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Abstract

Multi-Agent Systems, often referred to a network of loosely connected autonomous units,
are widely used to model the dynamics of crowds, vehicles, robots and swarms in traffic
management, biological environment, distributed control and communication technologies.
Recently, the study of multi-agent systems is rapidly growing due to the beneficial advantages
of using a team of agents in logistics, mapping, search and rescue, etc.

In this thesis, we focus on the problem of decentralized collision avoidance among multiple
intelligent moving agents. Imaging each agent to be a human, a moving car, or an aircraft, it is
supposed to make its decision independently based on its perception of the local environment
through sensors only. Two different collision avoidance protocols are presented to generate
updated reference velocity continuously for each agent that leads to no future collision. The
first method, the rotation based method, is adapted by the algorithm introduced in [1] for
2-Dimensional space and the second method, the potential fields based method, could be
categorized as an example of Harmonic Potential Fields (HPF) discussed in [2]. Both methods
employing position information of obstacles result in collision-free paths for each agent under
the assumption that all other agents following similar maneuvers. Through simulations in
MATLARB, satisfied performances are achieved for method 2 in all challenging scenarios we
set while method 1 faced some difficulties dealing with multi-obstacle simultaneously as well
as 3D scenarios.

Master of Science Thesis Xiajing Li



Xiajing Li Master of Science Thesis



Table of Contents

Acknowledgements ix

1 Introduction 1
1-1 Background . . . . ... 1
1-1-1 Networked-Systems and Multi-Agent Systems . . . . . . . .. .. .. .. 1

1-1-2  Collision Avoidance for Multi-agent Systems . . . . . . . . ... ... .. 2

1-2 Thesis Contribution . . . . . . . . . . .. ... 4
1-3 Qutline . . . . . . e 4

2 Prior work 7
2-1 Velocity Obstacle Based Methods . . . . . . . ... ... . ... ... ...... 7
2-2 Potential Fields Based Approach . . . . . . . . . ... ... L. 11

3 Problem Formulation 13
3-1 Problem Statement . . . . .. .. ... 13
3-2 Dynamics for Single Agent . . . . . . ... L L 13
3-2-1 Agent Dynamics . . . . . . ... 14

3-2-2  Backstepping Control . . . . . .. ... 14

3-3 Procedure . . . ... 15
3-4 Evaluation Metrics . . . . . . . . .. 15

4 Collision Avoidance Protocol 1 -Rotation Based Method 19
4-1 Collision Detection. . . . . . . . . . . . 19
4-2 Collision Resolution . . . . . . . . . . . . . ... 20
4-3 Choice of Parameters . . . . . . . . ... 20
4-3-1 Tuning Rotation Angle v . . . . . . . . . . ..o 22

4-3-2  Choosing Detection Radius R, and Rotation Radius Rgjst . . . . . . . . 24

4-3-3 Different Speed Scenarios . . . . . . . ... ... 25

Master of Science Thesis Xiajing Li



iv Table of Contents
4-4 Extension to Multi-agent Case and 3-Dimensional Space . . . . . ... ... .. 25
4-4-1 Remarks on Multi-agent Case . . . . . . . . . . . ... 25

4-4-2 3-Dimensional Space . . . . .. .. .. ... 25

4-5 Discussion . . . ... e 27
4-6 Summary . ... e 28

5 Collision Avoidance Protocol 2 -Potential Field Based Method 29
5-1 Potential Field Functions . . . . . . . . ... . 29
5-2 Tuning Parameters . . . . . . . . .. 31
5-2-1 Choosing Radius Avoidance Factor K, . . . . . . . . .. .. ... .... 31

5-2-2  Choosing Tangent Avoidance Factor Ky . . . . . .. .. .. ... .... 32

5-2-3 Combined Effort of K, and K; . . . . . . . . . . . . .. ... .. .... 34

5-2-4 Remarks on Multi-agent Case . . . . . . . .. . ... L. 36

5-3 3d Extension . . . . . ... 36
5-3-1 Proposed Modification . . . . . ... ... ... 36

5-3-2 Simulations of Simple 2-agent Scenarios . . . . . . .. ... ... ... 37

5-4 Discussion . . . . ... 41
5-5 Summary . . .. 41

6 Simulation Results 43
6-1 Simulation Scenarios . . . .. .. L 43
6-1-1 Two-Agent Scenarios . . . . . . . . . .. ... 43

6-1-2 Multi-agent Scenarios in 2D . . . . ... 46

6-1-3 Scenariosin3D . . .. .. 47

6-2 Discussion . . . . .. 50
6-3 Summary . . . .. 54

7 Conclusion and Recommendations 55
7-1 Conclusion . . . . . . . L 55
7-2 Recommendations . . . . . . . ... 55
Bibliography 57

Xiajing Li Master of Science Thesis



2-1

2-3
2.4
31
4-1
4-2

4-3
4-4

4.5

4-6

53
5-4

5-5

Master of Science Thesis

List of Figures

The velocity obstacle for obstacle B with velocity vp from the point-view of agent
A. Figure taken from [3] . . . . . ...

The Reciprocal Velocity Obstacle RVOg(vA,vB) of agent B to agent A. Figure
taken from [3] . . . ..

Comparison of several VO based approaches [4] . . . . . . .. ... ... ... ..

The Optimal Reciprocal Collision Avoidance. Figure taken from [5] . . . . . . ..

General Block Scheme . . . . . . . .

Collision Detection Zone of Rotation Based Method . . . . . . . . . . . . .. ..
Collision Avoidance Maneuver of Rotation Based Method . . . . . . . . . . . ..
Head-on Trajectory for Different Rotation Angle v . . . . . . . . . .. ... ..

Cross and Side Trajectory for Rotation Based Method with o = 15° and left:
R.=0.8m, right: Re=0.6m . ... ... . ... ... ... ...

Head-on and Overtake Trajectory for Different 3, the Speed Limit of Red Agent
(Agentl) is Im/s and 2m/s for Blue Agent(Agent2) . . . . . . . . . .. ... ..

Trajectories of Two-agent Head on Scenarios for Rotation Based Method. Top
line: exchange position between [0,0,-1] and [0,0,1]. Top line: exchange position
between [-1,-1,-1] and [1,1,1]. From left column to right, view in 3D, in x-y plane,
x-z planeand y-z plane . . . . . .. ..

Head-on Trajectory for Different Tangent Avoidance Factor K; . . . . . . . . ..

Head-on Trajectory for Different Tangent Avoidance Factor K; and Radius Avoid-
ance Factor K, . . . . . e

Trajectories of Two-agent Head on Scenarios for PFs Based Method. . . . . . .

Trajectories of Two-agent Head on Scenarios for PFs Based Method Method with
K, ={1/6,1/2,3,1/20,1/100} from Top to Bottom . . . . ... ... ... ..

Trajectories of Two-agent Head on Scenarios for PFs Based Method with K;=1/6
and K, ={1/3,1,6,1/6,1/15} from Top to Bottom . . . .. .. ... .. ...

10

16

20
21
23

24

26

27

33

35
38

39

Xiajing Li



vi

List of Figures

6-1
6-2
6-3
6-4
6-5
6-6

6-7

6-9

6-10

6-11

6-12

6-13

6-14

Xiajing Li

Two-agent Scenarios for PFs Based Method with Ky =1/2and K, =0 . . . . . 44
Two-agent Scenarios for PFs Based Method with K; =1/6 and K, =1/3 . . .. 45
Circle Scenarios for PFs Based Method . . . . . .. .. ... ... ... ... .. 46
Line-cross Scenarios for PFs Based Method . . . . . . . ... .. .. ... ... 47
Trajectories of Pyramid Scenario for PFs Based Method with Horizontal Tangent
Vector in 3D view (a), x-y plane (b), x-z plane (c) and y-z plane (d). . . .. .. 48
Relative Distance over time of Agent 1 in Pyramid Scenario for PF Based Method
with Horizontal Tangent Vector . . . . . . . . . . . . . . ... ... .. ..., 48
Cube Scenarios for PFs Based Method with Combined Tangent Vector . . . . . . 49
Cube Scenarios for PFs Based Method with Horizontal Tangent Vector . . . . . 50
Position change over time of Cube Scenarios for PF Based Method with Horizontal
Tangent Vector . . . . . . . . 51
Relative Distance change among time of Agent 1 in Cube Scenarios for PF Based
Method with Horizontal Tangent Vector . . . . . . . . . .. ... ... ..... 51
Trajectories of Random Grid Scenario for PFs Based Method with Horizontal Tan-
gent Vector in 3D view (a), x-y plane (b), x-z plane (c) and y-z plane (d). . . . . 52

Minimum Relative Distance over Time in Random Grid Scenarios for PF Based
Method with Horizontal Tangent Vector . . . . . . . . . .. .. .. ... .... 52

Trajectories of Sphere Scenario for PFs Based Method with Horizontal Tangent
Vector in 3D view (a), x-y plane (b), x-z plane (c) and y-z plane (d). . . .. .. 53

Minimum Relative Distance over Time in Sphere Scenarios for PF Based Method
with Horizontal Tangent Vector . . . . . . . . . . . . . ... ... .. ..., 53

Master of Science Thesis



4-1
4-2

5-1
5-2

6-1

List of Tables

List of Parameters in Rotation Based Collision Avoidance Method . . . . . . . . 22
Value of Evaluation Metrics with Different Rotation Angle v . . . . . . . . . .. 22
Parameters in PFs based Collision Avoidance Maneuver . . . . . . . . . . . ... 33
Metrics in Potential Fields Based Collision Avoidance Method with Varying K; . 34
Parameters in PFs based Collision Avoidance Maneuver . . . . . . . . . . .. .. 44

Master of Science Thesis Xiajing Li



viii List of Tables

Xiajing Li Master of Science Thesis



Acknowledgements

Firstly, I would like to thank my supervisor Dr.ir. Giulia Giordano for her assistance during
the whole processes of conducting this thesis. This thesis would not have accomplished as
present without her kindness and encouragement.

Secondly, I would like to thank my committee members Dr.ir. Tamas Keviczky and Dr.ir.
Riccardo Ferrari for spending their time reading and evaluating my thesis seriously.

Last and most importantly, I would like to thank my beloved family for their unconditional
love and everlasting support during my study in TU Delft. I also owe my sincere gratitude
to all my friends for their accompany during my master period in the Netherlands.

Delft, University of Technology Xiajing Li
May 10, 2019

Master of Science Thesis Xiajing Li



X Acknowledgements

Xiajing Li Master of Science Thesis



Chapter 1

Introduction

1-1 Background

1-1-1 Networked-Systems and Multi-Agent Systems

Plenty of systems in the real world that are everywhere around us could be modelled as
networked systems [6-8]. Networked systems are those dynamical systems that are composed
of several interconnected dynamic units that are dynamically coupled and/or exchanging
information with one another. Networked systems are typically very large-scale systems [9],
resulting from the interaction of a huge number of units.

In nature, networked systems can be found at various scales and arise from the interaction
of myriads of entities (chemical species, molecules, cells). At the chemical and bio-molecular
level, the interaction of chemical species in chemical and biochemical processes gives rise to
chemical reaction networks, and to gene regulatory networks and metabolic networks [10-26],
which can be represented as interconnected dynamical systems [27,28]. Also biological systems
at a larger scale, such as the ecosystems encountered in ecology, can be seen as networked
systems arising from the interaction of various species sharing the same environment [29-35].

In the social science, economical networks, social networks and opinion dynamics have been
successfully modelled as networked systems [36-39]. Consensus [40-45], which is related to
opinion dynamics, is similar to the problem of synchronization in technological systems: these
problems have been successfully addressed by studying interconnected systems [46].

An important class of networked systems are flow networks [47-53], which provide many
examples of networked systems in technological networks. Applications range from water
distribution networks [54,55] to inventory management and production-distribution systems
[56-63], from power networks and smart grids [64-67] to transportation networks [68,69] as
well as traffic and congestion management systems [70-73].

Another important application is related to information and communication technologies,
where telecommunication and data communication networks, such as computer networks, can
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2 Introduction

be seen as interconnected dynamical systems to devise algorithms that drive and optimize
the transmission of packets and data [70,74-78].

Due to the increase of complexity and the huge scale of these systems, a centralized control
method that uses all information for a single controller to determine a global optimal strategy
is often inefficient, uneconomic or even physically impossible. A centralized controller could
be unfeasible as the result of limitations on energy resources and communication bandwidth,
computation constraints, and delays or packet losses that make the system more sensitive to
failure and modeling errors. Furthermore, there is also a privacy issue. When the external
global controller intends to access local information, it can be restricted or denied as that local
information is private and confidential. Alternatively, it is of great advantage to implement
multiple controllers with access to local information only. This approach goes under the name
of distributed or decentralized control.

The difference between distributed and decentralized control approaches depends on whether
there is communication between the individual controllers or not. In particular, distributed
control makes use of information exchange between the controllers allocated within a specified
control layer [79], while decentralized control is enforced by control units that are not aware
of one another and do not exchange any information [80-83].

A large-scale system where information is exchanged among the subsystems is typically mod-
elled as a graph or hypergraph [84], where the nodes in the graph represent the subsystems
and the arcs refer to the interactions among the subsystems. A specific kind of decentral-
ized control is called network-decentralized control [85-87]. While the general decentralized
controllers act on the nodes of the graph, namely every subsystem has its own local con-
troller, network-decentralized controllers are associated with the arcs of the graph, namely
with the connections among subsystems. Network-decentralized methods could be used to
control large-scale system also in the presence of structural constraints and uncertainties.
Also distributed estimation [88,89] and decentralized estimation [90-93], as well as network-
decentralized estimation strategies [94] have been discussed in the literature.

A Multi-agent system, as a particular kind of networked dynamical systems, contains a group
of autonomous agents, such as Unmanned Ground Vehicles(UGVs) and Unmanned Aerial
Vehicles(UAVs). Typical problems such as vehicle platooning and formation flight of aircraft
[71,95-98] have been successfully tackled by modelling a bunch of vehicles or of aircraft as a
multi-agent system.

1-1-2 Collision Avoidance for Multi-agent Systems

In this thesis, we focus on problems involving multiple aircraft, such as UAVs, moving in a
three-dimensional space and design algorithms that avoid collision among them by modelling
the swarm of UAVs as a multi-agent system, more precisely, several identical agents navigate
independently and simultaneously in a three-dimensional environment shared with obstacles
and other moving entities. Each agent enforces its own decision-making strategy based on
sensor information within its detection zone only. The task is to make sure all agents are
able to reach their goal positions without collision with one another or any obstacles. As
there is no central station to control all the agents, it is a decentralized method where each
of the agents makes its own decision autonomously, based on local information only (within
its "detection zone"), and this still leads to a collision-free global behaviour. A decentralised
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1-1 Background 3

approach allows us to solve the problem and face complex physical constraints of energy,
communication range, delay and drop as well as computation burden.

Collision avoidance, how to prevent agents from getting in each others way [99], is a crucial
aspect for the navigation of multi-agent systems. Differing from motion planning, which
focuses on the problem of dealing with one agent located in the known global environment
and generating a complete path towards a goal configuration at once [100], collision avoidance
deals with local sensed surrounding rather than global environment and new action is derived
in every iteration. The action for each agent is computed simultaneously and independently,
without communication among the agents or central coordination, just as a simple reaction
to the sensed environment. The difficulty for collision avoidance of the multi-agent system
is that each agent makes its own decision. The next movement of a selected agent depends
on surrounding obstacle agents but the new velocity for the selected agent is not exactly
predictable for agents nearby as they do not have full (prior) knowledge of the circumstance
the selected agent is facing. But still, we would like to derive a collision-free path involving
several agents that are cooperating in a cluttered environment.

Among the intensive literature that addressed the problem of collision avoidance, two main
streams are the algorithms based on Velocity Obstacle (VO) [101] and the algorithms based
on Artificial Potential Fields (PFs) [102].

VO-based algorithms utilize both position and velocity information to generate velocity ob-
stacle set to select new velocity that avoids collisions while minimizing the change in velocity
and are applicable to multi-agent scenarios in a complex environment. While the initial VO
proposed in [101] is only capable to deal with moving obstacles with a known velocity, lots
of extensions following the same core concept were proposed. Reciprocal Velocity Obsta-
cle(RVO) introduced in [3] takes the reaction of other intelligent decision-making entities into
account and share the responsibility of avoiding collision so that navigation procedure is safe
and oscillation-free. Hybrid Reciprocal Velocity Obstacles (HRVO) [4] combines a reciprocal
velocity obstacle and a velocity obstacle to overcome the drawback of "reciprocal dance" in
RVO that the agents cannot reach agreement on which side to pass each other. While all
aforementioned methods deal with a complex non-convex optimization problem solved via
uniform sampling, Optimal Reciprocal Collision Avoidance (ORCA) [5] reduced the problem
to a low-dimensional linear programming. Based on the formulation of ORCA, the applica-
tion for multi-robot under differential-drive constrains or car-like non-holonomic model are
represented in [103] [104], [105]. All algorithms could be adopted to 3-D as demonstrated
in [106-109]. Implemention in physical quadrotor helicopters is elaborated in [110].

While the VO-based approaches require the estimation of velocity, potential fields based algo-
rithm relies only on position estimation of surrounding obstacles. The typical potential field
as mentioned in [102] is consisted of an attracting potential that placed at the target point
to navigate the agent towards the goal and repulsive potentials that placed at the positions
of obstacles to push the approaching agent away from the obstacle. The agent would always
follow the path with the maximum negative gradient of the formulated potential field till the
goal position which is the global minimum and unique zero of PF function. The inherent
limitations of PFs methods summarized in [111] are trap situation due to local minima, no
passage between closely spaced obstacles and oscillations in the presence of obstacles or oscil-
lations in narrow passages. To address these issues, some modification has been introduced
in [112], [113]. Harmonic Potential Field (HPF) is efficient to eliminate local minimam in a
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4 Introduction

cluttered environment [114]. Further study based on HPF is given in [2,115,116] etc. In [117]
a potential field based method using gyroscopic forces and scalar potentials is proposed to
create swarming behaviors for multi-agent systems while collisions among the agents and
obstacles could be avoided.

Besides the methods included in these two categories, there are many other approaches to
tackle collision avoidance problem such as the simplest rule based approach [118], where the
agent switches between two distinct behaviors based on the sensor measurements, dynamic
window approach [119] [120], safety-enhanced avoidance policy (SWAP) [121,122] and geo-
metric based approach like [123,124]. Moreover, it is possible to employ Model Predictive
Control (MPC) [125] as well as Deep Reinforcement Learning (DRL) [126] to resolve the
hazard of collision.

1-2 Thesis Contribution

Algorithms for collision avoidance are often based on an intuition of how the agents should
take steps to avoid hitting one another, as people do when they walk in crowded rooms or
streets. The main contribution of this thesis is to translate the human intuition of dealing
with collision avoidance problem into a mathematical representation that enables the design
of rigorous algorithms for collision avoidance, targeting in particular agents that are moving
in three-dimensional space.

We propose two different methods for collision avoidance maneuvers: the first is a rotation
based approach, the second is a potential field based approach. In both cases, the algo-
rithm requires current position information only. To rigorously validate the algorithms, their
performance for crowded multi-agent scenarios and 3-dimensional spaces are investigated by
simulation in MATLAB. Our investigation reveals that the second method outperforms the
first (which can give rise to livelocks in 3D spaces). Hence, the second method is most ex-
tensively tested in simulations. For this method, in a wide variety of reasonable scenarios,
our extensive simulation results suggest that collision-free paths leading the agents to their
targets can be generated for 2-agent and multi-agent cases, in both 2D and 3D workspaces.

1-3  OQutline

The remaining part of this thesis is organized as follows.

Chapter 2 reviews previous work in the context of multi-agent collision avoidance, in partic-
ular, velocity obstacle based approaches and potential fields based approaches.

Chapter 3 gives the formal problem formulation studied in this thesis. Also, the dynamic
model and control strategy for a single agent are introduced. The evaluation metrics for
collision avoidance behavior are provided as well.

Chapter 4 presents a rotation based collision avoidance protocol, as well as the choice of
parameters and some simple 2-agent simulations.

Chapter 5 illustrates a potential field based collision avoidance protocol. The suggestion of
tuning parameters and adaption to 3D are also elaborated.
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1-3 Outline 5

Chapter 6 shows a more complex simulation for multi-agent scenarios in both 2-dimensional
and 3-dimensional environments.

Chapter 7 concludes the work contained in this thesis and proposes some recommendations
for future work.
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Chapter 2

Prior work

The detailed explanation of the two main categories of collision avoidance methods is illus-
trated in this chapter. For both methods, the generated output would be the desired velocity.
While the potential field based approach needs only position estimation of neighboring agents,
velocity obstacle based approach also requires velocity estimation. The VO-based method can
provide a sufficient condition that results in collision avoidance with other moving entities if
applicable while minimizes velocity variation. Although potential field based approach lacks
mathematical analysis of guaranteed collision avoidance, some methods provide satisfied prac-
tical results.

2-1 Velocity Obstacle Based Methods

The concept of velocity obstacle is first proposed in [101], where a sufficient and necessary
condition for an agent selecting new velocity to avoid collision with obstacles moving at fixed
velocities is given. The geometric interpretation of velocity obstacle is shown in Figure 2-1.
Let A(p,v) = {p + tv|t > 0} denote a ray starting at p and heading in the direction of v.

Let X ®Y denote the Minkowski sum of sets X and Y, and let —X denote the set X reflected
in its reference point:

XY ={z+ylreX,yeY} —X={-zlzeX} (2-1)

Definition 2.1. Velocity Obstacle: Consider a circular agent A of radius r4 and an ob-
stacle B of radius rg currently at position pa and pp with velocities va and vp.
The velocity obstacle for B with velocity vy from the point-view of A is defined as

VO3(vp) = {valA(pa,va —vp) NAS —B # 0} (2-2)

This means that if v4 ¢ VO#(vg), A and B will never collide according to their current
velocity. In each decision-making cycle, a velocity obstacles set Upco VOjg(vB) for each
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8 Prior work

Figure 2-1: The velocity obstacle for obstacle B with velocity vg from the point-view of agent
A. Figure taken from [3]

agent is composed by all velocities leading to a collision with obstacles. New velocity is
selected as the one most directed towards the agents goal position while outside the VO set
to guarantee a collision-free path towards its goal.

Some properties of velocity obstacle can be pointed out following [3]:

1. Symmetry: If agent A with velocity va will collide with agent B with velocity vp,
then agent B with velocity vp will also collide with agent A with velocity v 4.

va € VOA(VB) < vp € VOA(Va) (2-3)

2. Translation Invariance: If agent A with velocity v4 will collide with agent B with
velocity vp, then agent A with velocity va + vg will also collide with agent B with
velocity vp + vp.

va € VOB(VB) & va+vg € VOA(VE + wg) (2-4)

e
3. Convexity: A velocity v in the half-plane to the right(left) of VO#(V3), vAg( ¢ )\VOa(Vp),

would let A pass B on the right(left) side. Any velocity in between two velocity v4 and
v’y in the right(left) half-plane is still in the same right(left) plane.

vAgVOjé(vB) N v;lgVOg(vB) = (1—a)va+ avfélgVOﬁ(vB), for 0 <a<1 (2-5)

The outcome of the velocity obstacle is a one-step change in velocity to avoid a future collision
under the assumption that other objects will move continuously with previous velocities, which
does not take the interaction effect of other moving agents into account. A typical consequence
would be the undesirable oscillation described in [3]. To tackle the oscillatory motions, the
Reciprocal Velocity Obstacle (RVO) is introduced in [3]. Follow the geometric expression
shown in Figure 2-2 . The Reciprocal Velocity Obstacle is identical to the Velocity Obstacles
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2-1 Velocity Obstacle Based Methods 9

b

/
/
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\ /

225"

Figure 2-2: The Reciprocal Velocity Obstacle RVO#(va,vp) of agent B to agent A. Figure
taken from [3]

mentioned above in the relative frame, while the collision avoidance mission is equally shared
between both interacting agents (both agent preserve half of the previous velocity). In global
frame, the apex of velocity obstacle set shift from vp in VO to % in RVO.

Definition 2.2. Reciprocal Velocity Obstacle:

UB-H)A)}

5 (2-6)

RVO5(va,vp) = (V4|20 —va € VOg(vp)} = {v)y|v)y € VO5(
The RVO can be used to generate collision-free and oscillation-free motions for each agent.
Considering the shortcoming of reciprocal dance for RVO, Hybrid Reciprocal Velocity Obsta-
cle(HRVO) is proposed in [4]. As illustrated in Figure 2-3,

y v
7 cL
B O
A Fatrn |
w \_\_\}\ " \pe—pa VOu
B
P "
A //(/////’,,/* e g
’ Va 0 0. . (vatvs) /2 0.
w E— \/ Vi T Vi B Ve
Ty e Ty

(a) (b) () (d)

Figure 2-3: Comparison of several VO based approaches [4]

HRVO is a hybrid of a reciprocal velocity obstacles and a velocity obstacles, when v4 is to
the right of the center line of RV O4, it is preferred to choose a new velocity to the right of
RVOE‘ to minimize the change of velocity. To encourage this, the unwilling side of RVOj% is
replaced by VOg to give agent B fully priority to modify vp in order to avoid collision.

The previous method only take the velocity direction into consideration and assume the
speed is kept constant the whole journey. By introducing a time window 7 in [5], the task
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10 Prior work

Figure 2-4: The Optimal Reciprocal Collision Avoidance. Figure taken from [5]

now becomes independently and simultaneously selecting a new velocity (both magnitude and
direction could be modified) for each agent to guarantee collision-free with all agents for a
time period 7. The velocity obstacle with time window VOZ;‘| p» all relative velocities for A
with respect to B that cause a collision before time 7, is defined as follows.

Pg t PA’TA—;TB)} (2_7)
where D(x,r) = {q|||¢ — p|| < r} denotes an open disc with center x and radius r. The set of
collision-avoiding velocities C’A2| p(vp) for agent A given obstacle B selects its velocity from
set Vg is define as

VO, g ={v|3t €[0,7],v e D(

CAY (V) = {vjv ¢ VO, p S vp} (2-8)
Ifvg = C’A;lB(vB) and vg = CA;"B(VA), then V4 and Vp is reciprocally maximal.

Let w be the vector from v4 —vp to the closest point of the boundary of VOZ\B’ as indicated
in Figure 2-4.

w= (g iy o= (1= vn)|l) — (04— v) (2-9)

The vector w represents the smallest change to the relative velocity vg —wv4 that will provide a
sufficient condition for no collision during the time window 7. The set of permitted velocities
for A determined by B for a time window 7 ORCAQl  is the half-plane ( or half-space in 3D)
in the direction of the outward normal of VOj;1| p at the point vg —vp + w starting at the
point v4 + aw.

ORCA} g =v|v— (va+aw) -n=>0 (2-10)

The reciprocity factor a € [0, 1] prescribes the share of avoid collision between A and B, while
A adjust its velocities by aw, B take the remaining 1 — a part of the responsibility. In [5], the

value a = % is used as both agent take equal responsibility. The set of permitted velocities
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2-2 Potential Fields Based Approach 11

for A with respect to all agent is the intersection of half-planes in 2D or half-spaces in 3D
introduced by each of the other agents. The permitted velocity set could be written as

ORCA} = D(0,v3°") N () ORCA} 5 (2-11)
A+B

The new velocity v/y for A is selected as the one inside the region of permitted that is closet
to its preferred velocity.

vy = arg min v - oy (2-12)

While VO/RVO/HRVO solves a uniform sampling problem, ORCA could be efficiently solved
by linear programming as ORC A’ is a convex region bounded by linear constraints induced
by the half-planes of permitted velocities with respect to each of the other agents, which

leads to fast running times and smooth. A extension of OCRA to 3D workspace for multiple
simple-airplanes with kinematics and dynamics constrains is investigated in [107]

2-2 Potential Fields Based Approach

The other important type of collision avoidance approach is based on artificial potential
fields which was originally proposed to deal with on-line collision avoidance for a robot with
proximity sensors in [102]. This method generates an artificial potential field U (p) that reflects
(locally) the structure of the free space. It consists of an attractive potential function Uy (p)
to pull agent towards the goal and a repulsive potential Uy.p,(p) around obstacles to push
agent away from obstacles. The new velocity that navigates the agent to its destination free
of collision is determined by the negative gradient of the total PFs.

v=-VU(p) (2-13)
The attraction potential function Uy is of the form:

Uatt(p) = Kattp™ (p, pg) (2-14)

where K,y is a positive constant scaling factor and p(p,py) = ||p — pyl| is the Euclidean
distance between agent’s the current position p and its goal position py. U, (a) has unique
minimum at pg.
For m = 1, the attractive potential is conic in shape and the resulting attractive force,
p—Dp
Vate(p) = _Kattig
[

, is a unit vector directed towards the goal except for p = p,, where Uy is singular at the
goal(not stable) that might cause oscillations. For m = 2, the attractive potential is parabolic
in shape and the attraction force,

Vatt(p) = —Katt(pg — p)

, is a vector directed towards the goal with magnitude linearly related to the distance from
p to pg. The attraction potential function Uy (p) converges linearly to zero as p approaches
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12 Prior work

pg which result in good stability but as p is far away from ¢4, the attraction force grows with
bound. A good idea would be a hybrid method to take the advantage of both parabolic and
conic wells, that is choosing m = 1 when p(p, py) > d and m = 1 otherwise.

An example of the repulsive potential Uy, could be chosen as:

1 1 1\2 :
v {gKrep@,(p)—m) it p(p) < po o15)

Then a harmonic potential filed approach is demonstrated in [115]. In this paper, the control
input is determined by three components: stationary obstacle avoidance component uo;,
purposed filed (PRF) component ug; and conflict resolving field (CRF) component uc;. As
the result of ug; and uo; component, each individual agent is capable of safely reaching its
target in the absence of the others. The CRF component uc; intended to avoid other moving
agents is the combined effort of pushing the other agent away and moving out of the way:

uc; = uer; + uct; (2-16)

where wucr; is the radius agent collision prevent component for the agent to prevent oth-
ers moving towards it. wuct; is the deadlock prevent tangent component to avoid obstacles
from block agent’s way moving towards the target. (This component is a must especially for
head-on case.) The proof of globally, asymptotically convergence to agents’ respective desti-
nation without collision can be derived based on the theorem by LaSalle about extensions of
Lyapunovs second method [127].
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Chapter 3

Problem Formulation

3-1 Problem Statement

A group of n identical agents freely moving in 3-dimensional space is considered. For each
agent i, p; denotes its position, v; = p; is the velocity and a; = p; is its acceleration. In
every time step, a new force(acceleration) input for the agent must be derived based on
local observations of the environment, so that the agent is free of collisions with other agents
and the obstacles, while making progress towards a goal. While motion planning refers
to the problem of finding a collision-free motion for a robot from a given start pose to a
given destination pose, collision avoidance focuses on local scenario when obstacles are close
enough for the agent to be able to detect them. Each agent is assumed to have perfect
sensing, and is able to infer the exact shape, position and velocity of static obstacles and
other agents in the same environment. While dynamic obstacles move passively through the
environment without perception of their surroundings, the agents do perceive each other, and
actively adapt their motions accordingly. Each agent runs its collision detection and avoidance
protocol independently, no communication among agents nor a central coordination is needed,
the computation could be processed fully parallelized. All the agents moving on the common
workspace are assumed to follow the same decision-making strategy.

3-2 Dynamics for Single Agent

In this thesis, we consider multi-agent systems composed of identical agents as discussed in a
previous report [1]. Following the presentation in [1], this section addresses the properties of
each individual agent for multi-agent system considered in this thesis. Also, the backstepping
control method adopted to control the multi-agent system and in which we embed also the
collision-avoidance protocol is introduced.
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14 Problem Formulation

3-2-1 Agent Dynamics

Each agent is assumed to have simple circular shape with a radius Ry. Furthermore, we
assume that the agent is holonomic, i.e. there is no constraint of moving in any direction
that is depended by the heading of agent, such that the control input of each robot is simply
given by a two-dimensional velocity vector. The mass of agent m(t) is time varying as the
agents can possibly pick up or drop off objects during their whole assignment. The equation
of motion of the ith agent can be expressed as below

HEHE

There is an individual speed limit vy, ; as the upper constraint of ithe agent’s speed v;(t).

; ] wilt) (3.1)

m;(t)

_l’_

3-2-2 Backstepping Control

In this section, we will explain the control strategy used in simulation in absence of collision
avoidance protocol. To address the constraint of maximum speed of each agent, an appropriate
saturation function is introduced. The other thing we need to take into consideration is that
the agent’s mass is time varying in general. Although a force input is required for control
purposes, it is more intuitive to provide a velocity input. Based on the issues above, the control
method we chose is backstepping control, which is suited for a system that can be written as
strict-feedback form. Especially, a backstepping controller allows to design a velocity control
which gives a reference velocity based on the current position and goal of agents is to simply
track the reference velocity by means of the preferred force input. We assume that the mass
m;(t) of the ith agent at time ¢ is known or can be measured and the velocity of agents shown
in Equation (3-1) could be measured.

The idea of backstepping controller is to stabilize the lowest derivative (velocity in our case)
with a feedback law and then step back until all states are stabilized and control input (force)
is found. The first step is to calculate a reference velocity z;(t)

El(t) = sat [(Fz — :L“l(t))kil] (3—2)

Vlim,i

where 7; is the goal position and k; is a gain for the difference between current location and
destination. The next step is to obtain the input w;(¢) based on the reference velocity #;(t)
following Equation (3-2).

ui(t) = (2i(t) — i(t)) kami(t) = ( sat [(7; — 2i(t)) k1] — &) kami(t) (3-3)

Viim,i

where x;(t) and 4;(t) are the position and velocity of agent ¢ in time ¢ respectively and ks is
the gain for the difference between reference we calculated and the actual velocity.

The state-space representation for each agent with the aforementioned input can be written

as
T; o —ki1kol —kol T;

Xiajing Li Master of Science Thesis

_l’_

? ] k1 kgﬂ' (3—4)



3-3 Procedure 15

where 0y is the zero matrix of size 2 x 2 and I is the 2 x 2 identity matrix. The eigenvalues

of the system are given by
—kg £ \/k3 — 4k ks
A2 = (3-5)
2

both A1 and Ay have algebraic multiplicity of 2. As it shown in the equation, the eigenvalues
of the system are determined by the value of gains k1 and k2 only. The time varying mass is
cancelled out in the new dynamic equation, in other words the behavior of the agent with a
backstepping controller is irrelevant with the time varying mass of the agent and the overall
system is linear time invariant (LTT).

3-3 Procedure

The overall process to accomplish our task is illustrated by the flow chart shown in Figure 3-1.
The preferred velocity v,..s is simply a vector targeted to the goal of agents with maximum
speed of the agent.

Pi,goal - Pz

—_— 3-6
‘Pi,goal - -Pz” ( )

‘/pref,i = Vlim,i

The policy for obstacle detection and how reference velocity could be generated based on
two different approaches would be explained in the following two chapters.

3-4 Evaluation Metrics

The following metrics can be introduced to analyze the collision avoidance behavior obtained
from the simulations:

1. Total Traveled Distance (TTD): The total distance traveled by an agent from initial
position towards goal position employed collision avoidance maneuver is defined as:

TTD= 3 |lp(k) —p(k-1)| (3-7)
ki<k<kf

with k% being the first simulation step k starting the navigation maneuver from their
initial positions, and &/ being the final simulation step k when the agent is at a distance
equal or less to 0.01m from their final destinations.

2. Time Steps to completion(TS): The time steps for an agent to complete the whole
navigation procedure, which is defined as:

TS =k/ — K (3-8)

3. Total acceleration (7g..):The total acceleration over the simulation is calculated as:

A=y URovESD, (39)

ki<k<kf
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Reached
goal position?

Y

Calculate preferred velocity
v_pref from current position
to goal position.

No
Implement v_pref Obstacle detected?

Calculate reference velocity
v_ref to avoid collision.

Implement v_ref

Figure 3-1: General Block Scheme
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3-4 Evaluation Metrics 17

4. Proportion of Collisions: The proportion of collisions over the whole simulation is

defined as:
C= Y c(k) (3-10)
ki<k<kf
where
1 k) —po(k)| < 0.5
e(k) = Ip(k) .p( )l m (3.11)
0 otherwise

po(k) refers to the position of nearest obstacle.

Other evaluation metrics could be computation time per time step and Minimum Distance
(MD) from closest obstacle during the whole iteration.
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Chapter 4

Collision Avoidance Protocol 1
-Rotation Based Method

The proposed collision avoidance algorithm is inspired by human behavior, that is turn aside
when an obstacle is spotted. As long as there is no collision detected, the agent would go
toward its goal position directly. When obstacle is detected, the collision avoidance protocol
is activated. In our case all agents prefer to turn right (which results in counterclockwise
rotations) to avoid collision.

4-1 Collision Detection

The proper detection zone is defined as Figure 4-1. The yellow circle represent the circular
shape agent with radius Ry, the pink circle and blue circle refer to the static detection area
with radius R. and active detection area which is dependent on the speed of agent. The
relation of active detection radius R., and speed is given as:

R.. = R. + po(t) (4-1)

For an agent A;, an obstacle O; within a distance d;; < R.. and at angle \;; < 6 will be
detected by sensors, where

Aij = arccos <(pZ ~Pig) (0 = pl)) (4-2)
lpi = pigllllp; — pil

p; and p; are the position of agents A; and A;, and p; 4 is the goal position for A;. In Figure
4-1, the detection zone is depicted by the pink area and red sector of range 20. When a
possible collision is detected the agent scans the whole active detection area and will make
a move around the obstacle which is closest to the agent until the collision detection zone is
obstacle free. When 6 = 90°, it means that the agent will not react to the obstacle "behind"
it, regardless it is within the detection shell or not. Note that this algorithm is not suited for
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20 Collision Avoidance Protocol 1 -Rotation Based Method

Goal
Direction

Figure 4-1: Collision Detection Zone of Rotation Based Method

detecting the whole blue circle, when # = 180°, as the agent will keep spinning around the
obstacle when it is detected but the relative distance would never be larger than the radius
of collision detection zone.

4-2 Collision Resolution

The collision avoidance manoeuvre for agent A; to avoid a selected agent Ay is illustrated
by Figure 4-2. As shown in the Figure 4-2, A; detects an obstacle, Ay, then A; scans its
entire surroundings, the whole blue circle in the Figure. A green circle with radius Rg;s and
central position of Ay as the center is drawn, where Rg;¢ refers to the preferred distance from
obstacle, which is slightly smaller than the radius of detection zone R.,. When rotating the
vector from As to Ay, (p1 — p2) counterclockwise with an angle «, there would be a point ¢;
in green circle lying on the rotated vector or its extension line. According to this cross point,
a new reference velocity with the same direction as vector (¢; — p;) could be obtained. The
margin of reference velocity is fixed as maximum speed. Both a and Ry play important
part of the collision avoidance behavior.

4-3 Choice of Parameters

To ensure the collision free trajectory and leave a safe distance between agent and obstacle, the
collision avoidance maneuver is designed with a desired behavior that the new velocity would
pull away the agent from selected obstacle when their distance is smaller than the preferred
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Refergnce Velocity

Goal
Direction

Figure 4-2: Collision Avoidance Maneuver of Rotation Based Method

Algorithm 1 Collision Avoidance Maneuver of Rotation Based Method

Given agents set A whose position p, velocity v and shape information could be obtained
from sensor.
loop
for all A; € A with position p; and velocity v; do
for all A; € A and j#1ido
if A; with distance ||Pj;|| < Rc. and angle \;; < 6. then
Collision detected sign cd; = 1
end if
end for
for all cd; =1 do
Pick a v, based on the current position as illustrated in collision resolution section
end for
Compute control input from vpe,; and apply it to the actuator of A;.
end for
end loop
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22 Collision Avoidance Protocol 1 -Rotation Based Method

distance Rg;s;. In other words, we would like to make sure the minimum distance between
agent and obstacle is always larger than preferred distance. For a list of fixed parameters
shown in Table below, collision avoidance would be achieved for a certain range of rotation
angle for collision protocol a. Both analytically deduction and simulation for obtain the
constraint of « is given as following.

Parameter Value Description

Ry 0.15m Radius of Agent

dt 0.05s  Simulation Sample Time

R, 0.8m  Radius of Detection Zone

Ryist 0.5m  Preferred Distance From Obstacle

0 90° Detection Range Angle

@ Rotation Angle for Collision Protocol

Table 4-1: List of Parameters in Rotation Based Collision Avoidance Method

4-3-1 Tuning Rotation Angle «

To analyse the effect of varying «, an extensive number of of simulations are carried out. The
result is shown in Figure 4-3. All of them following a simple head-on scenario where start
positions are [0, 1] and [0, —1] separately and the corresponding goal positions are [0, —1] and
[0,1]. In every simulation, both agents have a speed limit of 1m/s and in every time step we
renew the velocity direction only and keep the same velocity margin when the goal position is
relatively far away. In these simulations, the gain for difference of position k; in backstepping
control is set as 4, the agent would slow down when the goal position is within a distance of
0.25m. The gain for difference of velocity ko is chosen as 20, which is equal to 1/dt, so that
the tracking efficiency is 100%, the reference velocity we generate from collision avoidance
protocol is the same as the one implemented by actuator.

o 5° 10° 15° 30° 45° 60° 75° 80° 85°
TTD(m) 2.2530 2.1572 2.1402 2.1204 2.1043 2.0849 2.0693 2.0600 1.100
MD(m)  0.4667 0.4759 0.4885 0.4845 0.4378 0.3819 0.3174 0.3063 0.2847
TS 95 93 52 52 52 51 51 51 null
Toce 200.22 107.10 89.69 84.04 87.16 82.72 8756  T77.61  52.63

Table 4-2: Value of Evaluation Metrics with Different Rotation Angle «

Through our simulations, we can see that collision-free path could be obtained for all listed
rotation angle « except for a = 85°. As « increases, the angle between the vector from agent
to obstacle p;; and new velocity decreases, which leads to a more preservative reaction to
avoid obstacle, it could also be reflected by a smaller total traveled distance(TTD). When
a = 5°, the avoidance behavior is quite aggressive and as a consequence oscillation is spotted.
In other words, the relative distance changing between values larger than preferred distance
Rgist = 0.5m and values smaller than 0.5m repeatedly several times. This result in a longer
total traveled distance(TTD), total steps(TS) and total acceleration(T,..). This problem
could be solved by choosing a smaller time step, or slow down when collision detected. It
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24 Collision Avoidance Protocol 1 -Rotation Based Method

especially works for 2rgsin(«a/2) >> wv;dt, when position ¢; is not reached in next step.
Another modifying suggestion would be using the central point of agent and obstacle instead
the position of obstacle as the rotation center in collision resolution step. When a > 30°, the
minimum distance(MD) is decreasing when « increases, and it reflects a more conservative
and dangerous reaction to avoid obstacle.

4-3-2 Choosing Detection Radius R.. and Rotation Radius Ry

The performance is also tested for cross case where start positions are [1,2] and [1, —2] sep-
arately and the corresponding goal positions are [—1, —2] and [—1, 2] as well as side scenario
where start positions are [1, —2] and [—1, —2] separately and the corresponding goal positions
are [—1,2] and [1,2]. The maximum speed for both agents is 1m/s for both scenarios. Using
the parameters in Table 4-1 and setting o = 15°, the trajectory is shown as Figure 4-4. There

a=45° Rcz=0.8 Rdist=0.5 a=45° Rcz=0.6 Rdist=0.5
/ | /

151 157
1r ir

n

0.5 0.5
1 ERS
1.5 1.5
2 2
25 -2 45 4 05 0 05 1 15 2 25 25 2 45 4 05 0 05 1 15 2 25
(a) (b)
a=15" Rcz=0.8 Rdist=0.5 a=15" Rcz=0.6 Rdist=0.5
2 2t
15 15
1 1
05 05
0 or
05F 05
1 ElL
1.5 1.5
2 + 2
25 2 15 -4 05 0 05 1 15 2 25 25 2 45 4 05 0 05 1 15 2 25
(c) (d)

Figure 4-4: Cross and Side Trajectory for Rotation Based Method with o = 15° and left:
R. = 0.8m, right: R. = 0.6m

are no obvious difference for different Rg;s in cross case on the top but the trajectory for side
case is varying. Due to the counterclockwise rotation policy, agent 1 and agent 2 detected
each other when distance between them is smaller than R., = 0.8m, the new velocity derived
based on their relative position, which is horizontal, has the opposite direction. As suggested
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4-4 Extension to Multi-agent Case and 3-Dimensional Space 25

on the figure, the turning rate from goal direction to new velocity of agent 1 is much smaller
than agent 2, which makes agent 2 having a longer recovering from the effect of obstacle. As
the position at time step equals to 60 (t=3s) marked in the figure, agent 1 goes towards to its
destination directly which implies that no obstacle is within the detection shell as agent 1 is
"behind" it. As for agent 2, the angle between the vector from agent 2 to its target position
pi,g and the vector from agent 2 to obstacle agent 1 po; is smaller than detection range angle
0 = 90°. As the relative distance is 0.6639m, agent 2 regards agent 1 as an obstacle at t=3s.
Agent 1 seems to be trapped by agent 2 for a certain long period. A feasible solution would
be reduce detection zone radius R.,. As shown in Figure 4-4d, when R, is reduced to 0.6m,
a better performance is obtained.

4-3-3 Different Speed Scenarios

Two scenarios with different speed, head on and takeover case is present in this subsection.
For the head-on case, agent with maximum speed 1m/s starts at [0,2] and goes towards [0,-2].
The other agent with maximum speed of 2m/s initiates at [0,-2] and the destination is [0,2].
For the takeover case, agent with maximum speed of 1m/s starts at [-1,0] and ends at [1,0], the
other agent with maximum speed of 2m/s goes from [-2,0] towards [2,0]. The result is shown
as Figure 4-5. For the most left column, the detection zone radius R.z is chosen as a fixed
number of 0.6m and preferred distance Ry is fixed at 0.5m. The rest R.., = R. + Sv(t),and
Rgist = Re + (8 — 0.1)v(t) where R, = 0.4m and $ increasing from 0.1 to 0.4. Collision free
path is achieved for all simulations. As § increasing, the reactive distance increases as well as
the minimum relative distance. When 3 > 0.3, the agent with high speed limit takes almost
all the responsibility to avoid collision.

With a proper choice of rotation angle  and preferred distance Rg;4, collision-free path could
be guaranteed with collision avoidance protocol proposed above under the assumption that
only one obstacle is present in the detection zone. To show this, we can get an intuition from
geometric expect. In fact, let us work under the assumption that obstacle would follow the
same protocol or not move. The agent would always go away from the obstacle if cos(a) >
Rj;t’ where d. the distance from agent to obstacle. So that the distance between agent
and obstacle is guaranteed to be not smaller than d. in next step so that the path wold be
collision-free.

4-4 Extension to Multi-agent Case and 3-Dimensional Space

4-4-1 Remarks on Multi-agent Case
When there are more than one obstacle is within the detection shell, the agent only reacts to

the nearest one. In case there are more than one obstacle with (almost)same distance, the
agent react to the one with minimum angle to the right edge of detection zone.

4-4-2 3-Dimensional Space

In three-dimensional space, what we need to find is a rotation axis instead of a rotation center
in two-dimensional space. One option would be using projection on a horizontal plane and
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Figure 4-5: Head-on and Overtake Trajectory for Different 3, the Speed Limit of Red Agent
(Agentl) is Im/s and 2m/s for Blue Agent(Agent2)
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4-5 Discussion 27

if the collision is avoided in that plane, a collision-free path would be guaranteed in three-
dimensional space. An exception would be agent and obstacle have the same coordinates in
x and y axis and the only difference is in z axis. In this case, the new velocity would point to
the positive direction of x-axis for the agent on the top and point to the negative direction
of x-axis for the agent on the bottom. The examples for two agents switch top and bottom
positions [0,0,-1] and [0,0,1] as well as exchange diagonal positions [-1,-1,-1] and [1,1,1] are
shown in Figure 4-6.

02 0 o0z 0s 05 08 1 T 08 06 04 02 0 02
xim) yim

Figure 4-6: Trajectories of Two-agent Head on Scenarios for Rotation Based Method. Top line:
exchange position between [0,0,-1] and [0,0,1]. Top line: exchange position between [-1,-1,-1]
and [1,1,1]. From left column to right, view in 3D, in x-y plane, x-z plane and y-z plane

For the first scenario, the agents are stuck in a deadlock in z-direction and livelock in x-y
plane. While the movement in z-direction is forbidden and the relative distance in x-y plane
start from a value smaller than the rotation radius Ry = 0.5m, the agent are trapped in a
circle with the same radius. For the second scenario, the collision avoidance is successfully
achieve by moving in the plane y=z and the movement in z-direction is retard as shown in
the x-z plane. The resolution relies most on the behavior on horizontal plane which is similar
to a 2D scenario.

4-5 Discussion

e For tuning the parameters, it is important to get an insight of how the parameters
would affect the behavior of agents. This is crucial to understand how to choose the
right parameters. Those parameters include rotation angle «, preferred distance Ry
and detection angle #. The constrains to optimally choose detection angle § have not
been well studied yet and are left for future work. The trade off is between a preserve
performance with smaller minimum distance but smaller total travelled distance and an
aggressive reaction to collision with larger minimum distance and larger total travelled
distance.
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28 Collision Avoidance Protocol 1 -Rotation Based Method

e Collision avoidance part is decoupled with navigation part, and collision avoidance ma-
neuver may require abrupt changes in the velocity that may be unfeasible due to kine-
matic constraint of maximum turning rate and maximum input force. The switch from
navigation to the goal position and collision avoidance leads to sudden change in velocity
and not smooth trajectory. The result depends strongly on the geometric configuration
of agents.

e The situation of a livelock with the agents trapped in a circle is spotted in 3D case.
The reason may be due to failure of the 3D equivalent of the requirement for a feasible
solution for 2D case namely: the smallest distance between start point and obstacle
should always be larger than the preferred distance Rg;s; and the smallest distance
between goal position and obstacle should always larger than detection distance R, .

4-6 Summary

In this chapter, a rotation based collision avoidance protocol is introduced. Through our
simulations, we find that when there is only one obstacle need to take into consideration, the
algorithm can always come up with a feasible collision-free path. The suggestion for extension
to multi-agent and 3-dimensional case is also given in section 4-4. Some failure situation when
the agents are trapped in a livelock is also shown.
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Chapter 5

Collision Avoidance Protocol 2
-Potential Field Based Method

Another possible collision avoidance paradigm is based on the concept of artificial Potential
Fields (PFs).This method creates a potential field function of the position of the agent that
usually consists of an attractive potential component pointed to the goal and local repulsive
potentials around detected obstacles. The next movement of the agent is determined by the
gradient of the overall summed potential. This is a simple but effective way for collision

resolution.

5-1 Potential Field Functions

In this thesis, the total potential function is formed by three parts

U=U;+ U, + U (5-1)
The navigation component U, leads agent to its goal position
U {Kngi — Pigl if p(pi,pig) =74 (5.2)
T SKllpi —pigll® i ppispig) <Ta
The radius collision avoidance component is presented as
U 1ZK( ! 1)2 if p(pi,p;) < (5-3)
r= 3 r\v——— — /) W pPi,Pj) = pPo -
22—l p P
and a tangential collision avoidance part of the form
1 2 .
ZKt —)* % Si(pi,ps), if p(pi,psi) < po (5-4)

llpi — p;ll pgll Po
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30 Collision Avoidance Protocol 2 -Potential Field Based Method

When the agent is close to the goal, within a radius of r4 > 0, the agent would slow down
according to U,. Constant gains K, > 0, K, > 0 and K; > 0 are used to weight the influence
of navigation and collision avoidance components. The negative gradient of the total PFs is
used to navigate the agent to its destination while avoiding collision:

v=-VU = -VU, — VU, - VU, (5-5)
with

—VUy = =KoV p(Di; Pig) (5-6)

1 1 1
VU, =Y K(——— — —)(—5——)Vp(pi, 0 5-7
; (p(pi,pj) po)(pQ(pi,pj)) e ) 1)

1 1 1
VU =Y Ki(——— — —)(5——)V x Si(pi,p;)), V-Si=0 5-8
: 2]: ) ~ w0 i) (Pi.23)) (5)

where pg = min(1, p(pir;dpi’g)) is a factor to slow down agent when it is close to destination,V-
is the divergence operator, —Vp(pi,pi4) is a unit vector directed to p; 4 from p;, Vp(pi,p;)
is a unit vector directed to p; from p;, and S; is a vector potential field selected so that its
gauge is zero.

Vo(pi,pj)'V x Si(pi,p;) =0 (5-9)

When the obstacle is on the edge of the detection shell, (p(p;, p;) = po), the repulsive function
starts from zero and increasing as the agent approaching obstacle. The vector potential field
(S;) can only generate a tangent circulating field. For the local tangent fields to form a
continuous global tangential action that has the potential to push the interacting agents out
of each others way and prevent deadlock, all the individual tangent fields must circulate along
the same direction. [115]

For 2D scenario, the tangential component for avoiding collision could be simple chosen as of
the direction as rotated 90° counterclockwise of vector Vp(p;, p;).

0 1 .
V x Si(pi,pj) = l 10 ] Vopi,pj) , Vi€ O, (5-10)

Xiajing Li Master of Science Thesis



5-2 Tuning Parameters 31

Algorithm 2 Collision Avoidance Maneuver of Potential Fields Based Method

Given agents set A whose position p, velocity v and shape information could be obtained
from sensor.
loop
for all A; € A with position p; and velocity v; do
for all 4; € A and j#ido
if A; within distance ||Pj;|| < Rc. then
Collision detected sign cd; = 1
end if
end for
for all cd; =1 do
Calculate v, according to equation (5-5)
end for
Compute control input from vye,; and apply it to the actuator of A;.
end for
end loop

5-2 Tuning Parameters

When a possible collision is detected, the new velocity of agent A; is composed by three
components pointing in different directions, namely

1. vg: a unit vector directed towards goal position p; , from current position p;
2. v,: a unit vector directed towards current position p; from obstacle O; ’s position p;.

3. v¢: a unit vector tangent to v,.
The overall weighted velocity can be the result of different sums/combinations:

1. vy + v
2. vg + vy

3. vg + v+ vy
In order to accomplish our task, namely that all agents can would reach their goals eventually

without collision with other agents or obstacles, the gains of the PFs should be chosen carefully
based on some constrains for the norm of each component as pointed below.

5-2-1 Choosing Radius Avoidance Factor K,

For the first protocol, to ensure collision avoidance, the total PFs affect needs to pull agent
away from the obstacle when obstacle is within a small range ||p; — p;|| < R.. In other words,
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the norm of attractive component should be smaller than repulsive component when obstacle
is close enough. The following relation should hold:

| = VUl <[ =VUll,  when [[p; —pjl| < Re (5-11)

For a single obstacle condition, in the worst case that the distance to the destination is larger
than rg, Equation (5-11) could be rewritten as:

Ky < (5 = —)(53) K0 (5-12)

As a consequence, the negative gradient of the total PFs for A; would pull it away from
obstacle (Upey - pij < 0) or result in a zero velocity when p;, p; and p; 4 lie on the same line,
a typical example would be head-on collisions. In either case, the agents move away from
each other or not move at all, no collision would occur. As the deadlock-prone propriety of
this PFs, some change should be introduced to ensure deadlock-free or zero-velocity-free path
such as the solutions proposed in [112] and [128]. Alternatively, harmonic potential fields
introduced in [2] could handle this issue well.

5-2-2 Choosing Tangent Avoidance Factor K,

For most situation, it is not necessary to go completely backward ( or slow down till zero-
speed) to avoid obstacle, moving aside would be sufficient enough. For the second protocol,

consider a tangent collision avoidance only. What we need is to make sure is that the gen-
(ri+r;)
i k ¢ Pl i
sure the agent would be repulsive from each other with a relative distance R, the following

equation should hold:

. To make

eralized new velocity is out the velocity obstacle that sin(Z(pji, Vnew,i)) >

| — VU, RZ = (ri +15)?
H - VUtH Rc

(5-13)

Based on our proposed potential field functions, under the condition that the distance to the
destination is larger that r4, above Equation (5-13) could be rewritten as

RZ—(ri+m)* 1 1.1
K — — )(=)K 14
g< RC (Rc PO)(Rg) t (5 )

The simulation for head-on case with different value of K is carried as following. Predefined
parameters are chosen as shown in Table 5-1 below, K, is chosen as 1 so that the velocity
margin would not have a sudden decrease once an obstacle is spotted.
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K=0.1 K=0.15 K=0.25

0.5 0.5

0.5 0.5

0.5 -0.5

0.5 0.5

0.5 0.5

-0.5 0.5 0 0.5

Figure 5-1: Head-on Trajectory for Different Tangent Avoidance Factor K,

Parameter Value Description

Ry 0.15m Radius of agent

dt 0.05s  Simulation sample time

00 0.8m  Detection zone radius

R, 0.bm  Safe distance

rd 0.25m Slow down distance

K, 1 Factor for navigation

K, 0 Factor for avoidance in radius direction
K, Factor for avoidance in tangent direction

Table 5-1: Parameters in PFs based Collision Avoidance Maneuver

The start positions are fixed at [0,1] and [0, —1] separately and the corresponding goal po-
sitions are [0, —1] and [0, 1]. In every decision-making circle, both agents have a speed limit
of 1m/s, the direction and margin of their velocity would be renewed. The result is shown in
Figure 5-1.
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Ky 0.15 0.2 0.25 0.5 1 5 10 100 500
TTD(m) 2.0845 2.0925 2.0992 2.1223 2.1488 2.2131 2.2409 2.3183 2.3339
MD(m)  0.3065 0.3307 0.3499 0.4107 0.4719 0.6000 0.6440 0.6984 0.7011
TS o1 o1 52 52 52 o4 o4 56 56
Tace 94.40  96.53 98.08 100.58 104.71 109.83 111.46 107.27 129.22

Table 5-2: Metrics in Potential Fields Based Collision Avoidance Method with Varying K;

According to Equation 5-14 and the values in Table 5-1, the minimum distance is always
larger than 0.3, the sum of radius of two agents, so that no collision would happen if K;/K, >
1/2.4 = 0.4167. Collision is only spotted when K; is as small as 0.1 and minimum distance
increases with Ky, thus the simulation result verified our argument. In fact, this is only a
sufficient condition to guarantee collision-free path, Equation 5-14 means that no collision
would take place in the future if the agent keep the new velocity infinitely. A larger K
reflects a more aggressive behavior to avoid collision, which could be demonstrated by a
longer total travelled distance and bigger total acceleration. When K; >> K, the tangent
avoidance component plays the majority role that the agent almost rotates around the origin
of coordination, which is also the center of two agents.

To enhance the collision avoidance impact, it is reasonable to introduce a breaking element
that allows the agent to slow down when it is too close to one another or an obstacle. What
we do here is to introduce a scaling factor for navigation component

Koy = ppi,p;) (5-15)

Po

5-2-3 Combined Effort of K, and K;

An alternative option would be like the third protocol denotes, we combine radius component
and tangent component. Potential field method with a tangent component is called harmonic
potential field, whose deadlock free propriety is proved in [115]. In this case, some investigation
for the tuning of factor K, and K; is carried. The same head-on scenario is carried on
K, =1/10,1/3,1/2. with K; varying from 0.01 to 10.

As the result shown in Figure 5-2, the agents could avoid each other with a smaller K;
thanks to the introduce of K,. When k; is relatively small with regard to K,, (for instance
K;/K,<1/3), some low speed steps are spotted when the obstacle becomes detectable. When
radius avoidance and navigation components play the majority role, the agent would come
to a velocity close to zero in radius direction and as tangent component is relative small,
the velocity in tangent direction is also minor. The third one combines the advantage and
solves the problem of both case, while we avoid obstacle, it is not really aggressive, or easy
to get stuck in deadlock. We have to make sure the proportions of K, and K, as well as K;
and K, are within a certain range. That is to slow down when an obstacle is approaching,
(< po), guarantee the agent would go away when obstacle is really close (< R.). The overall
velocity is preferred not be zero all the time to avoid deadlock. When K| is relative big, the
agent cannot slow down on time and lead to collide. When K| is relative small, avoidance
components would play an important part as long as the obstacle touch the detection shell,
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Figure 5-2: Head-on Trajectory for Different Tangent Avoidance Factor K; and Radius Avoidance
Factor K,
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36 Collision Avoidance Protocol 2 -Potential Field Based Method

turn backward aggressively, which is not really necessary and leads to problems such as
oscillation, extra acceleration and not smooth trajectory.

Under the assumption that all agents follow the same protocol, it is necessary to make sure
the reference velocity u; — u; is collision-free based on the new velocity of each agent choose
independently. Two agents with dynamics given in previous chapter 3-4 and both applying
potential fields based collision avoidance protocol mentioned in this chapter will not col-
lide.Indeed, consider two agent 7 and j at a distance R. < d;; < R... From the perspective of
agent ¢, it would leave away from obstacle when the distance is smaller that R. according to
Equation 5-12. With the help of tangent avoidance component, the agent would be deadlock
free as the velocity is nonzero all the time.

5-2-4 Remarks on Multi-agent Case

For multi-agent case, when more than one obstacles are detected, the effect of avoidance com-
ponent might be cancelled out. A solution would be to eliminate the navigation component.

5-3 3d Extension

For agents like UAVs that work in 3-Dimensional workspace, although no conflict in horizontal
plane would be sufficient enough to make sure collision-free in general, it is still possible and
beneficial to take advantage of the vertical dimension to avoid collisions. Aircraft like fixed-
wing airplanes are more maneuverable vertically than in the horizontal plane. For 3D collision
avoidance scenario, a trick problem would be that there is no such a simply "turn right priority"
rule as there is for the 2D scenario. A straight forward explanation would be there are infinite
orthogonal vector for a vector in 3D, it is hard to come up with an agreement for both agent
to avoid collision. When there is no communication between two agents that would collide
potentially, both agents probably perform the same reaction, both decided to turn north or
to go up, make the situation even worse.

5-3-1 Proposed Modification

In this section, a method that combines both horizontal and vertical maneuver to guarantee
collision-free is proposed, which does not rely on the communication between agents. Assume
that the height dynamics is decoupled from the other state variable. The obstacle detection
is separated in the horizontal plane.

Ipf — pH + (uff —ul)tl] < 7y + 15,9t € [0.7] (5-16)
and the vertical component.
1p7 = pj + (ui —uf)t]| < hi+ h; (5-17)

when one of them is satisfied, we mark agent A; as an obstacle for agent A; and vice versa.
Since we consider spherical agents regardless of posture (instead of fix-wing aircraft whose
posture is determined by three angles, namely roll angle, pitch angle and yaw angle, so that a
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unique tangent direction in the same plane of the agent posture could be determined), we have
to propose some approach to select the tangent direction. When p;; and v;; are not parallel,
the tangent direction could be determined by Gram-Scmidt orthonormalization. The unit
tangent vector in the same plane with vector of relative position p;; and vector of relative
velocity v;; could be derived as

_ Ui — (vr - vij)or
[vig — (vr - vig)vr |

v (5-18)

where v, = [Upg, Upy, vy2])T is the unit vector with the same direction as Dij-

When p;; and v;; are parallel, we can choose to avoid collision in horizontal plane or vertical
plane. In horizontal plane, the policy is the same as 2-dimensional case. The unit tangent
vector in horizontal plane (vg, = 0) is derived as

) 0 -1 0 . —pg
vpp=e——— |1 0 0 |vp= | vy (5-19)
v, +v3 10 0 0 Ve 03 |0

In vertical plane, the tangent vector should be orthogonal to v, and the tangent vector in
horizontal plane v; . That could be represent by the following equation

0 —Vpy Ury —UrzUrg

‘/;,,U = Ur X ’Uch = () 0 —Upg 'Ut7h = _UTZU’I’y (5—20)
2 2
—Ury  Urg 0 Vpz + Ury

Note that for vector p;; and pj;, the tangent vector we computed in vertical plane V; , is the
same. It is necessary to define a positive direction to distinguish them. Here we choose the
sign sign; of the one with (y > 0|(y = 0&z > 0)) as 1 other wise (y < 0|(y = 0&z < 0)) as
—1. So the final unit tangent vector could be given as

Uty = 819N Vi (5-21)

An exception would be v,; = v,, = 0. In this case, there are infinite number of horizontal
tangent vector and no vertical tangent vector. We manually choose the tangent vector as
v = [%, \_/—%,O]T for the agent on the top (v, = [0,0,1]7) and v; = [\_/—%, %,O]T for the agent
on the top (v, = [0,0,—1]).

5-3-2 Simulations of Simple 2-agent Scenarios

The result of two typical head-on scenarios involves z-direction, namely position exchange
0f[0,0,1] and [0,0,-1] as well as [1,1,1] and [-1,-1,-1], is shown in Figure 5-3. While the combined
tangent vector would be better to avoid collision in a vertical plane (first and third line), the
horizontal tangent vector (second and forth line) would take the advantage of three directions
in different way.

The different K; and K, is further studied. In Figure 5-4, K, is fixed at 1/3 while K; =
{1/6,1/2,3,1/20,1/100}. A larger K; would lead to a larger spin trace in horizontal plane
which result in a longer total travelled distance and total acceleration. While K; << K., the
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Figure 5-4: Trajectories of Two-agent Head on Scenarios for PFs Based Method Method with
K, ={1/6,1/2,3,1/20,1/100} from Top to Bottom
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impact of tangent avoidance component to move aside is little that the agent keeping a low
speed for a long period to avoid deadlock so that total time step would be increased.

In Figure 5-5, K, is fixed at 1/6 while K, = {1/3,1,6,1/6,1/15}. Similar to previous case, the
ratio of K;/K, is positive correlation to the length of spin trace in x-y plane. As mentioned
in 2D, K, determines the minimum distance between agents. When K, >> K, the obstacle
would travel through the border of detection radius frequently that oscillation in the third
and forth subfigures of the third line is spotted. In order to make sure agent would goes away
from the obstacle before collision, K, is advised to be chosen larger than 1/20 according to
Equation 5-12.
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Figure 5-5: Trajectories of Two-agent Head on Scenarios for PFs Based Method with K;=1/6
and K, ={1/3,1,6,1/6,1/15} from Top to Bottom
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5-4 Discussion

1. Monotonic functions starting from zero on the edge of detection shell for avoidance
component could smooth the impact of obstacles on the border of detection zone.

2. In our study, states vector is the position of agent only, posture(heading) is not taken
into consideration. An improved fully 3-dimensional PF could be developed with posture
information.

3. The potential field based algorithm discussed in this chapter only use the current po-
sition estimates of other agent to navigate and avoid collisions. The agents tend to do
detours and slow down when near collision, which is a preserve action and sometimes
not necessary but more safe when the motion of other agents is unknown. When con-
sidering also the velocity estimation or target information to add a predictive element,
a more sufficient trajectory could be obtained.

5-5 Summary

In this chapter, a potential field based collision avoidance algorithm is introduced. The guar-
antee of collision avoidance is testified by some simple simulation in two-agent scenarios. The
performance for multi-agent and 3-dimensional case will be further studied in next chapter.
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Chapter 6

Simulation Results

This chapter investigates in depth the performance of the method proposed in Chapter 5.
Especially 3D scenarios.

6-1 Simulation Scenarios

6-1-1 Two-Agent Scenarios

The simulation is carried on MATLAB. To start with, four typical two-agent scenarios utilized
in [118] are introduced to validate the proposed method.

1. Head-on: An agent starts from [0,2,0]jm and aims at [0, —2,0]Jm, and vice-versa for
the other agent. Both of the agents have a maximum speed limit of 1 m/s.

2. Cross: An agent starts at [1,2,0]m and goes towards position [—1, —2,0Jm. The other
agent starts at [1, —2, 0]m and with the goal position [—1,2,0]m. Their maximum speed
are both 1 m/s while their trajectories will cross at the origin without collision avoidance
strategy.

3. Side: An agent starts at [1, —2,0]m with the target position [—1,2,0lm. The other
agent goes from [—1,—2,0]m and aims to go to [1,2,0lm. Maximum speed for both
agents are lm/s.

4. Overtake; An agent starts at [0, —1,0]jm and ends at [0, 1,0Jm with a speed limit of 1
m/s. The other agent initiates at [0, —2,0]m and its destination is [0, 2, 0]m. The speed
limit is 2 m/s.

Based on the discussion about the choice of factors in the previous chapter, when only K;
is used (and not K,), the ratio of K,/K; should be smaller than 2.4. The following result
shown in Figure 6-1 is under the condition that K, =1, K; = 1/2 = 0.5 and K, = 0. Note
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Simulation Results
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Figure 6-1: Two-agent Scenarios for PFs Based Method with K; = 1/2 and K, =0

Parameter Description

Rp =0.15m Radius of agent

dt = 0.05s Simulation sample time

po = 0.8m Detection zone radius

R.=0.5m Safe distance

rqg = 0.25m  Slow down distance

K, Factor for navigation

K, Factor for avoidance in radius direction
K, Factor for avoidance in tangent direction

Table 6-1: Parameters in PFs based Collision Avoidance Maneuver
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that as Ky = 1, the new velocity could be of the maximum speed at the primary step when
the obstacle touches the detection zone. Choosing a smaller K, but with the same ratio
could decrease the possibility of collision. Also, this is only a sufficient condition, according
to our test, the collision would happen when K; = 3, as we set a safe distance R. of 0.5m
so that the agent would move away , there are some tolerance over there. The difference is
the smallest distance between two agent or the proportion of collision as we will discuss in
following section 4-2. In Figure 6-2, two agent performance with both tangential component
and radius component is given.

6-1-2 Multi-agent Scenarios in 2D

There we present the result of several multi-agent scenarios.

1. Circle: Twelve agents crossing each other to antipodal points in a circle with radius
of 4m. All agents’ speed limit are set as 1m/s. The result is given in Figure 6-3a. It
is also works when speed limit is chosen randomly between 0.5m/s and 1.5m/s. The
speed limit used in random case shown in Figure 6-3b are [0.6576 1.4706 1.4572 0.9854
1.3003 0.6419 0.9218 1.4157 1.2922 1.4595 1.1557 0.5357] (m/s). Both Figure is based
on potential field method with K, =1, K; =1/6 and K, = 1/3.

(a) Identical Speed Limit Circle (b) Random Speed Limit Circle

Figure 6-3: Circle Scenarios for PFs Based Method

2. Line-Cross: There are twelve agents in the work space, six of them line in the y=1
with x=1:6 and other six of them line in the y=4 with x=6:-1:1 at the very beginning.
The target position is central symmetric of the point (3.5,2.5).
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Figure 6-4: Line-cross Scenarios for PFs Based Method

The trajectory for potential field based method with K, = 1, K; = 1/2, K, = 0 as
well as K, = 1, K; = 1/6 and K, = 1/3 are shown in Figure 6-4. As the failure of
Figure 6-4a shown, tangent avoidance component only is no longer feasible for dense
and complex simulation scenarios.

6-1-3 Scenarios in 3D

If not mentioned specifically, all the simulation given in this section is based on potential field
method with K, =1, K; =1/6, K, = 1/3. All other parameters is set as shown in Table 6-1
and the maximum speed of all agents is chosen as 1m/s.

e Pyramid: Four agents placed in the vertices of a regular triangular pyramid are sup-
posed to reach their antipodal. While their center be the origin of coordinate, the
initial positions are [v/3,1, —v/3/2], [-v/3,1, —v/3/2], [0, —2, —v/3/2], [0,0, —3+/3/2] re-

spectively. The result trajectory is shown in Figure 6-5.

All agents go directly towards the target position until they are gathered in the middle
of the pyramid, then collision avoidance maneuver becomes activated. All agents are
"frozen" in z-direction, agent 1-3 follow the behaviour of 2D without the central agent
4 as shown in trajectory projected in x-y plane (Figure 6-5(b)). Then they continue
moving in z-direction as the hazard of collision is resolved in horizontal plane. The
relative distance of Agent 1 to obstacles is shown in Figure 6-6. The plot for Agent
2 is coincident with that of Agent 3. In fact, due to the symmetry of Agent 1-3, the
view from the perspective of Agent 1-3 is the same. As the minimum relative distance
over time is always larger than the safe distance 0.5m shown in yellow line, collision-free
path is validated.

e Cube: Here we have eight agents starting at the vertices of a cube with side length
of 4m and the goals are symmetric to start positions with the origin as symmetric
center. The trajectories for the method combine tangent vector obtained by Gram-
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Figure 6-5: Trajectories of Pyramid Scenario for PFs Based Method with Horizontal Tangent
Vector in 3D view (a), x-y plane (b), x-z plane (c) and y-z plane (d).
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Scmidt orthonormalization and horizontal plane are shown in Figure 6-7. The trajectory
for using horizontal tangent vector only is given in Figure 6-8

(a) Cube Scenario Trajectory in General (b) Cube Scenario Trajectory in x-y Plane

4

(c) Cube Scenario Trajectory in x-z Plane (d) Cube Scenario Trajectory in y-z Plane

Figure 6-7: Cube Scenarios for PFs Based Method with Combined Tangent Vector

Dashed lines represent for the agents starting at the top and solid lines represent for the
agents start from the bottom of the cube. As shown in the cube case above, the total
travelled distance for top-agent is 8.7979m and for bottom-agent is 8.8823m. Bottom-
agent spends 8 more steps to reach goal position when top-agent spend 177 steps. Total
acceleration is 134.7973m/s? and 127.1833m/s? respectively. As shown in 6-9, all agent
detected collision around time 3s, when Pz become steady, Px, Py becomes different for
magenta and red from cyan and blue agents. Then the collision avoidance protocol is
activated in horizontal plane where two groups of four agents response to the collision
separately. The hazard in x-y plane is resolved around time 5s when the dashed lines and
solid lines separate and the agents starts to move in z-direction. No obstacle is detected
until a time after 6s when all agents’ velocity in every direction becomes constancy.

¢ Random Grid: This scenario contains 12 agents start and reach a random integer
point with a error of 0.1 of the 3 x 3 x 3 cube. Due to the density of agents, the
possibility of agents come close enough to detected each other is relative high, as shown
in the minimum relative distance plot in Figure 6-12. While the agent are not likely to
deal with several agents at the same time, collision hazard could be eliminated in an
early stage.

¢ Random Points on Sphere Surface: 12 agents starts at a random position on the
surface of a sphere with radius 3m. A remarkable conflicted situation in the middle of
the sphere is occurred as all agents will arrive at the center without having activated the
collision protocol before. As the result shown in Figure 6-13, collision could be resolved
successfully.
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Figure 6-8: Cube Scenarios for PFs Based Method with Horizontal Tangent Vector

Propriety in 3D:

e For PF Based Method with a horizontal tangent vector, the trajectory in x-y plane is

6-2

the same as 2D case if there are no conflict in z-direction in the whole procedure.

Radius avoidance component part must be included (K, > 0) in order to make sure
agent could ’stop’ in z-direction while the tangent avoidance component is responsible
for resolving collision in horizontal plane.

The effort for collision avoidance is different for agent starting from bottom and starting
from top even for a symmetric cube scenario as Figure 6-8. The symmetric behavior in
x-y plane, however, maintains as in 2D cases.

Discussion

Although some of the methods are originally used for static obstacle, it is also possible
to adapt it to the dynamic (multi-agent) case. As the maximum speed of agent is a fixed
number, we could use the prior information of the maximum max speed of all the agent
in the workspace and extend the radius of moving obstacle with a shell of its maximum
speed multiplied by some time window 7. If we can make sure for every iteration the
selected agent would not touch the border of extended shell of obstacle before time 7,
then we could say the overall path for agent would be collision-free. (not necessary but
sufficient condition)

We start with a complex multi-agent high dimensional collision avoidance problem, then
transfer it to a more simple two-agent 2-D case for which we have collision avoidance
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guarantee. During this process, we might eliminate some optimal solution that leads to
a smaller total travelled distance or less acceleration, but the most important thing is
that the task could be accomplished, reach the target without collision.

e The deadlock situations (zero-velocity) are marginal and unlikely when tangent avoid-
ance component is introduced. It is definitely worth stressing that, no deadlock or
livelock has been spotted for the scenarios we considered so far which is not extremely
crowded and confined. Of course, in principle livelocks or deadlocks may occur. But
still, this kind of classical failing for local method could be solved by a higher-level
motion planner that gets agent out of their deadlocks/livelocks.

6-3 Summary

In this chapter, extensive simulations have been performed, for many different scenarios both
in 2D and in 3D. Utilizing the method proposed in Chapter 5 has always enabled the agents to
reach their targets, also in quite crowded environments with tight boundaries and obstacles,
without any collision and without experiencing livelocks or deadlocks.
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Chapter 7

Conclusion and Recommendations

7-1 Conclusion

In this thesis, we presented two kinds of collision avoidance methods: a rotation-based method
(method 1) and a potential-field-based method (method 2). With proper choice of param-
eters, collision-free paths could be generated for two agent scenarios in 2-dimensional for
both methods. Although some livelock is spotted for method 1 which is based on rotation
in 3-dimensional space, the other method based on potential fields works smoothly without
livelock in 3-dimensional space even in a crowded multi-agent and significant conflict situa-
tion. It is worth mentioning that all the methods discussed in this thesis are guaranteed to
work and provide collision-free paths only in the case of single encounters; while method 2
appears to work also in more crowded environments and in the case of multiple obstacles,
method 1 appears to have more problems dealing with multi-obstacle simultaneously. The
thesis objective is to give some mathematical representation and simulation of methods that
are based on human intuition to react to a potential collision. No collision is visually ob-
served during our simulation campaigns described in Chapter 6. The analytical reasoning to
guarantee collision-free paths for multi-agent case is not rigorously proved for now. Most of
the analysis treats dynamic obstacles as if they were static ones, which means that there is no
literally cooperation among the agents (who see other agents only as obstacles). To guarantee
a collision-free trajectory, some extra safe distance is required so that the trajectory could be
preserved and detour spotted all the time.

7-2 Recommendations

As the presented methods are only implemented in ideal simulation environment, it would
be a huge progress if we could apply them in real world hardware. In this case, we need to
drop all our simplifying assumptions and take the uncertainty in radius, position and velocity,
noise of sensor into account.
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For now, the single agent model is holonomic with whole sphere field of view in 3D and no
force input constrains (velocity can change to the desired value almost instantly). It is sug-
gested to take the dynamic constraints of acceleration, maximum torque, etc and field of view
limitation into consideration. Extending the methods to deal with agents with kinematic con-
straints such as differential-drive, car-like, etc non-holonomic model that introduced heading
information would also be important.

The future work on collision avoidance could be processed in the context of formations, namely
considering groups of agents that are constrained to move in a particular pattern, where the
relative positioning between agents is quite important.

We could also allow agents to use their destination information as well as some optimization
process to improve the performance. With the internal goal information of each agent shared
through local communication, it is possible to address the problem of decentralized goal
assignment and trajectory generation for multi-agent network.
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