
released in 2017, as can be seen in the figure 2.9. The development is divided into four phases, starting on
phase U1and ending on phase U4. Each of the phases is complementary to one another and matures based
on the previous phase, slowly implementing new improvements, service groups, safety, and technology.

Overall, increasing the automation and connectivity with each phase, similarly to the US-UTMs TCLs [48].

2019 2021 2025 2030+

vz - us - v4

U-Space U-Space U-Space Automation

Initial Il Advanced I Full
Services Services Services Connectivity

Figure 2.9: The four phases of U-space [49]

The first of the four phasesis U1. The U1level includes the provisioning of e-registration, e-identification,
and geofencing. This phase allows UAS operation in low-density traffic locations with manned aircraft and
updated on restricted zones where flights are permanently or temporarily forbidden. The second phase
of the four is U2. This phase includes planning and approval, tracking, dynamic airspace information, and
procedural interface with ATC. In essence, this phase provides safe operations for BVLOS flights. Further-

more, it establishes a general connection and interfaces to ATM, allowing for an even safer integration with



CHAPTER 2. BACKGROUND 16

manned aviation. The third phase is U3, and this phase aims to allow for safe operations in dense areas.
As such, this phase includes capacity management and assistance for conflict detection. Moreover, it will
include the implementation of automatic DAA and better overall communication. The last phase is U4.
This phase includes integrated interfaces with manned aviation and additional new services. Finally, the
last phase aims to integrate fully with the currently existing ATM system, allowing for U-space vision of the

future management system [48].

According to SESAR JU, the currently available U1 and U2 projects demonstrate that the services are ready
in low density and low traffic environments. However, SESAR JU also recognized that the services need to
be further validated and developed to support the expected density and complexity for future environ-
ments. Moreover, U2, U3, and U4 services need further research, with some services being recognized as
more important than others, including monitor services, conflict management, and emergency manage-
ment. These services are especially critical for ensuring scalable and robust operations in U2 to achieve a

sufficient transition into U3 and U4 [50].

2.4 UAV Corridors

Dedicated UAV corridors have been proposed as parts of various UTM ConOps such as [10][9]. The word
corridor is a loosely defined word by definition, and based on the literature, there seem to be different
interpretations of the word, and its concept [51][13][52][9]. However, in this thesis, a corridor is a three
dimensional road structure in the airspace with different rules of engagement. A corridor can be a simple
one way road structure, or a more complex multi-layered highway structure [8][10]. Furthermore, a corri-
dor can be static or dynamic, dependent on the corridor type [8]. A static corridor is a corridor that does
not adapt to its environment and is well defined, making flight durations, flight planning, and protocols
relatively simple. On the other hand, a dynamic corridor is an adaptable corridor where the route might
change or be shut down in the case of temporary no-fly zones. No-fly zones are temporary areas where

traffic is forbidden due to local accidents, weather conditions, or similar [8].

To date, various UAV corridors have been created worldwide for testing purposes. In 2016, New York in-
vested 30 million dollars into developing an 80 km flight traffic management system between Syracuse and
Griffiss International Airport in Rome. Over the past five years, New York has invested a total of 70 million
dollars into the corridor. At the end of 2021, it was announced that the corridor would be provided with 5G
network technology with the help of Northeast UAS Airspace Integration Research Alliance (NUARI) [53].
Moreover, in Africa, the first drone corridor was established in a combined effort with United Nations Inter-
national Children’s Emergency Fund (UNICEF), and the Government of Malawi in June 2017. The corridor
is placed in Malawi and extends over 5000 km?2. The corridor aims to provide a platform for universities,
the private sector, and other third parties to explore how UAVs can assist various needs, such as medical

delivery [54].
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In recent years, emerging technologies such as geofencing and geocaging has become an important topic
within the area of UTM to enable safety and separation between static and dynamic objects such as build-
ings, restricted areas, and no-fly zones. While technologies such as geofencing, focuses on the restriction
of UAVs to access or bypass restricted areas, geocaging is used to contain UAVs within a certain bound of
airspace, and can be used for dedicated UAV corridors [55] or to safely cage a UAV to avoid collisions [56].

An illustrative figure of the two technologies can be seen in figure 2.10.

Figure 2.10: lllustrative figure of geofencing (left) and geocaging (right) technology [57]

2.5 Topologically Available Airspace

With the increasing number of UAVs and the emergence of new ways to utilize them, larger-scale opera-
tions are expected to operate in urban and rural areas. However, the integration of UAV operations into
the existing airspace is challenging due to the complex nature of the existing structural properties of urban
and rural design [58]. According to [55], there are three main factors which will determine the available

urban and rural airspace in the future, the safety, the social acceptance, and the operational body.

For the safety factor, UAVs will operate in the airspace below 150m AGL, also referred to as Very Low-Level
Airspace (VLL), and are expected to keep a safe distance between themselves and static and dynamic ob-
jects, such as buildings, poles, power lines, birds, and similar. The safe separation needs to be assured due
to the implications that could occur in a collision, where animals, humans, or property might be damaged.
As such, UAVs need to be provided with adequate operational areas where separation can be assured. How-
ever, weather conditions such as rain and wind can significantly effect UAVs route deviation. As such, the
separation distances between static and dynamic objects will also need to take into account the weather

impact on the route deviations of the UAVs [55].

The second factor is social acceptance. Like manned aviation and ground traffic, UAV traffic creates noise

while operating. Inrecent research, it has been found that the annoyance levels of UAV traffic are significant
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and were found to be annoying. However, in the same research, it was observed that by integrating the traf-
fic noise into the existing highway traffic noise, a reduction in the observed annoyance level was reduced
[59]. Moreover, with the future implementation of high-density UAV traffic in VLL airspace, privacy has
become a relevant topic. UAVs are often equipped with cameras and other highly technical components,
which can collect data on people, businesses, and similar. As such, the social acceptance of the corridor
placements and the operational altitude might vary. Based on these observations, UAV operations have
been proposed to be conducted over existing structures such as roads, highways, or even above water
to mitigate these concerns [55]. In figure 2.11, an illustration of how different factors, such as buildings,

weather conditions, privacy, and noise, might collaboratively restrict the available airspace is presented.

a) b)

Obstacle avoidance Wind gusts
o
c) d) ———— > &

Noise

f) i >

NO-FLY ZONE

Clearance envelope Resulting airspace

Figure 2.11: Possible no-fly zone depending on the combined awareness of buildings (a), wind (b), privacy
(c), and noise (d), where the possible accumulated no-fly zone is created in (e) and (f) [55]

The last factor is the operational body. The integration of the UTM system into the current ATM wiill
further largely effect how much of the airspace will be available for UAV operations. In the paper [60], an
analysis of four different integration levels of UTM in ATM was explored. The available airspace was calcu-
lated for the different integration levels in San Francisco. The authors observed that if UTM is dynamically
integrated into the ATM, UAV operations can operate with a great degree of freedom. However, the avail-
able airspace largely decreases with the lower levels of integration. Moreover, U-space 2.8, and other UTM
concepts, have proposed a future vision of the airspace where a range of different UAVs will be utilizing the
airspace. Consequently, UAVs with different capabilities and specifications will share the same airspace. As

such, the airspace will consist of fixed-wing UAVs, multi-rotor UAVs, high-end UAVs, low-end UAVs, and
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everything between, with various ranges of operational missions. Consequently, as can be recognized, the
airspace will need to be adapted to the complex future environment. Furthermore, due to the reliance on
batteries for most UAVs, they will need to get from their origin to their destination as quickly as possible

in order to preserve battery life, further limiting the possible construction of the airspace [55].



Chapter 3

Literature Review

Due to the increasing, interest and relevance of Unmanned Aircraft System Traffic Management (UTM),
significant research has been conducted within the area to achieve the implementation of UTM in the
airspace. This chapter presents the related literature within corridor research related to the aim of this

thesis.

3.1 Proposed Corridor Frameworks

In the following section, we present previous research that has been carried out by other researchers on

the proposal of different corridor types and frameworks.

Jang et al. [13] proposed three different corridor structures, sky-lanes, sky-tubes, and sky-corridors, all
ranging in different degrees of freedom. The sky-lanes concept is similar to the global highway system,
where vehicles travel in lanes in either direction and are responsible for maintaining separation distance
from the vehicle in front. Depending on the situation, the sky-lane can have multiple layers and lanes in
either direction. The authors proposed three different sky-lane concepts depending on their intersection
design. In the first sky-lane structure, the intersection of each layer is intertwined, like a typical highway
with a traffic light solution. In the second concept, north and south directional traffic are in different layers
from east and west traffic. Consequently, there is no traffic light solution at intersections. Furthermore, at
intersections on the right side of the highway direction, Unmanned Aerial Vehicle (UAV)s can change to an
upper layer and vice versa. However, while a traffic light solution is not established for the intersections,
a traffic light solution is created for the UAVs changing layers. In the third sky-lane concept, the UAVs can
travel up and down a layer in the right and left lanes, with no traffic light solution for UAVs changing layers,
overall creating a more self-managed system. The second corridor concept proposed by the authors was
the sky-tubes concept. The sky-tubes concept is similar to the first sky-lane concept. However, there are no
lanes. Consequently, traffic is significantly more self-organized and less structured. The authors proposed
two concepts for the sky-tubes concept. The first concept uses a traffic light solution for the intersections,

while the second concept utilizes time windows. The third and last proposed concept by the authors is the

20
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sky-corridor. In the sky-corridor, UAVs can move freely in any direction, as long as safety is ensured.

Cristian Martin Calvo [9], The Single European Sky ATM Research Joint Undertaking (SESAR JU) proposed
a corridor concept where only pre-flight Conflict Detection and Resolution (CD&R) is offered. The author
proposed a bi-directional corridor structure with a height and width of 20m. In the corridor structure, the
traffic is divided in the middle of the structure. To ensure on-going traffic does not collide, in the case of
more significant route deviation, the directional traffic is divided into two different layers, 100m to 110m
and 110m to 120m. Inside the corridor structure, the authors proposed a speed limit of 11 m/s with a sep-
aration distance of 60m. To access the corridor, Unmanned Aerial System (UAS) operators request access,
and the UTM system provides the UAV with a route and access time frame?. If the UAV misses the access
time frame to the corridor, the UAV will need to hover by the corridor structure until safety can be assured.
Although, if the UAV utilizes onboard CD&R® technology, access can be granted, enabling a level of self-

separation.

An Binh Nguyen [8] proposed three different corridor types in his research. Based on the existing literature
and requirements for the future airspace, three corridor types, specific-, parallel-, and switching corridors
were proposed. The specific corridor is a static mono-directional corridor. The corridor allows only a single
UAV to utilize the corridor at a time. Other UAVs attempting to access the corridor are queued until the
UAV has reached the end. The corridor is 500m in width so that fixed-wing UAVs have room to turn in
the corridor. The parallel corridor is a static bi-directional corridor, allowing for travel in both directions
through the appropriate directional lane, and, unlike the specific corridor, as many UAVs as theoretically
possible can utilize it simultaneously. Moreover, like the specific corridor, the lane width is 500m, with a
100m separation distance between the UAVs within the corridor. Furthermore, the parallel corridor allows
for additional lanes in either direction, depending on the traffic density of its placement. Unlike both of
the other corridor types, the switching corridor is a dynamic corridor that allows for both different corridor
layers and corridor lanes while also adapting to established no-fly zones or local or global weather impacts.
This means that the route distance might be difficult to calculate due to the dynamic approach. The lowest
layer(s) in the corridor is for less-equipped or lower-end UAVs, while the higher layers are dedicated to
faster UAVs, allowing for more optimal travel altitudes and speeds. Consequently, the slower and lower-

end UAVs do not bottleneck higher-end UAVs by having the extra layers.

Balakrishnan et al.[10] proposed a corridor framework based on future traffic demand. The authors pro-
posed that each corridor have a centralized control service controlling the flow and coordination within
the corridor. Furthermore, the authors proposed that there might be different UAV requirements based on

the corridor placement. For instance, greater technological capabilities should be required for corridors in

Pre-flight CD&R is the process where the UTM system analyses the airspace and checks the flight plans of the UAV against other
flights to ensure that the separation distance, which can vary depending on multiple factors, are upheld throughout the flight.

2Access time frame is the timestamp the UAV will reach the corridor

30nboard CD&R, can be utilized for UAVs to share flight information amongst each other in order to keep the provided separa-
tion distance between traffic. Conflict is defined as when two or more UAVs are not able to keep their separation distance in the
future. Consequently, Conflict Detection (CD) is the process of detecting future conflicts, and Conflict Resolution (CR) is the process
of maneuvering in order to avoid a loss in separation.
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urban areas due to the more complex nature of an urban environment compared to a rural environment.
Consequently, UAVs must be granted approval by the corridor’s centralized control service to enter the
corridor, depending on its specifications. Furthermore, the authors suggest that specific corridors should
be established for lesser capable UAVs to allow their integration into the airspace. Moreover, the authors
argued that the general structuring and design of the corridor structure could take on many shapes, as
long as safety is ensured for the traffic utilizing the corridor structures. As such, corridor shapes, such as
connected tubes, cones, and cylinders, are all viable corridor designs. The authors further addressed that
the corridors should be integrated cooperatively with the existing Air Traffic Management (ATM) system
to ensure safety. Consequently, the corridor access and traffic were proposed to dynamically adapt to the

response of ATM operations.

Deutschen Zentrum fir Luft- und Raumfahrt (DLR) [61] proposed a concept for a density-based manage-
ment system for Urban Space (U-space), with the intent of enabling any UAV into the airspace. DLR pro-
posed segmented airspace, where the airspace is divided into three dimensional grids, dynamically con-
trolled based on current and expected traffic, weather conditions, or other parameters. Each segment is
limited to a certain number of UAVs and can be closed if needed. Furthermore, due to the vast range of
UAV specifications and capabilities, the authors proposed that Aircraft Safety Bounds (ASB)* are provided
to each UAV operating within the airspace. The better the performance and technological equipment on
the UAV, the smaller the ASB size, and vice versa. However, the specification of the ASB may change over
time due to surrounding conditions such as high winds or internal parameters like changing battery condi-
tions during flight. Moreover, each flight mission is evaluated based on the characteristics of the segments
within its calculated path. In the case of a mission request, it is either accepted or rescheduled based on
the expected and current traffic density, weather conditions, or if any of the route segments are locked.
Moreover, to calculate the number of UAVs within each segment, a centralized system provides four di-
mensional trajectory information® from each UAV within any given segment. According to the authors, by
having a system as described, all types of UAVs in the future could utilize the airspace, allowing for sig-
nificant freedom at lower densities, although lesser freedom at higher densities. However, segments may
be quickly filled if there are multiple low-performance UAVs in the same segment, as these types of UAVs

would require a large ASB size to ensure safety.

Tony et al. [12] proposed an on-demand multi-lane corridor called CORRIDRONE, which according to the
authors, can fit into any existing UTM concept. The proposed corridor consists of three geocaging levels.
The first is the main corridor, composed of all sub-levels of the corridor. The second level is the lanes within
the corridor, and the last level is around the UAVs operating in the lanes. Moreover, the authors suggest
that the corridor’s construction can be created based on a set of vertiports® provided to the Ground Control
System (GCS) and geographical locations. The GCS is also responsible for monitoring the UAVs within the

system and provides action plans for deviations, critical errors, or dynamic no-fly zones. However, while a

4ASB can be recognized as geocaging technology around the body of the UAVs.
SFour dimensional trajectory defines where, and when, a UAV will be in the airspace at any time.
6A vertiport, similar to helicopter pads, are dedicated Vertical Take-Off and Landing (VTOL) points for the UAVs.
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GCS exists for the control of the corridor, UAVs are reliant on ad-hoc communication” amongst each other
to ensure a level of safety. Moreover, similar to the DLR concept [61], capability levels were proposed to
be used as a means of defining the geocage size around the bodies of the UAVs, while also limiting the
allowed mission extents. Consequently, lesser capable UAVs would be required to have larger geocages
to ensure a level of safety, while higher capable UAVs, with greater technological capabilities, could have
smaller geocages around their bodies. Furthermore, the size of the geocage will further depend on the
speed of the UAV. As such, faster-moving UAVs will have larger geocages, while slower-moving UAVs will
have smaller geocages. According to the authors, a testbed is currently formed on the Indian Institute of

Science campus to research and develop this concept.

EmbraerX [52] proposed a corridor concept as part of their future UTM vision for urban operation. The
authors defined corridors as a structure with a pre-defined height and width that could operate multiple
UAVs simultaneously, separated horizontally, vertically, or both, comparing the structure to highways. The
authors proposed that the corridor structure will have dedicated entrance- and exit points to make the
behavior predictable for outward traffic and ATM operation. Moreover, the authors proposed that access
to more complex corridors should be restricted to UAVs with appropriate certificates and specifications to
ensure safety. The authors further proposed that access to the corridors would be granted by the UTM
system before departure, ensuring available airspace for the UAV and access to the corridor. Furthermore,
the authors proposed that the placement and availability of the corridor should be dynamically adaptable

based on weather conditions, regulations, and similar.

3.2 Corridor Simulations

In the following section, we present the previous research that has been carried out by other researchers

on the comparison of different corridor types, and general corridor simulations.

Bulusu et al. [6] simulated the feasibility of unstructured free-flight in the San Francisco Bay Area (100,000
km?). The authors simulated the simplest form of unstructured free-flight, where all UAVs were operating
at the same altitude with uniform speeds evenly distributed across twelve hours, with an average travel
distance of 40 km. To compare its viability, as per the aim of the paper, different traffic densities were sim-
ulated. The authors simulated traffic densities ranging from 100 to 100,000 UAVs. To observe the viability,
the authors used the metric of the number of concurrent UAVs within a provided distance of each other,
ranging from 50m to 300m. The authors found that unstructured free-flight is feasible for up to 10,000
flights per day within the restricted area. Moreover, in the same paper [6] the authors simulated a simple
corridor grid network with the same simulational parameters and the same viability metric. The corridor
grid network was a simple single-layer structure, where UAVs would fly through without any structuring
within. As such, the authors did not log any data once the UAVs accessed the corridor structure. The

authors observed that the complexity of the traffic was reduced around ten times compared to the un-

7Ad-hoc communication is technology based on information sharing amongst the UAVs, which can be used in combination with
CD&R to ensure safe separation distances.
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structured free-flight, overall drastically improving the safety of the traffic.

Sinul et al.[62][63] simulated four different airspace concepts, full-mix, layers, zones, and tubes (corridors),
and compared their efficiency and safety impact on the traffic. In the conduction of the experiments, the
authors created a virtual environment in a simulator called The Traffic Manager (TMX), developed by the
National Aerospace Laboratory of the Netherlands (NLR). The full-mix concept is similar to the unstruc-
tured free-flight simulated in the research [6]. However, in this paper, the UAVs operated at their optimal
speed and altitude. Moreover, the airspace was divided into layers in the layers concept, where each layer
limited horizontal travel. On the other hand, the zones concept was structured like ring roads around the
city, with different directional headings. Inwards and outwards radials were used for the UAVs to change
ring roads and directional heading. Lastly, the tube concept was a bi-directional pre-planned conflict-free
corridor based on a twelve layered grid network, with fewer nodes for each increasing layer. In the simula-
tor, a 5,476 km? area was used for the simulation with four different traffic demand scenarios varying from
low to ultra, 4,005 UAVs and 7455 UAVs, respectively, on average per hour. The UAVs were generated from
delivery centers with a destination randomly generated within an 11 km range. Additionally, 1,600 runways
were created for larger UAVs, spaced evenly throughout the area, where half of these were marked as
Vertical Take-Off and Landing (VTOL) capable. Furthermore, randomized vector wind was added in combi-
nation with rouge UAVs. The rouge UAVs were introduced at random time intervals and were proportioned
to be seven times larger than the other UAVs, flying in random directions and altitudes. The authors ob-
served that extreme density was viable and could be achieved by spreading out traffic in conjunction with
a flexible structure. Furthermore, the authors observed that the utilization of corridors with pre-defined

conflict-free routes limited the traffic efficiency and overall reduced the performance.

Doole et al. [64] simulated a UAV delivery operation above Manhattan, New York City, comparing a mono-
directional- and bi-directional corridor structure. To conduct the experiments, the authors adopted the
BlueSky simulator, creating a simulation environment of 59.1 km?2, where the corridor structures were po-
sitioned above the streets of Manhattan, overall forming a grid network. The grid network was divided
into layers varying from 23m to 320m, with each layer having different heading ranges the UAVs were
allowed to travel. Consequently, to change the heading, a layer change was required. Moreover, speed
changes were conducted to resolve conflicts, slowing down their speed in case of a possible Loss of Sep-
aration (LoS) instance. The traffic was directly generated into the corridor structure, where a total of 60
randomized simulations involving a total of 200,000 UAVs were conducted. The authors found that the
mono-directional corridor performed better than the bi-directional corridor based on throughput, safety,
stability, and amount of turns needed to reach their destination. In addition, the simulation results showed
that the mono-directional corridor had fewer overall conflicts and LoS and was additionally beneficial for

safety in an urban environment.

Jang et al. [13] compared two different corridor types using numerical simulations. The authors created

an experimental intersection design to compare the two corridor types, where the corridor lengths from
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north to south and east to west were 500m long. For both corridor types, two lanes in both directions
were created and duplicated in four layers to simulate a simplified layered corridor. The first corridor type
compared in the paper was a highway structure with a traffic light system at the intersection. Four differ-
ent traffic light frequencies were simulated for this corridor ranging from 10s to 40s with an increase of
10s. The second corridor type compared was a highway-like structure. However, the north-to-south lanes
were in a different layer than the east-to-west traffic. Consequently, the corridor height was double that
of the first corridor type. Moreover, the corridor type did not utilize a traffic light system but rather a more
dynamic approach toward merging traffic, not requiring any stops. Moreover, both corridor types had a
ramp on the up-most right lane in either direction 90m before the intersection. In both corridor types, the
speed limit was 20 m/s, with a slower speed limit of 18 m/s on the ramp. In each simulation, 20 UAVs were
simulated. The authors observed that the more dynamic intersection design of the second corridor type
was more beneficial in terms of throughput of UAVs per second and minute compared to the first corridor

type, regardless of the different traffic light frequencies of the first corridor type.

Oosedo et al. [65] examined a UTM delivery operation based on estimated parcel delivery numbers in the
year 2030. A simulated environment was created in the SKALE simulator, developed by Japan Aerospace
Exploration Agency (JAXA), in an area 6 km north-south and 10 km east-west in Sendai, Miyagi Prefecture,
Japan. Two delivery point models were created. The first delivery model was based on the area’s current
ground vehicle delivery points, while the other was created based on school districts in the area. Two
on-demand?® corridor frameworks for corridor protection were simulated. The first concept protected the
entire corridor, including its VTOL zones, while the other concept only protected the horizontal corridor,
meaning that two on-demand corridors could be interconnected. In addition, the simulation contained
no-fly zones covering areas protected by local laws. Furthermore, wind gusts were implemented to add
further realism to the simulated environment. Based on their research and predictions of the future de-
livery operations in the area, 32,887 daily flights were simulated. The delivery of packages was simulated
from the vertiport locations to random locations within its operational delivery radius, based on the deliv-
ery radius of the first model’s existing ground vehicle delivery point and based on the school district radius
for the second model. Once a delivery had been generated, a on-demand corridor was created between
the two points, and the UAV delivered the package and traveled back in the same corridor. The authors
observed that the configuration with the highest delivery efficiency was the second model with the second
corridor protection. However, due to the limited number of vertiports and required waiting times for new
on-demand corridors to be generated, only 50.1% of the packages were delivered. Consequently, it was
observed that this type of corridor airspace structuring is not viable for future traffic demand. As such,
the authors suggested that the VTOL from the delivery points need to be more efficient to transport pack-
ages efficiently. Furthermore, the authors observed that UAV-to-UAV communication is needed to sustain

a level of safety for high-density UAV operations.

Sacharny et al. [66] compared three different corridor placements, road network, grid network, and Delau-

80n-demand corridor, meaning, a corridor structure that is created based on the origin and destination of the UAV going to utilize
the corridor structure.
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nay triangulation network. Furthermore, in the same paper, the authors compared a proposed pre-flight
deconfliction method by the Federal Aviation Administration (FAA), called distributed cell-based deconflic-
tion, to a more dynamic corridor deconfliction method called Lane Based Strategic Deconfliction (LBSD).
The authors used a Salt Lake City earthquake simulation to compare the placements and deconfliction
methods, where 25,000 people would receive 36L of water and 1,4 kg of food each day. The number of
vertiports varied from 10 to 50, with 477 distribution sites. In addition, 500 to 1,000 UAVs were simu-
lated. For the comparisons, the authors used the maximum delay, maximum deconfliction time, average
deconfliction time, and average delay as performance indicators. The authors observed that the corridor
placement did make a difference, as the grid layout showed a higher deconfliction rate compared to the
two other layouts, with the Delaunay triangulation yielding the least. Furthermore, the authors observed
that the LBSD provided no flight plan delays, unlike the LBSD method, which showed significant delays,

indicating that a more dynamic approach towards corridor traffic is beneficial.

Muna et al.[51] proposed an collision-free multi-layered bi-directional corridor framework. The corridor
framework is similar to the layered concept proposed in [62]. However, unlike the layered concept, the
authors proposed to divide the corridors into three dimensional cubes, where only a single UAV can oper-
ate simultaneously. The corridor structure was based on a three-layered structure, where the upper layer
has the two headings, North-to-South and South-to-North, while the bottom layer has the directions West-
to-East and East-to-West. At intersections, UAVs can change directions by flying down to the middle layer
and waiting for an open cube in the new direction. In the same paper, the authors simulated the proposed
framework as a one dimensional grid network using discrete-time simulations in python to demonstrate the
distribution of UAVs over a prolonged period. A total of 100,000 time-step simulations were performed,
varying from 1to 50 UAVs in the corridor, consisting of 100 air cubes. Moreover, simulations with different
UAV speeds were also simulated to explore their effect on the corridor framework. The authors observed

that the UAV distribution remained uniform regardless of traffic speed- and volume changes.

Quan et al.[11] proposed a corridor network structure for as part of UTM, combining current swarm- and
route technology. The authors proposed a two-way corridor network, allowing for UAV swarms within each
lane, relying on ad-hoc communication to uphold separation distances amongst the UAVs within the cor-
ridor structure. The proposed corridor concept is similar to highways in its design, with similar rules and
designs for roundabouts and turns. In the same paper, the authors simulated a simple corridor network
with 80 UAVs with different routes, with the use of a custom simulator in Unreal Engine. The corridor net-
work, consisted of the same junction designed as proposed by the authors. Amongst the UAVs a minimum
separation distance of 1m was set. The authors observed that the UAVs kept their separation, with the

lowest separation amongst the UAVs being 1.42m throughout the simulation.

Pang et al.[67] proposed a three dimensional grid corridor concept similar to what was proposed in [61].
The authors proposed to divide the airspace into a three dimensional matrix consisting of three different

density layers. In the lowest layer, the airspace would be divided into small cubes for further control over



CHAPTER 3. LITERATURE REVIEW 27

airspace, with a decrease in cube density for the higher layers for further and faster travel. In the same
paper, the authors explored the efficiency and safety of the two airspace structures unstructured free-flight
and corridor network based on trajectory operations (pre-flight deconfliction). Flights were scheduled to
be flown every 10 minutes in different altitude layers in the corridor network. A simulated environment of
2 km? above the Nanyang Technological University (NTU) in Singapore was used as their test location, with
a traffic density ranging from 20 to 100 UAVs flying below 60 meters. The authors found that unstructured
free-flight is more complex in terms of number of crossing routes. However, as the traffic density increases,

the trajectory-based corridor network’s efficiency significantly decreases.

3.3 Rules and Parameters simulations

In the following section, we present the previous research that has been carried out by other researchers

on parameters and rules changes for traffic efficiency and safety in corridors and other airspace concepts.

Ho et al. [68] proposed an improved Optimal Reciprocal Collision Avoidance (ORCA) CD&R method called
Adapted ORCA and explored how different look-ahead times, separation distances, and deconfliction dis-
tances effect traffic efficiency and safety based on their newly proposed CD&R method. Two different sim-
ulation scenarios were conducted, the first was an extreme conflict scenario, where 10 UAVs were forced
into direct conflict, and the other was a realistic depiction of a multi UAS Service Provider (UASSP) system
in Okutama, Japan. Here, three different UASSPs were considered, health delivery and two food delivery
services, with a traffic density varying from 15 to 35 UAVs. In total, 100 simulations were conducted for
each scenario, where each scenario was around 4 hours long. The authors simulated separation distances
ranging from 5m to 15m, look-ahead times ranging from 4s to 10s, and with and without CD&R, with a max
speed of 5m/s. In the extreme conflict scenario, the authors observed that a more considerable separation
distance caused more significant route deviations and that a larger look-ahead time minimized the route
deviation. Furthermore, the authors observed that for higher look-ahead times, the UAVs tended to de-
viate more due to pre-mature CR and vice versa. In the real-world UASSP scenario, the authors observed
that the larger the separation distance, the larger the route deviation was. Moreover, they observed that
the total number of LoS instances increased with the different separation distances. Lastly, the authors
observed that with an increase in traffic density, and no CD&R system, the total number of LoS increased,

while with CD&R enabled, no LoS were observed.

Aarts et al. [69] developed an analytical model to observe factors influencing the capacity of airspace
traffic. To validate the analytical model, the authors conducted fast-time simulations adopting the BlueSky
simulator. Moreover, the authors created a two-dimensional single-lane orthogonal corridor grid network,
with the identical operational functionality of the corridor network simulated in [64]. As mentioned in
their work, the UAVs utilized a one dimensional speed constraint to avoid LoS. The authors conducted
three different experiments, a base experiment to validate the created analytical model and two rule ex-

periments exploring speed and separation distance changes, to explore their effect on the traffic in the
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corridor. Two different speeds were simulated in the speed experiment, 5m/s and 10m/s. Similarly, two
different distances were simulated for the separation distances experiment, 50m and 100m. For each ex-
periment, ten different traffic densities were simulated, ranging from 6 to 60. The authors observed that
the whole airspace slows down and becomes unstable when an intersection reaches its maximum capacity
using speed resolution as the only resolution factor. Moreover, the authors observed that the maximum
density is not effected by increasing cruise speed while the network flow rate increases. However, by uti-

lizing higher separation distances, the authors observed a reduction in the corridor’s capacity.

Bulusu et al. [6] explored the feasibility of unstructured free-flight and found that it was feasible up to
10,000 flights a day in an area the size of the San Francisco Bay area. In the same paper, the authors also
explored how different separation distances would effect the complexity of the traffic. Consequently, the
authors simulated separation distances varying from 50m to 300m with a 50m increase. Based on the
results, the authors observed that a separation distance of 50m yielded the slowest conflict complexity
growth, meaning concurrent UAVs in LoS, suggesting that the airspace is safer and more efficient with a

decrease in separation distance.

Ribeiro et al. [70] compared the efficiency and safety of four commonly used Conflict Resolution (CR)
algorithms for manned- and unmanned aviation. A linear state-based algorithm? was adopted for Conflict
Detection (CD), while four different CR algorithms were compared and simulated: Modified Voltage Po-
tential (MVP), Space Solution Diagram (SSD), Coordinated Resolution, and Centralized Cost Solution. The
BlueSky simulator was used for the simulations, with the DJI Mavic Pro specifications with a 300s look-
ahead time and a separation distance of 50m, simulating a simple unstructured free-flight where UAVs
travel directly from their origin to their destination at the same altitude and speed. Moreover, three dif-
ferent traffic densities were simulated, ranging from 1,080 to 1,440 UAVs, simulating three times for each
scenario. The authors compared the distance traveled, flight duration, number of LoS occurrences, and
LoS durations to compare the different resolution algorithms. Based on the results, the authors observed
that the two Velocity Obstacle (VO) based resolution methods, MVP and SSD exhibited fewer secondary
conflicts than the other algorithms. Furthermore, the authors observed that the MVP algorithm yielded
more conflicts than the other algorithms. However, it also had a lower conflict time than the SSD algo-
rithm. Moreover, the authors observed that the selected resolution algorithm and traffic density did not
correlate with the LoS duration. Finally, the authors observed that the MVP had the lowest route deviation

and travel time, suggesting that the MVP algorithm is more efficient than the other algorithms.

Bulusu et al. [6] explored the feasibility of different airspace volumes for cooperative and non-cooperative
UAVs in shared airspace [71]. Furthermore, in the same paper, the authors explored the effect of different
separation distances on both the cooperative- and non-cooperative traffic. Each UAV operated at a vertical
height of 120 meters Above Ground Level (AGL) in a two dimensional environment, storing information

such as origin, destination, start time, and similar. The densities varied from 100 to 200,000 UAVs in the

?A linear state-based algorithm looks for conflicts based on the UAV's future linear position, comparing it to the positions of the
other UAVs.
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simulations, where non-cooperative minimum separation values were simulated from 50-300 meters with
an increment of 50 meters, while cooperative separation values were simulated from 5 meters to 300
meters. In the paper, the authors defined UAVs as in LoS when they were within the defined separation
distance for the non-cooperative UAVs, while the cooperative UAVs were in LoS when they were within
the defined separation distance and converging. The authors observed that having cooperative UAVs sig-
nificantly improved traffic volumes while reducing the overall computational complexity. Furthermore, the
authors observed that the probability of observing large LoS clusters were minimized by having smaller
separation distances for both cooperative- and non-cooperative UAVs.

Oosedo et al., [65] simulated a future delivery operation in Japan, as discussed in the previous section.
In the same paper, the authors explored how different separation distances would effect traffic. Conse-
quently, the authors simulated three different separation distances for the different experiments, 30m,
60m, and 150m. Based on their experimental results, the authors observed that the number of intrusions,
defined when two UAVs were closer than 5m, increased when the separation distance was 30m compared
to the separation distance of 60m. However, the authors also observed an increase in the number of in-
trusions again when the separation distance increased to 150m, suggesting a non-linear increase in safety

with an increase in separation distance.

Sacharny et al.,[66] compared three different corridor placements and compared a pre-flight deconflic-
tion method proposed by the FAA, called distributed cell-based deconfliction, to a more dynamic corridor
deconfliction method called LBSD. The researchers compared the effect on the corridor traffic depending
on two different speed limits, 9 m/s and 18 m/s. The authors observed that an increase in speed limit
decreased the average number of deconflictions within the corridor, meaning, the complexity within the

corridors decreased with the increase in speed limit.

Tan et al. [72] explored how different separation distances would effect the number of LoS with and without
CD&R. The authors created a simulated environment within the software System Tool Kit (STK), developed
by Analytical Graphics, Inc. (AGI), and defined an experimental area in Singapore of 0.185 km?2. The au-
thors simulated traffic densities ranging from 18-42 UAVs with six generative vertiports and three landing
vertiports. The traffic was generated based on concurrent waves from the different generative vertiports
with a provided time interval. Moreover, in the experiments, LoS instances were defined when two UAVs
were within 30m. Finally, simulations were performed with and without CD&R, using a fixed look-ahead
time of 10s and a resolution algorithm constraining the speed vector. Based on the results, the authors
observed that with an increase in the separation interval/distance, there was a reduction in the number
of LoS instances. Moreover, the authors observed that when enabling CD&R, even fewer LoS instances

occurred.

Labib et al. [73] simulated a multi-layered corridor network model for distributed UTM, comparing three
different traffic knowledge scenarios with corridor traffic awareness, Global Offline Static (GOS), Global

Probabilistic Dynamic (GPD), and Local Pheromone Guided (LPG), based on the UAVs travel time, route



CHAPTER 3. LITERATURE REVIEW 30

changes, layer changes, queuing, and energy consumption. The three knowledge scenarios increased the
UAVs knowledge of the traffic, and dynamic route changes were made based on this knowledge. A sim-
ulated environment was created adopting the NetworkX library from Python and the multiNetX package,
based on the Erdos-Renyi model. A three-layered network was created in the simulated environment, each
layer containing 300 vertiports and the same amount of airways. Moreover, the UAVs were assigned ran-
dom start and end vertiports in the lowest layer in the simulations. Furthermore, the UAVs were permitted
to travel at any layer, allowing UAVs to travel at their optimal vertical height and speed. The lower the layer,
the lower the speed, and vice versa. In the first and second experiments, a range of 10 to 500 UAVs was
simulated, while in the third experiment, 10 to 1,500 UAVs were simulated. The authors observed that for
denser traffic, the LPG outperformed both the GOS and GPD based on the performance metrics adopted
by the authors, suggesting that more advanced traffic awareness is beneficial for the performance of the

traffic within complex corridor networks.

3.4 Summary

To date, significant research has been conducted within the area of UTM research, mainly encouraged by
various UTM concepts, such as geofencing, geocaging, pre-flight tactical deconfliction, monitoring, track-
ing, conflict resolution, and similar. However, literature on the simulational comparison of different corridor

types, rules, parameters, and placements was found to be significantly limiting.

Based on the existing literature, a variety of different corridor concepts have been proposed, ranging in
complexity and airspace utilization, such as [12][9][8][13]. However, as of yet there is limited simulational
experiments on different corridor types, yet alone the comparison of different corridor types, overall limit-
ing the understanding on the different corridor types effect on the safety and efficiency of traffic, making it
difficult to determine corridor characteristics which might be beneficial for the safety and efficiency of the
traffic. Currently, existing corridor simulations have largely utilized the concept of vertiport-to-vertiport

travel with an interconnected corridor network between the vertiports, such as [64][11][68][73].

Several other researchers have simulated vertiport-to-vertiport traffic without simulating the VTOL pro-
cess for the UAVs, simply generated the traffic directly into the airspace, such as [64][69][13]. On the
other hand, other researchers have focused on vertiport-to-destination travel, simulating package deliv-
ery services with on-demand corridors, such as [65]. Lastly, others have taken a more dynamic approach,
simulating random traffic from origin-to-destination where UAVs access the corridor structure while in
the airspace, such as [6]. Based on various proposed UTM concepts, the airspace should be accessible to
most, and traffic will likely be more dynamic, as simulated in [6], and will not be limited to flights from
vertiport-to-vertiport or vertiport-to-destination, rather a combination of vertiport-to-vertiport, vertiport-
to-destination, and origin-to-destination, with a corridor structure which can be accessed by the UAVs
requesting access to the airspace and corridor structure. Consequently, the understanding of the effi-

ciency and safety of the traffic is limited in the papers which have simulated from vertiport-to-vertiport
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and vertiport-to-destination, as this is likely only one aspect of the future airspace. Moreover, while ex-
isting literature exists on the effects of different rules and parameters on UAV traffic, such as [70][6][65],
different parameters and rules might impact the efficiency and safety of the traffic differently depending
on the structuring of the airspace. As such, limited parameter and rules experiments were observed in the

existing literature for the corridor types aimed to be simulated in this thesis.

In the future, the placement of the corridors will likely be limited due to future rules, regulations, and phys-
ical restrictions. Corridor placements above water and highways have been proposed to mitigate sound-,
visual-, and privacy concerns. However, currently, no literature has addressed how different corridor place-
ments might impact the efficiency and safety of the traffic. On the other hand, while some corridor simula-
tions, have addressed that a different corridor placement effected the results, such as [65] and [66], these
simulations provided limited data, due to the main aim of the papers. Furthermore, as these simulations
were conducted with the utilization of vertiport-to-destination [65] and vertiport-to-vertiport [66] traffic,
limited information on the accessibility to the corridor structure is left unknown, along with performance
indicators such as the direct route deviation, travel time, and similar. Moreover, limited experiments on
different placements were conducted in both papers, with two different placements for the first paper and

three for the second.

This thesis aims to add new scientific knowledge to the literature by conducting fast-time simulations with
randomized traffic, comparing three different corridor types raging in their airspace utilization, to observe
corridor characteristics that might be beneficial to the safety and efficiency of the traffic. Moreover, this
thesis aims to add new scientific knowledge to the literature by conducting different rules and parameter
experiments to observe beneficial rules and parameter characteristics for the efficiency and safety of traf-
fic for two of the corridor types in this thesis. Lastly, this thesis aims to add new scientific knowledge to
the literature by exploring the impact on the efficiency and safety of the traffic depending on six different

corridor placements.



Chapter 4

Methodology

This chapter explains the methodological approach that we have used to perform the experiments con-
ducted in this thesis, which will be further discussed in chapter 5. A rationale for the choice of simulation
environment is discussed and presented in section 4.1. In section 4.2 the rationale for choosing the simu-
lator utilized throughout this thesis is presented. Section 4.3 describes different simulational approaches,
and the rationale for choosing the approach used. Section 4.4 presents the approaches considered and
conducted for the Unmanned Aerial Vehicle (UAV) traffic. Section 4.5 provides explanation of the the cre-
ational process of the corridor structures, placements, and corridor routing. Section 4.6 discusses and
presents how safety is achieved amongst the UAVs as part of the simple Unmanned Aircraft System Traffic
Management (UTM) system created. Section 4.7 discusses and presents the performance indicators used
to compare the results in the results chapter 6. Section 4.8 provides a discussion and final approach to-
wards collecting the simulational data. Section 4.9, presents how the collected data was analysed. Lastly,

section 4.10 presents how the significance of the results collected were determined.

4.1 Experimental Area

In this thesis, different corridor types, rules, parameters, and placements have been explored. In addition,
an unstructured free-flight experiment was conducted to compare the feasibility of unstructured free-flight
compared to a corridor structure as part of a simple UTM system, further information on the experiments
will be provided in chapter 5. Based on the goal of the thesis, the corridor placements’ experiment required
parts of the placements to be based on the infrastructure of the chosen simulated area. As such, for the
purpose of this thesis, a city with compelling infrastructure and size was necessary to collect and observe
interesting results while also limiting the necessary traffic density to limit the computational power for

each simulation.
According to previous research on corridors and airspace capacity [6][64][62], researchers observed that

considering around 1 UAV per km?, each hour, presented interesting results. In this thesis, traffic was sim-

ulated across a twelve hour period. As such, cities such as Rome, with an area of 1,285 km?2, would have

32
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required around 15,420 UAVs to be simulated, which would have taken a significant amount of computa-
tional power to simulate for each scenario. Moreover, as different corridor placements were going to be
explored, having such a large city would make it difficult for most of the UAVs in the area to have access
to corridor placements such as ring roads, provided the UAVs were given reasonable travel distances in
accordance to current UAV technological capabilities, with randomly generated origin and destination co-
ordinates. Moreover, some cities have significant areas covered in water, such as Amsterdam or Venice,
which meant that the UAVs origin and destination locations should have been checked for each instance to
achieve more realistic simulation results for each scenario. On the other hand, if lower percentage of the
city was covered in water, the need to avoid generative coordinates on water would not be needed while

still achieving more realistic and interesting results.

For the experimental area, in this thesis, the metropolitan of Paris was chosen as the simulation area. The
metropolitan of Paris was chosen based on a variety of factors. First, the metropolitan of Paris is around 105
km?2, which allowed fewer concurrent UAVs to be simulated, overall requiring less computational power,
making the simulation process manageable and the overall data sizes collected smaller compared to cities
such as Rome, while still generating interesting results. For example, in the case of Paris, around 1,260 UAVs
should have been simulated over a twelve hour period, compared to the previously mentioned 15,420 for
Rome, or 5,448 UAVs in the case of Oslo. Secondly, due to the relatively small size of the Metropolitan area
of Paris, the ring-road around its city is, comparably to Rome or Oslo, relatively small. This makes it more
accessible to more UAVs, regardless of their origin and destination location. Lastly, only a small portion of

Paris is covered in water, with only the "Seine" river going through a small portion of the city.

(a) Aerial overview of simulation area (b) Simulation area in Paris viewed from the BlueSky
simulator

Figure 4.1: 153.94 km? simulation area in Paris seen from map- and simulation overview, with lati-
tude/longitude origin coordinate (48.8590239723895, 2.3345907131722807)

Since we used the ring road structure around Paris as one of the corridor placements in the corridor
placement experiment, as presented in chapter 5, the circular simulation area was extended from the cen-
ter of Paris ensuring full coverage. Meaning, the circular radius was extended to 7,000 meters, extending
the simulation area to 153.94 km?2. Moreover, the origin coordinate was chosen based on an estimate of

the center of Paris. An image of the simulation area used throughout the experiments in this thesis is pre-
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sented in figure 4.1, where figure 4.1(a) is the general map overview, and figure 4.1(b) is the area as defined

in the simulator which was used throughout this thesis, which will be further discussed in section 4.2.

4.2 Simulator

As mentioned in section 4.1, in this thesis an exploration of corridor types, parameters, rules, and place-
ments have been conducted, with the experiments presented in chapter 5. In addition, an unstructured
free-flight experiment was conducted to compare the feasibility of unstructured free-flight compared to
a corridor structure as part of a simple UTM system. To conduct the experiments and collect the neces-
sary data to answer the research questions, as presented in section 1.3, a simulator was utilized. However,
before deciding on the adopted simulator, in total, three different simulator alternatives were taken into

consideration.

The first alternative was to create a simulator from scratch. By creating a custom simulator, we could have
ensured that it contained all the necessary components and features to assist in the exploration of corri-
dors and the answering of the thesis questions (section 1.3). On the other hand, developing a simulator
would have been quite extensive and would have become exponentially more advanced for each additional
feature implemented. Consequently, the development process was uncertain, and the development time
was challenging to predict altogether. As such, most of the thesis duration might have been used to finish
the simulator, which was outside of the scope of this thesis. Furthermore, while the simulator was under
development, most of the thesis work would have been postponed until the simulator operated satisfac-

torily, which was not ideal.

The second alternative was to utilize an existing closed-source simulator adapted to UAV, UTM, or Air
Traffic Management (ATM) research. By utilizing an existing simulator, a significant amount of labor would
have been preserved, compared to the first alternative, and could have been used on the task at hand.
However, by utilizing a closed-source simulator, there would have been a lack of transparency due to its
private code, altogether making it difficult to compare or verify both results and operational functionality.
Moreover, in the case of the simulator not having a particular feature needed for the experiments, it would
have been challenging to extend or adapt the simulator to the experiments. Instead, a request would have
been needed to be made to the project’s developers. However, the requested implementation would have

not been guaranteed to be implemented on time, or even implemented at all.

The last alternative was to utilize an existing open-source simulator. Like the closed-source simulator, a
significant amount of labor would have been preserved by utilizing an existing simulator. However, unlike
the closed-source simulator, an open-source simulator provides a level of transparency by having all of its
code publicly available. Consequently, by utilizing publicly available code, the simulation results are more
comparable, accessible, and verifiable by other third parties. Furthermore, an open-source simulator al-

lowed for further expansion of its code, which allowed for additional feature implementation and code
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changes to fit the experiments. This was especially important, as bug fixes and altering of code could be
performed to adapt the simulator to the experimental needs. In the end, after exploring a variety of dif-
ferent simulators, such as [74] [75][76][77][14], the BlueSky simulator, created by Hoekstra and Ellerbroek

[14], was adopted.

The BlueSky simulator is open-source, accessible, and free to use by anyone, providing a level of trans-
parency and community-driven development. The transparency of the simulator is in contrast to some of
the other similar papers which have utilized in-house simulators [65], where the code is not publicly avail-
able, and the results can be difficult to compare and interpret as a consequence. Moreover, the simulator
is still maintained and under development by its creators and was reasonably documented, with both test
case scenarios to present different functionalities, and a command-line list on a GitHub wiki page. The
simulator also supports a sufficient amount of concurrent flights to what was needed in this thesis. The
simulator could concurrently simulate around 600-800 flights at the same time without multi-threading,
and significantly more with [14]. Furthermore, the simulator also supports plugins, which made it simple
to extend the simulator and directly access all of the data and functions without directly altering the code,

reducing the amount of written and altered code needed to collect the necessary data.

The simulator is structured around scenario files, simple files with command lines from the language Traf-
Script. The commands could be provided as input before or during the operation of the simulation. For
example, in table 4.1, some of the TrafScript commands within the BlueSky simulator are presented, with
a short description of their functionality. Moreover, the BlueSky simulator is built upon modules, which
allowed easy adaptation of new functionality. By building the simulator architecture in such a manner,
functionality could easily be implemented within a single module without the required understanding of

the other modules, which allowed for easy expansion and modification of the simulator.

Table 4.1: Overview of some of the TrafScript commands [14]

Command (TrafScript) Command description

CRE acid, type,lat, lon,hdg, alt,spd  Create an aircraft

HDG acid,hdg Given an aircraft a heading command (use
heading in degrees)

LEFT acid,hdg Given an aircraft a 'turn left’ command
(use target heading in degrees)

ALT acid,alt Altitude command for autopilot, accepts
feet ("'30000’) or flight levels ('FL300’)

SPD acid, spd Speed command, accepts Mach numbers
(speeds <1 optionally prefix by an M) and
CAS in kts

DEST acid, airport/lat, lon Add a destination as the end waypoint of

the route
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4.3 Conduction of the Simulations

Due to the structuring of the BlueSky simulator, there were two main methods of conducting the simula-
tions. The first method was to fully integrate the traffic generation and operation algorithms directly into
the BlueSky simulator, creating modules and plugins to handle the generation and deletion of traffic, rout-
ing, and similar, creating generalized scenario files to run the experiments. In essence, the results would
have been different for each simulational instance by conducting the simulations in such a manner. Fur-
thermore, with this approach, a great degree of control of the traffic would have been achieved during
the simulation, allowing for additional micro-managing. However, to adopt this approach, a great degree
of knowledge of the simulator and its components was required. While parts of the modules were well
documented, the documentation was still lacking, and initial testing observed it to be problematic and

time-consuming to discover relevant values and functions in the existing code.

The second method was to create scenario files externally from the BlueSky simulator and load these files
onto the simulator once created. Unlike the previous method, by conducting the experiments in such a
manner, a re-run of the scenario files would result in identical results for each instance. Furthermore, a
less complex structure can be identified by separating them, allowing for quicker adaptation, relying on
the available command stack. Furthermore, by keeping them separated, a more flexible structure would
be achieved, allowing for a more personal adaption, aiding in the completion of the experiments. Further-
more, in the case where more advanced control of traffic would have been needed, this could have been

achieved by creating a plugin, and enabled it in the scenario file.

In the end, adopting an external scenario file generation process was the chosen method for conducting
the simulations thought the thesis. The primary motivation behind the approach was quick adaptation. As
the simulator was still under development and its documentation was limited, consequently, adopting the
first approach could have caused more outstanding issues than the second approach. Consequently, due
to the limited time frame of this thesis, a risk-to-reward judgment was taken. Furthermore, by adopting
the second approach, the integration of routing algorithms, corridor placements, and similar was easier

implemented by creating the scenario files externally.

As mentioned, the second approach towards conducting the simulations was adopted. Consequently, sce-
nario files were created externally from the simulator. With the use of python scripts, scenario files were
created. This was achieved by using the python file opener and writing text snippets to the file, ultimately
outputting a complete scenario file for the BlueSky simulator to interpret. In total, apart from the standard
packages used in python, such as sys, os, random, math, numpy, and re, two external packages were used
throughout the creation of the scenario files, geopy [78] and nvector [79]. Both geopy and nvector are
geographical calculator packages used to calculate geographical instances like the crossing point between
two coordinate lines or calculating a coordinate position based on the heading and distance from another

coordinate. Both of which were used in the creation of the corridors and traffic patterns.
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4.4 Traffic Generation

Traffic is a critical aspect of UTM, and the accessibility to the airspace is expected to be available to most.
As such, in this thesis, traffic was randomly generated within the experimental area with the assumption
that people and services will request access to the airspace from anywhere. Moreover, the traffic density
pattern is an interesting aspect of future airspace. Currently, knowledge of how the future traffic density
pattern will look is yet to be observed. In this thesis, we mainly considered two different traffic density
patterns. The first traffic density pattern was similar to a standard deviation curve. Here, traffic was low
at the beginning and end of the day, with significant airspace utilization in the middle of the day. The sec-
ond considered traffic density pattern was an equally distributed pattern, meaning we would expect the

airspace to be occupied with an equal concurrent number of UAVs across the day, with no peak hours.

With the assumption that future UAV operations, such as package delivery, surveillance, imagery, and
similar, will be highly autonomous, the future operations will primarily, and arguably, be operated with-
out human-in-the-loop. Consequently, we can expect services to automatically start when the airspace
is accessible. Based on these assumptions, the second traffic density pattern was chosen for this thesis.
Consequently, the traffic was equally distributed across twelve hours, randomly assigning the minutes and

seconds within the hour. The UAVs which were left, were assigned to a random hour, minute, and second.

As previously mentioned, the future airspace is expected to be available to most. This entails a vast range
of different types of UAVs ranging from highly technological- and physically capable to lower technological-
and physically capable UAVs. For instance, larger businesses such as Amazon will likely afford to use more
high-end UAVs for their package deliveries than a smaller family-owned restaurant or even a recreational
user delivering a forgotten family member’s phone back to them. Additionally, the future airspace will most
likely contain different types of UAVs, such as the fix-wing-, multi-rotor-, single-rotor-, and hybrid UAVs. In
this thesis, to limit the complexity of the experiments, four different UAV configurations were chosen to
represent four different tiers of UAVs, mainly focusing on their speed. In increasing order of technological-
and physical capable UAVs which were used in this thesis are the DJI Matrice 600, DJI Phantom 4, DJI Ma-
trice 100, and the Amazon Octocopter. A table of the specifications of the different UAVs is presented in
table 4.2. Based on the UAVs travel distance capabilities and the size of the experimental area, in this thesis,
the UAVs were assigned random origin and destination coordinate with a travel distance randomly picked

between 3km and 5km.
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Table 4.2: UAV specifications

Parameter DJI Matrice  DIJI DJI Matrice  Amazon
600 Phantom 4 100 Octocopter

Number of engines [number] 6 4 4 8

Power per engine [kW] 0.482 0.0669 0.2 0.482

Horizontal speed range [m/s] -18-18 -20-20 -22-22 -44-44

Vertical speed range [m/s] -5-5 -4-6 -4-5 -8-8

As the traffic was randomly generated, it was observed in some instances that the UAVs would be
generated into Loss of Separation (LoS), where two UAVs where within their provided separation distances.
Moreover, in other cases, it was observed that when two UAV destinations were beside each other, within
a 50m range, and the UAVs arrived near their destinations simultaneously, they would end up in an endless
spiral of conflict and avoidance. Therefore, a simple access protocol to the airspace was created between
the Unmanned Aerial System (UAS) operator and the UTM system to mitigate these two issues. In the
first step, the UAS operator request access to the airspace, providing their origin, destination, and UAV
specification. In the second step, the UTM system checks against current traffic (200 previous UAVs). In
the last step, if the requested origin and destination are within the radius of the separation distance, with
a buffer radius of 60m, the flight is declined. While an airspace approval process was adopted, the issue
could have also been resolved by forcing UAVs in conflict near their destination to take a slight detour or
emergency land. However, a consequence of this could have been that UAVs, on average, landed further
away from their original destinations and possibly falsely emergency landed. As such, a "delayed" UAV
flight approach was adopted in this thesis, where UAS operators would request access to the airspace to

the simple UTM system.

4.5 Corridor Construction and Routing

In this thesis, as will be presented in both section 5.1 and 5.3, we have explored a range of different corri-
dor types and placements. Consequently, various corridor complexities can be recognized, with different
angels, junction nodes, and junction routes. To ensure the integrity of the corridor structures, a dynamic
corridor creation methodology was adopted. Initially, a trigonometric approach was used to create the
corridor structures. In this approach, a set of junction nodes were provided as an input, as represented
by the blue crosses in figure 4.2. For each of the junction nodes, the outer nodes, as represented by the
green squares in figure 4.2, were calculated based on the crossing nodes of the connected junction nodes,
ultimately creating a corridor structure. In addition to the outer nodes, inner nodes were also calculated to
define the inner routes of the corridor structure. However, as the corridor networks became more complex,
significant issues with the initial corridor creation methodology were observed, where the integrity of the
corridor structure was not consistent, most likely due to issues in the initial code or logic. Consequently,

another methodological approach was adopted. In the final corridor creation method, an existing geo-
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graphical Python package, called nvector [79] was used to calculate the crossing nodes, ultimately creating
a corridor network with structural integrity, outputting both corridor structure coordinates and corridor

lane coordinates.

Figure 4.2: An illustrative figure of the structural build of a weighted corridor network. The blue crosses
inside the blue circles are the junction nodes. The green squares are the outer crossing nodes. The black
arrows are the directional heading of the lane to the left of the directional heading. The purple line is the
divider between the directional traffic direction.

As mentioned in section 4.4, in this thesis, the traffic was randomly generated with different travel
distances and origin- and destination coordinates. Consequently, instances where UAVs did not benefit
from the utilization of the corridor or needed to largely deviate from the direct route, occasionally occurred.
Like a real-world scenario, all UAVs utilizing the airspace will not necessarily utilize a corridor structure. As
such, an intermediate global travel altitude and travel speed were created. Since the corridor structure
was placed at 120m Above Ground Level (AGL), and above, a global intermediate travel altitude of 100m
was created in this thesis. Furthermore, to ensure a great level of safety, a slower travel speed of 10.28
m/s was instantiated compared to the corridor speed limit. In this thesis, UAVs did not access the corridor
if the origin- and destination coordinate had the same closest corridor junction node or if the corridor
route distance exceeded three times the direct route distance. In figure 4.3, the protocol for the direct
route travel is illustrated. The protocol consisted of four steps. In the first step, the UAV ascended to the
intermediate travel altitude. In the second step, the UAV started traveling towards its destination once the
global intermediate altitude was reached. In the third step, once the UAV was close to its destination, the
UAV slowed down and stopped when it was reached, then descended to the ground. Finally, the UAV was

removed from the simulation once the ground was reached.
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Figure 4.3: The UAV flight protocol for the direct route

For the UAVs which utilized the corridor, an eight-step protocol was created, as is presented in figure
4.3. In the first step, the UAV ascended to the intermediate travel altitude. In the second step, the UAV
traveled towards the corridor entrance junction once the intermediate travel altitude was reached. In the
third step, the UAV ascended to the corridor altitude once the entrance junction was reached. In the fourth
step, the UAV followed its assigned corridor route. Once the UAV reached its exit junction node in the fifth
step, it descended to the intermediate travel altitude. In the sixth step, the UAV traveled to its destination.
In the seventh step, once the UAV was close to its destination, it would slow down. Once the destination
was reached, it would stop and descend to the ground. Lastly, the UAV would be removed from the simu-

lation once the ground was reached.
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Figure 4.4: The eight step corridor flight protocol

A range of different corridor placements were explored in this thesis, and are presented in chapter

5. The corridor placements included weighted corridor networks (roundabout- and park networks), non-
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weighted corridor networks (grid networks), and curved corridors (ring-road and river). Consequently, a

range of different corridor routing algorithms was utilized.

For the weighted corridor networks, as implied by the name, the networks consisted of junction-to-junction
nodes of varying distances. Consequently, for any UAV, a single shortest route existed within the network.
In this thesis, Dijkstra’s shortest route algorithm [80] was adopted to calculate the general shortest route
between the junction nodes. However, first, the closest junctions to the origin and destination coordinate
were calculated. Based on this data, Dijkstra’s shortest route algorithm was used to find the general short-
est route. Based on this information, the inner corridor route was further calculated based on a counter
clock-wise sorted inner junction node lists provided during the creation of the corridor, headings, and dis-
tance calculations from junction-to-junction, ultimately generating an inner route. Another possible rout-
ing approach for the weighted corridor networks would have been to further structure the corridor data
to provide information on allowed routes, thus providing this data to Dijkstra’s shortest route algorithm.
However, due to the creational process of the corridor structures, the first approach made it simpler while

also providing further routing control.

For the non-weighted corridor networks, unlike the weighted corridor networks, all of the junction-to-
junction distances were equal, meaning there were multiple shortest routes for any UAV. While Dijkstra’s
algorithm could have been used for the shortest route, a custom non-weighted algorithm was created as
Dijkstra’s algorithm would have been biased towards some routes due to slight variations in the geograph-
ical distances between junction coordinates. As such, a non-biased custom algorithm was created. The
algorithm was based on a two dimensional matrix structure. The algorithm favored the x-axis before the
y-axis. Thus, travel would always occur on the x-axis before the y-axis. For the inner routing, the same

approach as with the weighted corridor was adopted.

For the curved corridors, similarly to the weighted networks, for any UAV, a shortest route existed. How-
ever, unlike the weighted networks, only a single or two possible routes were available depending on if the
corridor endings were connected. If the endings were connected, there would be two possible routes for
any UAV. However, if the endings were not connected, there was only one possible route. Therefore, for
the non-connected curved corridor, the shortest route and inner route were calculated based on a sorted
corridor junction list. However, for the connected curved corridor, the shortest route and inner route were

calculated based on a sorted corridor junction list and the shortest directional route within.

4.6 Conflict Detection and Resolution (CD&R)

In the aviation industry, Conflict Detection and Resolution (CD&R) is a broad term, ranging from centralized
onboard instruments to pre-flight strategies. Currently, UAVs are heavily reliant on onboard systems for a
level of safety. However, as the traffic density and complexity increase, simple onboard CD&R instruments

are not sufficient to ensure a level of safety. Consequently, additional collaboration/information-sharing
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technology, pre-flight planning, or both are necessary and are both parts of UTM concepts such as U-space
and US-UTM. In this thesis, we have explored different corridor types, parameters, rules, and placements,
while also exploring the feasibility of corridors as part of UTM compared to unstructured free-flight. While
UTM systems can range in complexity, depending on the concept, a simple UTM system was created to limit
the scope of this thesis. As presented in section 4.4 and 4.5, a UTM system avoiding initial LoS and end-
less conflict was created while also providing the UAS operators with the shortest route and access to the
airspace. Moreover, while pre-flight conflict detection and corridor access protocols have been proposed
as part of UTM concepts [8], in this thesis, a more dynamic and self-structuring approach was adopted to
limit the scope. Consequently, the safety of the traffic relies on intercommunication amongst the UAVs. In
the case of this thesis, with the use of ad-hoc networks [81]. With the ad-hoc network, UAVs shared their

intent and collaboratively organized themself in an effort to avoid LoS.

The conflict detection method used in this thesis was a state-based algorithm [82]. In the state-based
algorithm, the UAVs geographical location, altitude, heading, speed, and separation distance, were used
to calculate possible future LoS occurrences in the linear future provided a look-ahead time in seconds. For
instance, if a UAV was traveling at 10 m/s with a look-ahead time of 10s, the state-based algorithm would
look 100m into the future to observe possible LoS instances. However, as the algorithm calculated possible
linear separation violations within a given look-ahead time, it did not consider any potential directional
change in the route. Therefore, in the case of ongoing traffic in a corridor, false conflicts occurred when

the speed and look-ahead time was high. Consequently, a look-ahead time of 15s was chosen for this thesis.

The Modified Voltage Potential (MVP) algorithm [82] was used for conflict resolution throughout the the-
sis. In the MVP algorithm, conflicts were resolved pair-wise by speed- and heading changes. However, it
is important to note that by solving conflicts in a pair-wise manner, possible chain reactions could have
occurred, where one resolution created a new conflict. However, although domino effects could have oc-
curred, in the paper [83], the authors compared different Conflict Resolution (CR) algorithms and observed
that the MVP algorithm had the least route deviation, lowest time in conflict and the fewest LoS instances
in higher density traffic. Moreover, in the paper [64], the authors only used a speed change as a resolution
maneuver for the MVP algorithm. However, in this thesis, the lanes were wider, and a more dynamic ap-
proach was adopted for the experiments, allowing UAVs to move more freely, consequently, both speed

and heading changes were allowed.

4.7 Key Performance Indicators (KPIs)

Safety and efficiency have been used as general terms to explain what we are comparing and exploring in
this thesis. However, safety and efficiency are broad terms, and as such, this section presents the inter-
pretation of these two words in the context of the conducted experiments and presents the values which
we have used as indicators for efficiency and safety. These values are collectively called Key Performance

Indicators (KPIs).
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In this thesis, the UAVs were separated based on provided separation distance values, both horizontally
and vertically. Thus, creating a safety area around the bodies of the UAVs. The higher the separation dis-
tances were, the longer distances away from each other the UAVs needed to be to uphold the provided
separation rules. Provided a horizontal separation distance of 50m, a LoS would have occurred if two UAVs
were within a shorter horizontal distance than the provided horizontal separation distance. For instance, if
two UAVs were 40m apart, a separation violation of 10m would have occurred. To avoid LoS occurrences,
as presented in section 4.6, the UAVs future linear positions were calculated to determine whether or not
a future LoS would occur. In the case of a potential future LoS, a conflict would be raised for the two UAVs
involved. To avoid the possible LoS, a resolution maneuver would be conducted, changing the speed, head-
ing, or both. Based on this information, we observed five safety KPIs of interest in determining the safety

of the traffic.

The first safety KPI utilized in this thesis was the average number of conflicts, as an increase in the number
of conflicts conveys the complexity of the traffic in the airspace. As such, the lesser the number of con-
flicts, the less complex the airspace, and the fewer possible occurrences of collisions. Moreover, for the
second safety KPI, the average number of LoS conveys how many failed conflict resolution maneuvers have
occurred. Furthermore, for the second and third safety KPI, the LoS duration and distance were chosen,
as these values present the severity of the LoS. Generally, the longer the LoS duration and the higher the
separation violation, the more severe the LoS occurrence. For the last safety KPI, the number of near mid-
air collisions was chosen, defined when two UAVs were closer than 10m from one another. A table of the

different safety KPIs used in this thesis, along with a short description, is presented in table 4.3

Table 4.3: A list of the safety KPIs and a description of their values

KPI Description

Average number of conflicts [number] The average number maneuvers taken to
avoid LoS

Average number of LoS [number] The average number of unique separation
violations

Average LoS duration [s] The average number of seconds two UAVs

are violating the separation distance
Average LoS distance [m] The average LoS distance between LoS
pairs

Average near mid-air collisions [number] The average number of instances where
two UAVs were closer then 10m from
each other in a LoS

For the efficiency KPIs, we were mainly interested in how fast the UAVs could reach their destinations.
The faster the destinations were reached, the less crowded the corridors were, and the more energy was

preserved. Consequently, the collective average travel time for the UAVs was used as the primary indicator
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of efficiency in this thesis. However, as previously mentioned for the safety KPls, with an increase in the
average number of conflicts, more complex airspace and traffic pattern can be recognized, leading to both
speed and route deviations. Consequently, two additional efficiency KPIs were utilized for this thesis, the
average number of conflicts and the average route deviation. A table of the different efficiency KPIs are

presented in table 4.4.

Table 4.4: A list of the efficiency KPIs and a description of their values

KPI Description

Average travel time [s] The average travel duration for the UAVs
to reach their destination

Average number of conflicts [number] The average number maneuvers taken to
avoid LoS

Average route deviation [m] The average deviation from the
calculated- and provided route by the
UTM

For the corridor placement experiment, as presented in section 5.3, two additional efficiency KPIs were
used. As six different corridor placements were simulated, their level of accessibility was expected to vary
depending on their coverage of the simulated area. Consequently, the average number of UAVs not utilizing
the corridor was used as an additional efficiency KPI for this experiment. Moreover, it was further expected
that the provided routes would vary in distances depending on the corridor placements due to the variety
of junctions and aerial coverage, either limiting or improving the efficiency of the routes. As such, for the
last additional efficiency KPI for the corridor placement experiment, the average direct route deviation was
also utilized. A table of the additional efficiency KPIs for the corridor placement experiment is presented

in table 4.5

Table 4.5: A list of the additional efficiency KPIs for the corridor placement simulations and a description
of their values

KPI Description

Average number of UAVs not utilizing the corridor [number] The average number of UAVs which were
not provided corridor access by the UTM

Average direct deviation [m] The average direct deviation from the
calculated- and provided route by the
UTM

4.8 Data Collection

In the previous section 4.7, we discussed how we defined efficiency and safety for the conducted experi-
ments. However, in this section we will present the methodological approach adopted to collect the nec-

essary data. Overall, three different data collection methods were considered.
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The first method was to utilize the existing built-in plugins for the BlueSky simulator, in this case, loggers
such as "SNAPLOG" and "CONFLOG". The "SNAPLOG" allowed for periodic logging within an adaptable
logging interval. Furthermore, several variables could have been activated or deactivated based on a pre-
defined variable list. Moreover, the "CONFLOG" worked similarly, although specified explicitly for conflicts.
Using the built-in plugins would have saved both time and development effort. On the other hand, the
built-in plugins were limited and would have possibly been challenging to adapt to the need of the thesis.
The second method was to utilize a third-party logging plugin. Different values could have been collected
depending on how the logger was structured and aimed, similarly to the first method. However, locating
a third-party logger compatible with all of the thesis needs would have been difficult, and similarly to the
built-in plugins might have been challenging to adapt for this thesis. The third, and last method consid-
ered, was to create a plugin from scratch and customize it to the needs of the thesis. The plugin would be
created from scratch, so the development effort would be more significant. However, it would allow for a
level of customization, ensuring all the needed data was logged. While utilizing an existing plugin would
have saved some development effort, it lacked customization and logging information such as the distance
between two UAVs in an LoS, the option to log end data of a UAV once it landed, and similar. Consequently,

for this thesis, a customized plugin was created from scratch.

Table 4.6: UAV start log

Data Description

Creation time [s] The second the UAV was granted access
to the airspace by the UTM

UAV ID [string] The identifier of the UAV

UAV type [string] The specification type of the UAV

Direct route [m] The shortest direct route distance from

origin to destination

Route distance [m] The provided route distance provided by
the UTM

Max altitude [m] The maximum planned travel altitude for
the UAV

Max horizontal speed [m/s] The maximum planned horizontal speed
for the UAV

Max vertical speed [m/s] The maximum planned vertical speed the
UAV will use

In theory, all of the data collection in this thesis could have been conducted through the use of the
BlueSky simulator with the created plugin. However, for ease of use and to save some development ef-
fort, a "UAV start log" was created alongside each scenario file. The "UAV start log", as presented in table
4.6, logged every instance of a UAV once access to the airspace was granted from the UTM system. The

UAV start log consisted of information such as the timestamp of when the UAV was granted access to the
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airspace, the pre-calculate route distance, and more. The instances were logged as Comma-Separated Val-
ues (CSV), and as a consequence the files were stored in ".csv" format. By storing the data in CSV format,

the analysis of the data was made simpler as will be discussed in section 4.9.

As presented in the table 4.6, the creation time value was the second the UAV was provided access to
the airspace from the UTM system. If a UAV was provided access 2 minutes after the simulation started,
the value would have been 120 seconds. The UAV ID was the identifier of the UAV. In this thesis, the iden-
tifier was the word "UAV" with an incrementing number behind it, starting from 1, for example, "UAV1".
The UAV type was the identifying name of the UAV's corresponding specification, which could be either of
the four UAV types presented in section 4.4. The distance from the origin to the destination was the direct
route distance from the origin- to destination coordinate. The route distance was the UTM system calcu-
lated route distance provided. Lastly, the max altitude, max horizontal speed, and max vertical speed were
all planned maximum variables for the UAV thought its route, which the UTM calculated in the planning

process for the UAV.

While the UAV start log was generated alongside the scenario files, the other logs were created through
the custom logger plugin called "LOGGY", on the simulator side. The plugin had direct access to all of the
BlueSky modules, quickly accessing necessary logging data, for the most part, the traffic module. For each
instance of the plugin, the plugin created three separate log files, "Loss of Separation log", "Conflict log",
and the "UAV end log". Similar to the "UAV start log", these logs were stored in CSV format. However, they
were saved as ".log" files and later converted into ".csv" files. Moreover, the logging functions within the
plugin were called in a time interval of one second to collect as accurate data as possible. While the log-

ging interval could have been even shorter, large amounts of data would have been gathered with limited

benefits.

Table 4.7: LoS log

Data Description

Time [s] The second the LoS is true between the
two UAVs

UAV1 [string] The first UAV in LoS occurrence

UAV2 [string] The second UAV in LoS occurrence

Distance between [m] The horizontal distance between the two
UAVs

The LoS log, as presented in table 4.7, logged every instance of a separation violation, with the two
included UAVs, including the timestamp of the occurrence. In addition, the geographical distance between
the two UAVs was also logged for each time step. Based on this data, we were able to calculate the num-

ber of unique LoS pairs, the average LoS duration, the average LoS distance, and the number of instances



CHAPTER 4. METHODOLOGY 47

where UAVs were within 10m of each other, as discussed in section 4.7.

Table 4.8: Conflict log

Data Description
Time [s] The second the UAVs activated conflict
resolution

UAV1 [string]  The first UAV in the conflict
UAV2 [string] The second UAV in the conflict

The conflict log, as presented in table 4.8, logged every instance where maneuvering were required in
order to prevent a potential LoS. Consequently, for each time step, when UAVs needed to maneuver, the
two included UAVs were logged, along with the timestamp. Based on this data, we were able to calculate

the number of conflicts, as discussed in section 4.7.

Table 4.9: UAV end log

Data Description

Deletion time [s] The second the UAV landed and was
deleted from the simulation

UAV ID [string] The identifier of the UAV
Distance flown [m] The horizontal distance the UAV have
flown

Distance away from coordinate [m]  The distance away from the planned
destination the UAV managed to land

The UAV end log, as presented in table 4.9, logged each of the instances of UAVs once they landed
and had been removed from the simulation scene. The UAV end log collected information about the UAVs,
such as the deletion time, the UAV identifier, the horizontal distance traveled, and the geographical distance
from their deletion coordinate to the original destination coordinate. Based on this data, we were able to
calculate the average travel time based on the start time from the start log and end time from the end
log. Moreover, we were able to calculate the average route deviation based on the planned route distance
compared to the distance traveled. We were able to calculate the average number of UAVs not utilizing
the corridor based on the direct route compared to the planned route. Finally, we were able to calculate

the direct deviation based on the planned route compared to the direct route.
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4.9 Data Analysis

As discussed in section 4.8, each simulational scenario generated four separate log files. However, in their
plain state, limited useful information could be drawn. As such, analysis of the data was necessary to
calculate the KPIs and make sense of the results. Due to the structuring of the project and the utilization
of python throughout, two different python script files were created for the data analysis portion of the
thesis. The first python script file analyzed the generated log files. With this file, pandas were used to load
the CSV files onto DataFrames, and based on a set of pre-defined calculational functions created based on
the KPI values as discussed in section 4.7, the KPIs were calculated. Consequently, a result file would be
outputted as a final result file. Moreover, the second script file was created to analyze the pooled results,
in other words, calculating the mean and standard deviation, providing a final analyzed result file. In table

4.10, the structure of the final result file is presented.

Table 4.10: Data analysis output file with a description of the different stored values

Data Description

Average number of UAVs not utilizingthe  The average number of UAVs that were

corridor [number] not provided corridor access by the UTM

Average travel time [s] The average travel duration for the UAVs
to reach their destination

Average number of conflicts [number] The average number of occurrences
where UAVs needed to maneuver to avoid
LoS

Average number of LoS [number] The average number of unique
occurrences where UAVs were not able to
avoid LoS

Average LoS duration [s] The average number of seconds two UAVs

are violating the separation distance

Average LoS distance [m] The average LoS distance between LoS
pairs

Average route deviation [m] The average deviation from the
calculated- and provided route by the
UTM

Average direct deviation [m] The average direct deviation from the
calculated- and provided route by the
UTM

Average near mid-air collisions [m] The average number of instances where
two UAVs were closer than 10m from
each other in a LoS

410 Statistical Significance Testing

As the experimental results gathered throughout this thesis was based on random traffic simulations, in

other words, random samples, to address the significance of the results, two-sample t-tests were con-
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ducted. A sample, in this thesis, was defined as a set of experimental results gathered from experiments
where parameters and rules were equal, with the only variance being the randomized traffic. In this thesis,
the sample size was chosen to be five due to time constraints, computational power, and an initial sample
comparison between sizes five and ten, where the differences did not vary to a great extent. However,

ideally, even further simulations should have been conducted to achieve greater accuracy in the results.

Due to the small sample size used in this thesis, the t-test was the most viable option for significance
testing. By conducting hypothesis testing between two values, we determined how certain we were that
two samples were greater, lesser, or equal. Moreover, general details of how the t-tests were conducted
are presented by example. For two samples, A and B, we start by calculating the mean value by using the

formula presented below [84].

7_2)(
X = N

Here, X is the mean value, X is the sample value, and N is the sample size. Furthermore, afterward,

the standard deviation for each sample is calculated using the formula below [84].

In the formula, o is the standard deviation, z; is the different sample values, X is the sample mean,
and N is the sample size. Now that we have both the mean and the standard deviation for samples A and

B, we calculate the t-test statistic value, defined by ¢ in the formula below [85].
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Now that we have the t-test statistic, we need to find the degrees of freedom. Since the standard
deviations for the values in this thesis were usually different, we used the Welch’s t-test formula for the

degrees of freedom. The formula is as presented below [84].
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Based on the currently accumulated data, we can use the t-test table [86] to conduct a hypothesis tests
on the different samples. If we wish to determine if there was a significant difference or if one sample is
lesser or greater than the other, we can use two-tailed or one-tailed values, respectively. Furthermore,
an alpha level is chosen based on how high of confidence we wish to test the hypothesis. In this thesis, a

p-value of <0.05 was chosen to determine whether something was statistically significant.



Chapter 5

Experiments

In this chapter, the experiments conducted to answer the thesis research questions as discussed in section
1.3, are presented. The experiments conducted is based on the methodological approach adopted as dis-
cussed in chapter 4. The corridor type comparison experiment is presented in section 5.1. Furthermore,
for the related rules and parameter change experiments are presented in section 5.2. Finally, the corri-
dor placements experiment is presented in section 5.3. Moreover, an additional unstructured free-flight

experiment was conducted, which is presented in section 5.4.

5.1 Corridor Types

As explored in the literature, there are a variety of proposed, and some simulated, corridor types with dif-
ferent rules and parameters, ranging in complexity and airspace utilization. In this thesis, we have limited
the scope of the corridor type research question, as presented in section 1.3, to focus on the structuring of
the airspace within a corridor, essentially comparing different corridor types. As such, based on the litera-
ture discussed in chapter 3, three different corridor types were compared largely based on the proposed

corridor types as presented in [8].

The first corridor type simulated in this thesis was the "bi-directional corridor". The bi-directional corri-
dor allowed for travel in both directions of the corridor structure, with multiple concurrent Unmanned
Aerial Vehicles (UAVs)s at any time. Consequently, the corridor structure consisted of two lanes, each with
a width of 200m, ensuring enough room for route deviation, merging, operational error, and similar. To
allow for the inclusion of various ranges of UAV specifications to access the corridor, the speed limit within
the corridor was placed at 12.86 m/s. However, a consequence of the lower speed limit was that higher-end
UAVs were not able to travel closer to their maximum altitude and speed limit. An illustrative figure of the

bi-directional corridor is presented in figure 5.1.

50
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Figure 5.1: Bi-directional corridor
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The second corridor simulated in this experiment was the "unstructured layered bi-directional corri-
dor". Similarly to the bi-directional corridor, the unstructured layered bi-directional corridor allowed for
multiple concurrent UAVs traveling in either direction. However, unlike the bi-directional corridor, the un-
structured layered bi-directional corridor had a total of four different layers at different altitudes. By having
additional altitude layers, the capacity of the corridor greatly increased, and it allowed for less complexity
with growing traffic density. Similarly to to the bi-directional corridor, to ensure the corridor was acces-
sible to a range of different UAV specifications, the corridor speed limit was equal to the bi-directional
corridor. As such, traffic was randomly distributed amongst the different corridor layers. An illustration of
the unstructured layered bi-directional corridor is presented in figure 5.2, with the different layer altitudes

presented in figure 5.3

Figure 5.2: Layered bi-directional corridor
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Finally, the last corridor type that was simulated in this thesis was the "structured layered bi-directional
corridor". Similarly to the bi-directional- and unstructured layered bi-directional corridor, it allowed for
travel in both directions with multiple concurrent UAVs. However, while the unstructured layered bi-
directional corridor utilised the layers as a form of spread of the traffic, the structured layered bi-directional
corridor separated the UAVs into the different layers depending on their UAV specifications. By separating
the UAVs based on their specifications, all of the UAVs traveled closer to their optimal travel speed and
altitude. Consequently, the lower layers of the corridors were assigned to the lower-end UAVs, while the
upper layers were assigned to the higher-end UAVs. As such, the speed limits for each layer was as follows,
in increasing altitude layer order, 12.86 m/s, 15.43 m/s, 18 m/s, and 20.57 m/s. However, a trade-off with
this corridor, compared to the unstructured layered bi-directional corridor, was that each tier of UAV had
less available airspace which they could be assigned. An illustration of the structured layered bi-directional

corridor is presented in figure 5.2, while a figure of the layer segregation is presented in figure 5.4

Layer 3 I'If.ayer 3
150m Mid pe orsrgzll\ce UAVs

Layer 2 Layer 2
Low- to mid performance UAVs
135m 135m

Layer 1 Layer 1
Low performance UAVs
120m 120m

Figure 5.3: Unstructured corridor layers Figure 5.4: Structured corridor layers

A corridor grid placement was used for this experiment consisting of 16 junctions (4x4), with the struc-
turing as presented in chapter 4. Moreover, in an effort to gain further insight into the different corridor
types safety and efficiency impact on the traffic, three different traffic densities were simulated for each
of the corridors. The first traffic density was a lower traffic density of 1,500, the second traffic density in-
creased to 2,000, and the last traffic density increased the traffic density to 2,500 UAVs. In appendix A,

and in the table A.1, the simulational specifications for the corridor types experiment are presented.

5.2 Rules and Parameters

In the previous experiment, as presented in section 5.1, we conducted a corridor type experiment to com-
pare their effect on traffic efficiency and safety. However, this section presents the rules and parameters’
experiments performed in this thesis, aimed at answering the rules and parameter research questions as
presented in section 1.3. In the previous experiment, three corridor types were defined and compared,
with significant differences in the utilization and structuring of the airspace between the bi-directional-
and layered structured bi-directional corridor. Due to their significant differences, these two corridor types
were used in the conduction of the experiments in this section, with the highest traffic density presented

in the previous experiment of 2,500 UAVs. Furthermore, the same corridor placement adopted for the
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corridor type experiment was utilized in the conduction of the experiments presented in this section.

Parameter changes refer to changes to the corridor or traffic that do not directly change the main rules
of the corridor, rather the structural properties of the corridor, or parameters on the UAVs which does not
directly effect the corridor rules. Examples of this are lane widths within the corridor, look-ahead times
for the UAVs, or resolution zones. On the other hand, rule changes are how the UAVs collectively behave
inside the corridor, their approach towards the corridor, or similar. For instance, some rules could be cor-
ridor speed limits, separation distances, a queue for the UAVs to access the corridor, exit altitude change
when leaving the corridor, junction protocols, and similar. While there were a lot of different alternatives
for rules and parameters to explore, in this thesis, we have explored three different rule and parameter
changes, separation distances, speed limits, and look-ahead times as these are important elements for the

efficiency and safety of the traffic.

5.2.1 Separation Distances

Separation distance is defined by the minimum distance away from each other the UAVs are allowed to
operate, both inside and outside of the corridor structure. The separation distance in the previous exper-
iment was 50m, based on observations by papers such as [6][65][87], and their experiences. However, as
the corridor structure in this thesis have significant parameter and rule differences compared to the ex-
isting literature, the aim of the separation distance experiment was to explore and observe how different
separation distances would effect the traffic efficiency and safety with the methodological approach taken
in this thesis. In this case, with the use of the bi-directional- and layered bi-directional corridor. In table 5.1,

a complete list of the different separation distances simulated are presented.

Table 5.1: A list of the different separation distances simulated for the bi-directional- and structured layered
bi-directional corridor

Separation distances[m] 20 40 60 80

5.2.2 Speed Limits

Speed limits, similarly to ground traffic on structures such as highways, are defined by how fast the vehicles
on the structure are allowed to travel. However, while a speed limit presents a rule of conduct does not
mean that the vehicles will consistently follow the speed limit. A consequence of this, could be due to
instances such as collision avoidance. In the previous experiment, as presented in section 5.1, consistent
speed limits were simulated for the different corridor types. However, in this experiment, we explored
how lower and higher speed limits might effect the efficiency and safety of the traffic for the bi-directional-
and structured layered bi-directional corridor. In table 5.2, the different speed limits simulated in this ex-
periment are presented. However, since the structured layered bi-directional corridor had different speed
limits in each layer as a default, compared to the bi-directional corridor, the bottom layer was provided

the presented speed limit in the table, with an increase of an additional 2.57 m/s for each layer. In other
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words, if the speed limit for the base layer was 10.29 m/s, the upper layer speed limits was as follows 12.86

m/s, 15.43 m/s and 18.01 m/s.

Table 5.2: A list of the different speed limits simulated for the bi-directional- and structured layered bi-
directional corridor

Speed limits [m/s] 10.29 12.86 15.43 18.00

5.2.3 Look-Ahead Times

Look-ahead times are apart of the state-based algorithm used in this thesis, as discussed in section 4.6,
to find potential occurrences where UAVs would not uphold the provided separation distance. The state-
based algorithm uses a look-ahead time in seconds, along with other parameters of the UAVs, as discussed
in section 4.6, to look a distance into the future. However, due to the algorithmic construct of the state-
based algorithm, a look-ahead time of 15s was adopted for the previous experiment, presented in section
5.1, to avoid occurrences where false conflicts would occur with on-going corridor traffic. However, in this
experiment, we simulated different look-ahead times to explore their effect on the efficiency and safety on
the traffic for the bi-directional- and structured layered bi-directional corridor. In table 5.3, the simulated

look-ahead times are presented.

Table 5.3: A list of the different look-ahead times simulated for the bi-directional- and structured layered
bi-directional corridor

Look-ahead times[s] 10 12 14 16

5.3 Corridor Placements

In order to answer corridor placement research question presented in section 1.3, a corridor placement
experiment was conducted. In this experiment, we aimed to explore how different corridor placements
might effect the traffics efficiency and safety. Based on this information, to gain some interesting results,
six different corridor placements were explored, varying in complexity and number of junctions. The corri-
dor placements explored were based on both the existing literature and personal adaptation. For instance,
in the literature, a variety of different corridor grid networks have been simulated [6]. Furthermore, in the
literature it has been suggested to place corridors above water or highways to mask the noise and visual
pollution of the UAVs [55]. For this experiment, the structured layered bi-directional corridor was adopted,
as presented in section 5.1, with the same three traffic densities simulated in the corridor types experiment,

as presented in section 5.1.

In the experiments presented in section 5.1 and 5.2, a 4x4 grid network placement was adopted. Simi-
larly, in this experiment, for the first corridor placement a 4x4 grid network was simulated consisting of

16 junctions covering larger portions of the simulated area. An illustration of the 4x4 corridor grid place-
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ment is presented in figure 5.6. However, in addition to the 4x4 corridor grid placement, an additional
3x3 grid network was simulated for the second corridor placement. The corridor placement consists of 9
junctions, covering lesser areas, avoiding noise and visual pollution of high density traffic for larger areas.

An illustration of the 3x3 grid network is presented in figure 5.5.

Figure 5.6: A 4x4 corridor grid network above the
metropolitan area of Paris

Figure 5.5: A 3x3 corridor grid network above the
metropolitan area of Paris

For the third corridor placement, a corridor network was created based on smaller and larger parks in
the metropolitan area of Paris. As such, a total of fourteen parks were used in the creation of the corridor
network. An illustration of the park network is presented in figure 5.7. Moreover, for the fourth corridor
placement, the inner ring-road of Paris was adopted, also called "Boulevard Périphérique". The "Boulevard
Périphérique" is a two-way ring road around the metropolitan area of Paris and is the up-most inner ring-
road. A corridor placement was constructed above the ring-road with a total of 20 junctions to best fit the

ring-road. An illustration of the ring-road is presented in figure 5.8.

Figure 5.7: A corridor network based of the loca-
tions of smaller and larger parks in the metropoli-
tan area of Paris

Figure 5.8: A corridor structure around the "Boule-
vard Périphérique" in the metropolitan area of Paris
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For the fifth corridor placement, a corridor placement was adopted above the water running through
the metropolitan area of Paris. The river is called the "Seine" river, and runs from the lower portion of
the metropolitan area of Paris through the middle, and back to the lower area of the metropolitan area
of Paris. A corridor placement consisting of 9 junction was created above the river to ensure the corridor
followed the river. An illustration of the corridor river placement is presented in figure 5.9. Lastly, for the
last corridor placement, the locations of larger roundabout, both with and without the right of way, was
used in the creation of a roundabout network, consisting of 27 junctions. An illustration of the roundabout

network is presented in figure 5.10

. P8 (o
P10

~ Line 60,

Figure 5.9: A corridor structure above the "Seine" Figure 5.10: A corridor structure above a round-
river in the metropolitan area of Paris about network in the metropolitan area of Paris

The coordinates and interconnected junctions for the relevant corridor placements are presented in

appendix B.

5.4 Unstructured Free-Flight

In addition to the main aim of the thesis, an unstructured free-flight experiment was conducted to compare
the feasibility of unstructured free-flight compared to a corridor structure as part of a simple Unmanned
Aircraft System Traffic Management (UTM) system. In this case, the structured layered bi-directional corri-

dor as presented in section 5.1.

The unstructured free-flight experiment conducted in this thesis was a continuation of the work performed
by the researchers in the paper [6]. From their experimental results, the researchers observed that unstruc-
tured free-flight is only feasible for up to 10,000 flights a day in an area the size of the San Francisco Bay
Area, and anywhere above the given range will need a more complex and mature management system.
Furthermore, the authors compared the unstructured free-flight results to a simple corridor structure in
the same paper and observed benefits of structuring the airspace in such a manner. However, the compar-

ison was limited as there was no data collected within the corridor structure, limiting the comparability of
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the results. Consequently, this experiment aimed to address and fill the gap by comparing unstructured

free-flight to the structured layered bi-directional corridor as presented in section 5.1.

@ 3

A

v

R b

(1) (4)

Ground

Figure 5.11: The UAV flight protocol for the unstructured free-flight simulations

In our experiment, a similar methodology was adopted as conducted by the researchers in [6]. Con-
sequently, in this experiment, all UAVs had the same protocol, with a uniform speed and travel altitude of
120m and 15.4 m/s, respectively. In figure 5.11, the unstructured free-flight protocol is presented. In the first
step, the UAV ascended to the travel altitude. In the second step, once the UAV reached the travel altitude,
the UAV traveled directly to its destination. In the third step, once the UAV was close to its destination, it
would decrease its speed, and once the destination was reached, it would stop and descend to the ground.
Lastly, the UAV would be removed from the simulation once the ground was reached. Moreover, similar
to the corridor type and placement experiments, the same three traffic densities were simulated. Lastly,
more information on the traffic pattern for the corridor simulation as part of the simple UTM system is

discussed in section 4.4.



Chapter 6

Results

In this chapter, the results collected from the experiments conducted, as discussed in chapter 5, are pre-
sented. The numerical results and standard deviations the statistical analysis and figures were based on
are presented in appendix C. All of the figures used in the chapter use the standard deviation, represented
as the vertical black line(s) on the figures. In the first section 6.1, the corridor type comparison results are
shown. In subsections 6.2.1, 6.2.2, and 6.2.3, the separation distances, speed limits, and look-ahead times
results for the bi-directional and structured layered bi-directional corridor are shown. In section 6.3, the
results gathered from the corridor placements experiment is shown. Finally, in section 6.4 the results for
the unstructured free-flight comparison to the corridor structure as part of a simple Unmanned Aircraft

System Traffic Management (UTM) system is shown.

6.1 Corridor Types

In this section we discuss the results obtained from the experiment conducted on the impact of different

corridor types on traffic safety and efficiency, as per the experiment presented in chapter 5, section 5.1.

The obtained results on the average number of conflicts for the different corridor types are shown in the
figure 6.1. Based on the statistical analysis, it was observed a significant increase in the average number of
conflicts for the bi-directional corridor compared to the unstructured- and structured layered bi-directional
corridor for all traffic densities. However, no significant increasing or decreasing trends were observed be-
tween the unstructured- and structured layered bi-directional corridors. For the highest traffic density, an
average of 444.6 conflicts was observed for the bi-directional corridor, compared to 256.0 and 249.8 for

the unstructured- and structured layered bi-directional corridor.

From the experiment, the results obtained on the average number of Loss of Separation (LoS) occurrences
for the different corridor types are presented in figure 6.2. From our statistical analysis, it was observed
an increase in the average number of LoS occurrences for the bi-directional corridor compared to the un-

structured layered bi-directional corridor. Furthermore, a significant increase in the average number of

58
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LoS was observed for the bi-directional corridor compared to the structured bi-directional corridor for the
two highest traffic densities. Moreover, no significant increase or decrease was observed between the

unstructured- and structured bi-directional corridors for any of the traffic densities.
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Figure 6.1: A figure of the average number of con- Figure 6.2: A figure of the average number of LoS
flicts for the different corridor types for the different corridor types

The results obtained on the average LoS duration for the different corridor types and the average LoS
distance for the different corridor types are shown in figures 6.3 and 6.4 respectively. From the figures,
it can be observed that there is no significant trend between the different corridor types or the different

traffic densities.
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Figure 6.3: A figure of the average LoS duration for ~ Figure 6.4: A figure of the average LoS distance for
the different corridor types the different corridor types

The results attained on the average travel time for the different corridor types are presented in figure
6.5. The statistical analysis indicates a significant decrease in the average travel time for the structured
layered bi-directional corridor compared to the other corridor types. However, no significant increase or
decrease between the bi-directional and unstructured layered bi-directional corridor was observed. For
the highest traffic density, it was observed an average travel time of 9.25 minutes for the structured lay-
ered bi-directional corridor and 10,62 minutes and 10,59 minutes for the bi-directional- and unstructured

layered bi-directional corridor.
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From the experiment, the results collected on the average route deviation for the different corridor types
are shown in figure 6.6. A significant route deviation was found for the structured layered bi-directional cor-
ridor compared to the two other corridor types for all of traffic densities. However, no significant increase

or decrease was found between the bi-directional- and the unstructured layered bi-directional corridor.
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Figure 6.5: A figure of the average travel time for  Figure 6.6: A figure of the average route deviation
the different corridor types for the different corridor types

The obtained results on the average number of near mid-air collisions for the different corridor types
are presented in figure 6.7. Based on the simulational corridor type results, no trends or patterns were

observed between any of the corridor types, or the different traffic densities.
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Figure 6.7: A figure of the average number of near mid-air collisions for the different corridor types

6.2 Rules and Parameters

In this sections the collected results for the rules and parameter experiments conducted, as discussed in

chapter 5, section 5.2, are presented.



CHAPTER 6. RESULTS 61

6.2.1 Separation Distances

In this subsection we discuss the results obtained from the separation distances experiment conducted, as

per the experiment presented in chapter 5, subsection 5.2.1.

The results collected on the average number of conflicts for the bi-directional- and structured layered bi-
directional corridor are presented in figure 6.8. The statistical analysis indicates a significant increasing
conflict trend for both the bi-directional- and structured layered bi-directional corridors with the increase
in separation distance. For the bi-directional corridor an increase from 147.8 conflicts to 856.8 conflicts
was observed from the lowest separation distance to the highest. Similarly, for the structured layered bi-

directional corridor it was observed an increase from 80.2 conflicts to 454.8 conflicts.

The average number of LoS occurrences for the bi-directional and structured layered bi-directional cor-
ridor are presented for the different separation distances in figure 6.9. Similarly to the average number of
conflicts, as presented in the figure 6.8, an increasing trend of the average number of LoS was observed
for both the bi-directional- and structured layered bi-directional corridor with the increase in separation
distance. For the bi-directional corridor an increase from 6 to 38 LoS was observed with a separation dis-
tance of 20m to 80m. However, for the structured layered bi-directional corridor, an increase from 1.4 to

18.4 was observed.
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Figure 6.8: A figure of the average number of Figure 6.9: A figure of the average number of LoS

conflicts for the bi-directional- and layered bi-  for the bi-directional- and layered bi-directional
directional (structured) corridor for the different (structured) corridor for the different separation
separation distances distances

The attained results on the average LoS duration for the bi-directional and structured layered bi-directional
corridor are presented for the different separation distances in figure 6.10. For the bi-directional corridor,
it was observed a significant decrease in the average LoS duration for the lowest separation distance com-
pared to the other separation distances. However, for the structured layered bi-directional corridor a sig-
nificant decrease was observed for the lowest separation distance compared to the two highest separation

distances.
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The results collected on the average LoS distance for the bi-directional and structured layered bi-directional
corridor for the different separation distances is shown in figure 6.11. Based on the results, the statistical
analysis indicates that a significant decrease in the separation distance was observed for the lowest sepa-
ration distance compared to the higher separation distances for both of the corridor types. However, no
significant increase or decrease was observed between the other separation distances for either of the

corridor types.
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Figure 6.10: A figure of the average LoS duration Figure 6.11: A figure of the average LoS distance
for the bi-directional- and layered bi-directional for the bi-directional- and layered bi-directional
(structured) corridor for the different separation (structured) corridor for the different separation
distances distances

The attained results on the average travel time for the bi-directional- and structured layered bi-directional
corridor are presented for the different separation distances in figure 6.12. Based on the statistical analysis
of the results, no significant increase or decrease amongst the different separation distances for the corri-
dor types was observed. Moreover, the results collected on the average route deviation for the different
corridor types for the different separation distances is shown in figure 6.13. Based on the statistical analysis
of the results, no significant increase or decrease was observed between the different separation distances
for the bi-directional corridor. However, for the structured layered bi-directional corridor, a significant de-
crease in the average route deviation was observed with a separation distance of 60m. However, no other

significant increases or decreases was observed.
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Figure 6.12: A figure of the average travel time for
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The results collected on the average number of near mid-air collisions for the bi-directional- and struc-

tured layered bi-directional corridor is shown in figure 6.14. Based on statistical analysis of the results it

was observed that for the bi-direction corridor, a significant decrease in the average number of near mid-air

collisions for the highest separation distance of 80m compared to the lower separation distances. Further-

more, it was observed that a separation distance of 40m had a significant increase in the average number

of near mid-air collisions compared to the other separation distances. However, for the structured layered

bi-directional corridor, no significant increase or decrease was observed between any of the separation

distances.
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Figure 6.14: A figure of the average number of near mid-air collisions for the different separation distances

6.2.2 Speed Limits

In this subsection we discuss the results obtained from the speed limits experiment conducted, as per the

experiment presented in chapter 5, section 5.2.2.

The results collected on the average number of conflicts for the bi-directional- and structured layered
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bi-directional corridor for the different speed limits are presented in figure 6.15. The statistical analysis
indicates a significant decrease in the average number of conflict between the lowest and highest speed
limit for both corridor types. For the bi-directional corridor, a reduction of the average number of conflicts
from 552.6 to 375 was observed from the lowest speed limit to the highest speed limit. For the structured
layered bi-directional corridor a reduction from 252.8 to 224.25 was observed for the lowest speed limit to

the highest speed limit.

The average number of LoS occurrences for the bi-directional- and structured layered bi-directional cor-
ridor for the different speed limits is shown in figure 6.16. For both the bi-directional and structured lay-
ered bi-directional corridor, the statistical analysis indicates there are no significant decrease or increase

between the average number of LoS occurrences for any of the speed limits.
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Figure 6.15: A figure of the average number of
conflicts for the bi-directional- and layered bi-
directional (structured) corridor for the different
speed limits

Figure 6.16: A figure of the average number of
LoS for the bi-directional- and layered bi-directional
(structured) corridor for the different speed limits

The average LoS duration for the bi-directional- and structured bi-directional corridor is presented in
figure 6.17, while the average LoS distance is presented in figure 6.18. Based on the statistical analysis of
the collected results, no significant increasing or decreasing trend was observed for either the LoS duration

or the LoS distance for either of the different corridor types.
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The average travel time is presented in figure 6.19 for the bi-directional and structured layered bi-
directional corridor for the different speed limits. A significant decreasing trend in the travel time for both
corridor types was observed, with a reduction from 12.34 minutes to 8.72 minutes for the bi-directional
corridor from the lowest speed limit to the highest speed limit. On the other hand, a reduction from 10.27

minutes to 8 minutes was observed for the structured layered bi-directional corridor.

The results attained on the average route deviation for the bi-directional- and the structured layered bi-
directional corridor on the different speed limits is presented in figure 6.20. A significant increase in route

deviation was observed with an increase in the speed limit for both corridor types.
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The results attained on the average number of near mid-air collision are presented in figure 6.21. For
both the bi-directional- and structure layered bi-directional corridor there was observed no significant in-

crease or decrease between any of the speed limits for either of the corridor types.
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Figure 6.21: A figure of the average number of near mid-air collisions for the bi-directional- and layered
bi-directional (structured) corridor for the different speed limits

6.2.3 Look-Ahead Times

In this subsection we discuss the results obtained from the look-ahead time experiment conducted, as per

the experiment presented in chapter 5, section 5.2.3.

The results collected on the average number of conflicts for the bi-directional- and structured layered bi-
directional corridor for the different look-ahead times are presented in figure 6.22. The statistical analysis
indicates no significant increase or decrease in the number of conflicts for the bi-directional- or structured

layered bi-directional corridor, despite an increase in look-ahead times.

The average number of LoS occurrences for the bi-directional- and structured layered bi-directional cor-
ridor for the different look-ahead times are shown in figure 6.23. For the bi-directional corridor no signifi-
cant increase or decrease was observed between any of the look-ahead times. For the structured layered
bi-directional corridor a significant decrease was observed between the lowest look-ahead time of 10s to
12s. However, no other significant increase or decrease amongst the values were observed for any of the

corridor types.
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The results attained on the average LoS duration for the bi-directional- and structured layered bi-

directional corridor for the different look-ahead times is shown in figure 6.24. Similarly, the collected results

on the average LoS distances for the bi-directional- and structured layered bi-directional corridor for the

different look-ahead times is shown in figure 6.25. A statistical analysis of the results showed that no sig-

nificant increasing or decreasing trends for either of the corridor types were observed, despite different

look-ahead times.
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Figure 6.24: Afigure of the average LoS duration for
the bi-directional- and layered bi-directional (struc-
tured) corridor for the different look-ahead times
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the bi-directional- and layered bi-directional (struc-
tured) corridor for the different look-ahead times

The average travel time for the bi-directional- and structured layered bi-directional corridor with the

different look-ahead times is presented in figure 6.26. Moreover, in figure 6.27 the average route deviation

for the bi-directional- and structured layered bi-directional corridor are presented for the different look-

ahead times. The statistical analysis indicates there are no significant increases or decreases amongst the

different look-ahead times and corridor types for the average travel time and the average route deviation.
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Figure 6.26: A figure of the average travel time for
the bi-directional- and layered bi-directional (struc-
tured) corridor for the different look-ahead times

The average number of near mid-air collisions for the bi-directional- and layered bi-directional corridor
for the different look-ahead times are presented in figure 6.28. No significant increase or decrease was

observed between any of the corridor types.
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Figure 6.28: A figure of the average number of near mid-air collisions for the bi-directional- and layered
bi-directional (structured) corridor for the different look-ahead times

6.3 Corridor Placements

In this section we discuss the results obtained from the experiment conducted on the impact of different
corridor placements on traffic safety and efficiency, as per the experiment presented in chapter 5, section

5.3.

The data collected on the average number of Unmanned Aerial Vehicles (UAVs) not utilizing the corridor,
due to viability, based on their placement, are presented in figure 6.29. From the statistical analysis, it was
observed that the roundabout network had significantly less UAVs not using the corridor compared to the

other corridor placements, with an average of 59 UAVs not using the corridor in the highest traffic density.
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Further, it was observed that the 4x4 grid network placement was the second most accessible corridor
placement, with a total of 129 UAVs not utilizing the corridor in the highest traffic density. Furthermore,
the third most accessible corridor was observed to be the park network. Moreover, according to the statis-
tical analysis it was observed that the corridor which was the least accessible was the river placement, with
an average of 700 UAVs not utilizing the corridor. Lastly, no significant increase or decrease was observed

between the 3x3 grid network and the ring road corridor placement.

The average UAV travel distance compared to the direct origin to destination route are presented for the
different corridor placements in figure 6.30. For instance, if on average UAVs in one corridor placement
travel 20% longer than their direct route, it would be represented as 1.2 in figure 6.30. From the statistical
analysis, it was observed a significant increase in the direct route deviation for the two corridor grid net-
work placements compared to the corridor placements. Furthermore, a significant increase in the direct
route deviation for the 3x3 grid network was observed in comparison to the 4x4 grid network. Moreover, it
was observed that the third and fourth corridor placements which deviated the UAVs the most from their
direct routes were the park- and roundabout network. Lastly, it was observed that the two corridor place-
ments with the least direct route deviation were the ring-road and river corridor placement. However, no

consistent increase or decrease was observed between the two corridor placements.
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Figure 6.30: A figure of the average direct route de-
viation for the different corridor placements

The attained results on the average number of conflicts for the different corridor placements are pre-
sented in figure 6.31. Based on the statistical analysis conducted of the results, it was observed that the
river corridor placement had a significant increase in the average number of conflicts compared to the
other corridor placements, with an average of 565.2 conflicts for the highest traffic density. Amongst the
other corridor placements the only significant decrease in the average number of conflicts which were ob-
served was for the roundabout network compared to the parks- and river corridor placement. However,
as the traffic density increased to 2,500, some clear differences emerged. In the highest traffic density, a
significant decrease in the number of conflicts was observed for the roundabout network compared to all

of the other corridor placements, with an average of 216.8 conflicts.
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The average number of LoS occurrences for the different corridor placements are shown in figure 6.32.
Based on the statistical analysis, no clear trend could be recognized between the different corridor place-
ments. However, significant differences was observed throughout the different traffic densities. For the
lowest traffic density, a significant increase in the LoS occurrences was observed between the 4x4 grid net-
work and the ring-road placement. For the middle traffic density, a significant decrease in the number of
LoS occurrences was observed for the ring-road and roundabout network, compared to the park network
and river placement. Moreover, for the highest traffic density, the statistical analysis indicates there is a
significant increase in the average number of LoS occurrences for the river corridor placement compared
to the park network. Furthermore, a significant decrease in the number of LoS for the ring-road corridor

placement, compared to the 3x3 grid network placement was observed.
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3x3 grid network
4x4 grid network
Park network
Ring-road

River

Roundabout network

12 4

10 4

Average number of LoS

1y

2000
Traffic density

Figure 6.32: A figure of the average number of LoS

for the different corridor placements

The collected results on the average the average LoS duration for the different corridor placements
are presented in figure 6.33. Moreover, the attained results on the average LoS distance for the different

corridor placements are presented in figure 6.34. Based on the statistical analysis no patterns or trends

was observed for either of the corridor placements or the different traffic densities.
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From the collected results, the average travel time for the corridor placement experiment are presented
infigure 6.35. Based on the results, it was observed that the roundabout network yielded significant quicker
travel times compared to the other corridor placements. Furthermore, it was observed that the 3x3 grid
network and the river corridor placements significantly increased the average travel time compared to the
other corridor placements. However, for the other corridor placements, no clear increasing or decreasing

trend could be recognized.

The data collected on the average route deviation for the different corridor placements are presented in
figure 6.36. The statistical analyses indicates a significant decrease in route deviation for the river corridor
placement compared to the other placements. On the other end, the 3x3- and 4x4 grid network place-
ment yielded the greatest route deviation for the lowest traffic density. However, no consistent significant
increases or decreases were observed between them. Lastly, for the other traffic densities, the 3x3 grid

network placement showed a significant increase in route deviation compared to the 4x4 grid network.
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From the collected results, the average number of near mid-air collisions for the different corridor
placements are presented in figure 6.37. As can be seen in the figure, the only corridor placement where a
near mid-air collision occurred was in the 4x4 grid network. However, no significant increase or decrease

was observed amongst the different corridor placements.
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Figure 6.37: A figure of the average number of near mid-air collisions for the different corridor placements

6.4 Unstructured Free-Flight

In this section we discuss the results obtained from the experiment conducted on the comparison of un-
structured free-flight compared to a corridor structure as part of a simple UTM system, as per the experi-

ment presented in chapter 5, section 5.4.

The data attained on the average near mid-air collisions for unstructured free-flight and the structured
layered bi-directional corridor are presented in figure 6.38. From the statistical analysis it was observed
that the unstructured free-flight yielded a significant increase in the average number of near mid-air colli-
sions compare to the structured layered bi-directional corridor for all traffic densities. Furthermore, it was
observed a significant increase in the average number of near mid-air collisions for the unstructured free-
flight. However, no significant increase or decrease was observed for the structured layered bi-directional

corridor.

The average number of LoS occurrences for the unstructured free-flight and the structured layered bi-
directional corridor are shown in figure 6.39. Similarly to the average number of near mid-air collisions
(figure 6.38), from the statistical analysis it was observed that the unstructured free-flight showed a signif-
icant increase in the number of LoS occurrences for all of the different traffic densities, with a significant
increase in the average number of LoS. On the other hand, no significant increasing or decreasing trend
was observed for the structured layered bi-directional corridor. For the highest traffic density, the unstruc-
tured free-flight had an average of 88.4 LoS occurrences, compared to 7.8 LoS for the structured layered

bi-directional corridor.
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The average LoS duration for the unstructured free-flight and structured layered bi-directional corridor
are presented in the figure 6.40. The statistical analysis indicates a significant increase in the LoS dura-
tion for the unstructured free-flight compared to the structured layered bi-directional corridor. However,
no significant increase in the LoS duration was observed with the increase in traffic density for either the
unstructured free-flight nor the structured layered bi-directional corridor. For the highest traffic density,
an average LoS duration of 4.08s and 1.77s was found for the unstructured free-flight and the structured

layered bi-directional corridor respectively.

The data collected on the average LoS distance for the unstructured free-flight and the structured lay-
ered bi-directional corridor are presented in figure 6.41. Similar to the average LoS duration, as seen in
figure 6.40, a significant increase in the LoS distance was observed for the unstructured free-flight com-
pared to the structured layered bi-directional corridor. Furthermore, no significant increasing trend was
observed with the increase in traffic density for either the unstructured free-flight or the structured layered

bi-directional corridor.
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The collected data on the average travel time for the unstructured free-flight and the structured layered
bi-directional corridor are presented in figure 6.42. The statistical analysis indicates the corridor structure
has a significant increase in the average travel time compared to the unstructured free-flight. For the high-
est traffic density, the unstructured free-flight had an average travel time of 5.32m, compared to 9.25m
for the corridor structure. Moreover, no significant increasing or decreasing trend was observed for the

increase in traffic density.

The average route deviation are presented for the unstructured free-flight and the structured layered bi-
directional corridor in figure 6.43. The statistical analysis indicates a significant increase in the route de-
viation for the structured layered bi-directional corridor compared to the unstructured free-flight for all
traffic densities. Moreover, no significant increasing or decreasing trends were observed with the increase

in traffic density for either the unstructured free-flight or the structured layered bi-directional corridor.
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Chapter 7

Discussion

In this chapter, a discussion of the results presented in chapter 6 will be provided, discussing interpreta-
tions and conclusions from the results and positioning the results into the existing literature. Moreover, to
simplify the readability of the discussion chapter, it has been divided into three sections. In the first section
7.1, we will present the work performed in this thesis. In the second section 7.2, we will interpret the results,
conclude the observations, and position it into the literature. Lastly, in section 7.3, we will summarise the

discussion chapter and discuss how this thesis has contributed to the existing literature.

7.1 Introduction

In this thesis, we compared three different corridor types, looking into their efficiency and safety effect on
the traffic. The first corridor type compared in this thesis was the bi-directional corridor. The bi-directional
corridor allowed for flights in either direction while keeping a low uniform corridor speed limit, allowing all
types of Unmanned Aerial Vehicles (UAVs) to utilize it. The second corridor was the unstructured layered
bi-directional corridor. Like the bi-directional corridor, it allowed for multiple concurrent UAVs traveling
in either direction with a low uniform speed limit. However, unlike the bi-directional corridor, which only
had a single layer, the unstructured layered bi-directional corridor had four different layers. By utilizing
additional altitude layers, the corridor’s capacity was more significant, spreading out the traffic. The last
corridor type compared in this thesis was the structured layered bi-directional corridor. Like the unstruc-
tured layered bi-directional corridor, it allowed for travel in both directions while also utilizing four layers.
However, while the unstructured layered bi-directional corridor utilized the layers to spread out the traffic,
the structured layered bi-directional corridor separated the UAVs into different layers depending on the
UAV specification. Consequently, higher-end UAVs could travel closer to their optimal altitude and speed

without being slowed down by lower-end UAVs.
Secondly, we experimented with different rules- and parameter changes to determine how they effect

the traffic in the bi-directional and structured layered bi-directional corridor. In the first experiment, we

explored how different separation distances would effect the different corridors, looking into four different
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separation distances, 20m, 40m, 60m, and 80m. In the second experiment, we looked into how different
speed limits might effect the corridors, experimenting with four different based speed limits, 10.29 m/s,
12.86 m/s, 15.43 m/s, and 18 m/s. However, for the structured layered bi-directional corridor, the speed
limits presented were for the bottom layer, meaning additional increases were applied for each additional
layer. Lastly, we explored how look-ahead times would effect traffic efficiency and safety, looking into four

different look-ahead times, 10s, 12s, 14s, and 16s.

Thirdly, in this thesis, we experimented with how different corridor placements might effect the efficiency
and safety of the traffic. Consequently, six different corridor placements were explored, all ranging in com-
plexity. The first corridor placement was a 3x3 grid network above Paris, created from the origin coordinate
of the simulated area. The second corridor placement extended the first corridor placement, appending
extra nodes on the x- and y-axis, creating a 4x4 grid network. The third corridor placement was created
based on different parks in the metropolitan area of Paris, creating an overall park network. The fourth
corridor placement was above the inner ring road of the metropolitan area of Paris, called "Boulevard Pé-
riphérique". The fifth corridor placement was above the "Seine" river, running through the metropolitan

area of Paris. Lastly, the sixth corridor placement was above smaller and larger roundabouts.

In addition to the main aim of this thesis, we also experimented with unstructured free-flight. In this ex-
periment, the UAVs traveled directly from their origin to their destination at a global speed limit. The
experiment simulated the current large-scale Beyond Visual Line of Sight (BVLOS) operation, comparing it
to a simple Unmanned Aircraft System Traffic Management (UTM) system utilizing the structured layered

bi-directional corridor.

7.2 Discussion of Results

In this section we will interpret the results, conclude our findings, and position it into the literature. In
subsection 7.2.1 the corridor types results are discussed. In subsection 7.2.2 the different rules- and param-
eter experiments are discussed. In subsection 7.2.3 the corridor placements results are discussed. Lastly,

in subsection 7.2.4 the unstructured free-flight results are discussed.

7.21 Corridor Types

Significant differences between the corridor types were observed in the corridor type comparison exper-
iment. The results suggest that the bi-directional corridor, on average, has more conflicts compared to
the other two corridor types (figure 6.1). Likely, this is caused by the fact that the bi-directional corridor
has less available airspace than the two other corridors, causing additional maneuvering to avoid Loss of
Separation (LoS). However, similar conflicts were observed for both the unstructured- and structured lay-
ered bi-directional corridor despite the higher speed limits in the different layers for the structured layered
bi-directional corridor. Furthermore, a similar trend was observed for the average number of LoS for the

different corridor types (figure 6.2). It was observed that with the increase in traffic density, a significant
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decrease in the average number of LoS could be observed for the unstructured- and structured layered bi-
directional corridor compared to the bi-directional corridor. Similar to the conflicts, this was likely caused
by the bi-directional corridor having less available airspace, causing more UAVs to occupy a smaller portion
of the airspace, resulting in increased traffic complexity, causing difficulties in avoiding LoS. While some
near mid-air collisions were observed for all of the different corridor types throughout the different simula-
tions and traffic densities (figure 6.7), no clear pattern was observed, and the instances seem coincidental.
The instances could result from complex junction traffic, where two UAVs did not have sufficient available

airspace to perform an avoidance maneuver.

Interestingly, the results indicates there is no correlation between the corridor types and the average LoS
duration and distance, despite the increase in traffic density (figure 6.3 and 6.4). As the structured layered
bi-directional corridor had higher speed limits in the upper layers, it was believed that the LoS violations
would be more severe. However, this is not the case based on the results. Moreover, as expected, since
the structured layered bi-directional corridor separates the UAVs based on their specifications, the aver-
age travel time for the structured layered bi-directional corridor was significantly shorter compared to the
bi-directional- and unstructured layered bi-directional corridor (figure 6.5). Lastly, a significant route de-
viation was observed for all corridor types, with the structured layered bi-directional corridor showing a
significantly greater route deviation compared to the two other corridor types (figure 6.6). Since UAVs
follow route waypoints to stay within the corridor, in sharp turns, UAVs will turn before traveling above
the route waypoint to ensure the route is followed. Consequently, the faster the speed of the UAVs, the
earlier the UAV will need to turn to stay on course, which explains why the structured layered bi-directional

corridor has significantly greater route deviations than the other corridor types.

Based on the observations in the corridor types experiment, we have found that layering the airspace
in the corridors is beneficial for the safety and efficiency of the traffic. Furthermore, we observed that
structuring the layers based on different UAV specifications increased the efficiency of the traffic, allowing
UAVs to travel closer to their optimal altitude and speed. Currently, the exploration and comparison of
different corridor types are limited. The existing corridor literature often largely varies in the traffic and
corridor concept approaches, making it difficult to compare the numerical results to existing literature.
However, based on the collected results, we have observed that further efficiency and safety benefits can
be yielded by segregating the corridor airspace into different layers. Consequently, corridor concepts such
as [9], which have been proposed to have a single directional layer, could yield additional safety and effi-
ciency benefits by further layering directional traffic, increasing capacity, and reducing traffic complexity.
Moreover, our results support the corridor approaches proposed by the researchers in [13], of allowing
UAVs to travel in different layers in the corridor structures. However, our results found it additionally ben-
eficial to segregate traffic in different layers based on the specifications of the UAVs, allowing a vast range

of different UAV types to access the corridor without slowing down faster UAVs, increasing efficiency.



CHAPTER 7. DISCUSSION 78

7.2.2 Rules and Parameters

In this subsection a discussion of the collected and analyzed rules- and parameter results will be conducted.
In the first part 7.2.2.1 we will discuss the separation distances results. In the second part 7.2.2.2 we will

discuss the speed limits results. In the last part 7.2.2.3 we will discuss the look-ahead times results.

7.2.2.1 Separation Distances

In the separation distances experiment, as would be expected, an increase in the separation distance re-
sulted in an increasing conflict trend for both of the corridor types (figure 6.8). Since the increase of sepa-
ration distance increases the area around the UAVs, which are prohibited for other UAVs to operate within,
conflicts will more commonly occur due to the less accessible airspace. Consequently, an increasing trend
was expected. Furthermore, a similar trend was observed for the average number of LoS occurrences for
both of the corridor types (figure 6.9). Similarly to the average number of conflicts (figure 6.8), the same
trend was expected. Due to the decrease in available airspace, the traffic becomes more complex, and
there is less available airspace to both operate and maneuver, causing an increase in LoS. For the average
number of near mid-air collisions (figure 6.14), while there was one occurrence in both the 40m and 60m
separation distance for the structured layered bi-directional corridor, no significant increase or decrease
was observed. However, a significant increase was observed for the 40m separation distance compared
to the other separation distances for the bi-directional corridor. However, further experiments will need
to conducted to verify that a separation of 40m is less safe than a lower or higher separation distance.
The instance could also have been coincidental, which is why additional simulations should have been con-
ducted for each scenario, in order to get more accurate results. Moreover, it was observed that the shortest
separation distance of 20m caused a lower LoS duration and distance compared to the higher separation
distances for both corridor types (figure 6.11). Similar to both the average number of conflicts and the av-
erage number of LoS, this is likely due to the additionally available airspace and the lesser area to violate,
causing the LoS duration and distance to be less. Interestingly, a trend could not be observed. However,
this could be caused by a low traffic density or even the effectiveness of the Conflict Resolution (CR) algo-

rithm.

Overall, the results indicate that a separation distance of 20m is beneficial for both corridor types in terms
of efficiency and safety. The observations made in this thesis support the findings by Busulu et al. in the
papers [6][71]. The authors observed that a lower separation distance decreased the observed clusters.
Similarly, in this thesis, we observed that a decrease in separation distance decreased the number of con-
flicts and the general complexity of the airspace and operations within the corridor. Moreover, this thesis
further supports the findings by Aarts et al. in the paper [69]. The authors found that larger separation
distances reduced the capacity of the corridor grid network. Similarly, in this thesis, it was observed that
an increase in separation distance increased the complexity of the corridor airspace and consequently lim-
ited its capacity. However, in the paper [68], written by Ho et al., the authors observed that an increase

in separation distance increased the route deviation. In this thesis, no evidence suggests any significant
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increase in route deviation with the increase of separation distance, despite an increase in conflicts. How-
ever, this could be caused by the complex environment and routes utilized in this thesis compared to the
direct routes simulated by the authors. On the other hand, the authors further observed that an increase
in separation distance increased the number of LoS, which was also observed in this thesis. However, while
a low separation distance of 20m in this thesis caused the least number of conflicts and LoS, the separation
between UAVs during LoS is significantly less than the higher separation distance, not leaving significant
room for error. Furthermore, the results are based on perfect global knowledge and perfect weather con-
ditions, which are not guaranteed in the real world, and, depending on the speed of the UAVs, different
separation distances might be beneficial. For instance, two UAVs traveling at 20 m/s, with a separation
distance of 20m, could be problematic if rapid speed reductions are performed. However, if two UAVs are
traveling at a speed of 10 m/s with a separation distance of 20m, some room for error is present. Conse-
quently, even higher traffic densities and greater sample sizes should be performed to explore the viability

of such a small separation distances.

7.2.2.2 Speed Limits

In the speed limits experiment, it was observed a reduction in the average number of conflicts for the higher
speed limits compared to the lower speed limits (figure 6.15). This was unexpected due to an increase in
speed limit increases the look-ahead distance of the UAVs, which increases the possibility of conflicts being
raised. However, a plausible explanation for the result is that a higher speed limit results in fewer concur-
rent UAVs utilizing the corridor simultaneously, consequently causing fewer conflicts. However, while a
reduction in the number of conflicts was observed for the higher speed limits, no significant decrease was
observed for the LoS occurrences (6.16)). With a decrease in the average number of conflicts, we would
expect the average number of LoS to go down due to fewer potential LoS scenarios. However, with an
increase in the speed limit, we would also expect it to be more challenging to avoid sudden potential LoS
scenarios. Consequently, a trade-off is potentially occurring. Another possible explanation is that the traffic
density was too low to observe any significant differences, or the sample size was too low to find a signifi-
cant difference. Moreover, as expected, the average travel time significantly decreased for each increase in
speed limits for both corridor types 6.19. Lastly, the results also indicate a significant increase in the route
deviation with the increase in the speed limit (figure 6.20). This is due to the UAVs maneuvering earlier
from the corridor waypoints to stay on route, and such turns are more rapidly performed with the increase

in speed limit.

Overall, the results indicate that the different corridor types benefit from having a higher speed limit in
terms of efficiency and safety. The observations in this thesis support the findings by Aarts et al. in the
paper [69], where the authors found that by increasing the corridor speed limit the maximum density was
not effected, while the network flow rate increased, overall improving the efficiency of their traffic. In this
thesis, similar observations were made. However, unlike the authors, in this thesis, we also observed safety
benefits to the traffic with an increase in speed, causing fewer conflicts and ultimately less complex corri-

dor traffic. Similar observations were made by Sacharny et al. in the paper [66], supporting the indication
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of both safety and efficiency improvements with an increase in speed limit.

7.2.2.3 Look-Ahead Times

In the look-ahead time experiment, no significant trends could be drawn from the results. Initially, it was
expected that an increase in the look-ahead time would cause more conflicts due to the increased look-
ahead distance while also causing fewer LoS due to earlier maneuvering. However, the results indicate no
significant trends for either the average number of conflicts or the average number of LoS (figure 6.22 and
6.23). The lack of significant results could be a consequence of a conservative look-ahead range, too low
traffic density, or even a too small sample size. However, as a state-based Conflict Detection (CD) algorithm
is used to detect conflicts, a relatively low look-ahead time was used to avoid false conflicts with the on-
going traffic in the corridor. Consequently, it would have been interesting to simulate even higher traffic
densities or adapt the state-based CD algorithm to dynamically discover potential conflicts based on its
future behavior, simulating with even greater look-ahead times. Another approach could have also been
to divide the ongoing traffic into additionally different layers, as proposed in the paper [9], to then simulate

with even higher look-ahead times.

Overall, no significant increases or decreases were observed for the different look-ahead times for either of
the corridor types. The observations made in this thesis does not corresponding to the observations made
by Ho et al. in the paper [68]. The authors found that a greater look-ahead time increased the route devia-
tion. However, in this thesis, no significant increase or decrease in the route deviation was observed for the
different corridor types. However, this is likely caused by the more complex environment and the fact that
the UAVs rarely fly in a direct route like the UAVs in the paper written by the authors, causing the average

route deviations to be more difficult to distinguish, in addition to what has already been mentioned.

7.2.3 Corridor Placements

In the corridor placement experiment, significant differences were observed in the level of accessibility
depending on the placement of the corridor (figure 6.29). As expected, the results indicate that the cor-
ridor placements with more significant numbers of junctions, extending over larger central areas of the
metropolitan area of Paris, are the most accessible corridors. Consequently, corridor placements such as
the 4x4 grid network, park network, and the roundabout network, were the most accessible corridor place-
ments. On the other hand, placements with fewer junctions, such as the 3x3 grid network, ring-road, and
river placement, were significantly less accessible. Moreover, the results indicate that the corridor place-
ment significantly effects the distances the UAVs need to travel to reach their destination. On average, it
was observed that the grid networks required the UAVs to travel longer than the other corridor placements.
On the other hand, the river and ring-road placement required the UAVs to travel the shortest distances
(figure 6.30). However, the river and ring-road placement were also the two placements that were the least
accessible, meaning the average direct route deviation will be effected by the number of UAVs not using the

corridor and flying directly to their destination. Moreover, significant differences in the average number
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of conflicts were observed (figure 6.31). Significant increases in the average number of conflicts compared
to the other placements were observed for the river placement. On the other hand, the roundabout net-
work had the least number of conflicts. Due to the shortness and compactness of the river placement,
UAVs are more likely to accumulate in the junctions, ultimately causing additional conflicts. However, as
the roundabout network expands over greater areas, the traffic is more spread, ultimately causing fewer
conflicts. For the average LoS, no clear trends or patterns was observed (figure 6.32). However, as the
traffic density increased to 2,500, a significant increase in the number of LoS occurrences was observed
for the river placement, which is likely due to the lack of available airspace due to the number of UAVs uti-
lizing the corridor. For the average travel time, it was observed that the roundabout network yielded the
shortest travel time, while the 3x3 grid network and the river placement yielded the longest (figure 6.35).
Due to the spread and number of junction points for the roundabout network, UAVs have more accessible
and efficient routes to their destination, causing a shorter travel time. However, the 3x3 grid network and
the river placement have less spread and fewer junction points, causing UAVs to be assigned less efficient

routes.

Overall, the results indicate that the corridor placement has a significant impact on the efficiency and safety
of the traffic. The results indicate that a more spread-out corridor placement with a high number of junc-
tions is beneficial for both efficiency and safety, in this case, the roundabout network. Moreover, it was
observed that the number of conflicts and LoS occurrences was prevalent for corridor placements with
fewer junction points, causing congestion and complex traffic patterns, reducing both traffic safety and
efficiency. However, the traffic complexity was observed to be reduced by spreading out the traffic. The
results observed in this thesis support the findings by Sacharny et al. that different corridor placements
effect the safety of the traffic [66]. The authors found that the number of conflicts differed depending on
three different corridor placements, with the grid structure being the less safe placement. Interestingly,
a similar observation was made in this thesis. We observed that the 3x3- and 4x4 grid networks yielded
significant conflicts compared to the more expanded and complex corridor placement for higher traffic
densities. Moreover, this thesis supports the findings of Oosedo et al., who observed that coverage and
efficiency are improved by having a more spread-out corridor network [65]. However, while the observa-
tions in this thesis are comparable to the two papers, different approaches and aims can be recognized. In
the paper [66], the authors created a corridor network based on vertiports, where UAVs traveled to and
from different vertiports, simulating a package delivery system. On the other hand, in the paper [65], the
authors created on-demand corridors based on static vertiports, where only one UAV utilized the corri-
dor at a single time delivering packages within a radius. In this thesis, we simulated random traffic in the
metropolitan area of Paris, where the UAVs utilized a static corridor with different placements, observing
the traffic safety and efficiency impact in terms of accessibility, conflicts, LoS, travel time, route deviation,

and more.
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7.2.4 Unstructured Free-Flight

In the unstructured free-flight experiment, as expected, a significant increase in the number of near mid-air
collisions was observed for the unstructured free-flight compared to the structured layered bi-directional
corridor (figure 6.38). Since the structured layered bi-directional corridor relies on a great level of infor-
mation sharing amongst the UAVs and structuring of the airspace, they can keep a safe distance from one
another. However, as the unstructured free-flight relies on simple onboard instruments, a significant de-
crease in safety can be recognized. Furthermore, a similar pattern was observed for the average number
of LoS occurrences (figure 6.39). An immense LoS complexity growth was observed for the unstructured
free-flight compared to the structured layered bi-directional corridor. Additionally, a significant increase in
both the LoS duration and distance was observed for the unstructured free-flight, with more than double
the LoS duration for the unstructured free-flight and slightly below double the average LoS distance (figure
6.40 and 6.41). However, as the unstructured free-flight allows for UAVs to travel the shortest route to their
destination, a significant decrease in the average travel time was observed for the unstructured free-flight

compared to the structured layered bi-directional corridor (figure 6.42).

Overall, it was observed that the simple UTM system utilizing the structured bi-directional corridor yielded
significant safety improvements compared to the unstructured free-flight. However, the increased safety
of the structured layered bi-directional corridor came at the expense of efficiency, as the UAVs, on average,
travel further to reach their destination. Our observations support the findings and claims by Bulusu et al.
that unstructured free-flight is only feasible up until a certain point and that a mature management system
is required in order to sustain a level of safety [6]. Moreover, our observations further support the claim
of another paper published by Bulusu et al. that cooperative conflict resolution increases the feasibility of

high-density traffic [71].

7.3 Summary

In this thesis, an exploration of corridors as part of a simple UTM system has been explored, looking into
different corridor types, rules, parameters, and placements, while also exploring unstructured free-flight.
The literature on the topic of corridor exploration was found to be limiting, with varying degrees of real-
istic simulations and a range of different corridor concepts. Furthermore, most of the literature uses the
concept of vertiports to simulate traffic or even generate traffic directly into the airspace. However, in re-
ality, the traffic will likely be more dynamic, and UAVs will Vertical Take-Off and Landing (VTOL) in available
airspace. In this thesis, we have contributed to the literature by exploring three different corridor typesin a
more realistic setting, observing characteristics of three different corridor types which might be beneficial
in terms of efficiency and safety for the improvements and insight into future corridor development. Fur-
thermore, in this thesis, we have contributed to the literature by exploring different rules and parameter
changes to two different corridor types, exploring how they would effect the efficiency and safety of the

traffic.
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The literature on how different corridor placements might effect the efficiency and safety of traffic was
also found to be limiting, with papers only addressing that various factors will limit the available airspace
and that corridors will most likely be restricted to operate above highways, road networks, rivers, or similar.
Furthermore, parts of the literature have observed that different vertiport placements and interconnecting
networks effect efficiency and safety of the traffic. However, these papers have not addressed more realis-
tic traffic and placements and have collected limited data. Consequently, in this thesis, we have contributed
to the literature by simulating and comparing different corridor placements, looking into their effect on the
safety and efficiency of the traffic, with more realistic traffic patterns as part of a simple UTM system, sim-
ulating suggested placements such as above rivers and ring roads, as well as placements simulated in the

literature, such as different grid networks.

Lastly, the thesis has contributed to the literature by simulating and comparing unstructured free-flight
with a corridor structure as part of a simple UTM system, comparing their efficiency and safety impact on
the traffic. While a similar experiment has previously been conducted in the literature [6], the corridor
structure compared was oversimplified by not logging data within the corridor, limiting its comparability.
Therefore, in this thesis, we have contributed to the literature and covered the gap by simulating a more

realistic corridor structure and comparing it to unstructured free-flight with even further data.



Chapter 8

Conclusions and Future Work

This chapter concludes the thesis by providing a brief summary and presenting the key findings. Further-

more, a list of possible future directions for the work conducted in this thesis will be presented.

8.1 Conclusion

With the increasing interest and utilization of Unmanned Aerial Vehicles (UAVs) current predictions and
simulations of the future airspace have found that the existing approach toward UAV operation is not suf-
ficient to ensure traffic safety. To cope with the future demand, structuring the airspace has been found
beneficial and necessary. As such, various Unmanned Aircraft System Traffic Management (UTM) concepts
have been proposed on how to manage the future airspace, with various concepts suggesting the adapta-
tion of UAV corridors. UAV corridors are similar to roads and highways and provide rules of engagement
to navigate and improve traffic safety. Due to the complexity of the urban and rural environments, the
operational safety, social acceptance, integration into the existing Air Traffic Management (ATM), techno-
logical capabilities, and more will likely restrict the allowed operational airspace. As such, future corridor

placements and UAV operation will need to confine to future rules and regulations.

Currently, the exploration and comparison of different corridor types, rules, parameters, and placements
are limited. Their exploration is essential in determining beneficial characteristics for traffic efficiency and
safety. Therefore, in this thesis, we aimed to explore different corridor types, comparing their efficiency
and safety impact on the traffic while also exploring how different rules and parameters might effect traffic
efficiency and safety for two of the corridor types simulated in this thesis. Additionally, we aimed to explore

how different corridor placements might effect the efficiency and safety of the traffic.

In order to answer the research questions in this thesis, we created a simulational environment in the
BlueSky simulator. We adopted the metropolitan area of Paris as our simulational area and created ran-
domized UAV traffic across a twelve-hour period to simulate future traffic demand. Furthermore, four

different UAV specifications were used to represent four different tiers of UAVs. Corridor structures were
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created based on geographical coordinates and were adapted to the experiments conducted. To manage
the airspace, a simple UTM system was created, permitting UAVs access to the airspace and corridor routes

to reach their destination, if viable.

In our first experiment, we compared three different corridor types with different airspace structuring,
comparing their efficiency and safety impact on the traffic. In our second, third, and fourth experiment, we
conducted rules- and parameter change simulations on two of the corridor types compared in this thesis,
explicitly exploring separation distances, speed limits, and look-ahead times. For our fifth experiment, we
compared six different corridor placements on their efficiency and safety impact on the traffic. Lastly, in
addition to the main aim of this thesis, we conducted an unstructured free-flight experiment, comparing
the unstructured free-flight to a simple UTM system utilizing a corridor structure in terms of efficiency and

safety.

For our corridor type experiment, we observed that different corridor types do have an effect on the effi-
ciency and safety of the traffic. We found that layering the corridor airspace into different layers is beneficial
for safety and efficiency of the traffic. Furthermore, we found that structuring the corridor airspace into
different layers depending on the specifications of the UAVs increases the efficiency of the traffic without
decreasing the safety. For the parameter and rule change experiment, it was observed that a lower separa-
tion distance of 20m increases both the safety and efficiency of both the corridor types simulated. Secondly,
it was observed that increasing the speed limit within both of the corridor types increased both efficiency
and safety of the traffic. Lastly, it was observed that there was no change in the safety and efficiency by
changing the look-ahead time. For the corridor placement experiment, we observed that different corri-
dor placements do have an effect on the efficiency and safety of the traffic. We observed that a corridor
placement expanding from the center of the simulated area with a higher number of junctions increased
the safety and efficiency of the traffic. In addition to the main aim of the thesis, we also observed that a
simple UTM system utilizing a corridor structure significantly improved the safety of the traffic compared

to unstructured free-flight.

8.2 Future Work

Various interesting future work topics have been recognized through the exploration and experimentation

with different corridor types, rules, parameters, corridor placements, and unstructured free-flight.

e Astate-based algorithm was used for all experiments in this thesis. However, its algorithmic structure
limited possible look-ahead times, speed limits, and separation distances which could be adopted in
a corridor structure with ongoing traffic. Consequently, as an extension of this work, future work
should focus on how to make the algorithm dynamically recognize the future behavior of the UAVs,

eliminating false conflicts.

¢ This thesis explored three different corridor types. However, the literature on the simulational com-
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parison of different corridor types is still limited, and further research should be conducted to ob-
serve other beneficial corridor characteristics. For instance, future work could focus on segregating

ongoing traffic in additional layers, and comparing it to the results collected in this thesis.

e Access protocols were neglected for the corridors in this thesis. Therefore, it would be interest-
ing to experiment with different access protocols, looking into methods of queuing and merging
traffic, comparing their efficiency and safety impact on the traffic compared to the more dynamic

self-managed approach adopted in this thesis.

¢ The same entrance and exit protocol were used in this thesis for all experiments. However, different

protocols could be compared, exploring their impact on the safety and efficiency of the traffic.

e For Conflict Resolution (CR), both heading and speed changes were allowed in this thesis. However,

future work could explore different CR methods impact on the efficiency and safety of the traffic.

e For the corridor placements experiment conducted in this thesis, the junctions of the geographical
based corridor placements were randomly selection. However, future research could explore if con-
sistent entrance and exit junctions would effect the results. For instance, exit and entrance junctions

every 400m on the corridor structure.
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Appendix A

Simulational Parameters

A.1 Corridor types simulation(s) specifications

Table A.1: The simulation rules and parameters for the corridor type comparison experiment

Parameter Bi-directional Layered Layered
bi-directional bi-directional
(unstructured) (structured)

Corridor speed limit(s) [m/s] 12.86 12.86 12.86, 15.43, 18,

20.57

Corridor layer altitude(s) [m] 120 120, 135, 150, 165 120, 135, 150, 165

Look ahead time [s] 15 15 15

Horizontal separation distance 50 50 50

[m]

Vertical separation distance [m] 6 6 6
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Appendix B

Corridor Coordinates

B.1 Park coordinates
Node Connected node(s) Coordinate
N1 N4, N2 (48.89128, 2.31413)
N2 N1, N9, N3 (48.8852, 2.34327)
N3 N2, N5 (48.89527, 2.3897)
N4 N7, N8, N1 (48.87926, 2.3088)
N5 N9, N6, N3 (48.88039, 2.38223)
N6 N5, N13 (48.88179, 2.3988)
N7 N4, N10 (48.86159, 2.28897)
N8 N10, N11, N9, N4 (48.86345, 2.32673)
N9 N8, N12, N5, N2 (48.86004, 2.35867)
N10 N7, N14, N8 (48.84098, 2.27555)
N1 N8, N14, N12 (48.84661, 2.33583)
N12 N11, N13, N9 (48.84436, 2.35988)
N13 N12, N14, N6 (48.83606, 2.38123)
N14 N10, N13, N11 (48.82211, 2.33767)

Table B.1: Park coordinates
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B.2 Roundabout coordinates

96

Node Coordinate
N1 N5, N2 (48.90319, 2.31291)
N2 N1, N7, N3 (48.89578, 2.34615)
N3 N2, N4 (48.8932, 2.3635)
N4 N3, N8, N9 (48.89589, 2.37928)
N5 N1, N10, Né (48.88502, 2.29727)
N6 N5, N12, N7 (48.88353, 2.3274)
N7 N2, N6, N8 (48.88054, 2.35236)
N8 N7, N13, N14, N4 (48.87808, 2.37028)
N9 N4, N15 (48.87713, 2.40673)
N10 N5, N16, N11 (48.87383, 2.29497)
N11 N10, N12 (48.86899, 2.31014)
N12 N6, N11, N18, N13 (48.86575, 2.34118)
N13 N12, N17, N8 (48.86471, 2.36462)
N14 N8, N15 (48.86493, 2.39846)
N15 N9, N14, N20 (48.86451, 2.40875)
N16 N10, N21, N18 (48.86307, 2.28712)
N17 N13, N19, N20 (48.8578, 2.38028)
N18 N16, N22, N12 (48.84792, 2.30161)
N19 N25, N17 (48.84738, 2.34063)
N20 N17, N23, N15 (48.84843, 2.39583)
N21 N16, N24 (48.83793, 2.257)
N22 N18, N25 (48.8372, 2.31831)
N23 N27, N20 (48.83961, 2.39581)
N24 N21, N25 (48.8275, 2.29246)
N25 N22, N24, N26, N19 (48.82791, 2.3268)
N26 N25, N27 (48.82238, 2.34672)
N27 N26, N23 (48.83155, 2.35558)

Table B.2: Roundabout coordinates
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B.3 Ringroad coordinates

Node

Coordinate

N1
N2
N3
N4
N5
Né
N7
N8
N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19
N20

(48.82758, 2.29207)
(48.83505, 2.27259)
(48.83513, 2.25893)
48.83788, 2.25444
48.84643, 2.25456
(48.85214, 2.2522)
(48.87857, 2.28041)
(48.88941, 2.29741)
(48.90068, 2.32733)
(48.89992, 2.39191)
(48.88308, 2.40028)
(48.87941, 2.40751)
(48.87169, 2.41311)
(48.85386, 2.41398)
(48.83497, 2.41182)
(48.82669, 2.39036)
(48.81651, 2.36676)
(48.81776, 2.35142)
(48.81844, 2.33288)
(48.82226, 2.31465)

( )
( )

Table B.3: Ring road coordinates

B.4 River coordinates

Node

Coordinate

N1
N2
N3
N4
N5
N6
N7
N8
N9

(48.84078, 2.26978)
(48.84914, 2.27845)
(48.85569, 2.28729)
(48.86297, 2.29836)
(48.86399, 2.31853)
(48.85806, 2.33922)
(48.84902, 2.36059)
(48.83648, 2.37605)
(48.82726, 2.38793)

Table B.4: River coordinates
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Appendix C

Numerical Results

C.1 Numeric corridor types results

Table C.1: Numerical results for the bi-directional corridor

KPls

1,500

2,000

2,500

Average travel time [s]

Average number of conflicts
[number]

Average number of LoS
[number]

Average number of near
mid-air collisions [number]

Average LoS duration [s]
Average LoS distance [m]

Average route deviation [m]

639.06 (¢3.99)
155.0 (0'11.73)

6.6 (01.52)

0.2 (00.44)

1.61(00.55)
7.63 (03.95)
-153.29 (09.78)

636.56 (05.7)
295.8 (04.87)

11.8 (04.15)

0.6 (00.54)

1.33(00.2)
716 (02.57)
-144.5 (011.4)

637.58 (04.26)
444.6 (028.31)

18.6 (03.78)

0.4 (00.54)

1.53 (00.22)
6.82 (01.37)
-152.8 (0'8.86)
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Table C.2: Numerical results for the unstructured layered bi-directional corridor

KPls

1,500

2,000

2,500

Average travel time [s]

Average number of conflicts
[number]

Average number of LoS
[number]

Average number of near
mid-air collisions [number]

Average LoS duration [s]
Average LoS distance [m]

Average route deviation [m]

637.05 (0'3.93)
96.6 (020.62)

3.2(01.92)

0.2 (¢0.44)

1.5 (00.61)
5.82(03.87)
-157.05 (09.28)

639.01(07.75)
167.6 (021.42)

4.6 (01.95)

0.0 (¢0.0)

1.44 (00.19)
6.46 (01.96)
-147.64 (08.43)

635.72 (04.1)
256.0 (028.82)

9.8 (01.3)

0.0 (¢0.0)

118 (¢0.08)
4.88 (01.59)
-154.55 (01.89)

Table C.3: Numerical results for the structured layered bi-directional corridor

KPls

1,500

2,000

2,500

Average travel time [s]

Average number of conflicts
[number]

Average number of LoS
[number]

Average number of near
mid-air collisions [number]

Average LoS duration [s]
Average LoS distance [m]

Average route deviation [m]

554.52 (02.3)
95.6 (016.41)

4.6 (02.61)

0.0 (¢0.0)

1.37 (00.46)
7.33(04.01)
-201.49 (07.08)

555.63 (01.69)
132.6 (06.73)

3.8 (02.17)

0.0 (¢0.0)

1.65 (00.41)
6.31(01.64)
-202.38 (06.67)

555.02 (03.17)
249.8 (025.07)

7.8 (03.9)

0.2 (00.44)

1.77 (00.35)
8.49 (02.49)
-198.06 (03.53)
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C.2 Numeric separation distances results
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Table C.4: Numerical results for the different separation distance for the bi-directional corridor

KPls

20m

40m

60m

80m

Average travel time

[s]

Average number of
conflicts [number]

Average number of
LoS [number]

Average number of
near mid-air
collisions [number]

Average LoS
duration [s]

Average LoS distance
[m]

Average route
deviation [m]

640.38 (02.1)

147.8 (018.85)

6.0 (02.55)

0.6 (00.54)

1.26 (00.22)

3.4 (00.7)

-153.78 (06.27)

6371 (03.51)

351.8 (017.18)

16.6 (03.44)

1.6 (00.89)

1.57 (¢0.29)

7.93 (02.24)

-155.24 (06.13)

640.52 (03.35)

614.2 (669.06)

33.2(06.72)

0.6 (¢0.54)

1.73 (¢0.25)

8.43 (00.8)

-151.32 (06.8)

640.5 (03.96)

856.8 (061.32)

38.0 (03.87)

0.0 (c0.0)

1.58 (¢0.11)

9.41(01.25)

-144.45 (04.71)

Table C.5: Numerical results for the different separation distances for the structured layered bi-directional

corridor

KPls

20m

40m

60m

80m

Average travel time

[s]

Average number of
conflicts [number]

Average number of
LoS [number]

Average number of
near mid-air
collisions [number]

Average LoS
duration [s]

Average LoS distance
[m]

Average route
deviation [m]

552.61(03.38)

80.2 (08.87)

1.4 (01.14)

0.0 (¢0.0)

1.08 (00.51)

2.22(01.85)

-203.66 (05.99)

552.99 (02.59)

185.8 (012.87)

4.4 (02.7)

0.2 (¢0.44)

1.63 (00.84)

5.88 (02.89)

-203.75 (03.47)

554.57 (01.21)

330.4 (032.28)

13.2 (02.49)

0.2 (¢0.44)

1.75 (¢0.33)

8.23 (02.37)

-193.23 (03.46)

554.25 (03.58)

454.8 (039.9)

18.4 (04.1)

0.0 (¢0.0)

1.86 (00.43)

8.55 (01.89)

-200.36 (06.21)
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C.3 Numeric speed limits results
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Table C.6: Numerical results for the different speed limits for the bi-directional corridor

KPls

10.29 m/s

12.86 m/s

15.43 m/s

18.00 m/s

Average travel time

[s]

Average number of
conflicts [number]

Average number of
LoS [number]

Average number of
near mid-air
collisions [number]

Average LoS
duration [s]

Average LoS distance
[m]

Average route
deviation [m]

740.61 (04.85)

552.6 (038.23)

23.8 (06.14)

0.2 (00.44)

1.26 (00.19)

6.04 (01.32)

-115.6 (66.57)

637.58 (04.26)

444.6 (028.31)

18.6 (03.78)

0.4 (00.54)

1.53 (00.22)

6.82 (0'1.37)

-152.8 (08.86)

57213 (02.56)

383.6 (045.41)

18.4 (02.88)

0.0 (c0.0)

1.32(00.2)

5.58 (01.66)

-181.49 (011.88)

523.48 (02.37)

375.0 (012.39)

18.4 (02.51)

0.0 (c0.0)

1.32 (00.19)

6.02 (01.47)

-211.14 (09.47)

Table C.7: Numerical results for the different speed limits for the structured layered bi-directional corridor

KPls

10.29 m/s

12.86 m/s

15.43 m/s

18.00 m/s

Average travel time

[s]

Average number of
conflicts [number]

Average number of
LoS [number]

Average number of
near mid-air
collisions [number]

Average LoS
duration [s]

Average LoS distance
[m]

Average route
deviation [m]

616.78 (03.69)

252.8 (520.69)

7.8 (01.79)

0.0 (¢0.0)

1.61(00.34)

6.63 (02.04)

-174.87 (69.9)

555.02 (0'3.17)

249.8 (025.07)

7.8 (03.9)

0.2 (¢0.44)

1.77 (00.35)

8.49 (02.49)

-198.06 (03.53)

510.49 (02.14)

211.4 (011.78)

6.8 (02.39)

0.2 (¢0.44)

1.62 (00.5)

6.91(03.09)

-234.33 (05.92)

482.9 (01.26)

224.25 (015.24)

7.25 (02.99)

0.0 (c0.0)

1.64 (00.43)

7.9 (02.31)

-249.88 (07.79)
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C.4 Numeric look-ahead times results
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Table C.8: Numerical results for the different look-ahead times for the bi-directional corridor

KPls

10s

12s

14s

16s

Average travel time

[s]

Average number of
conflicts [number]

Average number of
LoS [number]

Average number of
near mid-air
collisions [number]

Average LoS
duration [s]

Average LoS distance
[m]

Average route
deviation [m]

638.68 (00.59)

424.75 (018.34)

16.0 (03.65)

0.2 (00.44)

1.54 (00.27)

8.5 (02.53)

-151.45 (06.98)

638.55 (04.27)

459.8 (036.36)

18.4 (02.19)

0.2 (¢0.44)

1.46 (00.3)

7.39 (c0.68)

-148.93 (03.33)

640.73 (04.34)

458.6 (042.79)

21.8 (08.23)

0.8 (¢0.83)

1.43(00.22)

717 (02.63)

-145.29 (08.23)

63778 (63.63)

444.0 (035.29)

16.25 (04.43)

0.4 (00.54)

1.42 (00.17)

6.99 (00.78)

-148.75 (05.7)

Table C.9: Numerical results for the different look-ahead times for the structured layered bi-directional

corridor

KPls

10s

12s

14s

16s

Average travel time

[s]

Average number of
conflicts [number]

Average number of
LoS [number]

Average number of
near mid-air
collisions [number]

Average LoS
duration [s]

Average LoS distance
[m]

Average route
deviation [m]

555.95 (02.13)

226.2 (014.17)

8.8 (01.3)

0.0 (¢0.0)

1.6 (00.27)

7.9 (01.71)

-199.77 (02.11)

556.34 (0'1.19)

217.4 (028.13)

5.8 (62.59)

0.0 (¢0.0)

1.71(00.51)

6.26 (02.51)

-195.34 (09.0)

555.58 (03.61)

223.8 (021.56)

7.0 (03.16)

0.0 (¢0.0)

1.28 (¢0.19)

6.06 (01.72)

-196.16 (08.18)

554.99 (04.19)

236.4 (017.84)

8.0 (03.94)

0.0 (¢0.0)

1.7 (00.49)

7.52 (03.0)

-193.89 (07.43)
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C.5 Numeric corridor placements results

Table C.10: Numerical results for the 3x3 grid network
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KPls

1,500

2,000

2,500

Average travel time [s]

Average number of conflicts
[number]

Average number of LoS
[number]

Average number of near
mid-air collisions [number]

Average LoS duration [s]
Average LoS distance [m]
Average route deviation [m]
Average direct deviation [m]

Average number of UAVs not
using corridor [number]

593.79 (02.52)
99.4 (018.88)

2.2 (01.64)

0 (00.0)

215 (00.49)
10.3 (0'1.83)

-212.48 (010.94)

1.76 (00.01)
376.6 (09.99)

594.67 (02.16)
187.2 (012.58)

5.6 (03.36)

0 (00.0)

1.55 (¢0.38)
6.89 (03.07)

-225.52 (012.73)

1.77 (00.01)
495 (010.31)

593.87 (04.39)
285.2 (0'18.75)

8.2 (03.9)

0(00.0)

1.55 (00.21)

7.6 (03.04)
-214.88 (015.32)
1.77 (¢0.01)
627.2 (035.15)

Table C.11: Numerical results for the 4x4 grid network

KPls

1,500

2,000

2,500

Average travel time [s]

Average number of conflicts
[number]

Average number of LoS
[number]

Average number of near
mid-air collisions [number]

Average LoS duration [s]
Average LoS distance [m]
Average route deviation [m]
Average direct deviation [m]

Average number of UAVs not
using corridor [number]

554.52 (02.3)
95.6 (016.41)

4.6 (02.61)

0 (00.0)

1.37 (00.46)
7.33(04.01)
-201.49 (07.08)
1.74 (¢0.01)
69.2 (05.38)

555.63 (01.69)
132.6 (06.73)

3.8 (02.17)

0 (00.0)

1.65 (00.41)
6.31(01.64)
-202.38 (06.67)
1.74 (¢0.01)
101.2 (09.17)

555.02 (03.17)
249.8 (025.07)

7.8 (¢3.9)

0.2 (00.44)

1.77 (00.35)
8.49 (02.49)
-198.06 (03.53)
1.74 (¢0.01)
129 (06.72)
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Table C.12: Numerical results for the park network
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KPls

1,500

2,000

2,500

Average travel time [s]

Average number of conflicts

[number]

Average number of LoS

[number]

Average number of near
mid-air collisions [number]

Average LoS duration [s]
Average LoS distance [m]
Average route deviation [m]
Average direct deviation [m]

Average number of UAVs not
using corridor [number]

555.35 (01.12)
104.6 (015.63)

3.0 (02.35)

0 (00.0)

1.11(00.15)
6.77 (65.95)
-160.28 (56.11)
1.64 (c0.01)
182.2(c7.85)

558.28 (01.78)
192.0 (029.33)

5.8 (01.3)

0 (00.0)

1.51(00.41)
5.31(02.97)
-159.4 (06.78)
1.65 (00.01)
228.4 (010.20)

557.91(02.65)
304.6 (016.74)

6.4 (02.07)

0 (00.0)

1.46 (00.21)
5.99 (02.78)
-157.1(06.83)
1.65 (00.01)
290 (014.05)

Table C.13: Numerical results for the ring road

KPls

1,500

2,000

2,500

Average travel time [s]

Average number of conflicts

[number]

Average number of LoS

[number]

Average number of near
mid-air collisions [number]

Average LoS duration [s]
Average LoS distance [m]
Average route deviation [m]
Average direct deviation [m]

Average number of UAVs not
using corridor [number]

555.66 (¢0.96)
96.6 (011.41)

1.8 (01.3)

0 (c0.0)

2.21(01.13)
5.94 (03.25)
-119.83 (012.57)
1.55 (¢0.01)
373.6 (015.96)

554.06 (0'3.22)
162.2 (08.17)

2.8 (01.3)

0(c0.0)

1.5 (c0.59)
4.98 (03.25)
-110.47 (0'7.34)
1.55 (¢0.01)
520.4 (021.58)

556.58 (02.5)
267.4 (09.32)

4.2 (01.48)

0(c0.0)

1.34 (00.23)
5.84 (01.61)
-118.3 (03.83)
1.57 (¢0.01)
614.2 (024.83)
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Table C.14: Numerical results for the river
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KPls

1,500

2,000

2,500

Average travel time [s]

Average number of conflicts
[number]

Average number of LoS
[number]

Average number of near
mid-air collisions [number]

Average LoS duration [s]
Average LoS distance [m]
Average route deviation [m]
Average direct deviation [m]

Average number of UAVs not
using corridor [number]

599.24 (01.44)
186.4 (09.86)

3.8 (c1.1)

0 (00.0)

1.6 (00.23)
7.82 (03.58)
-46.08 (04.26)
1.57 (¢0.01)
413 (012.55)

601.67 (¢7.07)
362.0 (028.15)

6.6 (02.7)

0 (00.0)

1.49 (00.23)
6.62 (01.22)
-50.47 (06.68)
1.58 (¢0.01)
550.4 (018.20)

596.54 (03.96)
565.2 (029.74)

1.4 (02.19)

0 (00.0)

1.52 (¢0.14)
6.89 (00.95)
-45.18 (02.44)
1.56 (00.01)
700 (010.19)

Table C.15: Numerical results for the roundabout network

KPls

1,500

2,000

2,500

Average travel time [s]

Average number of conflicts
[number]

Average number of LoS
[number]

Average number of near
mid-air collisions [number]

Average LoS duration [s]
Average LoS distance [m]
Average route deviation [m]
Average direct deviation [m]

Average number of UAVs not
using corridor [number]

527.46 (01.95)
89.0 (016.61)

3.2 (00.84)

0(c0.0)

1.3 (00.24)
6.89 (02.51)
-184.91(03.99)
1.62 (¢0.0)
40.2 (06.91)

529.38 (02.71)
132.75 (02.5)

3.0 (00.82)

0(c0.0)

1.44 (00.34)
4.51(01.91)
-183.56 (02.84)
1.63 (¢0.01)
56.25 (03.03)

527.92 (02.71)
216.8 (016.42)

5.6 (02.41)

0(c0.0)

1.32 (00.28)
5.02 (02.72)
-176.78 (010.39)
1.63 (¢0.01)

59 (08.87)
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C.6 Numeric unstructured free-flight results

Table C.16: Numerical results for the unstructured free-flight

KPls 1,500 2,000 2,500
Average travel time [s] 319.86 (00.64) 319.57 (60.92) 319.51 (00.45)
Average number of LoS 34.2 (03.7) 49.2 (04.55) 88.4 (012.14)
[number]

Average number of near 4(02.23) 6.2 (02.28) 10.6 (62.60)
mid-air collisions [number]

Average LoS duration [s] 3.76 (60.42) 416 (50.21) 4.08 (50.25)
Average LoS distance [m] 14.63 (01.65) 15.2 (0'1.66) 14.95 (c0.63)

Average route deviation [m] 0.39 (00.01) 0.38 (00.01) 0.38 (00.01)
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