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SUMMARY

AUTONOMOUS CONFLICT DETECTION AND RESOLUTION FOR UNMANNED
AERIAL VEHICLES

ON INTEGRATION INTO THE AIRSPACE SYSTEM

Yazdi Ibrahim JENIE

In the last decade, the commercial values of Unmanned Aerial Vehicles (UAV), de-
fined as devices that are capable of sustainable flights in the atmosphere that do not
require to have a human (pilot) on-board, become widely recognized thanks to the ad-
vancement of technology in materials, sensors, computation, and telemetry. As UAVs
are becoming cheaper and more user-friendly, many companies are motivated to in-
corporate them in their everyday business, such as for delivery services, journalisms, or
providing Internet services.

All of commercial prospective applications for UAVs, however, can only be achieved
once the vehicles are fully integrated into the airspace system. This is not the case yet,
since UAV operations, in most part of the world, are strictly regulated to fly only within
the visual line of sight (VLOS) of the ground pilot, forbidding the otherwise beyond visual
line of sight (BVLOS) flight. One main reason for such strict regulations is the apprehen-
sion about the safety of UAV operations, which are likely to be heterogeneous due to the
possible large variation of UAVs in the airspace, each with their own preference on how
to interact with other UAVs and with the current (manned) air traffic. Hence, airspace
management, especially in the mitigation of mid-air conflicts and collisions, is expected
to become much more complex, compromising the overall safety.

Therefore, the problem of safe UAV integration into the airspace is the selected topic
for this research, especially in the development of Conflict Detection and Resolution
(CD&R) systems. The particular system describes any procedures and devices for vehi-
cles to mitigate potential mid-air conflicts and collisions. For a UAV, this system needs
to consider a wide range of obstacles it might encounter, from a static unmoving object
to other vehicles with completely different characteristics. Moreover, there can be inter-
actions between two UAVs with different levels of CD&R system awareness. Only when
their CD&R systems are fully defined and regulated to handle such diverse scenarios, can
UAVs be fully integrated into the airspace.
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iv SUMMARY

The main goal of this research is to define and evaluate systems for detecting and
resolving possible mid-air conflicts of Unmanned Aerial Vehicles, specifically to sup-
port safe beyond visual line-of-sight operations in an integrated airspace. This goal is
achieved by addressing the four research problems, i.e. the airspace incompatibility, the
CD&R diversity, the doubt on UAV safety, and the UAV autonomous CD&R inadequacy.
Directly from those problems, four research questions are formulated as follows:

1. What structure can be defined to manage the CD&R system for UAVs operating in
an integrated airspace?

2. How can the diverse UAV CD&R approaches be classified into a comprehensive
taxonomy that is compatible with the current airspace?

3. How can the safety parameters of the integrated airspace, under influence of a
heterogeneous CD&R approaches, can be determined?

4. How can an autonomous CD&R system for UAVs be defined to handle potential
conflicts, seeing the vehicle as part of the integrated traffic in the airspace?

To address the first question, this research proposes a taxonomy of CD&R approaches
for UAV operating in an integrated airspace. Possible approaches for UAVs are surveyed
and broken down based on their types of surveillance, coordination, maneuver, and au-
tonomy. The factors are combined back into several ‘generic approaches’, for example,
the Traffic Warning and Collision Avoidance System (TCAS) in manned flight can be seen
as CD&R that uses combination of a distributed dependent surveillance, an explicit co-
ordination, an escape maneuver, and conducted manually. The approaches that fits the
scheme of UAV integration are then selected methodically, resulting in a novel taxonomy
of UAV CD&R approaches.

From the generic approaches in the taxonomy, a multi-layered architecture is devel-
oped in this research, managing CD&R procedures in the airspace that are compatible
with the manned flights, while also embracing those that are unique to UAVs’. The multi-
layered feature means that instead of relying on only one CD&R approach, UAVs can im-
plement multiple approach in a fail-safe concept, ensuring that even in a case when one
approach fails, there are still available layers that can prevent direct collisions. Six CD&R
approaches from the taxonomy are further selected as the safety layers, which included
the layer of (1) Procedural, (2) Manual, (3) Cooperative, (4) Non-cooperative (5) Escape,
and (6) Emergency approaches.

A brief implementation of the multi-layered CD&R architecture suggesting that it us-
age depends closely on the type of mission: in a particular mission some layers might
become less necessary, while in others they might be important. The proposed architec-
ture, however, is lacking definitions of physical thresholds between layers, such as the
distance or time-to-collision, which need to be defined specifically for each type of UAV.
This is warranted for the future work for UAVs air traffic management, but might only be
truly be defined once the BVLOS flights of UAVs are allowed in the airspace.

Answering the second research question, the previously proposed taxonomy is at-
tributed to available CD&R methods in the literature, in order to determine their fitness
and whether they are complementary or interchangeable from one to another. A total
of 64 CD&R methods are evaluated, ranging from preflight calculations on determinis-
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tic maps, such as a Global Path Planning, to reactive avoidances with on-board sensors,
such as by using the Velocity Obstacle method. Using the taxonomy, the position of each
approaches in the overall safety management scheme, such as by using a multi-layered
architecture, can be defined.

The taxonomy attribution has shown that many of the available methods fall out-
side the taxonomy, and suggests the need to concentrate research more to parts where
representative methods are lacking. On further evaluation, it also becomes apparent
that the diversity of CD&R preferences only existed within the walls of laboratories, due
to the current UAV flight limitation to only within VLOS. Nevertheless, the taxonomy
potentially can aid both developers and authorities in deciding an adequate CD&R ap-
proach(es) to ensure safety of an upcoming BVLOS flight in an integrated airspace.

The third question is addressed by setting up a series of Monte Carlo simulation to
derive two safety parameters, i.e. the frequencies of near mid-air collisions (NMAC),
and of mid-air collisions (MAC). The former represents how often two UAVs fly closer
to each other than a certain thresholds, which is set to be 50 meters in most of the dis-
cussion in this dissertation, while the later describe the actual body-to-body collision
between vehicles. The use of the Monte Carlo simulations is meant to overcome the
limitation of available analytical methods in literature, by incorporating the effect of dis-
tributed CD&R system, as well as the heterogeneous condition setup for the airspace.
The method, however, has rarely been preferred in the safety parameter derivation, due
to its significantly time-consuming process to obtain any meaningful results. This prob-
lem is addressed in this research by simulating in high-density setups, of which results
are scaled down latter on, to more realistic densities of an airspace.

Two CD&R protocols are modeled in the simulations, first one is the cooperative pro-
tocol, where each vehicle conduct avoidance that is implicitly coordinated by common
rules-of-the-air, and the second one is the non-cooperative protocol, where each vehicle
avoids with preferences that are randomly given. A certain target level of safety (TLS) is
defined as well in research, to measured the collective performance of the CD&R sys-
tems, in which the frequency of NMACs and MACs should be lower than 10−2 and 10−7

per hour, respectively. Those values of TLS are proposed on the basis of the equivalent
values in manned-flight history for the last decade.

As the results, while maintaining the TLS of the airspace, the distributed cooperative
CD&R protocol is able to increase the maximum number of operating UAV in one flight
level to almost ten times the number when no CD&R is applied. This would mean that
for a city like Chicago that has an area of more than five-thousand kilometer-square, a
total of 45 UAVs can operate independently in one altitude. It is also concluded that a
much better results are obtained while using the cooperative protocol, which justifies
the necessity of order in the airspace, which in this case is the implementation of the
Right-of-way rules.

The usefulness of Monte Carlo simulations method is demonstrated in this research,
testing various CD&R algorithms and protocols in a vast number of possible conditions,
including those that are previously unpredicted. The downside of the method still ap-
pears, however, in which it cannot derive any meaningful results for the frequency of
MACs within the number of samples tested, due to the rareness of MACs even in a high-
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density setups. Hence, more samples are recommended for the future work, along with
further extension to include aircraft dynamic model inside the simulations.

The fourth question is addressed in this research by introducing two novel CD&R al-
gorithms which are adequate to fill in specific layers in the CD&R architecture explained
before. The first algorithm is the Selective Velocity Obstacle (SVO) method, an exten-
sion of the Velocity Obstacle method (VO-method) with additional criteria for implicit
coordination. This CD&R method is developed specifically for the Cooperative layer in
the CD&R architecture, which is based on the unlikeliness of the future airspace to ex-
ist without some sort of order or coordination, such as the Right-of-way rules. The SVO
is also used as the basis of the cooperative CD&R protocol in the previously explained
NMAC frequency derivation using Monte Carlo simulations.

The second algorithm is the Three-dimensional Velocity Obstacle (3DVO) method
that represent the VO-method in three-dimensional space, obtaining a much wider range
of resolution possibilities. The three-dimensional resolution is performed in arbitrary
avoidance planes, which number and direction can be set according to the UAV maneu-
verability. Furthermore, since it is designed to fill the Escape layer from the architecture,
the 3DVO is equipped with Buffer Velocity Zones, an additional algorithm to anticipate
adverse movements of uncoordinated obstacles. It is discovered, however, that the addi-
tion of the Buffer Velocity zones increases the algorithm performance more significantly
than the number of Avoidance Planes available.

Both the SVO and 3DVO method have been validated by series of Monte Carlo sim-
ulations in a stressful heterogeneous airspace setup, in which they were able to signifi-
cantly reduce the frequencies of NMACs and MACs, and hence are promising to support
BVLOS operation in an integrated airspace. Both method, however, are lacking of vehi-
cle dynamic model, which can significantly change the result, especially in the Escape
layer, in which avoidance happen in a close range. Moreover, experiments to proof both
concepts is also warranted for future works, especially in testing an actual BVLOS flight
where the UAVs autonomously interact with the heterogeneous airspace. Furthermore,
adequate algorithm to fill other layers in the architecture is also mandatory to support a
complete BVLOS flight. This will further enrich the available CD&R approaches that can
be selected for UAV operation in an integrated airspace.

Therefore, on the basis of the research performed in this dissertation, it is concluded
that safe integration of UAVs into the airspace is very much feasible. The conclusion is
supported by numerous simulations that have been conducted, demonstrating the pos-
sibility to reach the airspace TLS by resorting to an autonomous CD&R system, which
is distributed and works independently in each vehicles. The low risk of UAV opera-
tions, even in a heterogeneous airspace conditions, is validated even more by the rar-
ity of NMACs and MACs occurrences to the point that an artificially exaggerated setup,
such as a super conflict or a high-density airspace, is required to measure the operational
safety.

While many CD&R approaches for UAVs in literature have not been designed for a
BVLOS flight in an integrated airspace, their algorithm can be adjusted to conform the
proposed taxonomy. An example of such adjustment is presented in this dissertation by
the extension of the VO-method into SVO method that fits the Cooperative approach,
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and 3DVO that is designed for the Escape approach. With the large diversity of CD&R
approach in literature, validation in a heterogeneous setup is a necessity, either by sim-
ulations or by actual flight experiments.

Compared to back in mid 2011 when this research was initiated, in this 2016 com-
mercial use of UAVs are increasingly getting exposed to the general public. Regulations
are being updated to define UAVs’ airworthiness and widens their area of operations.
Operator awareness of the regulations is also increasing as it is shown by the booming
of registered number of drone owners. At the same time, drone advocacy groups are as-
sembled to push regulatory policies to allow UAV operations, especially for BVLOS flight.
These indicates that UAV integration into the airspace is inevitable, and that CD&R sys-
tems to support safety in such airspace is urgently needed. Therefore, at one point per-
haps it is best for the authorities to simply start to accommodate the BVLOS flight in
the airspace, allowing both UAVs and their CD&R system to mature based on experience
they can gain in a real situation. As it has been shown in the history of manned-flight
deregulation, this can create a competitive environment that pushes both manufacturer
and operator to continuously strive for safety improvements in an integrated airspace
system.
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1
INTRODUCTION

1.1. UNMANNED AERIAL VEHICLES AND THE AIRSPACE SYS-
TEM

U
NMANNED Aerial Vehicles (UAV), also known as Uninhabited Aerial Vehicles, or
Unpiloted Aerial Vehicles, or Unmanned Aircraft, or Remotely Piloted Aerial Ve-
hicles, or Aerial Drones, or many other names, are defined as devices that are

capable of sustainable flights in the atmosphere that do not require to have a human
(pilot) on-board. With this definition, the technological history of UAVs can be stretched
back as far as in March 1917, when A.M. Low’s Ruston Proctor AT (Aerial Target/Aerial
Torpedo) was launched using compressed air from a back of a lorry near Salisbury Plain,
shown in Figure 1.1-a. Separately in March 1918, the first Curtiss-Sperry remote con-
trolled ‘Flying Bomb’ was launched (see Figure 1.1-b) from the top of a Marmon automo-
bile driving along the Long Island Motor Parkway, New York. Afterwards, the technology
of remote controlled flight grew rapidly throughout the period of the First World War,
particularly for those two purposes, as an Aerial Target (later known as target drones)
and a Flying Bomb (later known as guided missiles). The first recorded UAV usage out-
side the military ground was demonstrated and documented in 1937 by Ross Hull and
Clinton B. DeSoto, who flew their remote controlled 15-feet-span model plane shown in
Figure 1.1-c [1, 2]. The military, however, continues to be the center of advancement for
UAVs, expanding their (re)usability for intelligence, surveillance, target-acquisition, and
reconnaissance.

1
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2 1. INTRODUCTION

Figure 1.1: The pioneers of Unmanned Aerial Vehicle Technology [1, 2] (a) A.M. Low’s Ruston Proctor AT, (b)
Curtiss-Sperry ’Flying Bomb’, and (c) Ross Hull and Clinton B. DeSoto remote controlled model plane.

Not until recently have the commercial values of UAVs for civil purposes become
widely recognized, thanks to the advancement of technology in materials, sensors, com-
putation, and telemetry. As UAVs are becoming cheaper and more user-friendly, many
companies are motivated to incorporate them in their everyday business. DeGarmo [3],
back in 2004, introduced seven examples of prospective UAVs for civil applications, as
illustrated in Figure 1.2. A decade latter, however, many unexpected types of civil UAV
emerge abruptly. Retail companies, for example, have started to propose a UAV-based
delivery service to their customers1, media has already used UAV to obtain immediate
aerial footage of an incident2, and Information Technology companies have developed
a high-altitude imagery UAVs to update their online map services3.

All of those prospective applications can be achieved once UAVs are fully integrated
into the airspace system, which, however, is not yet the case. UAV operations, in most
part of the world, are strictly regulated to fly only within the visual line of sight (VLOS) of
the ground pilot. In the United States, for example, it is generally forbidden to fly an un-
manned vehicle beyond the visual line of sight (BVLOS), while flying within visual line
of sight (VLOS) can only be conducted when there is daylight. Furthermore, the UAV
needs to weigh less than 25 kg, with maximum ground speed of 45 meters/second, and
remain below 120 meters above ground level [4]. The same rules apply in the Nether-

1Gershgorn, D., "We now know where Amazon will be testing their delivery drones", 2016, accessed June 2016,
http://www.popsci.com/we-now-know-where-amazon-will-be-testing-their-delivery-drones

2Goldman, D., "CNN cleared to test drones for reporting", 2015, accessed June 2016, http://money.cnn.
com/2015/01/12/technology/cnn-drone/

3Barr, A., and Albergotti, R., "Google to Buy Titan Aerospace as Web Giants Battle
for Air Superiority", 2014, accessed June 2016, http://www.wsj.com/news/articles/
SB10001424052702304117904579501701702936522

http://www.popsci.com/we-now-know-where-amazon-will-be-testing-their-delivery-drones
http://money.cnn.com/2015/01/12/technology/cnn-drone/
http://money.cnn.com/2015/01/12/technology/cnn-drone/
http://www.wsj.com/news/articles/SB10001424052702304117904579501701702936522
http://www.wsj.com/news/articles/SB10001424052702304117904579501701702936522
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Figure 1.2: Prospective commercial applications of UAVs, adapted from the work of [3] with several additions.

lands, with a maximum weight of 150 kg, and the possibility for an extended visual line
of sight (E-VLOS) [5]. The newest regulation in the United Kingdom [6], on the other
hand, already accommodates a BVLOS UAV flight. This, however, requires tedious work
to obtain an approval for the method of aerial separation and collision avoidance, which
should comply with the rules in manned-flight.

One main reason for such strict regulations is the apprehension about the safety of
UAV operations, which are likely to be heterogeneous. Unlike manned-flight, UAV tech-
nology is increasingly accessible to the public, such that in just a few years, nearly every-
one will be able to build and fly one to do any mission they could think of. Consequently,
there will be a large and diverse collection of UAVs in the airspace, each with their own
preference on how to interact with others, as well as with the current (manned) air traf-
fic. For a BVLOS flight in particular, these interactions most likely involve some level of
autonomy, which may also vary among the unmanned vehicles. All of this heterogeneity
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will add to the complexity of the airspace management, especially in the mitigation of
mid-air conflicts and collisions.

Therefore, the problem of safe UAV integration into the airspace is the selected topic
for this research, as it has been one of the major topics in UAV research for the last
decade, especially in the development of Conflict Detection and Resolution (CD&R) sys-
tems. This particular system describes any strategies and devices for vehicles to mitigate
potential mid-air conflicts and collisions, from detection until resolution. For a UAV, this
system needs to consider a wide range of obstacles it might encounter, starting from a
static unmoving object to other vehicles with completely different characteristics. More-
over, there can be interactions between a fast fixed wing UAV and a hovering quad-rotor,
or between two UAVs with different levels of CD&R system awareness, or between a UAV
and a much larger manned aircraft. Hence, only when their CD&R systems, both strate-
gies and devices, are fully defined and regulated to handle such diverse scenarios, can
UAVs be fully integrated into the airspace.

1.2. PROBLEM DEFINITION
Any integration problem can be traced back to the level of readiness of the involved par-
ties for such integration, which in this case are the manned-flight (and their systems) in
the current airspace and the (future) UAVs. Safe integration can be achieved if both do-
mains are compatible with each other. This is not yet the case, since they have been ad-
vancing separately in their research and practice of mitigating conflicts and maintaining
safety: one has gathered experiences in real flight situations with a long history of both
incidents and accidents, while the other has most commonly tested inside laboratories
with isolated encounter scenarios. This creates a chicken and egg situation: UAV CD&R
systems are not matured yet since they cannot fly along with the manned-flight in an in-
tegrated airspace situation, while at the same time, authorities do not allow UAVs to join
the air traffic in the airspace since the CD&R system is not considered mature enough.
These underlying problem are elaborated in four challenges, resulting in the formulation
of four research questions, in the following subsections.

1.2.1. CURRENT AIRSPACE INCOMPATIBILITY

The airspace is currently dominated by manned-flights, starting from the vehicles, navi-
gation systems, traffic managements, until the regulations. Considering this, to smoothen
the process, it seems logical to put most of the effort for integration to UAVs as the
newcomer. The process, therefore, should consist of UAVs adapting to what manned-
fight has done in managing the airspace, especially in ensuring safety using CD&R sys-
tems. Necessary adjustments to the current system may be warranted, but disturbances
should be kept as small as possible.

Manned-flight CD&R systems are managed in a fail-safe configuration, stacked in a
multi-layered structure, commonly known as the Layers of Safety, as it can be observed
in Figure 1.3 [7]. This structure was not formed instantly; rather, it was built and iterated
throughout history, where most of its components exist as the result of evaluations of
accidents [8]. Each layer is regulated and therefore mandatory for every commercial
flight, with only a few exceptions.
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Figure 1.3: Manned flight Conflict Detection and Resolution Architecture (Layers of Safety)

Adapting this CD&R structure for UAVs, however, cannot be straightforward, since
it neglects several key characteristics of UAV flights. For instance, the first three layers
require centralized surveillance systems such as a primary RADAR, which has difficulty
in detecting small objects built from non-metal materials such as most UAVs. The on-
board sensors for the surveillance system, which are used primarily and extensively in
unmanned vehicles, are not accommodated enough, and are only represented by the
innermost ‘See and Avoid’ layer. These problems lead to a need to design a new CD&R
structure for UAVs that is compatible with the current used in manned-flight. The chal-
lenge can be formulated as follows:

Research Question 1

What structure can be defined to manage the Conflict Detection and Re-
solution system for UAVs operating in an integrated airspace?

1.2.2. CD&R SYSTEM DIVERSITY
Unlike the manned-flight CD&R system, UAV collision avoidance systems are not regu-
lated, which results in every different UAV having its own unique method for avoidance,
motivated by the type, the mission, and the developer discretion. This diversity adds
even more complexity to the heterogeneous integrated airspace. This situation actually
stimulates the rapid development of various methods of obstacle detection and con-
flict resolution, but at the same time creates confusion for authorities to decide which
method should be the standard in an integrated airspace scheme. UAV research in ob-
stacle detection mainly focuses on on-board sensors, either passive ones such as cam-
eras [9], microphones [10] and acoustic-vector microphones [11], or active ones, such as,
laser range-finders [12] and RADAR [13]. On the other hand, research in conflict resolu-
tion ranges from deterministic methods such as Global and Local path planning [14, 15],
Behavior Tree algorithms [16], Evolutionary algorithms [17], to reactive methods such
as the Potential Field method [18–20], Optical Flow method [21], and Velocity Obstacle
method [22–26].

While a multi-layered CD&R structure, such as presented in Figure 1.3, might be re-
alized by exploiting the diversity in approaches, each layer cannot be filled directly due
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to the lack of categorization standard. It is difficult to identify the role of each available
approach in an exhaustive multi-layered structure which should also be compatible with
the already established manned-flight. Furthermore, there is also an issue of many ter-
minology mismatches, for example, the term ‘Conflict Detection and Resolution system’
is not a common term in UAV domain, which prefers the term ‘Collision Avoidance Sys-
tem’.

Therefore, a comprehensive categorization on the diverse CD&R approaches is re-
quired as the first step in designing their structure for UAV operations. This categoriza-
tion also can be used to identify redundancy of the approaches, as well as areas that
might be lacking representative approach, in the literature. A taxonomy of CD&R ap-
proaches that is suitable for UAV operations in an integrated airspace can be produced
from the categorization, as it is formulated in the second research question:

Research Question 2

How can the diverse UAV CD&R approaches be classified into a
comprehensive taxonomy that is compatible with the current airspace?

1.2.3. UAV CD&R SYSTEM SAFETY

For a full UAV integration to happen, the doubts of its operational safety for both au-
thorities and the public needs to be removed, which means that the overall operation
can maintain a certain Target Level of Safety (TLS) [7]. One parameter of this TLS is the
frequency of Mid-Air Collision (MAC), which, if strictly taken, needs to be less than one
occurrence out of ten million hours, or 10−7 per hour. The number is taken from the
manned-flight domain, commonly derived either analytically using a gas model for the
air traffic [27–29], or synthetically using the vast data of mid-air conflicts that is avail-
able for manned-flight [8]. The former method commonly assesses the air traffic safety
where the speed and heading of each vehicle is constant, while the latter is used for a
more dynamic airspace, which includes the performance of CD&R systems.

Assessing the TLS fulfillment of a CD&R protocol in UAV operations, however, is more
difficult since similarly vast mid-air conflict data to those of manned-flight does not ex-
ist. To fill the lack of data, an extensive series of simulation of a comprehensive airspace
model can be conducted. However, obtaining safety parameters via simulations is hardly
advisable, since, in a realistic airspace situation, collisions are actually so rare that it will
take a considerably large amount of time and computational power to obtain meaning-
ful results. Therefore, a new way to assess the safety of the integrated airspace under the
effect of a CD&R protocol is necessary, formulated as the third research question:

Research Question 3

How can the safety parameters of the integrated airspace, under influence
of a heterogeneous CD&R approaches, can be determined?
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1.2.4. UAV AUTONOMOUS CD&R SYSTEM INADEQUACY

While many CD&R approaches for UAVs have been proposed and demonstrated, they
are not practical yet for current airspace operations, especially in a BVLOS flight. Be-
ing developed exclusively by each developer, these approaches rarely see the vehicles as
part of global air traffic, in which they have to deal with airspace problems such as het-
erogeneity, enforced rules, and unpredictable dynamics of the airspace. Heterogeneity
in an integrated airspace is inevitable and as a consequence, some level of rules will most
likely be required, restricting the maneuvers a UAV can take. At the same time, the res-
olution maneuver needs to take into account the adverse dynamics that can result from
the different ways other UAVs react to a conflict.

Therefore, an extension of the available (or even a completely new) CD&R approach
is required to include the integrated airspace characteristics. Since the heterogeneous
airspace is most likely to be managed with a structure such as shown in Figure 1.3, more
than one new approach maybe warranted. Lastly, to support BVLOS flights, the CD&R
systems in focus are those that perform autonomously. This challenge is formulated in
last research question:

Research Question 4

How can an autonomous CD&R system for UAVs be defined to handle po-
tential conflicts, seeing the vehicle as part of the integrated traffic in the
airspace?

1.3. RESEARCH OBJECTIVE

Based on the research questions, the main objective of this research is formulated as
follows:

To define and evaluate systems for detecting and resolving possible mid-
air conflicts of Unmanned Aerial Vehicles, specifically to support safe be-
yond visual line-of-sight operations in an integrated airspace.

This main objective is achieved by answering the interconnected research questions
defined in the previous section. The structure to manage UAV CD&R systems in the first
question requires the taxonomy definition that is compatible with the current airspace
from the second question. Safety analysis of the heterogeneous airspace is conducted to
answer the third research question, as well as to test the CD&R structure resulted from
the first question. Finally, novel approaches for UAV CD&R are developed in order to
match the requirements of the structure proposed in the result of the first question.

The research questions are answered throughout the dissertation within the scope
that is presented in section 1.4, using the methodology that is explained, along with the
dissertation outline, in section 1.5.
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1.4. RESEARCH SCOPE AND LIMITATIONS
The objectives are achieved under several assumptions, in order to focus on the objective
and reduce the complexity of the research. The following paragraphs formulate those as-
sumptions using the scope and limitations of the main keywords in this research.

Unmanned Aerial Vehicle: The term ’Unmanned Aerial Vehicles’, abbreviated as
UAV, refers to the definition set by the Federal Aviation Administration (FAA) of the United
States in [4], which is written as: Unmanned aircraft means an aircraft operated with-
out the possibility of direct human intervention from within or on the aircraft. The word
aircraft is interpreted further as a device that is capable of sustainable flight, which dif-
ferentiates the UAV from projectiles (e.g. ballistic missiles) or buoyancy flying vehicle
(e.g. weather balloons). While UAV history is explained in Section 1.1 starting from the
flight of the first Aerial Target and Flying Bomb, those two devices are actually excluded
in the latter discussion in this dissertation that focuses more on reusable vehicles.

The choice of word in this dissertation is ’UAV’ instead of the Unmanned Aerial Sys-
tem (UAS), or Unmanned Aircraft (UA) that is used in most regulations, since it is the
most popular keyword to refer such vehicle, and it emphasize more the airborne vehi-
cle separately from the support systems, e.g., ground stations and airports. Finally, this
research limits the discussion to UAVs that are designed for civil purposes. The UAV
prospective that is presented in the work of DeGarmo et.al. [3], shown in Figure 1.2, fits
in most of the discussion.

Airspace System: The word ’Airspace’ refers to the portion of the atmosphere above
the territory of a country, and hence controlled by that particular country. ’Airspace Sys-
tem’, on the other hand, includes the navigation facilities and infrastructures, such as air
traffic, satellites and airports. All the discussion focuses mostly in the civil airspace sys-
tem, excluding the military parts. The civil airspace is managed in a way specified in the
Federal Aviation Regulation (FAR), especially in part 71 [30], of the Federal Aviation Ad-
ministration (FAA). Most countries have adopted this management method, with several
slight difference that are neglected throughout this research.

For the purpose of demonstration, the traffic complexity in the airspace is mostly
exaggerated from the current condition, which is in line with the view of the Next Gen-
eration Air Transportation System (NextGen) [31] and the Single European Sky initiative
[32], which aim for an increase of air traffic volume, doubled by the year 2020. The con-
cept of unmanaged airspace, also known as User Preferred Routing, or Free Flight, is
especially used to describe the traffic, for both manned and unmanned flight, through-
out this dissertation.

Encounter, Conflict, and Collision: These three terms are used in this dissertation
to describe the situation of a vehicle in relation to other vehicles in the proximity, in
the order of severity. ‘Encounter’ refers to a situation where the distance between two
moving vehicles decreases through time. ‘Conflict’ describes an encounter where the
vehicles are predicted to come close together until a specific threshold is violated. The
threshold can be a separation distance, e.g. 50 meter from the center of a vehicle, or the
effective dimension of a vehicle, such as the wing span. Such threshold is also dubbed as



1.4. RESEARCH SCOPE AND LIMITATIONS

1

9

Protected Zone in several part in this dissertation. Lastly, ‘collision’ is the moment when
a vehicle violates the effective dimension of another vehicle, such that a body contact
has occurred.

Beyond the Visual Line of Sight: Abbreviated as BVLOS, this term is used to de-
scribe a UAV flight of which the pilot has no visual references of the vehicle. The UAV
in this case operates in a distance where it is not possible for the operator on-ground to
observe the vehicle and its proximity to assist any collision avoidance directly, or with
any other method to extend the visual observation. On the other end is the Visual Line
of Sight (VLOS) flight, where a direct unaided visual contact can be maintained. The
VLOS flights are commonly limited within 500 meter horizontally and 120 meter verti-
cally from the operator. A middle ground between the two is the Extended Visual Line
of Sight (EVLOS) in which UAV operates further than the limit of VLOS, but the visual
observation can be achieved through other method or procedures such as a separate
observer.

Consequently, the BVLOS flight requires some level of automation, as oppose to the
VLOS flight, where the UAV is more of a Remotely Piloted Aircraft (RPA). Every recre-
ational UAV is currently intended for VLOS flight, while most of the prospective UAVs in
Figure 1.2 are intended for BVLOS flight. Most of the discussions in this dissertation are
using the BVLOS assumption, where the conflict detection and resolution is achieved
autonomously.

Safe Integration: The term ‘integration’ in this dissertation is used to describe the
process of merging the potential civil UAV traffic, mostly BVLOS flights, into the current
traffic in the civil airspace system, creating a new integrated airspace system. There-
fore, the result of the integration is a heterogeneous intermixing of civil manned and
unmanned flight in the same airspace with possibly shared infrastructures.

The work of Dalamagkidis et. al. [7] classified the possible issues in this integration
into five part, i.e., safety, security, air traffic, regulation, and socio-economy. In this dis-
sertation, discussion is mostly on the safety issues, especially in the mitigation of mid-air
conflicts and collisions. The discussion includes the CD&R system to achieve a safe in-
tegration, as well as the required air traffic management and regulations.

Conflict Detection and Resolution System: Conflict Detection and Resolution (CD&R)
system refers to the on-board and off-board systems that mitigate any mid-air conflict
or collision. While this is a general term for any vehicle and traffic type, this dissertation
uses it specifically for aircraft and air traffic. The system includes both software, (proce-
dures, algorithms, and rules), and hardware (sensors, computers, actuators, and human
operators). The discussion in this dissertation, however, will mostly focus on software.
The definition of CD&R system, also commonly known as the collision avoidance sys-
tem, focuses more on those that are autonomous, in order to support UAV BVLOS oper-
ations in an integrated airspace.

Regulations: In the beginning of this research in 2011, no airspace regulations al-
lowed a civil UAV to fly, except in a permitted secluded space within the visual line-of-
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sight of the operator. While the regulations itself are not the focus, the non-integrated
flight situation is taken as the background of this research. At the end of the research,
however, several new regulations have been produced, especially in the United States
and Europe, which allow some exceptions for BVLOS operations in the airspace [4–6].
These new regulations are excluded in most of the discussions in this dissertation.

1.5. METHODOLOGY AND DISSERTATION OUTLINE
This section presents the methodology used to solve the research questions, along with
the corresponding chapter in this dissertation where each of the questions is elaborated.
The first two research questions are answered by the first chapter after the introduction,
the third is solved by the following Chapter 3, while the fourth is dealt with by the remain-
ing chapters. An overview of the relations between chapters and research questions can
be observed in the schematic representation of the dissertation outline in Figure 1.4.

Figure 1.4: Structure of the chapters in the dissertation and their correlation with the research questions

Chapter 2, after this introduction, lays out a novel UAV CD&R taxonomy upon which
all discussions in other chapters are based. This taxonomy consist of several ’generic
approaches’ that are suitable for operations in an integrated airspace, differentiated by
their types of surveillance, coordination, maneuver, and autonomy. The generic ap-
proaches are then attributed to each method in the literature to determine whether the
method is complementary or interchangeable with others. The resulting taxonomy also
shows areas that are not sufficiently covered yet in literature, which will be the subject
of Chapter 4 and Chapter 5. An example of a CD&R structure, or architecture, is then
proposed by stacking the generic approaches as layers of safety, which ensures safe op-
eration of UAVs in an integrated civil airspace.

Chapter 3 evaluates the safety of UAV operations by running series of Monte Carlo
simulations, in setups that mimic the situation of an integrated airspace. The effect of
different CD&R protocols is included as well, by modeling the system independently in
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each vehicle using the algorithm of the Velocity Obstacle method (VO-method). Het-
erogeneity in the simulations is induced by randomization of the speeds and headings
across vehicles, as well as randomization of each CD&R parameter. To reduce the num-
ber of simulations required, a high density airspace setup is used, where each simulation
is conducted with a minimum four vehicles per kilometer-square. This setup creates as
many conflict as possible in the airspace, allowing the safety parameter to rapidly con-
verge. The results are then scaled up for a realistic density to evaluate how well a CD&R
protocol performs to fulfill the Target Level of Safety (TLS).

Chapter 4 proposes a novel algorithm for UAV CD&R system called the Selective Ve-
locity Obstacle (SVO) method, which reactively generates conflict resolutions based on
the instantaneous encounter geometry. The SVO method, an extension from the orig-
inal VO-method, accommodates the use of the right-of-way rules, which result in an
implicitly coordinated resolution. While being reactive, the SVO in each UAV is able to
handle obstacles with different speed and agility in two-dimensional space, as it is later
demonstrated via a series of Monte Carlo simulations. This chapter, hence, presents
SVO as a novel method that tackles a part of the CD&R taxonomy from Chapter 2, i.e. an
autonomous, implicitly coordinated, tactical maneuver for BVLOS operation in an inte-
grated airspace. As shown in Figure 1.4, this chapter influences other chapters in this
dissertation: The proposed SVO method is used to model one of the CD&R protocols
tested in Chapter 3, while the VO-method setup for UAVs in the chapter is used as the
basis for another novel method in Chapter 5.

Chapter 5 proposes another modification of the VO-method, referred to as the Three-
dimensional VO-method (3DVO). This new CD&R method is designed to conduct an es-
cape maneuver aggressively by exploiting the three-dimensional space. The method also
drops the coordinated assumption in the SVO of Chapter 4, and add an extra algorithm
to take into account the adverse maneuvers of the counterparts. Heterogeneity of the
airspace is modeled the same way as in the previous chapter with an additional dimen-
sion. This chapter, therefore, presents 3DVO as a novel method that handles a part of the
CD&R taxonomy from Chapter 2, i.e. an autonomous, uncoordinated, escape maneuver
for BVLOS operation in an integrated airspace. The method is demonstrated using sim-
ulations of several three-dimensional conflicts, including a super-conflict where eight
UAVs, initialized at the virtual corners of a cube, are heading to a single collision point.
Validation of the method is also derived using Monte Carlo simulations, which show the
method is advantageous compared to other methods in literature.

Chapter 6 summarizes all the chapters into an overview of the overall results, inter-
chapter discussions, and conclusions. The chapter also provides some recommenda-
tions for further research, especially towards integration of UAVs into the airspace sys-
tem.

With the exception of the first and the last, all chapters in this dissertation are based
on publications in journals that were written independently and, therefore, can be read
separately. Each chapter is preceded by an introductory paragraph that explains how
the chapter is related to the overall research. A list of publications of the research in this
dissertation, either in posters, conference papers, or journal articles, can be found after
the Appendices that follow the last Chapter.
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The first step to achieve the goal of this dissertation is to define a novel UAV CD&R tax-
onomy upon which all discussions in other chapters are based. The development of such
taxonomy is elaborated in three parts. In the first part (Section 2.2), an inventory of CD&R
approaches, based on the types of surveillance, coordination, maneuver, and autonomy,
is presented to see how large and diverse CD&R technology are in literature. The following
part in Section 2.3 presents the taxonomy of UAV CD&R, consisting generic approaches,
which are derived through a process of method combination and selective elimination.
The availability of these generic approaches in the literature is also tabulated. In the third
part (Section 2.4), an example of a multi-layered architecture for UAV CD&R is presented,
along with a general implementation of the architecture. The chapter ends with conclu-
sions and suggestions for future work.
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This paper proposes a taxonomy of Conflict Detection and Resolution (CD&R) approaches for
Unmanned Aerial Vehicles (UAV) operation in an integrated airspace. Possible approaches
for UAVs are surveyed and broken down based on their types of surveillance, coordination,
maneuver, and autonomy. The factors are combined back selectively, with regard to their fea-
sibility for operation in an integrated airspace, into several ’generic approaches’ that form
the CD&R taxonomy. These generic approaches are then attributed to a number of available
method in the literature to determined their position in the overall CD&R scheme. The at-
tribution shows that many proposed methods are actually unsuitable for operation in an in-
tegrated airspace. Furthermore, some part of the taxonomy does not have an adequate rep-
resentative in the literature, suggesting the need to concentrate UAV CD&R research more in
those particular parts. Finally, a multi-layered CD&R architecture is built from the taxonomy,
implementing the concept of defense-in-depth to ensure UAVs safe operation in an integrated
civil airspace.

2.1. INTRODUCTION

P
ROSPECTIVE civil applications of Unmanned Aerial Vehicles (UAVs) have motivated
many to commercially fly them in the civil airspace [3]. One of the biggest con-
cerns for these flights is ensuring their safety in the integrated airspace, which in-

cludes avoiding conflicts and collisions amongst themselves, as well as with the existing
manned air traffic. A vast variation of approaches [8–10, 12, 14–18, 20, 21, 33–79], in both
hardware and software concepts, have been proposed to handle that particular problem.
These approaches are defined as Conflict Detection and Resolution (CD&R) systems.

Although many of these CD&R studies show promising results, the huge variety of ap-
proaches available adversely raises confusion on the integrated airspace management.
Considering the rapidly increasing number of developers and users, a large variety of
CD&R approaches is inevitable and therefore it is difficult for an authority to enforce a
single standardized approach. Furthermore, the worthiness of each of the approaches
to support an operation in an integrated airspace is still questionable since UAV CD&R
systems are rarely demonstrated handling heterogeneous environments, where vehicles
have different preferences in resolving conflicts and interacting with each other. This is
one of the reasons why civil-UAVs are yet to be allowed to fly beyond the operator visual
line-of-sight (BVLOS)1.[80, 81]

Perhaps what is lacking here is a versatile general architecture that defines the im-
plementation of the variation of UAV CD&R in an integrated airspace. For comparison,
manned-flight has managed to establish a standardized multi-layered CD&R architec-
ture, commonly presented as ‘layers of safety’[7] as shown in Figure 2.1. This architec-
ture implements a defense-in-depth concept, that is, rather than having a single com-
plex CD&R system to handle all types of conflicts, it incorporates several simpler subsys-
tems where each of them are assigned to handle one particular type of conflict. Hence,
the safety is managed from the procedural layer that eliminates unnecessary encoun-
ters simply by scheduling, up to avoiding any close-encounter obstacles in the ‘See and
Avoid’ layer using the pilot’s discretion.
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Figure 2.1: Multi-layered architecture of Manned-flight CD&R (Layers of Safety)

Taking example from the manned-flight, UAVs can also incorporate a multi-layered
architecture that combines several approaches in a complementary manner. Adopting
such architecture would also enable UAVs to act and respond as manned aircraft do,
a key requirement in safely integrating into a non-segregated airspace[81]. The multi-
layered architecture can also be viewed as a fail-safe system that will not directly leave
a UAV vulnerable whenever a failure occurs. It is possible to realize this architecture by
exploiting the large creativity of CD&R approaches available in the literature. A catego-
rization of these approaches is therefore needed to identify redundancy in the available
methods, as well as to identify areas that are not covered yet.

This paper, therefore, proposes a taxonomy of CD&R approaches aiming to define
their positions in the overall safety management of UAV operations in an integrated
airspace. The available approaches in the literature are broken down to create a tax-
onomy based on the type of (1) surveillance, (2) coordination, (3) maneuver, and (4)
autonomy. The factors are then combined back, selectively with regard to their feasibil-
ity for operation in an integrated airspace, into several generic approaches. These can
be attributed to each available CD&R approach in the literature to determine whether it
is complementary or interchangeable with another. An example of an exhaustive multi-
layered architecture based on the taxonomy is also proposed, along with the general
implementation for UAV operation in an integrated airspace.

This paper is an extension of the work originally reported in [82] by the same authors.
The current paper contributes to this study by providing an improved categorization of
the existing UAV CD&R methods in a comprehensive taxonomy with bigger literature to
identify important future avenues of research in UAV CD&R systems.

The research in this paper is presented as follows. After the introduction, Section
II will present an inventory of CD&R approaches, based on the four factors explained
before. Section III presents the taxonomy of UAV CD&R, consisting generic approaches
which are derived through a process of method combination and selective elimination.
The availability of these generic approaches in the literature is also tabulated. In Section
IV, an example of a multi-layered architecture for UAV CD&R is presented, along with a
general implementation of the architecture. Section V concludes the paper and provides
suggestions for future work.
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2.2. INVENTORY OF APPROACHES FOR UAV CD&R SYSTEM
The three factors that distinguish the layers of safety in the manned-flight CD&R are the
type of surveillance, coordination, and maneuver, as shown in Figure 2.2. These three
are the factors that directly affect the airspace management: surveillance and coordina-
tion require cooperation from other vehicles as well as the local authorities, while the
length of maneuvers can affect the traffic globally. Hence, each of the manned-flight
safety layers can be viewed as a generic approach that combines those three factors.
For example, the Traffic Warning and Collision Avoidance System (TCAS) can be seen as
a combination of distributed dependent surveillance, explicit coordination, and escape
maneuver. Other types of CD&R categorizations can also be found in literature, such as
in [83]. However, they focus more on the internal algorithms.

The UAV CD&R approaches in literature can also be broken down and viewed as
combinations of those three factors. An additional factor of ‘autonomy’ is added in
the taxonomy, differentiating whether an (human) operator is involved or not in the ap-
proach execution.

Figure 2.2: Taxonomy of CD&R approaches in manned flight

2.2.1. TYPES OF AIRSPACE SURVEILLANCE

Airspace surveillance is the detection step in the CD&R process. Here, three types of
surveillance can be distinguished, as they are presented in Figure 2.3.

• Sur1 : Centralized-dependent surveillance,
• Sur2 : Distributed-dependent surveillance, and
• Sur3 : Independent surveillance.

A centralized-dependent-surveillance system obtains data from a common station,
or a station-network, and can be available even before the flight is conducted, e.g., a
map of static obstacles. In manned-flight, this part is included in the first three safety
layers. An aircraft can retrieve data about the traffic, terrain, and weather in the area
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(a) (b)

(c)

Figure 2.3: Airspace Surveillance for UAVs: (a) Centralized-dependent, (b) Distributed-dependent, and (c)
Independent

from ground centers such as the Air Traffic Control (ATC) or the Aviation Weather Center
(AWC). UAV operators might also employ this data to plan each flight and reduce any
unnecessary conflicts. An example of this practice is demonstrated in [17] and [84]. In
contrast to manned-flight, centralized-surveillance for UAVs might only be suitable be-
fore flight, since most UAVs, being small and manufactured with non-metal materials,
are difficult to detect using conventional (primary) RADAR on ground.

A distributed-dependent-surveillance system obtains data from the traffic itself. This
surveillance method, therefore, requires every vehicle to cooperatively broadcast their
flight data. In manned-flight, this practice is conducted by using the Automatic De-
pendent Surveillance Broadcast (ADS-B) [85] system, using the Secondary Surveillance
RADAR (SSR), or using the TCAS. Applications for UAVs, which is also known as collabo-
rative sensing, such as presented in [58] and [54]. CD&R approaches that does not men-
tion a particular surveillance method are considered to be using a distributed dependent
surveillance system.

The third method of surveillance obtains airspace data independently using an on-
board sensor system. In manned-flight, this type of surveillance is only present through
(human) visual confirmation, used in the last layer of safety, the ’see and avoid’ pro-
cedure [86]. While this type is the primordial system for avoidance in manned-flight,
in the UAV domain it dominates most of the research. On-board sensors are the most
popular way to provide surveillance, or sensing, in UAV studies, which includes cameras
(visual light and infra-red) [9], acoustic sensors [10], acoustic-vector sensors [11], and
even miniaturized versions of active-sensors like the laser-range-finder [12] or RADAR
[13].
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(a) (b)

(c)

Figure 2.4: Types of Coordination: (a) Explicitly Coordinated, (b) Implicitly Coordinated, and (c)
Uncoordinated

2.2.2. TYPES OF COORDINATION
In order to simplify the resolution, many studies assume some level of coordination be-
tween vehicles. This research differentiates the levels into three types of coordination,
as listed below, and as depicted in Figure 2.4. The scheduled coordination, in the Proce-
dural layer shown in the Figure 2.2, is omitted from the list since it can be viewed as an
implicit (rule-based) coordination.

• Coo1 : Explicitly coordinated avoidance,
• Coo2 : Implicitly coordinated avoidance, and
• Coo3 : Uncoordinated avoidance.

Avoidance is said to be explicitly coordinated if an explicit communication exists
among the involved vehicles. Hence, a specific resolution, often using a common algo-
rithm, can be produced, such as TCAS that gives a pair of aircraft a confirmed advisory
to avoid conflict. In the UAV domain, the ACAS Xu[8], a part of the next generation of
TCAS, shows an example of this coordination. This paper also includes methods that
only avoid static obstacles, as an explicitly-coordinated avoidance.

An avoidance is implicitly coordinated if each involved vehicle maneuvers according
to a common set of rules or strategies. This ensures a level of coordination without a
direct communication for resolution. Being partially limited by the rules, the vehicles
can simplify the resolution by limiting the maneuver choice, or by setting up priorities
based on vehicle types. An example of this type of coordination in manned-flight is the
use of right-of-way rules in the ’see and avoid’ procedure[86]. The ’Free-flight’ concept
introduced in [36, 39, 53, 87], also employs an implicitly coordinated method for avoid-
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Figure 2.5: Types of Maneuver: (a) Strategic maneuver, (b) Tactical maneuver, and (c) Escape maneuver

ance. The work in [47] and [75] presents an example of this type of coordination for UAV
applications. This paper also includes methods that only avoid obstacle with known and
constant trajectory, as an implicitly-coordinated avoidance.

When the avoidance is uncoordinated, each involved vehicle has its own preference
for resolution based on the conflict situation, and therefore can create a complex situa-
tion. The ownship in this case can assume that the obstacle is rogue and may conduct
unexpected maneuvers. This makes the resolution calculation more difficult since it has
to take into account every possible movement and collision risks induced by an obstacle.
In manned flight, this avoidance is not implemented unless it is an emergency, which
highly depend on the pilot judgment. In UAVs, some examples exist for an agile UAV,
such as presented in [45]. Some work, such as in [33], applies this type by using a prede-
fined set of actions for an aggressive sure-escape, avoiding the entire portion of the risk
at once.

2.2.3. TYPES OF AVOIDANCE MANEUVER

As airborne vehicles, UAVs are able to perform many kinds of maneuvers in the 3-Dimen-
sional space. This research differentiates between three types of maneuvers, as pre-
sented in Figure 2.5.

• Man1 : Strategic maneuver,
• Man2 : Tactical maneuver, and
• Man3 : Escape maneuver.

A strategic maneuver is a long-range action that changes the initial flight-path sig-
nificantly, in the attempt to avoid unnecessary encounters. The maneuver commonly
generates several new waypoints, which can be both in vertical and horizontal direction.
The flight-planning in both manned and unmanned flight[17, 50], is included in this type
of maneuver.
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A tactical maneuver is a mid-range action that changes a small part of the flight path
while aiming to keep the deviation as small as possible. This type of maneuver focuses
on ensuring a certain separation threshold during an encounter with other vehicles. An
example of this method in manned-flight is the airborne separation system presented
in [64]. Most of the advanced methods for UAVs are using this maneuver to limit the
path deviation as small as possible by using, for instance, geometric guidance[66] or
optimization of a cost function[67]. Several papers mention this type of maneuver as a
deconflict maneuver[75, 88].

The last approach is to escape any potential collision all together with a maneuver
that solely brings the vehicle to safety. This escape maneuver should be aggressive and
conducted immediately, commonly using an open-loop command, driven by the max-
imum performance limit of the vehicle. In manned-flight, this type of maneuver is ap-
plied in the ’see and avoid’ layer, in the way that they ignore any optimization, and focus
only on safety. The way the TCAS and the ACAS X[8] works where a maneuver is con-
ducted in a relatively short distance, is also included as an escape maneuver. In UAV
domain, several examples use this maneuver type, including the work in [56] and in [21].

2.2.4. TYPES OF AUTONOMY

Based on the type of autonomy, a UAV can conduct avoidance based in two different
ways:

• Aut1 : Manually, or
• Aut2 : Autonomously

In this research, these are differentiated more on the involvement of a human opera-
tor in the final decision for avoidance, and not on the calculation process. For instance,
if a conflict situation is processed on-board, but then the results is send for the ground
operator to decide, it is still considered to be manual avoidance. Manual avoidance is
preferable by most of the current regulations, which limits UAV operation to within line-
of-sight of the operator[80].

Beyond the visual line-of-sight (BVLOS), however, the effectiveness of manual avoid-
ance is greatly reduced, as the situational awareness of the operator becomes low[47].
The final decision for avoidance, hence, should be given to the on-board autonomous
system. Currently, even though many studies proposed various autonomous methods,
such as in [77], this is not applicable in a commercial manned-flight due to safety rea-
sons. In the UAV domain, on the other hand, research has been focused mostly on the
autonomous avoidance ability.

2.3. TAXONOMY OF CONFLICT DETECTION AND RESOLUTION

APPROACHES FOR UAV
By direct combination from the approach inventory in the previous section, there can
be 54 possible generic approaches to form the taxonomy, resulting from 3 types-of-
surveillance×3 types-of-coordination×3 types-of-maneuver×2 types-of-autonomy. Sev-
eral of these combinations, however, might not be suitable for a UAV flight in an inte-
grated airspace, and therefore can be removed from the final structure of the taxonomy.
This section presents the taxonomy by first elaborating the characteristics of prospective
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UAV flights in the integrated airspace.

2.3.1. UAV FLIGHT IN THE FUTURE INTEGRATED AIRSPACE
The taxonomy is built under the assumption that UAVs are already integrated in the
airspace system, as depicted in Figure 2.6. Each of these prospective UAVs is listed in
Table 2.1, along with the references.

Figure 2.6: Prospective use of UAVs in Civil Airspace, adapted from [3]. The UAV numbers refer to Table 2.1.

Table 2.1: Prospective UAVs operation in the civil airspace[3]

Mission Operational Cruising

Weight Altitude

1. Telecommunication [3, 89, 90] ± 20 ton 20 km

2. High-Altitude Imagery [3, 91] ± 800 kg 18 km

3. Border Patrol[3, 92] < 25 kg < 6 km

4. Maritime Surveillance[3, 93] < 20 kg < 6 km

5. Environmental Sensing[3, 94] < 25 kg < 6 km

6. Media and Traffic Reporting[3, 95] < 10 kg <1.5 km

7. Law Enforcement[3, 96] < 25 kg < 120 m

8. Delivery Service[97] <25 kg < 120 m

Observing the future integrated airspace prospectives, a few characteristics can be
defined, along with the improbability in implementing some combinations of the CD&R
methods. The superscripts following each improbable combination are codes used for
building the taxonomy in the next subsections.

DETECTABILITY

Observing Table 2.1, most of the prospective UAV examples are small vehicles that are be-
low 25 kilograms, operating at low altitude, and manufactured mostly using non-metal
materials. Consequently, they are hard to detect by a centralized surveillance system
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such as a conventional primary RADAR. Therefore, any centralized surveillance in the
future might only be able to support UAVs before their flight, as a center for traffic, ter-
rain, or weather information. This is the implementation of a strategic maneuver cou-
pled with an implicit-coordination, which happens manually before flight. Hence, the
improbable combinations caused by this characteristics are: [Sur1 + Coo1](1a), [Sur1 +
Coo3](1b), [Sur1 + Man2](1c), [Sur1 + Man3](1d), and [Sur1 + Aut2](1e).

COOPERATION

As shown in Figure 2.6, there can exist different types of UAV carrying out various mis-
sions in the same part of the airspace. To ensure safety while embracing this heterogene-
ity, the authorities might require each UAV to cooperatively broadcast its states and/or
intents to the surrounding vehicles, hence utilizing a distributed-dependent surveil-
lance. This surveillance, however, is not reliable for a strategical maneuver, since the
broadcast range is limited. Furthermore, the update rate of the broadcast system is com-
monly inadequate for a close distance escape maneuver, e.g., the ADS-B, which only
broadcast once per second. Therefore, the improbable combinations caused by this
characteristic are: [Sur2 + Man1](2a), and [Sur2 + Man3](2b).

SENSE AND AVOID

Currently, all examples of UAVs listed in Table 2.1 utilize an on-board sensor system to in-
dependently (hence, independent-surveillance) provide the required data in high sam-
pling rate. The data is then used to generate an avoidance maneuver, which completes
the process commonly known as Sense and Avoid. This is likely to be preserved in the
future integrated airspace as a last resort maneuver to resolve conflicts when other meth-
ods fail. Sense and Avoid, however, can only be a tactical or an escape maneuver, due to
the relatively short detection range of its surveillance system. This range limitation also
warrants an autonomous system to provide a fast response in avoidance. Hence, the im-
probable combinations caused by this characteristics are: [Sur3 + Man1](3a), and [Sur3 +
Aut1](3b).

COORDINATION

The heterogeneity of the future integrated airspace will also trigger the heterogeneity
of CD&R protocols. Therefore, enforcing an explicit-coordination among these UAVs is
inherently difficult regardless of the surveillance and maneuver methods. Hence, the
authorities might only impose some sort of implicit-coordination such as a right-of-way
rules[86]. The possibility of rogue obstacles in the airspace, however, would still require
the UAVs to also consider an uncoordinated avoidance scheme. Therefore, the improb-
able combinations caused by the heterogeneity are: [Coo1 + Sur1](4a), [Coo1 + Sur2](4b),
[Coo1 + Sur3](4c), [Coo1 + Man1](4d), [Coo1 + Man2](4e), and [Coo1 + Man3](4f).

AUTONOMY

Perhaps only the Media and Traffic reporting mission, from the list in Table 2.1, has the
UAV operating within the line-of-sight of the operator. All other missions are conducted
beyond the visual line-of-sight (BVLOS), which reduce the operator ability to manually
mitigate conflicts due to the lack of situational awareness[47]. Therefore, autonomous
operation is needed for the BVLOS escape maneuver. Hence, this characteristic makes
the [Aut1 + Man3](5a) combination improbable.
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Figure 2.7: Derivation of the CD&R approaches Taxonomy for UAVs flight. The flag’s number refer to the
improbable combination code (see section III.A). The combinations that do not raise any flag until the end

are numbered form #1 to #9.

2.3.2. COMBINATION PROCESS OF CD&R METHODS

The combining process is conducted in succession, instead of using direct permutation
of the four methods, to remove any infeasible combination early, as shown in Figure 2.7.
This paper selects a combination order that starts from the type of surveillance and ends
with the type of autonomy, based on the factors’ influences to the airspace authorities,
air-traffic, and operators.

In every step, each combination is reviewed against the integrated airspace charac-
teristic, as explained and coded in the previous subsection. If a combination is suitable,
the process is continued until all four methods are combined as one ’generic approach’.
When a combination is improbable, it is marked with an improbability flag. The combi-
nation process is still continued for this case, since, while it is difficult, it is not entirely



2

24 2. TAXONOMY AND ARCHITECTURE OF CD&R APPROACHES

impossible. Only when a particular combination generates more than one flag, then the
process is discontinued, as it is shown in Figure 2.7. Note that some combinations can
raise more than one flag at once, e.g., Sur1Coo1.

Ultimately, nine combinations emerge as generic approaches that do not raise any
improbability flags throughout the process. These nine are the final approaches of the
proposed taxonomy for the UAV CD&R. Although some of them already are popular with
a lot of supporting studies, other flagged combinations are rendered as less probable to
be applied in the future integrated airspace. This is discussed more in the next subsec-
tion.

2.3.3. APPROACHES AVAILABILITY

Table 2.2 listed a total of 64 previous studies on a CD&R system, along with each of
their method combination attribution. The matches and mismatches of the CD&R ap-
proaches in the literature with the proposed taxonomy are also shown, where the rows of
the nine generic approaches in the taxonomy are shadowed. This table omits combina-
tions that are both flagged and do not have representative in the literature. It should be
noted that the classification of approaches is strictly based on the demonstration shown
in each reference, either by simulations or by real experiments.

Evidently, the high number of mismatches indicates that most research on CD&R
are not ready to facilitate UAV integration into the airspace. The lack of representative
methods on some parts of the taxonomy suggests that the research needs to change its
focus to the parts that handle the characteristics of the future integrated airspace.

The first three rows of Table 2.2 consist of the combination of centralized-dependent
surveillance (Sur1) and the explicit coordination (Coo1). This combination, however, is
immediately marked with two improbability flags, considering the detectability and the
coordination of UAVs. These improbabilities do not apply in manned-flight, which is
predominance in these first three rows.

The Sur1Coo2Man1Aut1 combination, the first generic approach of the taxonomy,
is very similar to the Procedural layer of manned-flight (see Figure 2.1). Hence, the
CD&R examples include methods for flight traffic management, which is not yet be-
ing considered in UAV domains. Local path planning studies, such as in [14] and [15]
(Sur1Coo2Man1Aut2), can actually fill this particular position if they are modified to a
global path planning, which is conducted before each flights.

Many examples match the second and the third generic approach in the taxonomy
(Sur2Coo2Man2Aut1 and Sur2Coo2Man2Aut2). These two approaches are popular since
most studies are focused on developing the best avoidance method in terms of fuel or
time efficiency, which is a trait specifically owned by the tactical maneuver (Man2). The
assumption of distributed-dependent surveillance (Sur2), furthermore, reduces the pos-
sible uncertainties in the surveillance system and allows the studies to focus more on
maneuver optimization. An example of this is presented in [75] that uses the Velocity
Obstacle method to generate a deconflicting path with a minimum Closest Point of Ap-
proach.

In contrast, the fourth and fifth generic approach (Sur2Coo3Man2Aut1 and Sur2Coo3

Man2Aut2) do not have any representative method at all. The only difference from the
previous two approaches is that the avoidance here is uncoordinated (Coo3). One reason



2.3. TAXONOMY OF CONFLICT DETECTION AND RESOLUTION APPROACHES FOR UAV

2

25

Table 2.2: Existing and/or suitable combinations of methods for UAVs in an integrated airspace.
Combinations that are included in the proposed taxonomy are highlighted and numbered (see figure 2.7)

Combination Flags Examples No.

Sur1Coo1Man1Aut1 ≥ 2 Prandini‡[34], Nikolos†[17], Visintini‡[49],
Borrelli[50], and Vela‡[59]

Sur1Coo1Man2Aut1 ≥ 2 Mao‡[53], and Treleaven‡[57]

Sur1Coo1Man2Aut2 ≥ 2 Huang‡[77]

Sur1Coo2Man1Aut1 0 - #1
Sur1Coo2Man1Aut2 1 Beard[14], and Duan[15]

Sur1Coo3Man3Aut2 ≥ 2 Teo[45]

Sur2Coo1Man2Aut1 ≥ 2 Mao‡[53], and Velasco‡[79]

Sur2Coo1Man2Aut2 ≥ 2 Richards[42], Sislak‡[61], Chipalkatty‡[69], and
Hurley†[73]

Sur2Coo2Man1Aut2 1 Beard[14], Duan†[15], and Devasia‡[62]

Sur2Coo2Man2 Aut1 0 Hoekstra‡[39], Hoekstra‡[35], Peng‡[60],
Lupu‡[63], Ellerbroek‡[64], and Ellerbroek‡[74]

#2

Sur2Coo2Man2Aut2 0 Bicchi‡[36], Tomlin‡[37], Mao‡[38],
Pallottino‡[40], Paielli[43], Richards[46],
Christodoulou‡[51], Park[58], Mujumdar[66],
and Jenie[75]

#3

Sur2Coo2Man3Aut1 2 LeTallec[47], Zeitlin[54], and Kochenderfer‡[8]

Sur2Coo3Man2Aut1 0 - #4
Sur2Coo3Man2Aut2 0 - #5
Sur2Coo3Man3Aut1 2 Winder[33]

Sur3Coo1Man1Aut2 ≥ 3 Kelly†[52], Langelaan†[55], Obermeyer†[71], and
Chowdhary†[70]

Sur3Coo1Man2Aut2 1 Netter†[98], Nikolos†[17], Yang†[44],
McGee†[48], Patel†[67], Hrabar†[12], and
Jung†[76]

Sur3Coo1Man3Aut2 ≥ 2 Beyeler†[21], Bouabdallah†[56], deCroon†[65],
deCroon†[72], and Muller†[10]

Sur3Coo2Man2Aut2 0 Kitamura[18], Fasano[9], Prevost[68], Klaus[16],
and Schmitt[78]

#6

Sur3Coo2Man3 Aut1 2 Lam†[19], and Lam†[20]

Sur3Coo2Man3Aut2 0 - #7
Sur3Coo3Man2Aut2 0 Rathbun[41] #8
Sur3Coo3Man3Aut2 0 - #9

† Indoor application, against static obstacles.
‡ Manned-flight applications
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for the lack of representative is the contradiction fact: although the UAVs cooperatively
broadcasting their states with a distributed-dependent surveillance (Sur2), the avoid-
ance conducted is rogue without some sort of coordination. Therefore, while suitable
for a UAV operation in an integrated airspace, these two particular approaches are actu-
ally improbable to be implemented.

The combination of independent surveillance (Sur3) and autonomous final decision
(Aut2) dominates the UAV avoidance research. However, many of those studies fall into
neither of the remaining generic approaches, since they demonstrate avoidance only be-
tween homogeneous vehicles or static obstacles, and therefore regarded as applying an
explicitly coordinated avoidance (Coo1). The work in [33], [19], and [20], on the other
hand, are considered improbable since they relies on manual operation, which is diffi-
cult to be applied in a BVLOS operation.

From the remaining generic approaches in the taxonomy, the sixth combination have
the most examples, where the other three almost have none. Here the popularity of a
tactical maneuver (Man2) still applies, but with a more advance algorithm that compen-
sates errors in an independent surveillance system (Sur3).

Although examples for the seventh and ninth approach in the taxonomy Sur3Coo2

Man3Aut2 and Sur3Coo3Man3Aut2) are not found in the surveyed literature, many stud-
ies actually use the open-loop input concept to autonomously generate an escape ma-
neuver. These studies, however, only involve static obstacles and hence they are in-
cluded as an explicit coordinated avoidance, resided in the row of Sur3Coo1Man3Aut2.
Another case is the work in [45], with its Emergency Escape Maneuver, that comes close
to the seventh and ninth approaches. However, it is only demonstrated under the sup-
port of a centralized dependent surveillance Sur1 from the ground.

Most of CD&R studies, apparently avoid the coupling between an independent surveil-
lance and an uncoordinated avoidance (Coo3) that is featured in the eighth and ninth
approach of the taxonomy. The main reason is because the combination would double
the amount of uncertainties compared to if those factors are used separately. The exam-
ple in [41], in this case, stands out from the literature as being the only example of the
Sur3Coo3 combination.

2.4. A MULTI-LAYERED ARCHITECTURE
Figure 2.8 presents an example of a multi-layered architecture for a UAV CD&R system
when operating in an integrated airspace, along with the comparison with the one of
manned-flight. The new architecture is built using six generic approaches taken from
the proposed taxonomy. The arrangement and general implementation are discussed in
the following subsections.

2.4.1. GENERIC APPROACHES ARRANGEMENT

As presented in Figure 2.1, the order of layers in the manned-flight CD&R architecture
corresponds to each approach’s distance thresholds, which depends on the range of the
surveillance and the total length of the maneuver. This particular order is also used in
the elaboration of the types of surveillance and maneuver (see Section II), which makes
the numbering of generic approaches in the taxonomy are already in order.



2.4. A MULTI-LAYERED ARCHITECTURE

2

27

Figure 2.8: Example of a multi-layered CD&R architecture for UAVs, presented as layers of safety comparable
with the manned-flight’s[7]

By those arrangement, six generic approaches are taken from the taxonomy to build
a multi-layered architecture as shown in Figure 2.8. The fourth and fifth approach are
left out, due to the improbability reason explained in Section II.C. The eighth approach
(Sur3Coo3Man2Aut2) is also removed, since applying its tactical maneuver after the use
of escape in the seventh approach would be pointless.

Figure 2.8 compares the proposed UAV CD&R architecture with the one of manned-
flight. Each of the proposed layers can be designated with a name that represent its most
stand-out characteristics, i.e., (1) the Procedural, (2) the Manual, (3) the Cooperative, (4)
the Non-cooperative, (5) the Escape, and (6) the Emergency layer.

2.4.2. GENERAL IMPLEMENTATION

The implementation of the multi-layered architecture depends closely on the type of
mission. In one particular mission some layers might become less necessary, while in
others they might be important. This subsection presents a general implementation in
a mission where it is possible to deploy all six layers.

First, before a flight is even conducted, the UAV operator seeks approval for the mis-
sion flight-plan and collect traffic data. This activity is represented by the Procedural
Layer (Sur1Coo2Man1Aut1). The aim is to avoid unnecessary conflict with other traffic,
static obstacles, or bad weather. This is done with a centralized surveillance such as an
Air Traffic Control (ATC) station.
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In the transition airspace after departure, the UAV relies first on its dependent surveil-
lance system, which can be either the ADS-B, or Flight-Alarm (FLARM)1. The system
detects other vehicles early enough to send the updated traffic data to the ground, and
conducts a tactical maneuver manually, i.e., the Manual layer (Sur2Coo2Man2Aut1). The
implicit coordination in this layer can be a simple rule like, for example, not to bother the
existing traffic (first-come-first-served). These first two layers (Procedural and Manual)
apply also in the landing phase.

In the en-route phase, which is mostly BVLOS, the UAV can switch to the Cooperative
Layer (Sur2Coo2Man2Aut2). The avoidance in this layer uses a shorter tactical range and
is conducted autonomously. Implicit rules, such as an adaptation of the manned-flight
Visual Flight Rules (VFR)[86], are applied to simplify the resolution. At this point, all
conflicts with normal manned-aircraft are resolved.

The Non-cooperative Layer (Sur3Coo2Man2Aut2) intends to avoid obstacles that are
not detected using previous distributed-dependent surveillance. On-board sensors, such
as camera, can be used to generate an autonomous tactical maneuver. In this layer, every
conflict with normal aircraft, manned or unmanned, is resolved.

The Escape Layer (Sur3Coo2Man3Aut2) aims to avoid any remaining non-cooperative
obstacles that are hard to detect within sufficient range for a tactical maneuver, and are
possibly not cooperative. To escape to a safety zone as soon as possible, the ownship’s
maneuverability should be the deciding factor in determining the layer threshold. The
implicit-rules in avoiding, however, are still obeyed by the ownship, expecting that the
obstacles do not intentionally make the conflicts .

Due to various unexpected situations, penetrations through all the five previous lay-
ers are still possible. For example, a cooperative UAV that has failure in its control system,
rogue objects without any means of avoidance, or even a hostile UAV aiming to take the
ownship down. In these situations, the Emergency layer (Sur3Coo3Man3Aut2) is imple-
mented, where the UAV can disregards the rule and conduct necessary maneuver using
its maximum capability to ensure safety.

2.5. CONCLUSION
The paper has proposed a taxonomy of Conflict Detection and Resolution (CD&R) ap-
proaches for Unmanned Aerial Vehicles (UAV), which consist of generic approaches that
have been reviewed with regard to their feasibility for operation in an integrated airspace.
The taxonomy has then been used to attribute a total of 64 proposed CD&R methods in
literature, in order to determine their positions in an overall CD&R function of UAVs.
This attribution has shown that many of the available methods fall outside the taxon-
omy, and suggests the need to concentrate the CD&R research more to parts where rep-
resentative methods are lacking.

An example of an exhaustive multi-layered architecture for UAV CD&R systems has
also been elaborated in this paper, consisting of six layers of generic approaches taken
from the proposed taxonomy. Although its general implementation has been discussed,
the multi-layered architecture is still lacking physical thresholds between the layers, such

1—, "FLARM Technology, System Design and Compatibility", August 2015, retrieved June 2016 from https:
//flarm.com/wp-content/uploads/2015/08/FLARM-System-Design-and-Compatibility.pdf

https://flarm.com/wp-content/uploads/2015/08/FLARM-System-Design-and-Compatibility.pdf
https://flarm.com/wp-content/uploads/2015/08/FLARM-System-Design-and-Compatibility.pdf
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as distances or time-to-collision. Improvement is warranted for future works, neverthe-
less, it has been shown that the proposed taxonomy and architecture can be a guideline
for the authorities, operators, and developers, to facilitate the UAV integration into the
civil airspace.





3
SAFETY ASSESSMENT OF UAV

CD&R SYSTEM

A robot must protect its own existence
as long as such protection does not conflict

with the First or Second Laws

Third Law of Robotics,
Isaac Asimov

This Chapter evaluates the safety of UAV operations by running Monte Carlo simulations
setups that mimic situations in an integrated airspace. The safety is evaluated in two
CD&R protocols, which coressponds to the Cooperative and the Non-cooperative layers
from the architecture proposed previously in Chapter 2. The Chapter starts (Section 3.2)
with the discussion on a heterogeneous airspace model, consisting of four main elements,
i.e. (1) the hidensitygh density airspace, (2) the uncertainties of detection, and (3) the
variety of resolutions and (4) order in a heterogeneous airspace. Afterwards in Section
3.3, the outputs of the Monte Carlo simulations are presented. Section 3.4 elaborates the
overall result and analysis of the outputs, including a recommendation in reaching the
airspace Target Level of Safety. The methodology in this Chapter is used as the basis to
validate the performance of the method developed in Chapter 4 and 5.
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This paper presents a safety assessment method for Unmanned Aerial Vehicle (UAV) opera-
tions, including the effect of a distributed Conflict Detection and Resolution (CD&R) system,
in a high density airspace environment. Here, the expected conflicts occurrence and chances
for each CD&R system to perform are sufficiently high to extract two parameters of safety,
i.e., the frequency of Near Mid-air Collision (NMAC) and the frequency of Mid-air Collision
(MAC), by series of Monte Carlo simulations. The results are then used to derive the safety
parameters in a more realistic, less dense airspace. Two cases of distributed CD&R protocols
are assessed and compared, i.e., (1) uncoordinated protocol where each vehicle has its own
avoidance preferences, and (2) implicitly coordinated protocol where each vehicle, while still
independent from each other, apply simple common rules. Using those CD&R protocols, the
result shows a reduction of more than 94% of possible NMAC. More over, while maintaining
the Target Level of Safety in the airspace, the maximum number of UAVs under an implic-
itly coordinated CD&R protocol can be at least ten times more than cases when no CD&R is
applied.

3.1. INTRODUCTION

I
NTEGRATING Unmanned Aerial Vehicles (UAVs) into the airspace presents new chal-
lenges for the airspace management, especially in ensuring operational safety by de-
tecting and resolving any possible mid-air conflicts with each other, as well as with

the existing air traffic. The challenge becomes more complicated with inevitable hetero-
geneity of the UAV Conflict Detection and Resolution (CD&R) system due to the poten-
tially large range of UAV developers, types, and missions. Current airspace authorities
cannot yet accommodate UAV integration since, firstly, regulations are aimed at manag-
ing the much more homogeneous manned-flight traffic, and secondly, there is no stan-
dard measure of the airworthiness of the CD&R system in each UAV. Taking safe mea-
sures, the airspace authority restricts all UAV operation in the airspace, especially those
that fly beyond the operator line of sight, until a certain target level of safety (TLS) can
be assured [7].

Several analytical methods have been proposed to asses the TLS by deriving two
main parameters of safety, i.e., the frequency of Near Mid-air Collision (NMAC) and the
frequency of Mid-Air Collision (MAC). The NMAC is defined as the moment when a vehi-
cle separation, a threshold distance or time-to-collide from the vehicle center, is violated
by another vehicle. The MAC, on the other hand, expresses the event when body contact
between vehicles occur, hence, an actual collision. Ref.[99], [28], [100] and [101] derive
the parameters based on the possibility of intruders existed in each aircraft’s effective
volume, while flying in a uniformly populated airspace. This concept is known as the
gas model, since it uses the same concept as that of molecular gas collision probability.
In [102], the concept is used to calculate an airspace safety when UAVs are flying near
several manned aircraft. Other methods, such as in [27], use probabilistic functions in-
stead, as a way to include error in detection and properly design a flight plan. The results
of all these methods, however, are highly conservative since they assume that no conflict
resolution (collision avoidance) maneuver is taken.
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Incorporating the effect of CD&R systems in a safety assessment is difficult without
an extensive method of modeling and simulation of the vehicle dynamics, such as by
performing Monte Carlo simulations[103], or by using dynamic programming[8]. Safety
parameters are drawn statistically from numerous simulations of airspace samples, each
with different combinations of aircraft states. Hence, various conflicts can be generated
to test CD&R systems in every possible situation. These methods, however, are seldom
desirable since, in a realistic airspace density, conflicts and collisions are so rare that it
will take a considerably large amount of time and number of samples to obtain a signifi-
cant result, such as presented in [104] and [75].

The current paper presents a safety assessment method for UAVs, including their
distributed CD&R system performances, using Monte Carlo simulations in high density
airspaces, instead of a realistic situation, to overcome the drawbacks of the method. In
such airspace, the expected value of conflict, as well as chances for each CD&R system to
perform, are sufficient to conclude the expected value for NMAC and MAC frequencies.
Moreover, the area of interest is enclosed with a periodic boundary condition, which
wraps the movement of the vehicles and eliminates unavailing samples, such as when
some vehicles leave the area before encountering others. The results are then used to
derive the safety parameters in a realistic, less dense airspace, by assuming the applica-
bility of the gas model.

The contribution of the research in this paper is threefold. First, a novel method for
safety assessment, which includes the effect of the collective performance of the CD&R
system in each vehicle, is introduced. Secondly, the method is versatile enough to also
test and compare two cases of distributed CD&R protocols: (1) an uncoordinated sys-
tem, and (2) an implicitly coordinated system that applies the Right of way rules[86].
These two protocols are also compared with the cases where no CD&R system is acti-
vated, which case should correspond to the cases described in the gas model. Thus, the
last contribution is the validation of the gas model in various initial conditions in a high
density airspace.

This paper is structured as follows. After this introduction, Section II discusses the
heterogeneous airspace model, which consists of four main elements, i.e. (1) the high
density airspace, (2) the uncertainties of detection, and (3) the variety of resolutions and
(4) order in a heterogeneous airspace. Section III presents the results and the target out-
puts of the Monte Carlo simulations based on the model. A brief discussion of the out-
put convergence is also given in the end of this section. Overall result and analysis on
the safety parameters are presented in Section IV, which includes a recommendation in
reaching the airspace Target Level of Safety. Section V concludes the paper and provides
suggestions for future work.

3.2. HETEROGENEOUS AIRSPACE MODEL
A simulator capable of simulating numerous independent vehicles is built, where the
performance of each vehicle, as well as how it detects and reacts to a conflict, can be var-
ied independently. The simulator models the vehicles as point masses, to focus on the
performance of a CD&R protocol in a randomized airspace. Since it is designed to per-
form numerous simulations in a Monte Carlo setup, the model uses a discrete equation
of motion, in which the time-step, ∆t , is fixed.
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3.2.1. HIGH DENSITY AIRSPACE WITH PERIODIC BOUNDARY CONDITION

The model initializes vehicles in a high density airspace setup, where numerous UAVs
are uniformly packed in square area of interest in an upright or a diagonal square-lattice
configuration, as shown in Figure 3.1. The number of vehicle for these configuration,
however, can only be taken from the set NV = {4,5,8,9,13,16,18,25,32,36,41,49,50,61,
64,72, 81}. The underlined numbers in the set are for the upright-square lattice, which
is a quadratic sequence. From these orderly initializations, the headings χ of each vehi-
cle are uniformly randomized to produce various encounter situations required for the
Monte Carlo analysis.

(a) (b)

Figure 3.1: (a) upright, and (b) diagonal square lattice initialization of the UAVs in the area of interest

The simulation is conducted within the square boundary without any physical walls,
where the density parameter is maintained by resorting to a two-dimensional Periodic
Boundary Condition (PBC), as shown in Figure 3.2. This boundary condition assumes
that the area of interest is a square unit cell, which is part of a large (infinite) uniform
system. The square unit cell, therefore, has nine adjacent ’clone’ cells. Whenever a ve-
hicle crosses one of the edges of the area of interest, it gets replaced immediately by a
new vehicle on the opposite edge with the same velocity vector. This setup eliminates
unavailing cases where some vehicles directly leave the area of interest without having
the chance to perform any avoidance.

Equations (3.1) and (3.2) present the modification of a discrete equation of motion
in which the vehicle global position, ~X , is updated each time-step ∆t , by both current
ownship velocity ~V and the PBC transformation matrix. The PBC setup is also a part of
the reason why the vehicles are packed in a square area of interest, since this provide
simplicity in defining the wrap-around effect. Other shapes, such as a hexagonal config-
uration, can actually pack the vehicles in a more dense way, but have a higher complexity
in applying the PBC.
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Figure 3.2: Simulation with periodic boundary condition

~X (k +1) = ~X (k)+~V (k)∆t +
[
σx 0
0 σy

]
(3.1)

with, 
σx,y =−Li nt , if (Xx,y (k)+Vx,y (k)∆t ) > 1

2 Li nt

σx,y = Li nt , if (Xx,y (k)+Vx,y (k)∆t ) <− 1
2 Li nt

σx,y = 0, otherwise
(3.2)

where,
~X Vehicle position in the area of interest,
~V Vehicle velocity,
Li nt Length of the Area of interest,

In implementing the PBC, the wrap-around effect needs to be considered in the con-
flict detection and resolution generation. This is illustrated in Figure 3.2, where UAV a
and UAV b need to detect and avoid each other, while their positions are actually on the
opposite sides of the area. Therefore, while the ’clone’ motions are only copied and not
computed, their existence should still be considered in the CD&R method.

In cases where body-to-body collisions, or an MAC, occurred due to failure in avoid-
ance, the density of the area cannot be maintained, since all involved vehicles are re-
moved immediately. However, these cases only have small chance to occur, even with-
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out any CD&R system, and therefore the effects are neglected in the overall analysis. Loss
of separation without actual collision, or an NMAC occurrence, does not remove the in-
volved vehicles from the simulation, and therefore each vehicle might lose its separation
more than once.

3.2.2. THE UNCERTAINTY OF CONFLICT DETECTION
The entire CD&R process begins with the detection of obstacles in proximity. In order
to decide whether an obstacle is in a conflicting course or not, both detection methods
require at the very least two states, i.e., position and velocity vectors of the obstacle,
as well as of the ownship. One of the conflict detection methods that exploits these two
states is the Velocity Obstacle method[22, 75], which is used in the overall airspace model
in this research, explained in detail in the next subsection.

The uncertainty of detection in the airspace model is represented, therefore, by adding
a specified error of the position and velocity vector measurements of the obstacle, de-
noted as εx and εv , respectively. Equation (3.3) and (3.4) present the measurements of
the obstacle position and velocity, ~X ∗

i and ~V ∗
i , under the influence of the errors. These

errors are randomized with Gaussian (normal) distribution through time and are not af-
fected by previous values or by any other states in the detection process.

~X ∗
i =

[
x∗

i
y∗

i

]
=

[
xi +εx

yi +εx

]
(3.3)

~V ∗
i =

[
v∗

xi

v∗
yi

]
=

[
vxi +εv

vyi +εv

]
(3.4)

where,
~X ∗

i Measured position of obstacle-i from ownship,
~V ∗

i Measured velocity of obstacle-i from ownship,
εx Measurement error of position,
εv Measurement error of velocity.

Although it should also be covered by the heterogeneous assumption, variation in
detection systems are not considered in this research, and is only represented by the
difference in errors of measurements for each UAV independently. Other variations in
measurements, such as on ranges, frequencies, or accuracies, are included together as
the variation in resolutions.

3.2.3. THE VARIATION OF CONFLICT RESOLUTION
A vast collection conflict resolution algorithms can be found in the literature, many of
them are reviewed and classified in Ref. [83] and [82]. This research uses a method called
the Velocity Obstacle method (VO-method)[22, 75] that can generate a variety of resolu-
tions by giving each vehicle different thresholds for two of the VO-method variables: the
avoidance distance (davo) and the radius of protected zone rpz . Since the VO-method
generates resolutions reactively based on the instantaneous geometry of a conflict, no
predetermined plan or any dynamic predictions are involved in the airspace model.

The concept of the VO-method is explained using Figure 3.3, in which for every en-
counter case, a collision cone CCi can be drawn by collecting the extensions of relative
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Figure 3.3: The Velocity Obstacle method for case of two-dimensional encounter

velocity vectors of an ownship that intersect a specified protected zone (Spz ). The pro-
tected zone is a threshold area around the obstacle that should be avoided. The edge
of Spz also represents the preferred Closest Point of Approach (CPA) for each vehicle.
The VO-method uses the absolute velocity vector representation of the CCi set, the VOi

set, as depicted in the Figure 3.3, where CCi is translated along Vi to create the VOi set.
Hence, every ownship velocity that is included in the VOi set will eventually lead to an
intrusion into the protected zone.

Equation (3.5) is used to determine if the ownship velocity, ~V , is included in the VOi

set after the conflict is imminent, i.e., the measured distance between the two vehicles,
d∗

i = ∣∣X ∗
i

∣∣, is smaller than a specified avoidance starting point davo . It should be noted
that all equations in this subsection refer to the ownship body-axis frame of reference,
and therefore, the ownship velocity, ~V , will always lie on the horizontal axis. The asterisk
(*) superscript is used on the measured obstacle variables, to indicate that their values
include the measurement errors.

~V ∈ VOi ⇐=
{

0 <
[
~V −~V ∗

i

]∣∣∣~V −~V ∗
i

∣∣∣ ·
~X ∗

i√
(d∗

i )2−r 2
pz

< 1 ∧ d∗
i < davo

}
(3.5)

where,
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VOi Velocity Obstacle set,
~V Velocity of ownship vehicle,
rpz Radius of the protected zone,
d∗

i Measured distance of obstacle-i ,
davo avoidance starting distance,

Hence, to avoid violating the Spz , the ownship needs to change its velocity vector
to any reachable point outside the VOi set immediately after the criteria in (3.5) is ful-
filled. The simplest way to do this is by applying a predefined avoidance turning rate,
ωavo , rotating ~V until it can get out of the correspondingVOi set, as presented in Fig-
ure 3.3, formulated in (3.6). Afterward, the velocity vector is maintained for a while to
suppress any oscillating motion. Only when the distance between vehicles is larger than
the avoidance starting distance, d∗

i ≤ davo , can the ownship turn its velocity vector back
to the original goal. A more detailed explanation of this particular turning-only avoid-
ance using the VO-method can be found in [104] and [75].

~V (k +1) = ~V (k)

[
cosωavo∆t −sinωavo∆t
sinωavo∆t cosωavo∆t

]
(3.6)

where,
ωavo Avoidance turning rate,
∆t Simulation time-step,

The variation in avoidance methods across the vehicles, which induces the hetero-
geneity of the airspace, is achieved by assigning different avoidance distances (davo),
and different radii of the protected zone (rpz ). The former parameter affects the ag-
gressiveness of the resolution: the closer the avoidance starting point to the obstacle,
the more aggressive the maneuver needs to be. The radius of the protected zone, on the
other hand, results in the preferred closest point of approach (CPA) between the vehicles.
This heterogeneity is increased even more by the randomization of the turning direction,
whether to go to the right or to the left. Examples of variation in conflict resolutions can
be observed in Figure 3.4.

3.2.4. ORDER IN THE HETEROGENEOUS AIRSPACE

While heterogeneity of the future integrated airspace is inevitable, authorities can still
facilitate each UAV with a more predictable environment, such as by enforcing rules of
the air. Examples of these common rules are the Right of Way rules (RoW) used in the
manned aircraft[86], which have been incorporated into the VO-method in [75], by intro-
ducing the Selective Velocity Obstacle (SVO) Method. The RoW implementation creates
an implicitly coordinated situation, which is resolved according to the following list:

1. On converging encounter, the one on the right hand has the right of way
2. On head-on encounter, both aircraft should move to the right side
3. On same-path encounter, the one that is about to be taken over has the right of

way
4. Avoidance should not go over or under, or in front of other aircraft that have right

of way.
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Figure 3.4: Examples of resolution varieties due to different preferences of avoidance starting distance (davo )
and radius of protected zone (rpz )

The encounters, the situation in which collision are imminent, are differentiated as
either converging, head-on, and taking over, based on the bearing angle of the obstacle
to an ownship. This research takes the example from [75] and used a 90 degree steps dif-
ferentiation, as it can be observed in Figure 3.5. Here, the ownship is facing four poten-
tial intruders: two converging intruders (b and d), one same-path intruder (a), and one
head-on intruder (c), from which the ownship only has the right of way over intruder-b.
To fulfill the last rule item, every avoidance is always conducted to the right side of the
ownship flight path.

Figure 3.5: Encounter definition for Right-of-way rules implementation
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Table 3.1: Tested cases in Monte Carlo simulation

Case CD&R RoW note

1 × × no CD&R

2 X × uncoordinated (all maneuvers)

3 X X implicitly coordinated

3.3. MONTE CARLO SIMULATIONS
The Monte Carlo analysis is made by setting up and simulating numerous airspace sam-
ples, in which speeds and goals for every UAV are randomized. Three types of cases are
assessed in this research to observe the effect of the distributed CD&R system imple-
mentation, as well as the RoW rule enforcement, as listed in Table 3.1.

3.3.1. GENERAL SETUP
Table 3.2 lists the parameter setup for the Monte Carlo simulations in this research. For
the entire simulation, the area of interest is kept the same at one kilometer-square. Six-
teen different density points, configured by the number of vehicles in the area of interest
(NV = {4,5,8,9,13,16,18,25,32,36,41,49,50,61,64,72, 81}) are tested in a series of simu-
lations with at least 250 samples.

Table 3.2: parameter ranges and randomization

Parameters Range Randomization Unit

Number of vehicles, NV (4,100) - [-]

Total Simulation time, T 380 - [s]

Simulation time step, ∆t 0.1 - [s]

Radius of separation, rn 50 - [m]

Radius of collision, rm 1 - [m]

Avoidance turning rate, ωavo 2π - [-/s]

Initial positions, X (− 1
2 , 1

2 ) - [km]

Initial headings, χ (0,2π) uniform [-]

Speed, |V | (15−25) uniform [m/s]

Error in position, εx (−2,2) normal [m]

Error in velocity, εv (−0.2,0.2) normal [m/s]

Avoidance distance, davo (300,400) uniform [m]

Protected zone radius, rpz (55,60) uniform [m]

Each of the simulations is run for a time that is needed for the slowest vehicle (V = 15
m/s) to cross the diagonal of the area four times, to cover the wrap-around effect for the

four edges of the area, T = 4
p

2
|Vmi n | = 377.12 ≈ 380 seconds. The time-step, on the other
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hand, is fixed at 0.1 second. The radius of separation rn and the radius of collision rm

are the threshold of the NMAC and MAC, respectively, such that one NMAC or MAC is
recorded every instant there are two vehicles with distance closer than rn or rm .

The initial headings are uniformly randomized within the range of 0 - 2π, which rep-
resents the different goals of each vehicle. The speeds are uniformly randomized as well,
from 15 - 25 meter/second, which represents the variation of UAVs in the integrated
airspace. Since every resolution from a conflict is conducted by turning only, the speeds
in each UAVs are constant throughout the simulation. The avoidance turning rate itself
is set to be the same across the vehicles, at 360 degree per second.

The ranges for the errors in detection, εx and εv , are chosen from the FAA ADS-B
requirements for navigational accuracy, as presented in [105] and [106]. The research
assumed that the errors are within the limits specified by NACp-11 and NACv-4, which
values are listed in Table 3.2. NACp and NACv stand for Navigation Accuracy Category for
Position, and Velocity, respectively. The errors are generated randomly, using a Gaussian
distribution, for each UAV for every time-step at the beginning of the simulation.

To generate the variation in resolution for each UAV, parameters davo and rpz are dif-
ferent for each vehicle, randomly given at the beginning, and kept constant throughout
the simulation. The range of those parameters is set to covers numerous possible ma-
neuvers to avoid an NMAC radius (rn), which is set to be 50 meters for all simulations
in this research. The avoidance distance is uniformly randomized from the avoidance
distance of 6 to 8 times the radius of NMAC, to provide enough space for turning. The
remaining distance until the rn from the obstacle is left for the CPA choices, represented
as the radius of protected zones (rpz ), which is also uniformly randomized among the
vehicles. Note that for the uncoordinated CD&R in case 2, the direction of avoidance,
either to go to the left or to the right, is randomized as well for each vehicle, regardless
the conflict geometry.

3.3.2. OUTPUT
The main parameters derived from the Monte Carlo simulation are the frequency of
NMACs, fnmac , and the frequency of MACs, fmac , per hour in the area of interest of one
kilometer-square. This parameter are derived from the recorded occurrences of NMAC
and MAC during the entire Monte Carlo set of airspace samples- j = 1,2, ..., NMC . The fre-
quencies are then described as the expected value of the parameters, as it is presented in
(3.7), along with the variance in (3.8). The precision of the estimation is determined us-
ing the central limit theory, collecting the final results that are within the range presented
in (3.9), for the 95% confidence interval. The Nmac is derived in the same manner.

E
[

fnmac
]= 1

NMC

NMC∑
j=1

N j
nmac

T
(3.7)

σ2
f =

1

NMC −1

NMC∑
j=1

(
N j

nmac

T
−E

[
fnmac

])2

(3.8)

fnmac = E
[

fnmac
]± 1.96σ fp

NMC
(3.9)
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where,

N j
nmac Number of NMAC occurrences in sample- j ,

T Simulation time,
E

[
fnmac

]
Expected value of NMAC frequency,

NMC Number of Monte Carlo simulations,
σ2

f Variance in NMAC frequency,

fnmac Frequency of NMAC.

Besides the frequencies, the depth of intrusion into the NMAC radius, rn , is also an
important factor in safety assessment to determine the severity of the NMAC. For in-
stance, an NMAC that happens in a short period, but intrudes deeper and closer to the
other vehicle, is riskier than a shallow one over a longer period. Therefore, ten zones
that divide the NMAC circle are defined. The frequency of exclusive intrusion into each
of the zones is recorded as fi , which range from f10 to f100, where the subscript denotes
the percentage of intrusion. The expected number of intrusions for the entire Monte
Carlo simulation is derived in the same manner as the fnmac in (3.7) to (3.9).

3.3.3. CONVERGENCE

Examples of the derivations of fnmac and fmac , along the number of Monte Carlo sim-
ulation runs NMC , are shown in the convergence graph in Figure 3.6. The graphs also
compare different results between the three tested cases. The shaded background rep-
resents the corresponding 95% confidence interval. Note that while there are a total of
17 density points, only three of them are shown in the figures for a distinguishable com-
parison.

For case 1, without any CD&R, the parameters are shown to converge after approx-
imately 100 airspace samples. These results demonstrate the effectiveness of the high-
density setup in generating sufficient samples of random conflicts encounters.

The convergence, however, is not featured in the other cases where a CD&R system
is implemented, especially in low density. This demonstrates the difficulty in using the
Monte Carlo simulation: the simulation would require much more samples to derive
significant results. The result for case 2 and 3 cannot be shown in Figure 3.6 due to sim-
ilar reason, that for the 250 sample tested, none of them shows MAC occurrences. This
is true even for the highest density of the simulation setups. Nevertheless, it can also
be said that the distributed CD&Rs implementation is able to reduce the frequencies of
MAC, until the point where no collision is recorded for all the samples.

3.4. RESULT AND ANALYSIS

The safety parameters for each case and density point are extracted from each corre-
sponding Monte Carlo simulation by taking the last expected values along with each
range of confidence. All results are presented in Figure 3.8 and 3.9, and discussed through-
out this section. The discussion is preceded with a brief simulation visualization of a few
cases, to observe the general characteristics of UAVs flying in a high density and hetero-
geneous airspace model.
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(a)

(b)

Figure 3.6: Monte Carlo simulation results against the number of samples (NMC ) for frequency of (a) near
mid-air collision (NMAC) and (b) mid-air collision (MAC)

3.4.1. VISUALIZATION

Figure 3.7 visualizes three samples of simulation for case 2, the particular case where
vehicles have the most difficulty in maintaining safety due to the randomness of ma-
neuvers. The simulations are shown for four different setups of NV , where each UAV is
represented by a point with an arrow extending from the center, depicting its velocity
vector. The circle around each vehicle represents half of the radius of the NMAC sepa-
ration zone, so that NMAC occurs when two circles overlap each other. To observe the
characteristic of a flight path in the dense airspace, four center vehicles, shaded and
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(a)

(b)

(c)

Figure 3.7: Example of the High-Density airspace simulation in one kilometer-square airspace with (a) 16
vehicles, (b) 36 vehicles, and (c) 64 vehicles

tracked, are given goals to complete a path to the respective area edges and reappear
again on the other side. Note that this setup is used only for visualization, and not ap-
plied in the overall Monte Carlo simulations.

In the least dense airspace in Figure 3.7, the center-vehicles are able to complete their
mission with only small occasional deviations, conforming the rare occurrences of con-
flicts in the airspace. In an example case with 36 vehicles, the encounters become more
complex where most of the UAVs need to conduct many avoidances, resulting in a lot of
zig-zag paths and round-about maneuvers. The later actually indicates that the CD&R is
unable to find an escape path and instead making turns continuously until the conflict
is resolved. In an extreme high density with 64 vehicles, it is apparent that the circu-
lar round-about motion dominates the vehicle path, preventing the four center vehicles
from reaching any edges of the area.
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(a)

(b)

Figure 3.8: (a) Monte Carlo simulation results for frequency of near mid-air collision (NMAC) for all density
points. (b) Graph zoom-in for a clearer results of case 2 and 3

3.4.2. NMAC AND MAC FREQUENCIES

Confirming the visual observations, Figure 3.8 and 3.9 shows that both parameters in-
crease with the airspace density in a quadratic manner. The curves confirm the reduc-
tion of collision occurrences just by limiting the number of vehicles in the airspace. In
the case where no-CD&R is applied, the results for fnmac and fmac reach 1.7×104 and
1.6×103 per hour, respectively, in the highest density airspace.

In the cases where CD&R in each vehicle is activated, much lower fnmac values are
obtained. The NMAC frequency for case 2 reaches 923.5 per hour, which means that the
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Figure 3.9: Monte Carlo simulation results for frequency of mid-air collision (MAC) for all density points.

distributed CD&R, without any rule implementation, are able to resolve more than 94.43
% of the conflicts at the densest airspace in this research. By incorporating the RoW
rules, the NMAC is reduced even more up to 98.89 % with more accurate results with
a narrower range of confidence, shown in Figure 3.8. The same conclusion, however,
cannot be drawn for the MAC frequency since there are no MACs detected in case 2 and
3 throughout the entire Monte Carlo simulation.

The use of the gas model[28, 99–101], formulated in (3.10) , is able to produce a good
fit with the results of case 1, as shown in Figure 3.8 and in 3.9. This validates the gas
model in high density airspace, even when the speeds vary for each vehicle. The p̂n,m

component, however, has a different meaning in the setup of this research from the con-
ventional gas model. Since it is possible for each vehicle here to encounter one another
more than once, taking the factor of possible encounter combination, i.e. 1

2 NV (NV −1),
from the frequencies does not translate into probabilities, such as presented in [100] and
[101]. Therefore, p̂n,m in this research, where a hat is added to the symbol, is defined as
the average expectation of NMAC or MAC of each vehicle to one another, per unit time.
This parameter is described in (3.11), which summarized the average relative velocity of
pairs of vehicles, the radius of NMAC or MAC, the width of the area of interest, which
represent the airspace density, and an airspace constant.

fnmac,mac = 1

2
NV (NV −1)pn,m (3.10)

p̂n,m = cn,m · rn,m~VR

Ai nt
(3.11)
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where,
p̂n,m average expectation of NMAC or MAC of each vehicle to one another,
|V̄R | Average relative velocity of pairs of vehicles,
cn,m Airspace constant,
rn,m Radius of NMAC or MAC,
Ai nt Area of interest.

The least-square curve fitting on the fnmac results in the p̂n = 5.779 per hour, and
p̂m = 0.5582 per hour. These values means that, in the preconditioned environment, in
average a UAV can loss its separation to another with a specific heading more than five
times per hour, and collide with that vehicle more than once every two hours. These val-
ues require the same value of airspace constant, cn and cm , which is approximately 0.6.
This factor that may have come from the velocity randomization for a finite number of
vehicle, as oppose to the homogeneous density assumption in the gas model. Note that

the average V̄R is approximated by 4|V̄ |
π , as presented in [100], where |V̄ | is the average

speeds of all vehicles. The same curve fitting with the gas model is also conducted for
the results in case 2 and 3, as it can be found in the legends of Figure 3.8 and in Table 3.3.

Table 3.3: NMAC and MAC average expectation

case p̂n p̂m unit

1 5.779 0.0594 [-/hour]

2 0.1959 - [-/hour]

3 0.0532 - [-/hour]

3.4.3. REACHING THE TARGET LEVEL OF SAFETY
The frequencies of NMAC and MAC, fnmac and fmac , need to reach certain values of
the Target Level of Safety (TLS), in order to safely integrate the UAVs operation into the
airspace system. The equivalent values of in manned-flight, for a certain period, are
commonly taken as the based in determining the UAV TLS. For example, [7] proposed a
value f t l s

m = 10−7 to be the maximum MAC occurrences per hour in an airspace, which is
determined from the NTSB analysis of manned aircraft in-flight collision between 1983 -
2006[7]. The NMAC frequency TLS, f t l s

n can be determined in the same way, by analyzing
the NMAC occurrences in manned flight. Based on the FAA data for the last decade in
the entire US airspace [107], the NMAC occur in manned flight at 1.3× 10−2 per hour.
Hence, the rate of f t l s

n = 10−2 per hour is proposed for UAV operations.
Using the determined f t l s

n , together with (3.10), (3.11), and the NMAC average ex-
pectation data in Table 3.3, the maximum number of UAV that can operate in a one
kilometer-square area can be deduced. To scale this up to a realistic area, such as a city
with area of Ai nt , the corresponding NMAC expected value per pair of UAV need to be
redefined. Suppose an certain city with area Ai nt having a NMAC expectation of p̂ni nt ,
based on equation (3.11) and the Monte Carlo simulation result,

p̂ni nt : p̂n = 1

Ai nt
:

1

A
⇔ p̂ni nt = p̂n

A

Ai nt
. (3.12)
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Then, using the quadratic formula on equation (3.10), the following equation (3.13) can
be use to determine the N t l s

V , the recommended maximum number of UAVs that can
operated above Ai nt in one level of a altitude. Note that in the equation, Ai nt are in
kilometer-square unit, and hence A = 1 is omitted.

N t l s
V =

1+
√

1+8 f t l s

p̂i nt

2
=

1+
√

1+8 Ai nt f t l s

p̂

2
(3.13)

Table 3.4 listed five examples of large cities in the world and the recommended max-
imum number (rounded down) of UAVs that can operated in one level of altitude above
them, base on the NMAC requirement and the preconditioned environment explained
in Section 3.3. It should be noted that the results are obtained from an assumption that
the frequency curves, for cases under the effect of CD&R protocols, still follows the gas
model in (3.10). As it can be observed in Figure 3.8-b, the assumption is not true for the
lower density of case-2. Hence, a higher N t l s

V can actually be resulted if a fitter and less
conservative model, such as the canonical quadratic function: aN 2

V +bNV + c, is used.
Finding the physical parameters of such model, however, is beyond the scope of this
research and left for future works.

Table 3.4: Maximum number of UAVs operating in one flight altitude of airspace, within the preconditioned
environment explained in Section 3.3

City Area N t l s
V

[km2] case 1 case 2 case 3

New York Metro, US 8,683 6 30 57

Tokyo/Yokohama, JP 6,993 5 27 51

Chicago, US 5,498 4 24 45

Jakarta, ID 661.5 2 8 16

Amsterdam, NL 219.32 1 5 9

As the outcomes indicates, in the airspace of the largest city, New York, a maximum
of 57 UAV can operate in one flight level at the same time. This is almost ten times more
than in the cases without any CD&R. Evidently, the role of CD&R is strengthened with
the implementation of an order in the airspace, via the RoW rule. The numbers, how-
ever, might still not be ideal for some high populated city. For instance, Jakarta is 1.7
times more dense in population than Chicago, which can be an indication of a high UAV
demand. However, it can only harbor 16 UAVs per altitude, which is less than a third of
the limit of Chicago. These results, however, only corresponds to one level of altitude,
such that if the airspace above the cities were to be divided into for example 16 layers, as
in [101], than the number of UAVs above Jakarta can be up to 256, while in the New York
sky can be up to 800 UAVs.

A better CD&R system might also be warranted, instead of the simple VO-method
explained in Section II.C. Alternatively, controlling the heterogeneity of missions, or set
more layers of flight level, such as presented in [101], will also enable more UAVs to be
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operated. These are the possibilities that can be tested using the high density Monte
Carlo setup in order to asses the safety parameter, as well as to produce a mature CD&R
system.

3.4.4. SEVERITY OF INTRUSION

Another way to determine the collective performance of the distributed CD&R is by look-
ing at how severe the intrusion is in each occurrence of NMAC. Figure 3.10 presents the
distribution of intrusion frequency, fi , in each zone of severity, i.e., how deep an intru-
sion goes into the NMAC circle, from rn = 50 m. Note that the depth of intrusion is
recorded at the point when it does not go any deeper. For instance, an intrusion to a
point in the 40-50% zone of the separation is not recorded in all the previous zones of
which the obstacle needs to go through before reaching that point.

It can be observed in the figures that, for cases without CD&R, the severity of in-
trusions are almost uniformly distributed, meaning that there are as many less-severe
intrusions as there are severe. This result are similar for every density point.

The use of CD&R proposed, in case 2 and 3, is able to make intrusions less severe,
even though it may not be guaranteed a 100% NMAC free operation. The implementa-
tion of RoW is evidently superior, as it shows not only a reduced number of intrusions,
but each intrusion is also less severe than of the uncoordinated CD&R in case 2. The re-
maining area on the right side of the curves illustrate the spare zones in the NMAC circle
that is left for any other emergency avoidance.

The severity graph in Figure 3.10 also indicates the ideal NMAC radius for the pro-
posed CD&R in case 2 and 3. If the NMAC separation can be relaxed for UAVs, then using
rn = 25 meter will reduce the NMAC to almost zero, and thus increases the number of
UAVs that can be operated in the airspace.

3.5. CONCLUSION
This research has evaluated the safety of Unmanned Aerial Vehicle (UAV) operations,
within the preconditioned environment, using a series of Monte Carlo simulations. Two
cases of distributed Conflict Detection and Resolution CD&R are tested in the simula-
tion: (1) an uncoordinated CD&R where each vehicle has random avoidance preferences,
and (2) an implicitly coordinated CD&R that incorporates the Right-of-way rules. From
those two cases, two parameters of safety are drawn, i.e., the frequency of Near Mid-air
Collision (NMAC) and the frequency of Mid-air Collision (MAC). In both case of CD&R,
a reduction of NMAC for more than 94% is demonstrated in the entire density points.

The results are then scaled to calculate the maximum number of UAVs that can be
operated in a realistic density. It is suggested that by using the implicitly coordinated
CD&R, it is safe to fly a little more than 50 UAVs in one level of altitude above the large
city such as New York Metro or Tokyo. The application of layered airspace can increase
the number up to 800 UAVs. The number can be even higher with a more advanced and
mature CD&R system.

Many improvements of the high density Monte Carlo simulation can be conducted
in future research. This includes extending the concept into three dimensions, adding
more layers of flight level, or mixing the airspace with manned-flight that has higher pri-
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(a)

(b)

(c)

Figure 3.10: Intrusion frequency for each zone of NMAC radius, (a) for no CD&R (case 1), (b) for
uncoordinated CD&R (case 2), and (c) for implicitly coordinated CD&R (case 3)

ority. The frequency of actual mid-air collision, the MACs, under the influence of CD&R,
which in the end cannot be determined by the simulations, is probably the main item to
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be refine in this research safety assessment method. Nevertheless, the proposed method
is a versatile method that can provide a solid safety parameter of various types CD&R
system, which is essential in supporting UAVs integration into the airspace system.
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Starting from this chapter, the fourth research question is assessed, defining methods for
UAV to handle potential conflicts autonomously, as part of traffic in the airspace system.
This chapter present a novel method, named the Selective Velocity Obstacle method, that
is designed to handle the encounter situation in the Cooperative Layer, a part of the ar-
chitecture proposed in Chapter 2. In Section 4.2, after a brief introduction, the method
framework for the encounter situations is presented. The performance of the method is
demonstrated afterwards in section 4.3, along with a validation using the same method-
ology explained in Chapter 3 previously. Parts of this chapter’s methodologies, such as the
VO-method criteria extension, strategy, and critical turning-rate derivation, are also used
in the following Chapter 5.
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4.1. INTRODUCTION

C
URRENTLY, Unmanned Aerial Vehicle (UAV) technology is advancing into every-
day applications and, as a result, concern has arisen on the safety of their opera-
tions in the civil airspace [7]. One of the main problems is the autonomous avoid-

ance of mid-air collisions with other UAVs, which has driven many studies to develop
various algorithms for a collision avoidance system.

For civil UAV avoidance, the Geometric Guidance algorithms are potentially best
suited since they do not need to conduct extensive predictions and analyses, which re-
quire large computational resources on-board. Instead, they give solutions reactively
based on the instantaneous geometry of an imminent conflict. Examples of Geomet-
ric Guidance include the Collision Cone [108, 109], the Velocity Obstacle Method (VO-
method) [22–24, 26, 74, 110], the Minimum Effort Guidance (MEG) [111], and the Differ-
ential Geometric Guidance[112].

Most of those studies, however, neglect the situation in a controlled airspace where
the UAVs are heterogeneous, each with its own mission and preference for avoidance.
Furthermore, there might be various procedures and rules enforced by the authorities
to manage the airspace. Several existing methods that consider those kinds of situations
are commonly predictive methods, for instance the Airborne Collision Avoidance System
X (ACAS X)[8], or the Jointly Optimal Conflict Avoidance (JOCA)[113].

This paper proposes a novel method for UAV-to-UAV autonomous collision avoid-
ance called the Selective Velocity Obstacle method (SVO). The method is an extension of
the former Velocity Obstacle method[22] that is designed to reactively generate an avoid-
ance maneuver based on conflict geometry. The maneuver generated from the SVO is
a deconflict maneuver, a tactical maneuver that aims to avoid obstacles while limiting
the deviation from the original route. Following the avoidance system architecture pre-
sented in Ref.[88] and [103], the maneuver can start anywhere within a particular zone
called the deconflict-zone, as shown in figure 4.1. The zones in the figure can also rep-
resent the layers of safety that use deconflict maneuvers in the architecture presented
in Ref.[114]. The conflict cases for SVO are set to be heterogeneous, involving vehicles
with different characteristics and missions. To comply with the vision of the European
Commission for Unmanned Aerial System (UAS) [115], all of the avoidance in SVO is im-
plicitly coordinated by incorporating the right-of-way rules [86], which also reduce the
complexity of solution for heterogeneous conflicts.

Elaborated in Section II, the conflict situations in the airspace, which includes the
heterogeneousness and the rules based coordination, are modeled in the Velocity Ob-
stacle framework. A few problems in the previous method are identified and solved
throughout this section. Several simulations are presented in Section III to demonstrate
the performance of the method, along with a validation using Monte Carlo simulations.
This is then followed by the conclusions in Section IV.

4.2. SELECTIVE VELOCITY OBSTACLE METHOD FOR UAV COL-
LISION AVOIDANCE

Figure 4.2 shows an example of a two-dimensional encounter situation between two
UAVs, referred to as the own-ship and the obstacle. The own-ship must first decide
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Figure 4.1: Architecture of collision avoidance for UAVs, adapted from Ref.[88] and [103].

whether or not a situation is a conflict and, if necessary, conduct any appropriate re-
solution maneuver. In this case, the conflict is defined when the own-ship is predicted
to violates the escape-zone, Sesc , a circle with radius of resc from the center of the obsta-
cle.

4.2.1. ORIGINAL CONCEPT OF THE VELOCITY OBSTACLE METHOD

The concept of the original Velocity Obstacle method (OVO) presented in this section
is adapted from Ref. [22]. In figure 4.2, the Collision-cone, CCoi , is generated from an
instantaneous situation by collecting relative velocity extensions, λVR , that cut through
the Sesc . The Velocity Obstacle set, V Ooi , is the translation of the CCoi along the shadow
of the obstacle velocity, V ′

i . The OVO uses this V Ooi set to determine the conflict: The
own-ship will violate the Sesc at some time in the future if and only if Vo ∈ V Ooi . The
method also determines whether the two vehicles are diverging or not, with the use of
the diverging set, D IVoi : The own-ship is diverging the obstacle if and only if Vo ∈ D IVoi .
The two determinations are made under the assumption that both velocities Vo and Vi

are constant.

An avoidance maneuver is conducted whenever Vo ∈ V Ooi , by updating the Vo to a
new velocity that is outside the V Ooi set. The common strategy is to choose the closest
point from the current Vo on one of the V Ooi edges. this point is marked with small circle
Vavo in figure 4.2. As soon as the Vo is updated and falls outside the Velocity Obstacle
set, i.e., Vo ∉ V Ooi , then the vehicle can be directed back to its original goal. The entire
algorithm is started when an encounter is imminent, that is, when the distance of the
obstacle is less than or equal to a predefined avoidance distance, davo .
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Figure 4.2: Velocity-obstacle set generation from an instantaneous encounter situation, adapted from Ref.[22].

In cases of multiple encounters, in which more than one encounter is imminent, the
global velocity-obstacle set, V Oo , and the global diverging set, D IVo , need to be derived.
The V Oo is simply the union of all the V Ooi sets of each obstacle-i , whereas the D IVo is
the intersection of all the D IVoi sets.

4.2.2. INCORPORATING THE RIGHT-OF-WAY RULES
If only one of the two conflicting vehicles is required to avoid, the OVO gives a good
resolution with a small Closest Point of Approach (CPA) from the obstacle. However, in
reciprocative cases where both vehicles are avoiding, several problems will arise, e.g., the
reciprocating dance, as stated in Ref.[26].

In manned-flight, the reciprocative problems are prevented explicitly by coordinat-
ing the maneuvers using directives from an Air Traffic Control station, or implicitly by
incorporating the right-of-way rules. The Selective Velocity Obstacle method (SVO) uses
the latter approach and incorporates rules into its algorithm, which are the Visual Flight
Rules[86], presented in figure 4.3. The SVO assumes that, in a conflict situation, all vehi-
cles having the right-of-way will stay on their current path and all that do not will con-
duct an avoidance maneuver.

Thus, there are five ways an own-ship can encounter an obstacle, i.e., right-converging,
left-converging, head-on, taking-over, or being taken over. The first and the last will
make an own-ship obtain the right-of-way (RoW ), while others will make it lose the
right-of-way (∼RoW ). The type of encounter can be determined by checking the inclu-
sion of the V Ooi origin in one of the five additional sets, shown in figure 4.4-b. The four
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Figure 4.3: The right-of-way rules definitions, adapted from Ref.[86]

sectors, SR1, SR2, SR3, and SR4, are generated with regard to the own-ship’s track, the
Xw −Yw axis, with offsets taken from Ref. [116], as shown in figure 4.4-a. The last set, the
SVo , is a circle with radius of |Vo |. Lemma 1 elaborates how these sets are used.

Lemma 1 In an encounter situation between the own-ship and an obstacle-i , if Vo ∈
V Ooi , then,

1. Whether the own-ship is in a conflict with the obstacle in the same path, converging
from left, head-on, or converging from right, can be determined by the inclusion of
the origin point of V Ooi , or the V ′

i , within the set of SR1, SR2, SR3, or SR4, respec-
tively.

2. In case of V ′
i ∈ SR1, whether the obstacle is taking-over or being taken-over by the

own-ship can be determined by the inclusion or exclusion of the origin point of V Ooi

from the SVo set.

Ambiguous situations might occur if the V ′
i lies exactly on an edge between sets. Hence,

a convention is used that determines the types in the following order of priority: head-
on, converging, and same-path.

4.2.3. AVOIDANCE ALGORITHM AND THE MINIMUM AVOIDANCE TURNING-
RATE

Different from previous variations of the VO-method, the SVO algorithm uses three modes
to generate the maneuver, i.e., turn, maintain, and mission, as shown in figure 4.5. The
turn-mode is set to comply with the right-of-way rules that prefer lateral avoidance to
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(a) (b)

Figure 4.4: (a) Encounter type definitions, adopted from Ref.[116] (b) SVO additional set definitions

the right and, for simplification, it is limited to turn only without speed alteration. In
this mode, the Vo is updated by applying the avoidance-turning-rate, ωavo , instead of
point-to-point discrete updates used in the previous VO-methods. The maintain-mode
is introduced to keep the own-ship at its current velocity when it has the right-of-way or
when Vo ∉ V Ooi even though the encounter is imminent. This mode is especially used
to suppress the oscillation problem in OVO[26], that is, when the Vo changes frequently,
going back and forth to outside and inside the V Ooi . The mission-mode is activated
when the conflict is cleared, directing the vehicle back to the original goal. The state of
the vehicle is initiated also from this mode.

Two parameters that need to be defined for the algorithm to work are the avoidance
distance, davo , and the avoidance-turning-rate, ωavo . To model the heterogeneous sit-
uation, each involved vehicle can freely choose their own preference for those param-
eters. The minimum limit of ωavo is defined in order to ensure safety. Denoted as
ωa.mi n , the minimum limit of the avoidance-turning-rate is a function of the variables
of the encounter-geometry. In the SVO method framework, the geometry includes the
speeds (|Vo |, |Vi |), the initial headings (ψo , ψi ), and the avoidance starting point (davo),
as shown in figure 4.6. The kinematic equations for the own-ship, by setting the obsta-
cle relative position as the fixed origin, are described in the relative velocity VRx (t ) and
VRy (t ), and their integrals within an interval of time, XR (t ) and YR (t ), in equation (4.1)
and (4.2) .

VRx (t ) = |Vo |cos
(
ψo +ωavo t

)−|Vi |cos
(
ψi

)
VRy (t ) = |Vo |sin

(
ψo +ωavo t

)−|Vi |sin
(
ψi

) (4.1)
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Figure 4.5: State diagram of the Selective Velocity Obstacle algorithm

xR (t ) = |Vo |
ωavo

sin
(
ψo +ωavo t

)−|Vi |t cos
(
ψi

)−davo

yR (t ) =− |Vo |
ωavo

cos
(
ψo +ωavo t

)−|Vi |t sin
(
ψi

) (4.2)

Applying a turning rate, ωavo , from t = 0, or point-1 in figure 4.6, will change the
direction of Vo , without changing the Vi . It can be observed that the own-ship is using
the minimum turning rateωa.mi n , if it avoids by grazing the edge of the Sesc , as shown at
point-2 in the figure. The boundary conditions for this kind of avoidance are described
in equation (4.3) and (4.4). The former is the relative distance that should be equal to the
resc . The latter describes the grazing situation in which the vector of the relative velocity
is equal to the tangent line of Sesc at the point where the owns-ship touches. Hence,
the vector of the relative velocity should be perpendicular to the line from the origin to
point-2. √

xR (t )2 + yR (t )2 = rsep (4.3)

∣∣∣∣VR y (t )

VRx (t )

∣∣∣∣= ∣∣∣∣−xR (t )

yR (t )

∣∣∣∣ (4.4)

In this paper, ωa.mi n is derived by iterating the value of ωavo in the relative posi-
tion equation (4.2), with a random sample of the initial conditions |Vo |, |Vi |, ψo , ψi , and
davo . Starting with a small value ofωavo = 0.01 degrees/second, the relative positions are
solved discretely from t0 = 0, until the own-ship violates the Sesc or until the right side
of equation (4.4) is greater than the left. The process is repeated with increased value
of ωavo by 0.01 degrees/second. The iteration continues until no violation occurs when
equation (4.4) is fulfilled. Hence the ωavo at the end of the iteration is the minimum
turning rate, ωa.mi n , for the particular sample.

The ωa.mi n value is derived in this research for a thousand randomly selected sets
of conflicting initial conditions, ranging in speed from 8 to 13 meters/second, and in
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Figure 4.6: An example of a deconflict maneuver with minimum avoidance turning rate.

avoidance distance from 50 to 700 meters. These are the ranges for UAVs in category I,
the Small-slow UAVs, described in Ref.[103]. Figure 4.7 maps these results along the cor-
responding davo . The map shows a clear boundary of the safe ωa.mi n for any encounter
geometry at a particular davo . This boundary is defined as the recommended minimum
turning rate, denoted in this paper as ω∗

a.mi n . It should be noted that different ranges of
initial conditions will result in different maps of ωavo and ω∗

avo .

Figure 4.7: Map of ωa.mi n from sets of initial conditions, along the corresponding davo
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Table 4.1: Ranges of parameters for UAVs in category I (Small-Slow UAV)[103].

Parameter Range Unit
Speed, |V | 8 - 13 [ m/s ]
Turning rates, ωavo ω∗

a.mi n - 5 [deg/s]
Distance to avoid 50 -700 [m]

4.3. IMPLEMENTATION
To evaluate the SVO method, a MATLAB program has been developed. It simulates
multiple vehicles, each embedded with an avoidance system that is based on the SVO-
method algorithm. The simulated vehicles are assumed to exchange their flight-data
among each other, such as by using the Automatic Dependent Surveillance Broadcast
(ADS-B), without delays or losses. The simulation limits both conflict and motion of the
vehicle in the 2-dimensional plane.

4.3.1. SIMULATION SETUP

The simulation presented in this section shows encounters of UAVs from category I; the
Small-slow UAVs, which is based on the work in Ref. [103]. The value of speeds, turning
rates and distances to start avoidance, are randomized within the ranges specified in
table 4.1. The avoidance maneuver thus starts at an arbitrary point of davo , which is
within the deconflicting-zone, 50 to 700 meters from the obstacle. The objective of the
avoidance is to prevent violation into the escape-zone Sesc , which is a circle of radius
resc = 50 meters centered on the obstacle.

Simulations are conducted for the converging, head-on, and same-path encounters.
In all cases, the initial parameters are varied randomly within the ranges listed in ta-
ble 4.1. The results are presented using time-captures from a top-down point-of-view,
as shown in figure 4.8 and figures 4.12 - 4.14. Each circle in those figures represents the
half-radius of the Sesc . The used half-radius for the circle conserves the visualization of
the separation, such that when two circles touch, the vehicles are on the edge of each
other’s escape-zone.

4.3.2. RESULTS

Figure 4.8 depicts a simple converging case of two homogeneous agents. This first sim-
ulation shows a deconflict maneuver from a randomly chosen starting point, by ap-
plying an avoidance-turning-rate of 5 degrees/second, well above the ω∗

a.mi n recom-
mended for that distance (refer to figure 4.7). Figure 4.9 shows the comparison of avoid-
ance path profiles between three values of ωavo , i.e., 5o/s, the recommended minimum
avoidance turning rate ω∗

a.mi n = 1.71o/s, and the true minimum avoidance turning rate
ωa.mi n = 0.292o/s. The path profiles for using OVO with ωavo = 5o/s is shown as well for
comparison. Figure 4.10 shows the comparison of the distance between vehicles show-
ing that the deviation and the CPA are reduced as the turning rate gets slower. The use
of the ωa.mi n = 0.292o/s, specifically derived for the initial condition of the case, results
in the subtlest deconflict maneuver in SVO, resulting zero distance of CPA. The short
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maintain-mode line in the heading profile in figure 4.11 indicates that the Vo escapes
the V Ooi set only at the last moment before violation. The fact that this line is not zero,
however, indicates a delay in restoring to the mission-mode.

Figure 4.8: Simulation of converging encounters and the avoidance solutions using SVO

Figure 4.9: Comparison of deconflict paths resulting from different ωavo , for the case shown in Figure 4.8.

Figure 4.9, 4.10, and 4.11 also show the results of using OVO with ωavo = 5o/s. The
Vo tendency to oscillate in OVO is shown clearly in figure 4.11, which affected the path
of the own-ship. This oscillation can enforced large avoidance turning rate to avoid with
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Figure 4.10: Comparison of distances between the pair of vehicles resulting from different ωavo , for the case
shown in Figure 4.8.

Figure 4.11: Comparison of Heading time-responses resulting from different ωavo , for the case shown in
Figure 4.8.

zero distance of CPA, but the avoidance will be inefficient since the heading changes
frequently. Figure 4.9 shows that the SVO can almost match the flight path of OVO using
ω∗

a.mi n , without any oscillation. The total path deviation using SVO, however, is larger
since the own-ship has to wait in maintain-mode for a while for extra safety, that is, until
the Vo is diverging or until the encounter is not imminent anymore.

Figure 4.12 shows a case of heterogeneous multiple encounters. The use of SVO re-
sults in different magnitudes of deviation from the corresponding original path. Two of
the vehicles even stay exactly on their original path. This simulation also shows the prob-
lem with delay in switching to mission-mode in the algorithm that keeps vehicles from
restoring their path, even after the CPA is passed. This problem comes from the defini-
tion of the D IVoi set, which collects diverging velocities from the entire obstacle flight-
path, including the part that has been passed. For instance, as shown in figure 4.12, the
last path A5 has to cross belongs to A7, instead of A8, the last vehicle it cleared. Redefi-
nition of the diverging set is required to eliminate this problem.

Figure 4.13 and 4.14 also show successful deconflict maneuvers in head-on and same-
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Figure 4.12: Simulation of converging encounters and the avoidance solutions using SVO

path encounters. The entire avoidance maneuver complies with the right-of-way rules.
The result in figure 4.13 reveals that multiple head-on encounters will always be mixed
with same-path encounters, since the vehicles on the right side are in a same-path situ-
ation first. In this case, A3 tries to take over A2 first before it starts to avoid A1. A2 tries
to avoid a head-on collision with A1 early, while A4 waits until almost the last moment.
A4 deviation becomes large since it has to avoid A3 as well, before it can restore its path.

4.3.3. VALIDATION

The SVO-method is validated using Monte Carlo simulations with random initial condi-
tion setup across the simulation, within the ranges specified in table 4.1. The simulations
involve two to five vehicles that are randomly directed and positioned. Initially, all ve-
hicles are positioned outside each other’s deconflict-zone, within a square area that is
proportional to the number of vehicles, i.e., (N × 1000)2 meter-square. These random
scenario generations act as replacements for the lack of operational data and models,
the two sources of scenarios that are commonly used in TCAS validation[8]. The viola-
tion probability, Pvi o , is defined in equation (4.5), i.e.,
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Figure 4.13: Simulation of head-on encounters and the avoidance solutions using SVO

Pvi o = Nvi o

NMC
(4.5)

The Nvi o is the number of violation occurred and NMC is the number of the total
Monte Carlo samples, which is at least 106 samples. For comparison, this probability is
derived for cases without avoidance, with OVO avoidance, and with SVO avoidance, as
shown in table 5.2. The OVO in this case uses a large turning rate of 5o/s with a randomly
generated direction, i.e., to the left or to the right.

From the result for cases without any avoidance, it can be concluded that the prob-
ability of conflict will always exist and gets higher with the number of vehicles involved,
even if the area of interest is widened proportionally. The OVO is able to suppress the
number of violations into almost one-hundred time smaller. Some failed avoidances,
however, still occur mainly contributed to the oscillation and the reciprocating dance
problem[26]. The SVO is demonstrated to be able to resolve conflicts and avoidance
problems, with zero violations in all samples of initial condition.

An interesting note is that all the conflicts across the samples are pairwise, i.e., only
between two vehicles. In fact, it is hard to find a multiple-encounter situation, such
as shown in figure 4.12, in a random setup, which suggest that the SVO only needs to
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Figure 4.14: Simulation of same-path encounters and the avoidance solutions using SVO

resolve conflicts in a one-by-one manner. Therefore, the validation result is limited to
single-encounters. Further analysis is required to determine the SVO validity in more
stressful multiple-encounter condition.

Table 4.2: Violation probability in cases without avoidance, using the OVO, and using the SVO.

Number of Vehicles Probability of Violation
No Avoidance Using OVO Using SVO

2 1.033 % 0.01 % 0 %
3 2.366 % 0.029 % 0 %
4 3.838 % 0.046 % 0 %
5 5.353 % 0.056 % 0 %
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4.4. CONCLUSION
This paper elaborates the novel Selective Velocity Obstacle Method (SVO) that supports
Unmanned Aerial Vehicle (UAV) autonomous collision avoidance. The SVO is shown to
be able to generate deconflict maneuvers separately to resolve heterogeneous situations,
while obeying the right-of-way rules, using a distance-based prescribed turning rate.
Problems in the original Velocity Obstacle method (OVO) are resolved in SVO and val-
idated trough a Monte Carlo simulations procedure. The procedure also reveals that, in
a random situation setup, multiple-encounters are very unlikely to happen and, hence,
the SVO only needs to resolve conflicts in one-by-one manner. Several challenges in the
method are noted, such as the late onset in restoring to the mission-mode. The method
also does not consider a wide range of vehicle types, possible uncertainties in the ex-
changed data, and three-dimensional conflicts. The results, however, show that the SVO
is a suitable method to reduce the risk of collision and, hence, increase the safety of UAV
operations in the airspace system.
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This chapter present the novel Three-Dimensional Velocity Obstacle method, designed to
handle the encounter condition in the Escape Layer, one of the six layers of safety in the ar-
chitecture proposed in Chapter 2. The method autonomously generate an escape maneu-
ver without any coordination with the counterpart, exploiting the limited space left for a
UAV in three-dimensional manner. Section 6.2 of this chapter presents the method frame-
work for the three-dimensional encounter situations. The avoidance strategy is elaborated
next in section 6.3, by introducing the concept of avoidance planes. Afterwards, several
simulations are presented for validation, along with a validation of 3DVO performance
using Monte Carlo simulation in a super-conflict situation.
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This paper proposes a novel avoidance method called the Three-Dimensional Velocity Ob-
stacle (3DVO) method. The method is designed for Unmanned Aerial Vehicle (UAV) applica-
tions, in particular to autonomously handle uncoordinated multiple encounters in an inte-
grated airspace, by exploiting the limited space in a three-dimensional manner. The method
is a three-dimensional extension of the Velocity Obstacle method that can reactively gener-
ate an avoidance maneuver by changing the vehicle velocity vector based on the encounter
geometry. Adverse maneuvers of the obstacle are anticipated by introducing the concept of a
buffer velocity set, which ensures that the ownship will diverge with sufficient space in case of
sudden imminence. A three-dimensional resolution is generated by choosing the right plane
for avoidance, in which the UAV conducts a pure turning maneuver. Implementation of the
3DVO method is tested in several simulations that demonstrate its capability to resolve var-
ious three-dimensional conflicts. A validation using Monte Carlo simulations is also con-
ducted in stressful super-conflict scenarios, which results in zero collisions occurrences for
the entire 25,000 samples.

5.1. INTRODUCTION

FOR UNMANNED Aerial Vehicles (UAV) to be integrated into the airspace system, they
are required to have an autonomous Conflict Detection and Resolution (CD&R) sys-

tem that can demonstrate an adequate level of safety during its operation [7]. In this
context, a UAV will encounter dynamic obstacles, such as manned aircraft and other
UAVs, that can be negligent in avoidance, move in an unpredictable way, or actually seek
a collision (hostile). These kinds of situations can only be detected independently by re-
lying on sensors on-board, since the counterparts do not cooperatively broadcast their
flight data and intention. As a result, the space for avoidance will be limited by the sen-
sor range of detection. The resolution maneuver, therefore, needs to fully exploit the re-
maining space left, while anticipating the possible movement of those counterparts. To
be able to reach safety as fast as possible, a resolution maneuver has to be aggressively
conducted with the maximum performance of the UAV, comprehend several obstacles
in the traffic at once, and neglect any original mission or trajectory. Ref.[114] describes
this type of avoidance situation and resolution as an Escape CD&R approach

Reactive collision-avoidance methods are potentially the most suitable to support
an escape maneuver autonomously. These methods rely on the instantaneous situation
detection to quickly calculate the avoidance maneuver, instead of depending on prede-
termined data or extensive iteration that might be optimized, but processed slower, such
as in Local Path Planning methods [17, 50] or Dynamic Programming [8]. Several reactive
avoidance methods can be found in the literature, including the Potential Field method
[34, 117–119], and Geometric guidance methods such as the Collision Cone [108, 120]
or the Velocity Obstacle method [22–26, 64, 74, 75, 121–124]. Since they are less compu-
tationally intensive, these reactive methods are promising in providing a fast avoidance
solution in a dynamic environment.

Most of those methods, however, include several simplifying assumptions that limit
their practical use for an escape situation. Those assumptions include one or more of
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the following: generates resolutions only in two-dimensional space, involves only ho-
mogeneous vehicles, non-maneuvering obstacles, and only for a coordinated avoidance.
The methods demonstrated in [120] and [125] are among the few that provide both en-
counter handling and resolution generation in three dimensions which are able to signif-
icantly expand the resolutions in a limited avoidance space. Those methods, however,
are demonstrated only in handling static or non-maneuvering obstacles. The work of
[23], [26], and [123] are examples that consider maneuvering obstacles, but in a homo-
geneous coordinated situation where the vehicles have uniform speeds and avoidance
tendencies. The work of [75] presents a Selective Velocity Obstacle method that han-
dles heterogeneous encounters, including the random maneuvers of obstacles, but the
resolution is based on implicit coordination.

This paper contributes to the literature by proposing a novel reactive avoidance me-
thod called the Three-Dimensional Velocity Obstacle (3DVO) method. The method is de-
signed to handle uncoordinated multiple encounters by exploiting the limited space as
much as possible, in a three-dimensional manner. This concept is a continuation of the
work originally reported in [126] by the same authors, presented here with a simpler but
more complete formalization. Additional contribution of this current paper is the incor-
poration of the heterogeneous situation, which is evaluated in a simulation by random-
izing initial speeds and turning-rates, to truly represent an escape situation[114]. The
foundation of the 3DVO method is the Velocity Obstacle method[22, 108] (VO-method),
which is selected due to several advantages it has compared to other reactive methods.
For instance, compared to the basic Potential Field method (PF-method)[117], the VO-
method was originally designed for avoiding moving obstacles by taking into account
the velocity of each obstacle. The VO-method also gives a set of possible resolutions that
is less prone to problems with local minimums in multiple encounter situations. Lastly,
the VO-method has a more geometrically understandable appearance, which make its
three-dimensional extension straightforward while keeping all its criteria and strategies.

This paper is structured as follows. Section II discusses the concept of the 3DVO
method by introducing the extension of the method into three-dimensions setup. The
approaches to handle maneuvering obstacles are elaborated as well, along with the in-
troduction of the Avoidance Planes concept. After that, Section III explains possible
strategies for the 3DVO method, which include the avoidance algorithm, the decision
process in choosing the Avoidance Plane, and the derivation of the avoidance turning
rate. Section IV presents the implementation of the three-dimensional VO-method in
several simulations, where the performance of the method is demonstrated. A validation
process using Monte Carlo simulation is also conducted and presented in this section.
Section V ends the paper with several concluding remarks.

5.2. THE THREE-DIMENSIONAL VELOCITY OBSTACLE METHOD
The Three-dimensional Velocity Obstacle (3DVO) method extends the use of the original
VO-method[22, 75], which is applied in a two-dimensional encounter, such as shown in
Figure 5.1-a. In every encounter case, a collision cone set (CC) can be drawn, which col-
lects all relative velocity vectors between the vehicles that intersect the protected-zone
(Spz): a threshold area around the obstacle. In cases of avoiding collision at a short dis-
tance, the value of Spz radius, rpz is typically the summation of the vehicles effective
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(a)

(b)

Figure 5.1: Graphical presentation of (a) Collision Cone and (b) The Velocity Obstacle set

semi-spans. Whether the two vehicles are bound to collide or not, therefore, can be de-
termined by the inclusion of their relative velocity ~VR to the CC. Hence to avoid collision,
the ownship needs to ensure its velocity exclusion from the CC set.
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The VO-method uses the inclusion of the ownship absolute velocity vector ~Vo into
the so-called Velocity Obstacle set (VO), which is the translation of CC along the velocity
of the obstacle, ~Vi , as shown in Figure 5.1-b. To avoid the obstacle, the ownship needs to
change its velocity vector to a point outside the VO.

The VO-method extension into the 3DVO method includes the detection of three-
dimensional conflicts, and the generation of possible avoiding routes that also exploit
the three-dimensional space around the ownship. This section explains the detection
part by converting the sets of the VO-method to a three-dimensional definition. The al-
gorithm to reactively generate the avoiding routes, along with the strategy for avoidance,
is explained in Section III.

5.2.1. 3DVO METHOD’S VELOCITY OBSTACLE CONE

The concept of the VO-method is extended for three-dimensional cases by first redefin-
ing the protected zone, Spz, from a circle to a three-dimensional form. There are two
types of Spz commonly found in the literature, either spherical[126, 127], or cylindrical[64,
123, 125]. This paper uses the spherical protected-zone definition that can represent
general UAV encounters and resolutions better than a cylindrical in the three-dimensional
space. The reason is that unlike manned aircraft, a UAV, especially of rotary-wing type,
can have a much more flexible trajectory in any direction by exploiting the entire space
around it, and hence it needs to consider collisions from any three-dimensional direc-
tion. A spherical protected zone in this case will treat encountering obstacles equally
regardless of the direction and orientation.

Consider a three-dimensional encounter case between an avoiding vehicle (or an
ownship) and an obstacle, as depicted in figure 5.2. Similar to the two-dimensional case,
the Collision Cone CC can be derived by collecting every relative velocity ~VR whose posi-
tive elongation intersects the Spz sphere. In this three-dimensional case, the CC takes the
shape of an infinite right-cone with size and orientation corresponding to the dimension
of Spz and the obstacle position ~Xi , relative to the ownship. The apex of CC is the own-
ship position ~Xo , where every tangential line from ~Xo to the edge of Spz is a generating
line of the cone (generatrix).

Similar to the two-dimensional case, the Velocity Obstacle set is obtained by trans-
lating the CC cone in three-dimensions along ~Vi from ~Xo , as shown in Figure 5.2-b. With
this set, the collision criterion between two vehicles in three-dimensional space can be
defined: an ownship will eventually collide if and only if its velocity vector ~Vo is included
in the corresponding VO cone, i.e., ~Vo ∈ VO.

The three-dimensional VO can be defined using a cross-section perpendicular to the
cone axis as an effective base. This paper uses the cross-section that is rimmed by the
Spz intersection with the cone, as shown in Figure 5.2-a. Thus, the VO cone is defined
by three parameters: the position of its apex, ~Avo , the length and orientation of the axis,
~Dvo , and the radius of the effective base, rvo . These parameters are mathematically ex-
pressed in equations (5.1) and (5.2) as functions of Spz radius and the obstacle position
in spherical coordinates (distance doi , elevation θoi , and azimuth ψoi ) with respect to
the ownship frame of reference (~Xo as the origin). The cone opening angle, αvo , is also
defined in equation (5.1). Note that the effective base of the cone does not coincide with
the great-circle of Spz, as depicted in Figure 5.2-a.
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(a)

(b)

Figure 5.2: Three-dimensional velocity obstacle set definition. (a) the Collision Cone CC , (b) Translated CC
cone to the Velocity Obstacle set V O



5.2. THE THREE-DIMENSIONAL VELOCITY OBSTACLE METHOD

5

75

dvo =
d 2

oi − r 2
pz

doi
, rvo = rpz

√
d 2

oi − r 2
pz

doi
, αvo = arctan

(
rvo

dvo

)
(5.1)

~Avo = ~Vi , and ~Dvo =
 cosθoi cosψoi

cosθoi sinψoi

sinθoi

dvo . (5.2)

The inclusion of the ~Vo vector end point in the VO cone can be determined by check-
ing the angle between the vector from the cone apex, ~Avo , and the cone axis. Equation
(5.3) represents the criteria of inclusion using the vector inner product. The second term
in equation (5.3) is to ensure the imminence of the encounter by the avoidance starting
point, davo , since the first criterion is unbounded, representing the possible collision
within infinite time in the future. Thus,

~Vo ∈ VOi ⇐⇒
{[
~Vo −~Avo

] ·~Dvo∣∣~Vo −~Avo
∣∣dvo

> cosαvo and doi < davo

}
. (5.3)

The VO cone expands as the two vehicles converge, and shrinks as they diverge.
When the αvo reaches π/2, the ownship position is exactly on the surface of the pro-
tected zone Spz, or doi = rpz , as indicated in equation (5.1). A singularity case happens
when the two vehicles collide, or when doi < rpz , in which case the VO cone cannot be
defined.

Finally, multiple encounters are accommodated in the three-dimensional setup by
taking the summation of the VO sets. Let i = 1,2,3, ..., N be the indexes of N -imminent
obstacles under consideration, then the overall VO for a multiple encounter case is the
union of the Velocity Obstacle set, or

⋃
i VOi . The ownship velocity vector is included in

the overall set if it is included in at least one of the VOi or

~Vo ∈⋃
i

VOi ⇐⇒ ∃i : ~Vo ∈ VOi . (5.4)

5.2.2. HANDLING MANEUVERING OBSTACLES: THE BUFFER VELOCITY SET
The challenges in using the VO-method in situations where the obstacles are maneu-
vering have been addressed in previous studies. The work of [24] describes the prob-
lem of oscillation and the reciprocal dance in cases of two-dimensional conflicts, where
each of the vehicles attempts avoidance using the VO-method. These problems, which
can cause a failed avoidance, are commonly solved using an implicit coordination of
avoidance[26, 75, 123]. However, in an uncoordinated situation the problems reappear
with an additional problem of a sudden imminence. This last problem occurs when a
vehicle adversely changes its course in close proximity to another, such that there is no
sufficient space or time left to conduct the sudden avoidance.

An extra set can be added to the Velocity Obstacle set in order to handle the possible
maneuver of an obstacle. Consider the case shown in Figure 5.3-a. Within a certain time
step, the ownship generates a VO set based on the instantaneous encounter geometry,
and generates a resolution to avoid any corresponding conflicts. The time-step between
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two VO generations, denoted ∆t , is assumed to be constant and represents the detec-
tion frequency of the CD&R system. During this ∆t , however, the obstacle might have
updated its velocity vector, such as, for instance, by a rotational maneuver within the
range of ~V ′

i to ~V ′′
i . As shown in Figure 5.3-a, for each point on the arcs of ~Vi , a new VO set

can be defined, some of which might rule out the initially assumed safe zones.
If all possible maneuvers of the obstacle within the generation time ∆t can be pre-

dicted, then they can be anticipated by summing all the possible VO sets into one big
set. Figure 5.3-a shows this summation as a new triangle that originates at point A∗

vo+ ,
collecting all possible VO sets. The resulting triangular set, however, is not aligned with
the axis of the original VO, and adds an extra degree of freedom for the combined VO
definition, especially in three-dimensional cases.

Figure 5.3-b defines a simpler definition for the sums of VOs by using a circular reach-
able velocity set of the obstacle, RVi. This set collects every possible arc of ~Vi within
∆t , from any arbitrary bearing angle between vehicles separated by a particular dis-
tance. The resulting sum of VO can be defined by moving the apex in the opposite
direction of the ~Dvo until the entire RVi is included. This definition also holds in the
three-dimensional setup, where the RVi is represented as a sphere as shown in the Fig-
ure 5.3-c. This paper denotes the extra layer of the VO as the Buffer Velocity set (BV). The
combined resulting VO, denoted as the VO+, effectively takes into account the obstacle
maneuver within the time-step of its generation, ∆t .

The VO parameters in three dimensions are therefore redefined, as expressed in equa-
tion (5.5) and (5.6), i.e.,

αvo+ =αvo , ~Avo+ = ~Avo − rr vi

~Dvo

dvo sinαvo+
. (5.5)

The radius of the RVi, rr vi , depends on the assumed value of the change of heading of
expected obstacles relative to the ownship, within the generation time-step, ωi∆t . The
radius rr vi can be derived using the cosines law on the isosceles triangle AXo A′ in Figure
5.3-b, as presented in equation (5.6). Note that in the triangle, Xo A = Xo A′ = ~Vi , and
A A′ = rr vi . Hence,

rr vi =
∣∣~Vi

∣∣√2(1−cos(ωi∆t )). (5.6)

Equation (5.7) presents the ~Vo inclusion criteria to the VO+. The inclusion into the
BV zone in particular, can be derived by the subtraction of VO (equation (5.3)) from VO+.

~Vo ∈ VO+ ⇐⇒
{[
~Vo −~Avo+

] ·~Dvo∣∣~Vo −~Avo+
∣∣dvo

> cosαvo+ and doi < davo

}
(5.7)

For simplification, the plus (+) superscript, which indicates the addition of the BV set on
the VO, is omitted in the remainder of this paper.

5.2.3. AVOIDANCE PLANES
Similar to the original VO-method, in order to avoid the obstacles, the ownship needs
to update its velocity vector to a point outside every relevant VO set, into the set of the
Avoidance Velocities, ~Vavo . In the three-dimensional setup, these points of avoidance
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(a) (b)

(c)

Figure 5.3: The Buffer Velocity set definition. (a) The VO sets from points in the ’arc’ of possible obstacle
velocities, (b) the circle of RVi and the resulting VO+, in two dimensions and (c) in three dimensions

become more complex to determine, since there are more options in escaping either
horizontally, vertically, or by a combination of the two. If the possible velocity updates
can be represented with a particular three-dimensional curve or a sphere, then the op-
tions for avoidance are given by the intersection of that curve with the VO cone. The
analytical derivation of such an intersection involves a complicated quartic equation,
which defeats the purpose of the VO-method as a reactive and graphically understand-
able method for avoidance.

Therefore, the 3DVO method is accompanied by the concept of Avoidance Planes.
This concept is used as a tool to logically and graphically describe the three-dimensional
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case into separate two-dimensional setups, and to find the appropriate velocity for avoid-
ance. Therefore, instead of trying to derive all the possible resolutions for avoidance, the
3DVO method focuses only on a finite number of avoidance planes, which can be pre-
defined based on the performance of the ownship. Ref [74] presents a similar method in
which a three-dimensional case is broken down into two avoidance planes, which are the
lateral plane (XY-Plane) and the longitudinal plane (XZ-Plane). The method presented
in [73] also resembles the method with a very fine discretization of planes around the
ownship X-axis.

The Avoidance Planes, Pφ, are defined as any plane in which the ownship velocity

vector ~Vo lies, as shown in Figure 5.4-a. The avoidance is assumed to be conducted in
one of these planes, which is parameterized by the angle of rotation of the plane, φP,
around the vehicle X-axis. The VO set, therefore, is represented as a two-dimensional
cross sectional area, VOPφ. Since the VO is a right-cone, each VOPφs form a conic sec-
tion, as shown in the example of four Avoidance Planes where φP = −90o ,−45o ,0o and
45o , in Figure 5.4-b. By comparing between the resulting VOPφ, the ownship can choose
the most fitting plane for an optimal avoidance. Section III presents an example of a
strategy that includes an approach to choose between available avoidance planes.

The type of conic section can be determined by comparing the VO’s opening angle,
αvo , with the acute dihedral angle between the avoidance plane Pφ and the cone effec-
tive base. This angle, denoted as δPφ , is derived in equation (5.8), i.e.,

δPφ = arccos

~Dvo

dvo

 0
sinφP

cosφP

 . (5.8)

The conic section, therefore, is elliptical if δPφ <π/2−αvo , and hyperbolic otherwise.
Degenerate cases occur if additionally Avo lies on the corresponding Pφ, which trans-
forms the section into either a single point, a line, or into a triangular section. Physically,
this case indicates that the obstacle are moving on the chosen avoidance plane, and thus
an avoidance on this plane is less safer than others. Figure 5.4-b shows one example of
this degenerate case in the P45°, which results in a triangular section limited by the two
intersecting lines of the P45° and the VO cone surface.

To derive the conic-section in an arbitrary avoidance plane, this paper expresses the
VO cone parameters with respect to each avoidance plane (Pφ) reference using para-
metric equations, as presented in equations (5.9) through (5.14). Here, equation (5.9)
is a standard cone parametric equation in Euclidean space rotated to align it with the
~Dvo vector, forming the Collision Cone CC. Adding the intended VO apex translates the
cone into the Velocity Obstacle, as presented in equation (5.10). Finally, equation (5.11)

rotates the previous VO with respect to each avoidance plane Pφ, into the {xφvo , yφvo , zφvo}
coordinates. Hence, the equations are

 xcc

ycc

zcc

= Rθoi |ψoi

 a
a tanαvo cosβ
a tanαvo sinβ

 , (5.9)
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(a)

(b)

Figure 5.4: The Avoidance Plane illustration intersecting the VO, (b) Conic-sections of the VO cone on several
avoidance-planes.
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 xvo

yvo

zvo

=
 xcc

ycc

zcc

+~Avo , and (5.10)

 xφvo

yφvo

zφvo

= Rpφ

 xvo

yvo

zvo

 , (5.11)

where
0 ≤β< 2π, a ≥ 0, (5.12)

Rθoi |ψoi =
 cosψoi sinψoi 0

−sinψoi cosψoi 0
0 0 1

×
 cosθoi 0 −sinθoi

0 1 0
sinθoi 0 cosθoi

 , and (5.13)

RPφ =
 1 0 0

0 cosφP sinφP

0 −sinφP cosφP

 . (5.14)

The vertices in each avoidance-plane are derived by solving equation (5.11) for zφvo =
0, for every β. The resulting velocity obstacle conic section, denoted as VOPφ , is there-

fore simplified into a polygon formed by a finite set of vertices,
{

xvo , yvo
}

on the limiting
curves. This method is chosen instead of other methods for deriving the VOPφ due to
its simplicity and the required computational power, as compared to, for instance, the
derivation of an exact quadric function. Moreover, it is also possible to use the paramet-
ric derivation of the VOPφ from a Spz that is shaped other than a sphere, as long as the
vertices that form the effective base of the VO cone (or pyramid) are determined.

The parameter β in equation (5.9) is the free-parameter of the VO effective circu-
lar base, whereas a is the free-parameter of the generating lines of the cone, which is
bounded to be equal or greater than zero, to remove vertices that lie on the other nappe
of the cone. Both parameters are illustrated in Figure 5.4-a. For some cases of hyper-
bolic cross section, the bound of a can cause the omission of a significant part of the
VOPφ section. Therefore, an additional extrapolation function is required in this case, so

that the section can cover the reachable range of the ~Vo .
The vertices that form the VOPφ section in each Avoidance Plane Pφ are derived by

solving the xφvo and yφvo in equation (5.11), for zvo = 0. The following equation gives the
value of a for the non-degenerate cases:

a{zφvo = 0} =
Avoz cosφP − Avoy sinφP(

sinφP cosθoi +cosφP
)

sinψoi

+((
cosφP cosθoi − sinφP sinψoi sinθoi

)
sinβ

−sinφP cosψoi cosβ
)

tanαvo

(5.15)

The VOPφ for the degenerate cases can also be indicated using the numerator and
denominator of equation (5.15). If the numerator is zero, all VO generating lines cross the
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avoidance plane on its apex. In this case, the
{

xvo , yvo
}

pair is determined by the values
of β take produce a zero value for the denominator in equation (5.15). Zero, one, or two
real value root(s) can be obtained as the solutions, by which, together with the cone apex,
result in a single point, a straight line, or a triangular VOPφ section, respectively.

5.3. STRATEGY FOR A THREE-DIMENSIONAL AVOIDANCE
The proposed Three-dimensional Velocity Obstacle (3DVO) method are based on the
three-dimensional sets and criteria described in the previous section. This section gives
an example of a strategy using those definitions to generate a reactive avoidance ma-
neuver in three dimensions. This strategy resembles the two-dimensional avoidance
strategy in Ref.[75], with an additional step to select the safe Avoidance Plane.

5.3.1. AVOIDANCE ALGORITHM
The algorithm of avoidance is defined according to the condition of the ownship ve-
locity vector ~Vo with respect to the defined sets in the 3DVO method. The algorithm is
presented graphically in Figure 5.5, differentiated by the three modes of mission, avoid,
and maintain.

Figure 5.5: The Three-dimensional Velocity Obstacle method state diagram.

From a condition where the velocity vector is heading towards a designated goal,
~Vo = ~Vg oal , whenever the ~Vo is included in the corresponding VO, or fulfilling equation
(5.3), the ownship goes to the avoid mode. If the encounter is imminent (doi ≤ davo),
but the ~Vo is not included in any of the VO set, the ownship can keep its heading to-
wards its original goal in the maintain mode. In the avoiding mode, the ~Vo is updated
continuously in the direction to the surface of VO until it steps outside the set, where the
ownship is then switches to maintain mode. From maintain mode, the ownship might
need to switch back to the avoid mode due to an obstacle maneuver, if the encounter is
still imminent. Mission mode is restored whenever the encounters are no longer immi-
nent, i.e., doi > davo .
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In avoid mode, the ownship velocity vector is updated to a certain ~Vavo to get outside
of the velocity obstacle set VO. The original VO-method commonly updates the ownship
velocity to a point on the VO surface, denoted as the chosen escape point, ~Evo . This point
can be chosen based on various strategies, such as by accelerating or decelerating while
staying on the path, by turning without alteration of speed, or by simply choosing the
closest point from the current velocity. This paper focuses on providing an escape route
by pure turning with a certain rate of ωavo , until the velocity vector aligns with the ~Evo .
Hence, in a constant time-step ∆t , the ~Vavo is defined in equation (5.16), where εvo =
arctan

( Evoy

Evox

)
is the angle of the vector ~Evo , in the chosen direction, from the ownship

X-axis.

~Vavo =
[

cosΘ −sinΘ
sinΘ cosΘ

]
~Vo , whereΘ= argmin{|ωavo∆t | , |εvo |} . (5.16)

By using the avoidance plane, the ~Evo are determined in each plane as intersection
points between the VOPφ and the circle of ~Vo rotation, as shown in Figure 5.6. These
points are derived by solving the variables in equation (5.11) with zvo = 0, where the{

xφvo , yφvo

}
satisfies equation (5.17), i.e.,

(xφvo)2 + (yφvo)2 = |~Vo |2 (5.17)

There will be a maximum of four solutions for the ~Evo of the respective VOPφ . The
logical common choice from the four will be the one with the smallest εvo angle, which
corresponds to the subtlest maneuver to avoid. No (zero) solution can result under two
conditions: if either no part of the circle of ~Vo rotation is included in VOPφ or the whole
circle is included. The latter condition happens when the ownship is too close to the
obstacle, and should be prevented by conducting the avoidance maneuver well before
the condition occurs.

An additional precaution is added in the algorithm when handling multiple encoun-
ters with eight obstacles, which is to only use ~Evo points that are outside all other immi-
nent VOφs. This is shown in Figure 5.6-b for a multiple-encounters situation, where only

the two outermost points are valid ~Evo , from the total of six intersections of ~Vo with VOφ.

5.3.2. CHOOSING AN AVOIDANCE PLANE
To demonstrate the 3DVO method performance, this paper uses an example with twelve
Avoidance Planes, discretized evenly around the ownship X-axis, from −π/2 to π/2. The
ownship therefore can choose the best avoidance plane by comparing the angle of rota-
tion from the current velocity vector ~Vo to the ~Vavo point on the respective VOφ section.
The avoidance plane, however, can provide other information to refine this strategy, es-
pecially when taking into account the obstacle maneuvers.

Besides using the angle of rotation, the best Avoidance Plane can be chosen by con-
sidering the shape of the VOφ section. A degenerate triangular shape, for example, is
generally more dangerous than an ellipse or a circle, since it indicates that the corre-
sponding Avoidance Plane might be the same plane the obstacle is moving in. Hence
the avoidance maneuver can be nullified by an adverse movement of the obstacle. This
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(a)

(b)

Figure 5.6: Avoidance by pure turning on P0 for cases with (a) one obstacle, (b) multiple obstacles

danger can also happen in some case in avoidance on hyperbolic VOφ sections, due to
the intersection of the VOφ with the VO cone effective base.

For those reasons, the Avoidance Plane is chosen by weighing the danger of each
plane based on the shape of the VOφ section. Hyperbolic and triangular VOφ sections
are dropped, while ellipsoidal sections are preferable, and therefore the avoidance is
conducted in one of the Pφ that has the particular shape. Afterwards the choice of Pφ
is based on which plane can provide a ~Evo with the smallest rotation angle, εvo . Note
that eccentricity of the VOφ section is not used as a deciding factor (which would result
in a Pφ that provides a VOφ section closest to that of a circle), since it does not necessarily
correspond to the smallest εvo .

In case of multiple encounters, the avoidance plane is chosen from those that can
give a minimum level of danger based on the inclusion of ~Vo and the shape of VOφ, be-

fore deriving the one that has the smallest angle of rotation to a possible ~Vavo . Simi-
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larly to the single encounter case, avoidance-planes with triangular and hyperbolic VOφ

are dropped. It is possible that a hyperbolic or triangular VOφ resulted in an avoidance

plane, but does not include the ~Vo . This particular plane is also dropped and considered
more dangerous than those that have only ellipse sections.

5.3.3. AVOIDANCE TURNING RATE
Two parameters that need to be defined to apply the algorithm for 3DVO method are the
avoidance distance davo and the avoidance turning rate ωavo . The latter is required in
an imminent encounter conflict where the vehicle dynamics cannot be neglected. The
relationship between these two parameters can be viewed physically as the required ma-
neuverability (ωavo) for the available sensing capability (davo).

Consider an encounter between two vehicles, an ownship and an obstacle, initially
positioned at ~Xo(0) and ~Xi (0), respectively, as shown in Figure 5.7. This type of conflict
is considered as the worst avoidance scenario when, hypothetically, the avoidance had
to be done by turning to the opposite side of the obstacle Spz, or in this case, to the
left. Turning to the right, on the other hand, would require the minimum effort since
the vehicle is practically heading to the edge of the obstacle Spz. The radius required for
this hypothetical left turning is therefore the smallest compared to any other colliding
scenario, achievable with the largest value of avoidance turning rate, ωavo .

Figure 5.7: The worst scenario of conflict when the avoidance must be conducted by a hypothetical turn to
the opposite direction

From the initial point at t = 0, the ownship follows a circular path with radius ravo =
|~Vo |/ωavo , while the obstacle keeps its straight trajectory. The vehicles meet at t = T ,
where the ownship grazes the obstacle protected-zone, achieved by two conditions: the
ownship position, ~Xo(T ), is just at the edge of the Spz, and its vector of velocity ~Vo(T ) is
exactly tangential to that circle. This meeting condition is achieved when the value of
the ownship avoidance turning rate, ωa.cr is critical: if it is bigger, the avoidance path
will have some offset from the Spz edge and, if it is smaller, the ownship will penetrate
the protected-zone. The critical value of ωavo that is derived in this worst case scenario
should be able to ensure safety in any other conflict scenario.

The relation between the critical value of the avoidance turning rate, ωa.cr , and the
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avoidance distance davo , can be derived by splitting it into two parts, the ownship part,
do , and the obstacle part di . The former is derived using the critical conditions, which
implies that the center of the circular avoidance path, the point of grazing, ~Xo(T ), and
the center of the Spz lie on one straight line. A right triangle, therefore, can be formed
with ravo + rpz as the hypotenuse and ravo − rpz and do as the legs. Hence do can be
expressed as a function of the conflict geometry, as presented in equation (5.19). The
davo is then solved as the hypotenuse of the triangle with do and the Spz radius as the
legs, as presented in equation (5.18).

The obstacle part of the avoidance distance, di , is a straight line that can be derived
using the obstacle speed |~Vi | and time, as expressed in (5.20). The time here has to
match the time required by the ownship to reach point ~Xo(T ) from its initial position.
To derive the required time, the ownship ~Vo rotation can be used as follows: from the
initial heading, ψo(0) = 0, the ownship rotates using a constant turning rate ωavo un-
til ψo(T ) = ωavoT , which corresponds directly to the opposite angle of do , in the right
triangle before. Equation (5.21) expresses the time in terms of the turning rate and the
encounter geometry. Hence,

davo =
√

(do +di )2 + r 2
pz , (5.18)

do =
√

(ravo + rpz )2 − (ravo − rpz )2 = 2

√
|~Vo |rpz

ωavo
, (5.19)

di = |~Vi |T, (5.20)

where

T = 1

ωavo
arctan

(
do

ravo − rpz

)
= 1

ωavo
arctan

(
do

|~Vo |/ωavo − rpz

)
. (5.21)

Figure 5.8 shows the relation between the avoidance distance davo and the critical
value of the avoidance turning rate ωa.cr , for the worst-case scenario explained before.
The resulting curve is somewhat similar to the graph of the same parameter in Ref [75],
which is obtained using a different method. The graph can also be viewed as a simpli-
fication of the Reachable Avoidance Velocity set (RAV)[22], or the command parameter
space[122, 124] employed in previous VO-method. In this case, the ownship need to
choose an avoidance preference, i.e., by choosing a combination of davo and ωavo , that
is above the ωa.cr curve.

Figure 5.8 is derived for a constant ownship speed, |~Vo |, of 5 m/s, facing head-on
obstacles with speeds, |~Vi |, from 5 to 10 m/s. The required turning rate increases with
obstacle speed, which suggest that to provide an adequate turning rate, the ownship
needs to estimate first the speed of obstacle it might encounter during its operation.
Furthermore, ωa.cr increases exponentially with davo and practically sets a minimum
distance of avoidance for a range of obstacle speeds. For instance, if it is estimated that
the obstacle has speeds greater than 10 m/s, avoidance at 5 m from the obstacle by a pure
turning would be impossible. These resulting ωa.cr and the corresponding avoidance
distances are used in the 3DVO method implementation, presented in the next section.
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Figure 5.8: The curve of the critical avoidance turning rate, ωa.r , along the corresponding avoidance distance
davo

5.4. IMPLEMENTATION
To evaluate its performance, the Three-dimensional Velocity Obstacle (3DVO) method
and the proposed strategy are implemented in three different simulated cases. These
cases are designed to test the method on generating three-dimensional resolutions, on
handling maneuvering obstacles, and on handling multiple encounters. Each vehicle is
modeled as a point-mass with designated initial velocity vector in the Euclidean space,
moved in a constant time-step, ∆t = 0.1 second. Note that to focus more on the method
performance, these simulation does not include the dynamics of the vehicles, or the ef-
fect of the environment, e.g., wind and gravity.

Each vehicle independently generates conflict resolutions using the 3DVO method,
based on their own detection of encounters in proximity. This detection includes the
measurements for both ownship’s and obstacles’ states, which are listed together in Ta-
ble 5.1, along with the assumptions used in the simulations. Every parameter is acquired
seamlessly in every time-step, without delay or errors.

The simulations are presented in a global frame of reference, such as shown in Fig-
ure 5.9, where each protected zone, Spz, is represented by a sphere with radius rpz = 1
meter, and each velocity vector is visualized with a small cone. Note that the time slices
in the frames are not ordered uniformly, instead, they are selected such that they show
important phases of the simulation progression.

5.4.1. TWO VEHICLES CONVERGING

Figure 5.9 shows the simulation of the case that has been used to explain the 3DVO
method in previous sections, shown in Figure 5.2 to 5.3. This case serves as a proof of
concept and the strategy of the 3D resolution generation using the avoidance planes.
Two conflicting vehicles are involved, where the ownship is using the 3DVO method and
conducts avoidance at davo of 10 meters and the obstacle stays on its initial flight path.
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Table 5.1: Parameters required in the 3DVO method implementation

Parameter Notes and Assumptions Unit
1 Ownship Position ~Xo Treated as the origin for all 3DVO imple-

mentation
[m]

2 Ownship Velocity ~Vo On ownship body axis, therefore only re-
quires the initial speed, |~Vo |

[m/s]

3 Avoidance distance, davo Avoidance distance preference for each
vehicle is explicitly stated in each simu-
lation setup

[m]

4 Avoidance turning rate,
ωavo

Avoiding turning rate is set at 10% above
ωa.cr , corresponding to the preference of
davo , as presented in Figure 5.7

[m/s]

5 Obstacle-i position, ~Xi Derived from the obstacle’s angular posi-
tion, i.e., the distance doi , azimuth ψoi ,
and elevation θoi angle, from the own-
ship axis

[-]

6 Obstacle-i velocity, ~Vi Obstacle-i absolute velocity, referred to
the ownship axis

[m/s]

7 Obstacle-i possible turning
rate, ωi

For the derivation of the Buffer Velocity
set BV. Assumed to be the same as the
ωavo of the ownship

[-/s]

8 Radius of protected-zone,
rpz

Every vehicle in the simulation assumes 1
meter as the radius of the protected-zone

[m]

Both vehicles move at 5 meters/second in a straight line, heading to a point far away
from the initial position.

From the twelve avoidance planes provided by the 3DVO method’s strategy, four
avoidance-planes, i.e., P−90°, P−45°, P0°, and P45°, are shown. For each plane, both right
and left turning are tested, making a total of eight resolution paths for the encounter
case, as shown in a composite time-lapse frame in Figure 5.9. Every resolution suc-
cessfully avoids the obstacle, as shown by the distance between the two vehicles in Fig-
ure 5.10-a. An offset from the obstacle rpz results from the use of the buffer velocity set.

Figure 5.10-b shows the ownship drifting distance over time on each plane and each
direction of avoidance. The figure shows almost the same maneuvering slope for ev-
ery generated resolution. The vehicle’s drift from its initial path can be evaluated by
calculating the total path length of the drifting profile, ∆l , as shown in the inset of the
Figure 5.10-b. The value can be used to determine the efficiency of the avoidance ma-
neuver. By comparison, turning to the right on P45° is the least efficient way to avoid for
the encounter case. The more efficient way of avoidance is resulted by turning to the left
on P45°, P0° and P−45°, or by turning to the right on P−90° and P−45°, each differentiated
by just a small margin. These results correspond to the VOPφ section of each avoidance
plane, shown in Figure 5.4-b, where the least efficient avoidance happens on the plane
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Figure 5.9: Simulation-1: The same case shown in Figure 5.2. Several choices of avoidance plane are given,
P−90°, P−45°, P0°, and P45°

that has a triangular VOPφ section, P45°.

As a reactive avoidance method, the 3DVO is less computationally intensive com-
pared to optimal control approaches, which require many iterations across control pa-
rameters for just one resolution. In contrast, compared to a simpler reactive method
such as a basic PF-method that only requires one matrix summation from the obstacle
relative position, the 3DVO is slower. However, the 3DVO process only starts when the
criteria in equation (5.7) are fulfilled, while the basic PF-method, such as presented in
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(a)

(b)

Figure 5.10: Simulation-1: (a) Distance between vehicles and (b) ownship drifting from original path

[117], starts whenever the vehicles are close enough, even for cases without possibility of
collisions. This indicates that the 3DVO is more efficient in terms of the resulting avoid-
ance path.

If an ownship only has a certain predefined avoidance plane to escape, e.g., always
turn on its horizontal plane, then the only calculation is the criteria check in equation
(5.7). The results are then used to determine the ownship states as depicted in Figure 5.5.
On the other hand, when the ownship needs to decide which, among the available Avoid-
ance Planes, is the best for the escape maneuver, the complexity of the 3DVO method in-
creases. For this case, it requires four steps to determine a resolution, one of which con-
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sist of a series of matrix manipulations (one summation and two multiplications). This
step depends directly on the number of vertices involved when determining the VOPφ ,
and on the number of available Avoidance Planes. The simulations in this research use
at most 36 vertices and twelve Avoidance Planes, for which the number of calculations
is still far less than the number of iterations across parameters in an optimal control
scheme for avoidance, such as dynamic programming[8].

5.4.2. MULTIPLE HETEROGENEOUS CONFLICTS
This simulation tests the overall capability of the 3DVO method: generating resolutions
in a multiple and dynamic encounter situation. Here, eight vehicles are tested in a cube-
like setup, as shown in Figure 5.11. Each sphere in the figure represents half the radius of
the protected-zone to conserve the visualization of the collision, such that vehicle colli-
sions are shown by two touching spheres, instead of two coincident spheres. This setup
is a three-dimensional extension of the eight-vehicle super-conflict case used in previ-
ous studies [39, 75, 87], which tested the two-dimensional collision-avoidance method.

Figure 5.11: Simulation-2: Multiple 3-dimensional conflicts, in randomly heterogeneous setup.

The vehicles in this simulation are heterogeneous, meaning that each of them has
a different speed, |~V |, and a different preference of where to start the avoidance, davo .
The speed of each of the vehicles is uniformly randomized within a range of 5 – 10 me-
ters/second. Furthermore, the davo is uniformly randomized as well, within 10 - 15 me-
ters, with avoidance turning-rate, ωavo that is 10% higher than the critical turning rate
shown in Figure 5.8. The initial positions in the cube are selected along the respecting
space diagonals, to make all vehicles reach the center of the cube at the same time.

The 3DVO method and strategy are used in each vehicle, which enable it to avoid oth-
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ers by turning on one of the twelve possible avoidance-planes. With all vehicles avoiding
in a random and uncoordinated manner, the situation becomes dynamic: each vehicle
is facing obstacles that can change direction at an arbitrary time. Figure 5.11 shows one
example result of the random scenario.

The simulation shows that the heterogeneous setup produces a variation of resolu-
tion maneuvers, which ultimately resolves the conflict independently for every vehicle.
The work of the 3DVO method can be represented by the change of the flight path and
the heading angle, as shown in Figure 5.12. Here, each vehicle has a different preference
of avoidance, with vehicle 3 and 5 having the biggest change of direction. The dynamic
situations are shown by the modes of the vehicles, where the avoidance mode occurs
more than once for some of the vehicles. The change of direction between the avoid-
ance modes also demonstrates the variation of the avoidance-plane chosen during the
maneuver, exploiting the three-dimensional space.

Figure 5.12: Simulation-2: Changes of vehicles directional angle and the modes of the 3DVO method, during
avoidance

5.4.3. 3DVO METHOD VALIDATION
This third implementation is used to validate the performance of the 3DVO method in
generating three-dimensional resolutions for various three-dimensional conflicts by us-
ing Monte Carlo simulations. The eight-vehicle super-conflict scenario in the previous
subsection is used again with an additional random factor for the vehicle position. As
shown in an example in Figure 5.13, besides the vehicle speeds and the avoidance dis-
tances, the unit vector of the positions, x̂, ŷ , and ẑ, are also uniformly randomized,
while keeping each octant of the Euclidean space having one representative vehicle. The
space-diagonal paths for each vehicles, therefore, vary in orientation and thus results in
more stressful scenarios than those in the previous subsection. The initial positions are
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then adjusted to force all vehicles to reach the origin at the same time. Moreover, an
exception is added to drop any generated scenario that starts with two vehicles or more
that are already in an imminent encounter, or in a collision.

Figure 5.13: Simulation-3: Initial parameter randomization setup for the super-conflict scenarios

For a limited time frame, the expected value of collision probability and its variance
are calculated using equations (5.22) and (5.23). Along with the complete 3DVO method
simulation, five other variations of the method are also tested for comparison, as listed
in Table 5.2. The last row of the table presents the results of the PF-method implementa-
tion to the super-conflict setup, in order to have have an exact comparison of the 3DVO
with other reactive methods. It should be noted, however, that the PF-method[117] im-
plemented is only in its most basic form with a 3D realization, i.e., adding a negative gain
to the ownship velocity vector based on the relative position of each imminent obstacle.

A total of 25,000 different initial condition samples, NMC , are considered. The num-
ber is selected by observing the convergence of the expected value of Pcol results for each
series of the simulations. A collision is marked when at least two vehicles have a distance
less than the designated radius rpz = 1 meter, where the simulation is stopped and added
to the collision occurrence, Ncol . Any collision that may occur afterwards is neglected.
Equation (5.24) gives the precision of the Monte Carlo runs with a 99.95% confidence
interval. Note that the result does not follow one vehicle in particular, but rather the
general probability in the airspace sample. The equations to derived the Monte Carlo
parameters are

E [Pcol ] = 1

NMC

NMC∑
i=1

ncoli , (5.22)
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σ2
col =

1

NMC

NMC∑
i=1

(
ncoli −E [Pcol ]

)2 , and, (5.23)

Pcol = E [Pcol ]± 3.3σcolp
NMC

. (5.24)

The result of the Collision Frequency is presented in Table 5.2. It is shown that two-
dimensional avoidance is not enough to solve a three-dimensional uncoordinated con-
flict. The use of multiple avoidance planes, which exploits the three-dimensional space
more, gives a lower collision occurrences even without considering the obstacle maneu-
ver. However, it is shown that the use of the Buffer Velocity for the collision reduction
is more effective than the addition of Avoidance Planes. Ultimately, the 3DVO method
and the proposed strategy resulted in zero collision occurrence for the 25,000 samples
of random three-dimensional, uncoordinated, dynamic multiple conflicts. The proba-
bility of collisions, however, cannot be determined within the tested samples due to the
insufficient variation of results.

Table 5.2: Comparison of collision occurrences in various method, for the 25,000 random samples

Me- Predefined BV Collision Collision note
thods Avoidance Plane add Occurrence Probability

1 XY-plane NO 1428 5.75 ± 0.48 % VO-method
2 XY-plane YES 260 1.04 ± 0.21 %
3 XY & YZ -planes NO 386 1.52 ± 0.26 %
4 XY & YZ -planes YES 23 0.09 ± 0.06 %
5 12 planes (distributed) NO 256 1.02 ± 0.21%
6 12 planes (distributed) YES 0 not available 3DVO
7 - - 4521 18.03 ± 0.80 % basic PF-method

The basic PF-method result is evidently inferior, even if it is compared with the two-
dimensional VO-method. This, however, is expected since the basic PF-method is not
designed either for multiple encounters, or for dynamic maneuvering obstacles.

5.5. CONCLUSIONS
This paper described a novel conflict resolution method called the Three-Dimensional
Velocity Obstacle (3DVO) method. The method is designed to generate a reactive three-
dimensional avoidance maneuver for an Unmanned Aerial Vehicle (UAV) to resolve three-
dimensional conflicts. The method takes into account uncoordinated obstacle move-
ment, as well as multiple obstacle encounters. The overall 3DVO method performance
has been demonstrated using a series of simulations, which resulted in zero collisions
for all given conflict scenarios.

The performance of the 3DVO method is the result of three key features: the addi-
tion of the Buffer Velocity zone, the concept of the Avoidance Planes, and the derivation
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of the required avoidance turning-rate. The Buffer Velocity zones ensures safety of the
UAV when facing obstacles with adverse movement during the avoidance process. The
Avoidance Planes enables the three-dimensional exploitation that reduces the frequency
of collision. These planes can be linked directly to the maneuverability of the UAV. Lastly,
the required avoidance turning rate derivations give a quantitative relationship between
the UAV maneuverability (turning-rate) and available sensing capability (avoidance dis-
tance). This relationship can be used to determine a safety measure in UAV design.

While the 3DVO method shows many promising results, there is still room for im-
provement. The method has yet to be tested in higher-density super-conflict cases. The
influence of uncertainty has yet to be considered, which is necessary for conflict sce-
narios that assume the use of on-board sensors. Real-life flight testing is also required
before the 3DVO can be considered ready to be implemented in a UAV. Nevertheless, the
3DVO method has been demonstrated and performed as intended to aid UAV’s Conflict
Detection and Resolution system, towards its integration into the airspace system.
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DISCUSSION, CONCLUSION, AND

RECOMMENDATION

Its time to see what drones can do,
to test their limit and breakthrough,

no right no wrong no rules for them, they’re free...
Let them go!

Elsa of Arendelle (mod.)

Interconnecting discussions of results are presented in this final chapter, based on the re-
search performed throughout previous chapters, along with a brief reflection on the situ-
ation at the time the research ended, in mid 2016. Following those discussions, final con-
clusions and recommendations are drawn to conclude this entire research, which aims to
define and evaluate systems for detecting and resolving possible mid-air conflicts of Un-
manned Aerial Vehicles, specifically to support safe beyond visual line-of-sight operations
in an integrated airspace. The chapter closes this dissertation with several suggestions for
the continuation of this research.
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6.1. DISCUSSION

T
HIS dissertation started off with the definition of four research problems that pre-
vent the realization of a safe integration of Unmanned Aerial Vehicles (UAVs) into
the airspace system. Those problems, i.e., the airspace incompatibility, the UAV

Conflict Detection and Resolution (CD&R) system diversity, the safety analysis difficulty,
and the autonomous CD&R inadequacy, are all included in the main goal of this disser-
tation, written again in this section as follows:

To define and evaluate systems for detecting and resolving possible mid-
air conflicts of Unmanned Aerial Vehicles, specifically to support safe be-
yond visual line-of-sight operations in an integrated airspace.

The goal is achieved within the four main chapters of this research with the definition
of a taxonomy for UAV CD&R protocols along with a proposition of a multi-layered ar-
chitecture for its implementation in Chapter 2, with an evaluation of safety using Monte
Carlo simulations in a high density airspace in Chapter 3, and with the introduction of
two novel CD&R algorithms for UAV Beyond the Visual-Line-of-Sight (BVLOS) opera-
tions in Chapters 4 and 5. This section discusses how the research problems are tackled
by analyzing the interconnected results and conclusions of the chapters, along with a
brief reflection on the current situation (mid 2016). An extra subsection is added, in the
end of this section, to present discussions about the main methodology used throughout
this research.

6.1.1. ON AIRSPACE INCOMPATIBILITY
Compared to back in mid 2011, when this research was initiated, UAVs are increasingly
getting exposed to the general public. Regulations, as well as experiments, have been
made which steadily define UAVs’ airworthiness and widens their area of operations.
Operator awareness of the regulations is also increasing as shown by the decline of drone
sightings in unwanted areas, such as near to runways1, and the booming of registered
drone owners, which have outnumbered the plane and helicopter owners2. At the same
time, drone advocacy groups, consisting of many big player such as Alphabet’s Google X,
and Amazon Prime Air, help to push regulatory policies to allow UAV operations, espe-
cially for BVLOS3.

The current airspace system is still incompatible for UAVs, as indicated by the non-
existence of commercial BVLOS operations, while on the other hand, the VLOS UAVs
are flourishing. The main problem remains the same, that the procedures of CD&R, in
the current (manned-flight) airspace management, are unfamiliar with how UAVs oper-
ate. As the newcomer, efforts to lessen the incompatibility should be more on the UAV

1McFarland, M. "Why America’s drone problem may not be as bad as some think", June 2016,
retrieved June 2016 from https://www.washingtonpost.com/news/innovations/wp/2016/06/07/
why-americas-drone-problem-may-not-be-as-bad-as-everyone-thinks/

2Blake, A. "Drones registered with FAA outnumber manned aircraft at 325,000 and growing", Febru-
ary 2016, retrieved June 2016 from http://www.washingtontimes.com/news/2016/feb/9/
drones-registered-with-faa-outnumber-manned-aircra/

3Vanian, J. "New Drone Advocacy Group Launches With Cisco and CNN as Members", May 2016, retrieved
June 2016 from http://fortune.com/2016/05/03/commercial-drone-alliance-cisco-cnn/

https://www.washingtonpost.com/news/innovations/wp/2016/06/07/why-americas-drone-problem-may-not-be-as-bad-as-everyone-thinks/
https://www.washingtonpost.com/news/innovations/wp/2016/06/07/why-americas-drone-problem-may-not-be-as-bad-as-everyone-thinks/
 http://www.washingtontimes.com/news/2016/feb/9/drones-registered-with-faa-outnumber-manned-aircra/
 http://www.washingtontimes.com/news/2016/feb/9/drones-registered-with-faa-outnumber-manned-aircra/
http://fortune.com/2016/05/03/commercial-drone-alliance-cisco-cnn/
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side, and therefore, adopting the current procedures of CD&R is the key requirement to
a safe integration. This is the original reason of this dissertation in proposing an exhaus-
tive multi-layered architecture for UAV CD&R system, indicating the relevancy of this
research to the current situation. This architecture consists of layers, containing CD&R
methods that are compatible and known with the manned flights, while also embracing
those that are unique to UAV flights. Six layers are defined based on a comprehensive
taxonomy, denoted as: (1) Procedural, (2) Manual, (3) Cooperative, (4) Non-cooperative
(5) Escape, and (6) Emergency, ensuring that even in cases when an outer layer fails,
there are still inner layers available to maintain safety.

Therefore, the proposed CD&R architecture from Chapter 2 can be an appropriate
way to accelerate the integration process for commercial BVLOS UAVs. This view is in
accordance with the project at NASA’s Ames Research Center4 that tests the first nation-
wide UAVs Traffic Management (UTM) system, which is able to track simultaneously 24
UAVs flying within Visual-Line-of-Sight (VLOS) in the lower airspace. The experiment
apparently also demonstrates the first two layers of the proposed CD&R architecture,
i.e., the Procedural and the Manual Layer. The remaining layers appear to match the
project as well, as it will gradually test other capability levels including cooperative and
non-cooperative safety assurance, and specific tasks for UAVs, such as news gathering
and package delivery. The end result of this project is planned to be transferred to the
FAA in 2019, which will be a great milestone in the progress of eliminating the incompat-
ibility of UAV flights.

Furthermore, with the NASA UTM project continuation that will involve BVLOS flights,
the results of Chapter 3 might give some insight on how the experiment can be con-
ducted. For an area as large as the whole United States (9.8 million kilometer-square),
using 24 UAVs are actually very conservative, since, according to the result in Chapter
3, for just an area with 8000 kilometer-square such as the sky above the city of New
York Metro, there can exist 57 UAVs flying in one altitude level, while maintaining a cer-
tain Target Level of Safety (TLS) requirements of less than 10−2 Near Mid Air Collision
(NMAC) occurrences [7]. Therefore, testing a more localized UTM with higher density of
UAV traffic is recommended.

6.1.2. ON UAV CD&R SYSTEM DIVERSITY
Currently, the diversity of CD&R preferences apparently only exists in research labs, since
most of the available commercial UAVs rely only on their pilot for the task of mitigating
conflicts and collisions. As the consequence of VLOS flight limitation, there is practically
no need to have an autonomous CD&R system on-board, let alone one that is uniquely
optimized for each UAV. While there is indeed a variation of pilot skills and UAV perfor-
mance, the concern of diversity is not actualized yet to be managed or standardized.

The taxonomy in Chapter 2 is proposed more to anticipate the probable CD&R diver-
sity in the future, once BVLOS flights of UAVs in the airspace are allowed. This situation is
very much plausible due to at least three reasons. Firstly is due to the availability of vari-
ous research in the CD&R systems, as it is presented in Chapter 2. Moreover, new CD&R
approaches are constantly emerging with the innovation of airframes and sensors. The

4Atherton, K. D. "NASA is making a drone-traffic control system", April 2016, retrieved June 2016 from http:
//www.popsci.com/nasa-drone-traffic-control

http://www.popsci.com/nasa-drone-traffic-control
http://www.popsci.com/nasa-drone-traffic-control
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second reason is the increasing interest on UAVs by ’big players’, such as Alphabet, Ama-
zon, Cisco, and CNN, which have also assembled as an advocacy group3 with a main
agenda to push for regulatory policies for their (various) BVLOS operations. Thirdly is
the increasing value of the UAV industry in the world market, predicted to increase to
$127 billion by the 20205, which in end attracts even more interested parties.

The proposed taxonomy, therefore, can aid both developers and authorities in decid-
ing whether a UAV has an adequate CD&R system or not. Since it classifies approaches
based on factors that directly affect the airspace management, the taxonomy can de-
termine the role of a CD&R system in an overall mission, identifying redundancies, and
spotting the system incompatibilities for an integrated airspace. For example, a system
that uses the Potential Field Method [18–20] with a LASER range finder [12], a system
that uses Visual Servoing method [21] with a camera, and a system that uses Velocity Ob-
stacle Method[22–26] with an ultrasonic sensor [10], are in the same category of CD&R
systems as long as they are autonomously avoiding obstacles in close range without any
coordination.

Within a category in the taxonomy, however, variations on the detection and ma-
neuver can still exist, for instance, the accuracy of a camera can differ from that of an
ultrasonic sensor, or, while using the same Velocity Obstacle Method, the turning rate
of two vehicles can vary. Hence, the CD&R variation across vehicles is an inseparable
part of the heterogeneity of the future integrated airspace. This characteristic is featured
in every simulation in Chapter 3 to derive safety parameters, and in Chapter 4 and 5 to
validate the newly introduced SVO and 3DVO method, respectively.

6.1.3. ON UAV CD&R SYSTEM SAFETY
The fact that current regulations have not been easy for BVLOS flight reflects on the lin-
gering dubiety in the safety of UAV operations from authorities and, by extension, the
public. General media are rarely in favor of UAVs, as shown by many reports on drones
flying too close to a passengers plane near airports6, or drones that obstruct firefighter’s
responding aircraft, which lead to a campaign ‘if you fly, we can’t’ in California7. At the
same time, many anti-UAV measures are being developed, such as the anti-drone guns8,
or the drone catching eagles9.

To prove BVLOS flight safety, it is dubbed that the CD&R system needs to be able
to reach a certain Target Level of Safety (TLS), which should be better or equivalent to
the safety of manned-flight[7]. The exact quantitative value of the TLS and what tests
need to be conducted on a CD&R system to demonstrate its fulfillment, however, have
not been mentioned in any regulatory document. Only pilots are currently the subject

5Moskwa, W., "World drone market to near $127 billion in 2020", May 2016, retrieved May 2016 from http:
//www.sltrib.com/home/3871762-155/world-drone-market-to-near-127

6Bachman, J., "Drones Are the New Threat to Airline Safety", April 2016, retrieved June 2016 from http://www.
bloomberg.com/news/articles/2016-04-04/drones-are-the-new-threat-to-airline-safety

7Zorthian, J., "Drones Are a Big Problem for Firefighters Battling Massive Blazes", June 2016, retrieved June
2016 from http://time.com/4383769/drones-firefighters-wildfires/

8Novak, M., "These Anti-Drone Guns Are The Future of Messing With Your
Neighbors", May 2016 in retrieved June 2016 from http://gizmodo.com/
these-anti-drone-guns-are-the-future-of-messing-with-yo-1777086208

9Castle, S., "Dutch Firm Trains Eagles to Take Down High-Tech Prey: Drones", May 2016 retrieved June 2016
from http://www.nytimes.com/2016/05/29/world/europe/drones-eagles.html

http://www.sltrib.com/home/3871762-155/world-drone-market-to-near-127
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http://www.bloomberg.com/news/articles/2016-04-04/drones-are-the-new-threat-to-airline-safety
http://www.bloomberg.com/news/articles/2016-04-04/drones-are-the-new-threat-to-airline-safety
http://time.com/4383769/drones-firefighters-wildfires/
http://gizmodo.com/these-anti-drone-guns-are-the-future-of-messing-with-yo-1777086208
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of certification10, started in the end of 2016, which is to be expected since, during VLOS
flight, the main system to mitigate collisions is, in fact, the pilot.

Hence, at the current moment, the only source of TLS quantification for UAVs flight
is the research on safety analysis [7], including the method presented in Chapter 3. The
main parameter commonly used to measure safety, is the frequency of the Near Mid-Air
Collisions (NMAC) under the effect of a CD&R protocols. Due to the heterogeneity in the
airspace, this parameter is difficult to obtain analytically, that this research utilizes an
exhaustive series of Monte Carlo simulations instead. The simulation is conducted in a
high density situation in order to converge the results rapidly in a reasonable number of
samples. A Similar simulation method is also employed in the validation process of the
methods introduced in Chapter 4 and 5. This dissertation proposes a target of NMAC
occurrences to happen less than 10−2 per hour, taken from the equivalent value in the
history of manned flight.

As presented in Chapter 3, the distributed cooperative CD&R protocol is able to in-
crease the maximum number of operating UAV in one flight level to almost ten times
the number when no CD&R is applied, in order to maintain the NMAC frequency below
the TLS requirement. A city like Chicago that has an area of more than five-thousand
kilometer-square can have 45 UAVs flying independently at one altitude, and can be a
whole lot if airspace flight levels are applied, such as described in [101] The much better
result for the cooperative protocol in the chapter, compared to the non-cooperative one,
also justifies the necessity of order in the airspace, which in this case is the implementa-
tion of the Right-of-way rules [86].

Simulation results, however, are not enough for public and authority to remove all
their lingering doubts about UAV operational safety in an integrated airspace. Experi-
ments, such as conducted by NASA4, are commonly more trusted and acceptable. There-
fore, each results in this dissertation need to be reinforced with experimental conjugates,
which already can be realized using the various test sites all over the globe. Since a full
experiment for simulations, such as in Chapter 3, can be extremely unpractical, combi-
nations of simulations and experiments is required to complement each other into one
specific procedure to accurately measured the performance of a CD&R protocol.

6.1.4. ON AUTONOMOUS CD&R SYSTEM INADEQUACY

Naturally, since they are not yet allowed to operate except within VLOS, there are not
many examples of autonomous CD&R systems in current commercial UAVs. One of
the very few examples is DJI’s Geofencing feature, which automatically prevents their
drones to fly or take off in locations that raise safety or security concerns, determined
from a continuously updated on-line map11. DJI also has embedded an object detec-
tion and automatic avoidance ability for its newest drone, the Phantom 4, relying on
forward-facing cameras that can recognize large objects12. The particular system works,
regardless of the pilot skills, accurately in forward flying, but not as reliable in any other
directions, as well as against small objects such as power lines. Despite these imperfec-
tion, the Phantom 4 is among the first commercial drones with a working autonomous

10Liptak, A., "The FAA Relaxes Some Rules For Commercial Drone Pilots", 2016, accessed June 2016, http:
//gizmodo.com/the-faa-relaxes-some-rules-for-commercial-drone-pilots-1768692392

http://gizmodo.com/the-faa-relaxes-some-rules-for-commercial-drone-pilots-1768692392
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CD&R system, which opens a lot more possibilities in its future development.

The examples reveal the underlying mindset of most of the UAVs CD&R system de-
velopments that are only optimized for a flight in a secluded area, instead of considering
the characteristics of integrated airspace, as listed in Chapter 2. Presented also in the
same chapter, a similar mindset is also present in the studies of autonomous CD&R sys-
tems, where most of the proposed methods are commonly focused on avoiding static
obstacles in indoor applications. Some of them that actually focuses on dynamic obsta-
cles, mostly only being demonstrated to avoid vehicles of the same type and with the
same protocol, such as a swarming maneuver. This tendency persists mainly because
VLOS UAVs, those that are allowed, do not really need such autonomous CD&R systems,
and instead, they can rely solely on the pilot capability.

In order to change the mindset of secluded airspaces, this dissertation develops and
tests two new CD&R algorithms based on the characteristics of the integrated airspace as
listed in Chapter 2. The first algorithm is the Selective Velocity Obstacle (SVO) method,
introduced in Chapter 4, an extension of the VO-method with additional criteria for im-
plicit coordination. This CD&R method is developed based on the unlikeliness of the
future airspace to exist without some sort of order, such as implementing common rules
of the air. Chapter 5 introduces the Three-dimensional Velocity Obstacle (3DVO) method
that represents the VO-method in three-dimensional space to obtain a much wider pos-
sibility for resolutions. Furthermore, taking account of a possibly uncoordinated en-
counter in the airspace, the 3DVO is equipped with an additional algorithm to anticipate
adverse movements of the obstacle. These SVO and 3DVO methods are validated com-
prehensively using series of Monte Carlo simulations in a heterogeneous airspace, where
speeds and avoidance preferences vary across vehicles.

Nevertheless, several experiments that do consider the integrated airspace charac-
teristics have also been conducted in recent years, by cooperation between authorities
and hopeful companies. The Pathfinder project by the FAA13, for example, collaborates
with PrecisionHawks, one of the few companies they are currently working with, in test-
ing the safety of its agricultural UAV and at the same time, building more acceptable
regulations for BVLOS operation. The drone is accompanied by a Low Altitude Track-
ing and Avoidance System (LATAS), an ADS-B based dynamic on-board data system that
can automatically guide the drone to land or turn if it gets too close to a forbidden area,
or if a conventional aircraft suddenly appears. Another example is the experiment in
Europe under the guidance of the Single European Sky ATM Research (SESAR) initia-
tive14, focuses on ADS-B system based self-separation ability of several UAVs with ad-
dition of one manned-aircraft. The latest is the nationwide experiment conducted by
NASA Ames4 that has a similar idea to the multi-layered architecture proposed in Chap-

11Leswing, K., "Why Your Drone Can’t Fly Near Airports Anymore", November 2015, retrieved in June 2016
from http://fortune.com/2015/11/18/dji-geofencing-airport/

12Gilbertson, S., "Review: DJI Phantom 4", April 2016, retrieved in June 2016 from http://www.wired.com/
2016/04/review-dji-phantom-4/

13Atherthon, K.D., "FAA tests system to let drones Sense and Avoid obstacles", November 2015, retrieved in
June 2016 from http://www.popsci.com/faa-tests-drone-obstacle-avoidance-system

14Stevenson, B., "UAVs and MSA carry out Spanish self-separation tests", May 2016,
retrieved in June 2016 from https://www.flightglobal.com/news/articles/
uavs-and-msa-carry-out-spanish-self-separation-tests-425693/

http://fortune.com/2015/11/18/dji-geofencing-airport/
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ter 2, that is, instead of only relying on one CD&R approach, UAVs can have multiple
layers of safety that stretch from a centralized UTM system to an independent sense and
avoid system. The SVO and 3DVO methods, therefore, can be a part of this experiment
to support cooperative and non-cooperative BVLOS flights, which are already planned
as the continuation of the experiment for the end of 2016.

6.1.5. ON RESEARCH METHODOLOGY

There are two methodologies that keep recurring in the previous discussions and be-
come the mathematical core of this dissertation in achieving its main goal. The first is the
Velocity Obstacle method (VO-method) [22–26] that is the base of all CD&R algorithms
proposed in this dissertation. The second methodology is the Monte Carlo simulation
that is used to test and validate the premises of all CD&R methods in the chapters.

THE VELOCITY OBSTACLE METHOD

Instead of generating one specific solution, the main feature of the VO-method is provid-
ing avoidance criteria to determine whether an ownship is in a conflict or not. Maneu-
vers for avoidance, therefore, are generated based on that criteria, in conjunction with
the ownship dynamics and a chosen strategy. In this dissertation, the ownship dynamics
are represented by a fix turning rate value, while the strategy is determined by the start-
ing point of avoidance and the intended Closest Point of Approach (CPA). Heterogeneity,
therefore, can easily be modeled by diversifying those parameters in each vehicle, on top
of the already diverse initial speeds and headings. The maneuver generated is a reactive
maneuver, which is based only on the instantaneous encounter geometry, i.e, the po-
sitions and velocities of every involved vehicle, without any prediction or optimization
processes.

In the UAV domain, as well as in general robotics, the VO-method is not as popular as
its peers in the autonomous reactive avoidance methods, especially compared to meth-
ods such as the Potential Field method or the Optical Flow (or Visual Servoing) method.
One of the reasons is because it is commonly regarded as a visualization tool of relative
constraints between encountering vehicles, rather than a generator of specific avoidance
directives. Another reason is that the method requires two states from the obstacle, i.e.,
the position and velocity, which warrants either more sensors on-board, or more com-
putational time for an additional derivative process. Hence, the VO-method, and other
methods with similar traits, are more common in the field of displays and instruments
that rely on a dependent surveillance system, such as radio communication or ADS-B,
to assist pilots of aircraft and ships in making their decision [64].

Considering its natural ability to handle multiple moving (dynamic) obstacles simul-
taneously, the VO-method is more appropriate for an integrated airspace than other au-
tonomous avoidance methods. This potential is the main reason the method is chosen
as the basis of the Selective Velocity Obstacle (SVO) method and the Three-dimensional
VO-method (3DVO), introduced in Chapter 4 and 5, respectively. The two novel meth-
ods handle the problem in the integrated airspace, specifically for the Cooperative and
Escape layers of the CD&R procedures prescribed in Chapter 2. With the satisfying sim-
ulation results throughout chapters in this dissertation, there is an open possibility to
use the VO-method and its extension in real autonomous flights. While several experi-
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ment have already been conducted to test the method in actual flight, a lot more tests
are required specifically for BVLOS flights, before a VO-method based CD&R system can
be mature enough to ensure safety in an integrated airspace.

THE MONTE CARLO SIMULATION

Monte Carlo simulation is a numerical method to derive certain parameters from re-
peated but randomly initialized simulation samples of a defined model [128]. In this
dissertation, Monte Carlo simulations are mainly used to derive two safety parameters
of the airspace, i.e., the frequency of the Near Mid-Air Collision (NMAC), and the fre-
quency of the Mid-Air Collision (MAC). Those two parameters are especially difficult to
determine in a heterogeneous airspace setup, where each vehicle independently reacts
to each other based on their own CD&R preferences. Available analytical solutions in lit-
erature [28, 99–101] on the other hand, are not applicable in this dissertation since they
mostly assume fix flight paths of vehicles during simulations.

To be able to perform the Monte Carlo simulation, a model of the heterogeneous
airspace needs to be built, in which inputs can be randomly initialized for each vehicle.
In this dissertation, the model is implemented in the MATLAB programming environ-
ment as a script that is used and continuously improved throughout Chapter 3, 4 and
5. To create numerous variations of airspace conditions, the vehicles can be indepen-
dently initialized in either two or three dimensional space, with specific positions, head-
ings, and speeds. The VO-method is used as the base of the CD&R system, distributed
in each vehicle with its own preferences of avoidance distance and CPA. CD&R proto-
cols in the airspace, such as following an implicit rule for coordination, or being truly
uncoordinated, can also be selected in the model.

The main downside of using Monte Carlo simulations is its requirement for a con-
siderably large amount of samples and computational time to obtain a significant result,
especially when it needs to collect collisions in a realistic airspace setup. This is shown
especially in the validation of the SVO in Chapter 4, where for the cases with only five
UAVs randomly initiated in a 5×5 kilometer-square area, more than 36 hours are needed
to simulate all 106 samples, on a standard desktop PC. The significance of the result is
further reduced by the number of unavailing cases in which vehicle are initialized in di-
verging directions from each other and immediately leave the area of interest without
any chance to perform an avoidance maneuver. Nevertheless, relative performances, by
comparison with the same setup of Monte Carlo simulation using other CD&R methods,
can still be obtained to measure the improvement offered by the SVO.

Chapter 5 attempts to reduce the unavailing cases in its 3DVO validation, by using a
super conflict configurations, i.e, eight evenly distributed vehicles converging to a point
in a three-dimensional space. While being less realistic, the super conflict strategy suc-
ceeded in reducing the number of simulations needed to reach convergence to less than
2.5×104 samples. Chapter 3, on the other hand, initializes the UAVs randomly but in a
high density airspace to increase the number of conflicts, and with a Periodic Bound-
ary Condition setup to suppress the unavailing cases. The final results from several high
densities are then charted to obtain their relation with the less dense but more realis-
tic airspace. This technique allows for the validation of a CD&R protocol in achieving
a certain Target Level of Safety (TLS) by using the Monte Carlo simulation method in a
reasonable amount of computational time.
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Throughout the dissertation, whilst being the main method for validation, the Monte
Carlo simulation also aids in the development of the SVO and 3DVO method, by quickly
revealing unpredicted scenarios in which the two methods failed, allowing the isolation
of bugs in the algorithm. With the continuously improving computer performances,
Monte Carlo simulation has potential to be validate a CD&R algorithm, especially for au-
tonomous operations where conflicts can be triggered by interaction between different
algorithms without any human supervision. Moreover, with actual flight experiments
that are most likely limited and costly, the Monte Carlo simulation will be a most vi-
able method to validate CD&R protocol to support BVLOS operation in an integrated
airspace.

6.2. FINAL CONCLUSION
On the basis of the research performed in this dissertation, it can be concluded that safe
integration of Unmanned Aerial Vehicles (UAVs) into the airspace is very much feasi-
ble. This is elaborated further in the following paragraphs in three categories for the key
stakeholders in this field, along with specific recommendations for implementing the
dissertation results.

FOR RESEARCHERS

This dissertation has demonstrated a method to determine the number of UAVs that can
possibly fly in a certain area, by determining the NMAC frequency using Monte Carlo
simulations. The method has been tested for three types of distributed CD&R protocols,
i.e., no CD&R, where no avoidance is conducted, uncoordinated, where the preferences
of avoidance in each vehicle are randomized, and implicitly-coordinated, where every
avoidance is governed by a common set of rules. The simulation method is developed
especially to overcome the difficulty of using analytic methods, such as the Gas Model,
in predicting NMAC occurrences in an airspace under the influence of CD&R protocols.
The large number of samples and long processing time that are commonly needed in a
Monte Carlo simulation setup are reduced by simulating extreme conditions that pro-
mote collisions, such as in high density or super conflict setups. As it has been demon-
strated in this dissertation, the results can be scaled to a realistic airspace condition in a
specific area.

A taxonomy for UAV CD&R systems has been built, defining feasible generic ap-
proaches for operation in an integrated airspace, that can be attributed to any CD&R
method in literature, based on their type of surveillance, coordination, maneuver and
autonomy. Six of the generic approaches have been arranged into an example of a multi-
layered architecture, providing safety with a fail-safe concept: when one approach fails,
there are still others available to ensure safety. The diverse CD&R approaches in litera-
ture, therefore, can be implemented accordingly based on their roles in the entire oper-
ation of UAVs, especially in Beyond Visual Line-of-Sight (BVLOS) flights. Being adopted
from, and hence compatible with, the current manned-flight CD&R arrangement, the
use of this multi-layered architecture can potentially accelerate integration of UAVs into
the airspace.
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Two novel distributed autonomous CD&R methods, which have been designed with
consideration of the characteristics of an integrated airspace, have been introduced, for-
malized, and validated in this dissertation. The first one is the Selective Velocity Obsta-
cle (SVO) method that handles conflicts with cooperative vehicles, which share flight
data with each other and conduct avoidance based on a set of common rules, such
as the manned-flight right-of-way rules. The second method introduced is the Three-
Dimensional Velocity Obstacle (3DVO) method that mitigates collisions in a short range
without any coordination between vehicles, such that it requires to exploit the remaining
space in a three-dimensional manner, taking into account the possible adverse maneu-
vers from the opposing vehicles. Both methods have been validated by series of Monte
Carlo simulations in a stressful heterogeneous airspace setup, in which they were able
to significantly reduce the occurrence of NMACs and MACs, and hence are promising to
support BVLOS operation in an integrated airspace.

FOR UAV CD&R DEVELOPERS

The taxonomy proposed in this dissertation has revealed that most of the available CD&R
approaches in literature are inadequate for a UAV BVLOS operation in an integrated
airspace, since they have only been developed for flights in a secluded environment.
Therefore, it is important for UAV developers to choose approaches that have more con-
sideration for characteristics of an integrated airspace such as the heterogeneity of UAV
performances, missions, and CD&R preferences. Nevertheless, some of the inadequate
approaches can be extended to fit the integration scheme, such as demonstrated and
validated in this dissertation with the extension of the VO-method into SVO and 3DVO
methods.

Both the SVO and 3DVO method have been designed based on the requirements set
in the proposed multi-layered architecture, specifically the Cooperative and Escape lay-
ers. Similar procedures can be applied to extend other algorithms, or to develop a whole
new algorithm, for other layers. This will enrich the available CD&R approaches that can
be selected for UAV operation in an integrated airspace.

FOR PUBLIC AND AUTHORITIES

This dissertation has demonstrated the possibility of reaching the airspace’s Target Level
of Safety (TLS) by resorting to an autonomous Conflict Detection and Resolution (CD&R)
system in an extremely high density setup. This has been validated by numerous simula-
tions in a heterogeneous airspace, where the UAVs fly with diverse preferences for their
CD&R system, on top of having variations in their speeds and headings. The low risk of
UAV operations has been demonstrated even more by the rarity of near mid-air collision
(NMAC) and mid-air collision (MAC) occurrences in all of the simulations, to the point
that they need to resort to an artificially exaggerated setup in order to measure safety.
Hence, the method using Monte Carlo simulation has been proven to be a powerful tool
to test the algorithm in all possible conditions and can be the most defining certification
tool for an autonomous CD&R algorithm of UAVs operating in such a heterogeneous
airspace, in which experiments in actual flights can be unpractical.

Simulations, experiments, or the combination of both, however, might never per-
fectly result in a satisfying validation of a CD&R system in ensuring safety. Therefore, at
one point perhaps it is best for the authorities to begin accommodating BVLOS flights of
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UAVs, integrated into the airspace, that will allow both UAV operators and CD&R devel-
opers to gain experience and mature their systems in real situations. This is comparable
with the history of deregulation in manned-flight, which actually creates a competitive
environment that pushes both manufacturers and operators to continuously strive for
safety improvements.

6.3. FUTURE WORKS
Along with the obtained results, several challenges and limitations in methodologies
throughout the chapters are noted. These are the basis for the formulation of future
works that can be done to extend the research in this dissertation, presented in the fol-
lowing paragraphs.

The proposed multi-layered CD&R architecture in Chapter 2 can be more practical
with definitions of physical thresholds between layers, such as the distance, time-to-
collision, or combinations between them. These thresholds, which might need to be
defined specifically for each type of UAV, are also required to conduct a comprehensive
simulation to quantitatively validate such an architecture.

While being set to mimic the heterogeneous situation in an integrated airspace, sim-
ulations in this dissertation have neglected several details that are prone to happen in
real flight. The SVO method implementation in Chapter 4, for instance, can be further
validated if the simulation includes the dynamics of each vehicle, uncertainties in mea-
surements, and disturbances from the environment. Furthermore, a three-dimensional
space representation of the SVO method is also recommended, due to the characteristics
of UAV flights and missions. This extension can also be applied to widen the scope of the
NMAC and MAC frequencies results form Chapter 3.

The 3DVO method, on the other hand, has offered a three-dimensional uncoordi-
nated maneuver that fits with the agility of UAVs. However, as a reactive short ranged
avoidance algorithm, it is most critical for the method to incorporate vehicle dynamics
and environmental disturbances, since it can result in a significantly different outcome.
Furthermore, the heterogeneity of CD&R systems can be more realistically represented if
the avoidance planes in the 3DVO method are defined for each type of UAV, correspond-
ing directly to each of the UAVs’ performance.

Other extensions of the VO-method can be made for other layers in the proposed
architecture. The Non-cooperative layer, for instance, can be filled by the SVO-method
with an addition of algorithms to anticipate adverse movement of the counterparts, such
as the Buffer Zone that is explained in Chapter 5. Likewise, the Manual layer can be aided
using the VO-method, if the conflict imminence, which corresponds to the VO set base
angle, can be transfered as a haptic feedback to the controller on ground.

Conducting experiments to strengthen the results in SVO and 3DVO implementation
is also suggested, especially in testing an actual flight where a UAV autonomously inter-
acts with the diverse traffic in the airspace. This is particularly to identify factors that
might not be predicted in the mathematical model of the simulations, such as random
disturbances from the systems and from the environments. The interaction between the
pilot and the autonomous system can also be analyzed in this experiment setup.
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These works are warranted, as it has also been stated in many recent parallel studies,
to mature the autonomous CD&R concepts, especially for BVLOS flights. Nevertheless,
this dissertation has achieved its main goal, contributing in the definition and evalua-
tion of possible CD&R systems, in order to support safe UAV operations in an integrated
airspace.
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SAMENVATTING

AUTONOOM CONFLICT DETECTIE EN RESOLUTIE SYSTEEM VOOR
ONBEMANDE LUCHTVAARTUIGEN

IN DE CONTEXT VAN INTEGRATIE IN HET LUCHTRUIM

Yazdi Ibrahim JENIE

In het afgelopen decennium is de commerciële waarde van onbemande luchtvaar-
tuigen (UAVs), gedefinieerd als apparaten die vliegen in de atmosfeer zonder personen
(piloten) aan boord, algemeen erkend dankzij de technologische ontwikkelingen van
materialen, sensoren, computers en telemetrie. Nu UAVs goedkoper en gebruiksvrien-
delijker worden, zijn veel bedrijven gemotiveerd om UAVs in te zetten voor hun activi-
teiten, zoals voor pakketbezorging, filmopnames en het leveren van internet-dekking.

De commerciële toepassingen van UAVs kunnen echter pas gerealiseerd worden wan-
neer deze toestellen volledig geïntegreerd zijn in het luchtruim. Dit is momenteel niet
het geval, aangezien vliegen met UAVs in de meeste landen streng gereguleerd is en vaak
beperkt tot vluchten binnen het gezichtsveld van de grond-piloot (VLOS). Vliegen tot
buiten het zicht van de grond-piloot (BVLOS) is in het algemeen niet toegestaan. Een
hoofdreden voor de strenge regulatie is de bezorgdheid om de veiligheid van UAV vluch-
ten, mede dankzij de grote verscheidenheid aan soorten toestellen, ieder met hun eigen
voorkeur voor interactie met andere UAVs en met de huidige bemande luchtvaart. Hier-
door wordt verwacht dat management van het luchtruim, in het bijzonder het mitigeren
van conflicten en botsingen, veel complexer gaat worden, wat de veiligheid in het geding
kan brengen.

Om deze reden is dit proefschrift gericht op het probleem van een veilige integratie
van UAVs in het luchtruim, specifiek op de ontwikkeling van conflict detectie en resolutie
(CDR)systemen. Een CDR systeem bestaat uit apparaten en procedures die conflicten en
botsingen in de lucht kunnen mitigeren. Voor UAVs moet dit systeem overweg kunnen
met verschillende types obstakels, van statische objecten tot andere luchtvaartuigen met
zeer uiteenlopende vliegeigenschappen. Bovendien kunnen er interacties optreden tus-
sen twee UAVs met verschillende CDR systemen aan boord. Pas wanneer CDR systemen
volledig gedefinieerd en gereguleerd zijn om overweg kunnen met deze verscheidenheid
aan scenario’s, kunnen UAVs geïntegreerd worden in het luchtruim. Het hoofddoel van
dit proefschrift is het definiëren en evalueren van systemen voor detectie en resolutie
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van mogelijke conflicten van UAVs, specifiek om BVLOS UAV vluchten in een geïnte-
greerd luchtruim te ondersteunen. Dit doel wordt bereikt door de aanpak van vier uitda-
gingen met betrekking tot: incompatibiliteit van het luchtruim, CDR diversiteit, twijfel
over UAV veiligheid en de ontoereikendheid van autonome UAV CDR systemen. Uit deze
vier problemen volgen direct de onderzoeksvragen:

1. Welke structuren kunnen gedefinieerd worden om CDR systemen voor UAVs in
een geïntegreerd luchtruim te beheren?

2. Hoe kunnen de verschillende CDR systemen geclassificeerd worden in een alom-
vattende taxonomie die verenigbaar is met het huidige luchtruim?

3. Hoe kan de veiligheid van een geïntegreerd luchtruim met heterogene CDR syste-
men bepaald worden?

4. Hoe kunnen autonome CDR systemen voor UAVs ontworpen worden om overweg
te gaan met conflicten in een geïntegreerd luchtruim?

Om de eerste onderzoeksvraag te beantwoorden wordt in dit proefschrift een taxono-
mie van CDR systemen voorgesteld voor UAVs in een geïntegreerd luchtruim. Mogelijke
oplossingen worden in kaart gebracht en opgesplitst naar het type van toezicht, coördi-
natie, manoeuvre en de mate van autonomie. Deze factoren worden gecombineerd tot
enkele generieke benaderingen, zo kan bijvoorbeeld het Traffic Warning and Collision
Avoidance System (TCAS) uit de bemande luchtvaart gezien worden als een combinatie
van een gedistribueerde afhankelijke toezichthouding, een expliciete coördinatie, een
ontwijkmanoeuvre en een handmatige vluchtuitvoering. De combinaties die passen bij
het doel van integratie van UAVs worden dan geselecteerd, wat resulteert in een innova-
tieve taxonomie van UAV CDR benaderingen.

Vanuit de generieke benaderingen wordt in dit proefschrift een uit meerdere lagen
bestaande architectuur ontwikkeld, die CDR procedures beheert welke verenigbaar zijn
met het huidige luchtruim en tevens CDR procedures die uniek zijn voor UAVs. Door de
meerlaagse architectuur zijn UAVs niet van een enkele CDR procedure afhankelijk, maar
zijn er meerdere CDR benaderingen in een fail-safe opstelling, zodat er bij het falen van
een enkele laag, nog meerdere CDR benaderingen over zijn om conflicten te voorkomen.
Zes CDR benaderingen uit de taxonomie worden geselecteerd als de veiligheidslagen: (1)
Procedureel, (2) Handmatig, (3) Coöperatief, (4) Non-Coöperatief, (5) Ontwijk, (6) Nood.

Uit implementatie van de meerlaagse CDR aanpak blijkt dat het gebruik afhangt van
het type missie: in bepaalde missies kunnen sommige lagen minder noodzakelijk zijn,
terwijl deze in andere missies juist belangrijker zijn. De voorgestelde architectuur mist
echter definities van de fysieke scheiding tussen de lagen, zoals de tijd-tot-botsing, die
voor ieder type UAV gedefinieerd moeten worden. Het fysiek scheiden van de CDR lagen
is een toekomstige taak van het luchtruimbeheer voor UAVs, maar zal pas echt gedefi-
nieerd kunnen worden wanneer BVLOS vluchten van UAVs toegelaten zijn in het lucht-
ruim.

Om de tweede onderzoeksvraag te beantwoorden wordt de voorgestelde taxonomie
toegepast op de beschikbare CDR methodes uit de literatuur, om zo te bepalen of ze
complementair of onderling uitwisselbaar zijn. In totaal zijn 64 CDR methodes geëva-
lueerd, variërend van berekeningen op basis van deterministische kaarten, zoals Global
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Path Planning, tot reactieve ontwijkmethodes op basis van sensorinformatie, zoals bij
de Velocity Obstacle methode. Met behulp van de taxonomie kan de positie van iedere
aanpak gedefinieerd worden in een algemeen veiligheidsbeheersysteem, zoals de meer-
laagse architectuur.

Het toepassen van de taxonomie op de bestaande methodes laat zien dat veel van
de bestaande methodes buiten de taxonomie vallen, wat suggereert dat onderzoek meer
gericht moet worden op de delen van de taxonomie waar de bestaande methodes ach-
terblijven. Het is ook gebleken dat, vanwege de huidige beperking tot VLOS vluchten, de
verscheidenheid aan CDR methodes zich slechts voordoet in de laboratoriumomgeving.
Desalniettemin kan de taxonomie ontwikkelaars en autoriteiten helpen bij beslissingen
over veiligheid van CDR methodes en kan het helpen om de veiligheid van toekomstige
BVLOS vluchten te waarborgen.

De derde onderzoeksvraag wordt beantwoord met behulp van een set Monte Carlo
simulaties waaruit twee veiligheidsparameters bepaald worden: de frequentie van bijna-
botsingen (NMAC) en de frequentie van botsingen (MAC). De eerste parameter geeft aan
hoe vaak twee UAVs dichter bij elkaar vliegen dan een bepaalde minimale afstand, die in
de meeste discussies in dit proefschrift op 50 meter is gezet. De tweede parameter geeft
het aantal botsingen tussen UAVs weer. De Monte Carlo methode overkomt de limitaties
van de analytische methodes uit de literatuur, zodat het effect van een gedistribueerd
CDR systeem meegenomen kan worden alsook heterogene condities in het luchtruim.
Echter heeft de Monte Carlo methode niet vaak de voorkeur gehad voor het bepalen van
de veiligheidsparameters, vanwege de lange rekentijd die nodig is om tot significante re-
sultaten te komen. Dit probleem wordt in dit proefschrift opgelost door een hoge dicht-
heid van UAVs in het luchtruim te simuleren en de resultaten vervolgens terug te schalen
naar realistische dichtheden.

Twee CDR protocollen zijn gemodelleerd in de simulaties. De eerste is het coöpera-
tieve protocol, waarin iedere UAV ontwijkt door impliciet gecoördineerde luchtvaartre-
gels. De tweede is het niet-coöperatieve protocol, waarin iedere UAV ontwijkt op basis
van willekeurige voorkeuren. Een doel voor het veiligheidsniveau (TLS) is gedefinieerd
in dit proefschrift om de gezamenlijke prestatie van de CDR systemen te meten, waarbij
de frequentie van NMAC en MAC respectievelijk kleiner moet zijn dan 10-2 en 10-7 per
uur. Deze TLS waardes zijn afgeleid van equivalente waardes in de bemande luchtvaart
in het laatste decennium.

Uit de resultaten van het onderzoek in dit proefschrift blijkt dat het gedistribueerde
coöperatieve CDR protocol het maximaal aantal UAV op één hoogte bijna tien keer kan
vergoten vergeleken met de situatie zonder CDR en bij gelijkblijvende TLS. Dit betekent
dat voor een stad als Chicago, die een oppervlakte heeft van meer dan vijfduizend vier-
kante kilometers, in totaal 45 UAVs op één hoogte kunnen vliegen. Geconcludeerd kan
worden dat veel betere resultaten bereikt worden met het coöperatieve protocol, wat de
noodzaak tot orde in het luchtruim rechtvaardigt, in dit geval in de vorm van de lucht-
vaartvoorangsregels. Dit proefschrift toont de kracht van Monte Carlo simulaties voor
het testen van CDR algoritmes en protocollen voor een groot aantal mogelijke condi-
ties, zelfs voor onvoorspelbare condities die pas opgemerkt worden tijdens de simulatie.
Het nadeel van de methode blijft echter bestaan, aangezien er geen significante resul-
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taten bepaald kunnen worden voor frequenties van MAC binnen de simulaties vanwege
de zeldzaamheid van MACs, zelfs bij een hoge dichtheid van UAVs. Het wordt daarom
aanbevolen om langere simulaties te doen en tevens om de dynamische eigenschappen
door middel van vliegtuigmodellen toe te voegen aan de simulaties.

De vierde onderzoeksvraag wordt beantwoord door het introduceren van twee inno-
vatieve CDR algoritmes die specifieke lagen in de eerder besproken CDR architectuur
invullen. Het eerste algoritme is de Selective Velocity Obstacle (SVO) methode, een uit-
breiding van de Velocity Obstacle (VO) methode met extra criteria voor impliciete co-
ördinatie. Deze CDR methode is speciaal ontworpen voor de coöperatieve laag van de
CDR architectuur, aangezien het onwaarschijnlijk is dat een toekomstig luchtruim zal
bestaan zonder enige vorm van orde of coördinatie, zoals de luchtvaartvoorangsregels.
De SVO methode wordt ook gebruikt als basis voor het coöperatieve CDR protocol in
de hiervoor besproken afleiding van de NMAC frequentie met behulp van Monte Carlo
simulaties.

Het tweede algoritme is de driedimensionale Velocity Obstacle (3DVO) methode, die
een uitbreiding is van de VO methode naar de driedimensionale ruimte, wat zorgt voor
een grotere hoeveelheid resolutiemogelijkheden. De driedimensionale resolutie wordt
uitgevoerd in willekeurige ontwijkvlakken, waarvan het aantal en de oriëntatie vastge-
steld kan worden aan de hand van de manoeuvreerbaarheid van de UAV. Aangezien de
3DVO methode ontworpen is om de Ontwijk-laag in de CDR architectuur te vervullen,
wordt tevens gebruik gemaakt van Buffer Velocity Zones, een extra algoritme dat de be-
wegingen van ongecoördineerde obstakels anticipeert. Het is ontdekt dat het toevoegen
van de Buffer Velocity Zones de prestaties van het algoritme significant meer vergroten
dan een toename van het aantal ontwijkvlakken.

Zowel de SVO als de 3DVO methode zijn gevalideerd met een set Monte Carlo simu-
laties in een heterogeen luchtruim, waarin beide methode de frequenties van NMACs
en MACs significant konden verminderen. Dit geeft aan de beide methodes veelbelo-
vend zijn voor de ondersteuning van BVLOS vluchten in een geïntegreerd luchtruim.
Beide methodes maken echter geen gebruik van een dynamisch vliegtuigmodel, wat de
resultaten significant kan veranderen, vooral in de Ontwijk-laag waar ontwijken dient
te gebeuren bij korte onderlinge afstand. Bovendien wordt aangeraden om in de toe-
komst testvluchten te doen met beide concepten, vooral in echte BVLOS situaties waar
UAVs autonoom reageren in het heterogene luchtruim. Verder zijn adequate algoritmes
voor de overige lagen in de architectuur nodig om een complete BVLOS vlucht te onder-
steunen. Dit zal het aantal beschikbare CDR benaderingen voor UAV operaties in een
geïntegreerd luchtruim verrijken.

Op basis van het onderzoek dat uitgevoerd is in dit proefschrift wordt geconcludeerd
dat veilige integratie van UAVs in het luchtruim heel goed mogelijk is. Deze conclusie
wordt ondersteund door de vele uitgevoerde simulaties, die aantonen dat het mogelijk is
om de TLS van het luchtruim te behalen met behulp van een autonoom CDR systeem dat
gedistribueerd is en onafhankelijk werkt in iedere UAV. Het lage risico van UAV vluchten,
zelf in een heterogeen luchtruim, is gevalideerd door de zeldzaamheid van NMACs en
MACs, tot het punt waar een overdreven dichtheid of een super-conflict nodig is om de
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operationele veiligheid te meten.
Hoewel veel UAV CDR benaderingen uit de literatuur niet ontworpen zijn voor BVLOS

vluchten in een geïntegreerd luchtruim, kunnen de meeste wel aangepast worden tot
adequate benaderingen zoals voorgeschreven door de voorgestelde taxonomie. Een voor-
beeld van een dergelijke aanpassing is in dit proefschrift gepresenteerd met de uitbrei-
ding van de VO methode tot de SVO methode, die past in een Coöperatieve benadering,
en de uitbreiding tot de 3DVO methode, die past in de Ontwijk-laag. Met de grote ver-
scheidenheid aan CDR benaderingen in de literatuur is een validatie in een heterogene
opstelling vereist, ofwel door simulaties ofwel door testvluchten.

Vergeleken met halverwege 2011, toen het onderzoek in dit proefschrift gestart werd,
is het commerciële gebruik van UAVs nu in 2016 nog verder doorgedrongen tot het al-
gemene publiek. De wetgeving wordt aangepast om de luchtwaardigheid van UAVs te
definiëren om zo het toepassingsgebied te vergroten. UAV eigenaren zijn zich ook steeds
meer bewust van de regelgeving rondom UAVs, wat blijkt uit een toename in het aantal
geregistreerde UAVs. Tegelijkertijd zijn er UAV lobbygroepen opgericht die de autoritei-
ten proberen te overtuigen om BVLOS vluchten toe te staan. Zij geven aan dat integratie
van UAVs in het luchtruim onontkoombaar is en dat er een urgente noodzaak is voor
CDR systemen die de veiligheid van het luchtruim ondersteunen. Op een bepaald mo-
ment is het daarom wellicht het beste als de autoriteiten beginnen met het accommo-
deren van BVLOS vluchten in het luchtruim, zodat UAVs en hun CDR systemen verder
ontwikkeld kunnen worden op basis van ervaringen in het echte luchtruim. Gelijk aan
de geschiedenis van deregulering in de bemande luchtvaart, kan dit een competitieve
omgeving creëren die zowel de fabrikanten als de operators van UAVs zal aansturen tot
continue verbetering van de veiligheid in een geïntegreerd luchtruim.
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