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Abstract
This thesis describes the work performed at Saab Aeronautics in Linkoping during
2011. The work was to study and develop distributed and centralized methods for
analysis of the decision making in a group of unmanned aerial vehicles (UAVs).
In addition to this, some simple scenarios were studied and the work was imple-
mented in C++ as the simulator ComDec.
The literature review presented in the report provides knowledge of strategies for
collaborative UAVs (communication and decision making), understanding of the
problems/constraints that are relevant for data links and insight into the algo-
rithms for decision making and autonomy.
This work has resulted in a theoretical analysis of suitable design for decision-
making in a group of interacting autonomous UAVs. Existing methods for dis-
tributed and centralized decision making are implemented and a demonstration of
the outcome are presented in the thesis. It is further shown how various commu-
nication problems and disturbances affect the decision making process. Finally,
advantages and disadvantages of the selected strategies (communication and deci-
sion making) are discussed.

Sammanfattning
Denna rapport beskriver det examensarbete jag utförde vid Saab Aeronautics i
Linköping under 2011. Arbetet bestod i att ta fram ett distribuerat och ett cent-
raliserat system för analys av beslutsgången hos en grupp samverkande obeman-
nade flygande farkoster (UAV:er). Några enkla scenarier studerades och arbetet
implementerades i C++ i form av simulatorn ComDec.
Litteraturstudien som redovisas i rapporten ger kunskap om strategier för samver-
kande UAV:er (kommunikation och beslutsfattande), förståelse för de problem/
begränsningar som är relevanta för datalänkar samt inblick i algoritmer för be-
slutsfattande och autonomi hos samverkande UAV:er.
Arbetet har resulterat i en teoretisk analys av lämplig design för beslutsfattandet
i en grupp samverkande autonoma UAV:er. Existerande metoder för distribuerad
och centraliserad beslutsfattande är implementerat och resultatet redvisas i rap-
porten. Vidare visas hur olika kommunikationsproblem och störningar påverkar
beslutsfattandet för arkitekturerna. Fördelar och nackdelar med de valda strate-
gierna (kommunikation och beslutsfattande) redovisas.
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Chapter 1

Introduction

Unmanned Aerial Vehicles (UAVs) are used at present as a natural component in
fields such as reconnaissance, attack missions and surveillance. Currently these
UAVs are remote controlled and far from completely autonomous. They usually
operate as individual entities and require careful monitoring by an operator. In
contrast to this, future systems will require more automated functionality and that
the UAVs work autonomously in cooperating teams. The level of autonomy of an
unmanned vehicle may be given in a scale of 0 to 5, see Table 1.1 below [1].

Level Operator authority Computer autonomy
Automatic 5 Interrupt Full computer autonomy
Direct support 4 Revoke action Action unless revoked
In support 3 Accept advice

authorize action
Advice and if authorized:
Action

Advisory 2 Acceptance of
advice

Advice

At call 1 Advice only on
request

Advice only if requested

Commanded 0 Operator full
authority (action)

Support action

Table 1.1. Level of autonomy for unmanned vehicles

Networking UAVs that cooperate autonomously puts high demands on secu-
rity and redundancy, especially in the area of data flow and communication. For
instance, a condition for taking coordinated and cooperative decisions is the aware-
ness of other units and that is obtained through spreading of information via a
data link. However this dependency on communication brings about complications
as in how the group is controlled when the communication is lost between one or
more units? (UAV is lost, UAV is in radio shadow, hardware error, etc.). In a
distributed system all UAVs in the group have the same information if the link
system is ideal. The group is not controlled by any particular UAV, instead each

3



4 Introduction

vehicle makes their own decisions based on sensor measurements and data link
communication. In a centralized system one UAV is assigned the leader role and
makes all the decisions. Everyone else in the team sends information to this leader
UAV, decisions are made and then distributed to the entire group. To better un-
derstand the advantages/disadvantages between these two systems on the basis of
practical needs further analysis and evaluations are carried out.

1.1 The ETAP project
This thesis originates from a project called ETAP (European Technology Acquisi-
tion Programme) that Saab participates in. The goal of the project is to develop
the technologies needed for Future Combat Air Systems with the core area in devel-
opment of cooperating unmanned combat aerial vehicles (UCAV). An interesting
question now is how different decision architectures for the cooperating UCAVs
performs under real life conditions. The project seeks advantages and disadvan-
tages of different decision architectures under communication failure and other
disturbances.



Chapter 2

Motivation - Purpose of the
study

It is important to address how the UAVs in a group should communicate with each
other and how the information flow among individual UAVs in the group should
be handled. Two main types of decision making architectures in the literature are:

1. Centralized decision making system
A leader unit decides everything. The other units report their status and
situational awareness to the leader unit, which makes decisions and
distributes them to the group.

2. Distributed/decentralized decision making system
No leader exists, all units are aware of the mission and communicate with
each other to create a shared situational awareness in support for creating
a shared decision or alternatively, the UAVs will agree on a decision despite
potentially different situational awareness.

Considering the heavy reliance on communication for these methods it is important
to study how the problems of communication affects the decision making and the
performance of the architectures. Problems with communication usually include:

• Communication delay.

• Disruption of units.

• Data corruption (sensor) in the sent information.

• Different on-board clock drifting.

Based on these disturbances, advantages and disadvantages of the different decision
architectures are analyzed. In order to do so, some simple scenarios are considered
for testing the performance. For example, consider three cooperating UAVs in a
group with the mission of synchronization in space on a straight path flight. The
scenarios are later used as test benches for the analysis of the different methods,
see section 5.1.

5



6 Motivation - Purpose of the study

2.1 Scope
The scope of this thesis is limited to the following four parts:

1. Theoretical analysis of suitable design for communication and decision
making in a group of collaborating UAVs with limitations on the data link.

2. Implementation in C++ of a simulator suitable for the analysis of the task.

3. Tests and analysis.

4. Report of the results.

2.2 Outline of the thesis
Chapter 3 presents the literature review in two parts, first focusing on different
decision architectures, currently used and future solutions, advantages and
disadvantages. The second part presents communication and data links.

Chapter 4 describes the implementation assumptions where interesting decision
architectures, data links and various communication problems are analyzed.

Chapter 5 explains the simulation scope and describes the implementation of the
simulation environment and the user interface.

Chapter 6 presents the simulation test plan and the evaluation of a couple of
scenarios.

Chapter 7 presents the final analysis and conclusions.

Chapter 8 lists suggestions for future work.

Finally, more details about the implementation and simulations are given in a
couple of appendices.



Chapter 3

Literature review

3.1 Decision architectures
In this chapter a literature review is presented to more deeply explain the
subjects of centralized and decentralized/distributed communication and decision
making. First the communication and decision making in general is described,
then the centralized architecture and the different forms of distributed methods
are presented. And finally a summary of the chapter is given.

3.1.1 Decision making in general
In all decision making architectures for cooperating autonomous UAVs task
allocation, mission planning, coordination and supervision must be dealt with. It
is important to know how to distribute tasks among the UAVs and how to
transform a task or mission into an executable sequence of actions. How to
ensure the consistency of the activities in the group and how to ensure that the
planned tasks are correctly executed [1].

Cooperative behavior in a group often puts demands on communication and
information gathering which in turn needs some form of data fusion to be carried
out. This can be done in a centralized, distributed or hierarchical manner [12].
Assuming an ideal data link for communication between the vehicles, decision
algorithm can be implemented in a redundant centralized way. This means that
each vehicle computes decisions for the whole fleet of UAVs. In a realistic
scenario with link imperfections the different UAVs will produce different
information sets, leading to different decisions and a non-cooperative behavior.
Iterative decentralized algorithms, such as auction algorithms, may reduce the
sensitivity to communication imperfections. In another system described in [12]
the UAVs run multiple filters on its own state, team members state and its state
as viewed by the other team members.

Centralized decision making algorithms assume that one UAV is chosen as the
leader of the fleet and all computations should take place there. All other

7



8 Literature review

vehicles send information to the leader and correspondingly receive orders.

Decentralized or distributed algorithms are developed in many different ways
ranging from various low-communicating architectures to auction systems with
different convergence properties.

The hierarchical methods are a hybrid of the centralized and the decentralized
methods and are a good alternative to use when a large group of UAVs over a
wide area should make decisions. In simple terms, these methods use locally
dense communication networks to share information locally, together with sparse
communication between the subgroups of UAVs.

3.1.2 Communication

Decision making algorithms usually have a trade-off between computational and
communication efficiency which affects the overall performance. Depending on
the mission or phase in mission, different architectures may be suitable use.
Communication may be a limited or unreliable resource in many missions and
hence it should not be used if not necessary. Communication on a large scale also
increases the visibility of the vehicles to threats. So, in many cases, it is
beneficial to minimize the amount of communication. However, constraining the
communication limits the situational awareness which in turn results in
inaccurate decisions based on incomplete information. This may also lead to
inconsistency across the fleet, potentially leading to a less cooperative and
suboptimal behavior. As a result it is important to look for intelligent
communication schemes to address this trade-off.

In order to do so it is important to consider the following points as in what
should be communicated, when should it be communicated and to whom the
information should be sent. What is the optimal communication scheme, given
the limitations and objectives? What is the trade-off between communication
effort and performance? How much communication bandwidth is enough? Will
the decision algorithms work with different communication structures? How
much communication is needed?

These questions are also accompanied with the questions of communication
problems and how they affect the overall performance. For instance, one of the
problems is the delay in communication. Delays in communication for
distributed coordination are due to the communications required to establish
shared situation awareness at each vehicle. For auction algorithms the delays are
due to the communications required to negotiate on tasks until equilibrium is
reached [8]. Other types of communication failures that are used in the literature
are loss of link at random times, and for random durations [5].
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3.1.3 Centralized decision making
Some methods often found in the literature, involve centralized decision making
where the UAVs communicate their situational awareness (SA) to a centralized
leader UAV. Based on this information, the leader then generates a plan for each
vehicle and distribute the decisions to the entire group of UAVs where the
decisions are followed blindly [15].

An advantage with these types of systems is that they can place much of the
heavy calculations and computations in one unit, either in a vehicle or in a server
on the ground and have the other vehicles do smaller and cheaper tasks. Another
advantage is that it is only the leader that generates the global situational
awareness which makes it possible to quickly generate plans for the entire group
and react to new information as it arrives.

A disadvantage is that this may force the group to stay in a specific area to stay
in contact with the central server and thus reduce the possible mission ranges.
Furthermore, the algorithm is computationally heavy for large groups since all
calculations are done in one unit. All other UAVs have to communicate their
information to this leader which introduces data link problems [12] and
robustness for loss of link must be dealt with. The centralized architecture does
not scale well in general but improving algorithms, as in [3], are being developed.
The poor robustness is another problem for this architecture because of the
single point of failure that if the leader disappears the mission can not continue.

This architecture in the basic form is fairly simple to implement, because of the
access to all information, but to make it more robust some major modifications
have to be done. There has to be a robust way for the team to choose the leader
and also a way to choose a new leader if the existing one disappears [22]. There
exist various methods where the team is divided into sub-teams with its own
leader and this leader can be chosen statically or dynamically.

3.1.4 Distributed/decentralized decision making
The difference between decentralized and distributed decision is subtle and the
terms are used more or less interchangeably in the literature. In [8] the
distributed coordination is described as an architecture that establish shared
situational awareness (SA) at each node. The decentralized coordination is
referred to auction algorithms where tasks are negotiated. In other literature, [3],
a pure "SA sharing" algorithm is referred to as a decentralized algorithm.

To solve the problems connected to the centralized architecture, algorithms can
be implemented in a redundant centralized manner in which each vehicle
computes the decisions [12]. These methods can reduce the computational costs,
increase flexibility and redundancy. A disadvantage is that each vehicle is
assumed to have established a shared situation awareness and that often require
perfect communication links [8]. If this is not the case each vehicle will perform
the centralized planning with a different information set (inconsistencies in the
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SA) and this will lead to multiple strategies in the fleet. Before calculating the
decisions, decentralized algorithms need consensus algorithms of some sort in
order to converge either to a consistent SA or to a consistent assignment, see
section 3.1.4.1.

In a decentralized network, local fusion of sensor and/or link data is made in
each vehicle. Decisions may only depend on nearby UAVs which results in a
highly scalable system. Collaborative estimation algorithms have been studied in
[12] resulting in highly reduced communication and computational load. In a
decentralized control all the vehicles are, in contrast to centralized, aware of the
task and the role of each team-member. These team members can cooperate by
observing the environment, implicit coordination, or by communication with each
other, explicit coordination. Implicit coordination is modeled by examining
changes in the perceived environment without communication. Typically implicit
coordination involves flying a maneuver until some geographic observation is
made. Explicit coordination is more reliable than implicit coordination but
confusion can occur if messages are not sent or are inconsistent. Explicit
coordination can be modeled by using communication messages containing
information about the internal state, sensor measurements, generated plans or
request information [15]. Instead of only communicating raw data, like position
and velocity etc, the UAVs can communicate high-level beliefs states as well.
These beliefs will then be fused in each vehicle and decisions are made from a
global belief [1].

3.1.4.1 Consensus algorithms

Most of the decentralized algorithms rely on the assumption of consistent
information throughout the entire fleet and thus, convergence of shared
information is important. This can be done using a Kalman filter based
consensus algorithm, [3], which takes into account the uncertainty of information
in each UAV. These algorithms, however, are not guaranteed to converge for
every type of communication network. Consensus algorithms for general dynamic
communication networks have been presented in [3]. Reaching information
consensus, i.e. consensus on measurement data, can be very demanding if the
data set is large, which usually is the case in realistic scenarios. Also the
response time can be an issue, large amount of data means long planning time
and long response time. To resolve this, approaches that do not aim for perfect
consensus on the SA have been suggested, [4]. By communicating plans as well
as SA, consensus algorithms can guarantee convergence over many different
dynamic network topologies, [4].

3.1.4.2 Implicit coordination

One common way of creating a decentralized system is to use the centralized
algorithm in each UAV. This is often called implicit coordination and strongly
depends on that the UAVs have the same information (SA). To reach full
information consensus can be very time consuming. Having reached full
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consensus, the UAVs run the same planning algorithm for the whole group,
creating the optimal plan, and then each UAV implements its own part. This
will result in optimal and conflict-free mission plan.

But the definition of implicit coordination is not consistent in the literature.
Some articles refer to implicit coordination as a negotiation free decision
architecture [5] where coordination and cooperation is performed only by
observing the environment and following predefined plans. In other articles
implicit coordination allows the UAVs to send high-level information such as
beliefs of states and decisions. Common for all these methods are that each UAV
observes the environment and keeps track of themselves and the other team
members but with different constraints on the communication.

The most difficult task when dealing with implicit coordination is to estimate the
state of the other team members and especially when the field of view is limited
[5]. Improvements in sensor and state estimation will allow implicit coordination
to depend less and less on belief communication. On the other hand, work on
implicit coordination usually assumes that all agents have access to a central and
global representation of the world, which is enabled by simulation or global
perception, [5]. The basic implicit coordination algorithm can be extended to
give better performance, [3].

3.1.4.2.1 The RDTA algorithm In the implicit coordination method, each
UAV assumes that once it generates the plan, it is consistent with the other
UAVs and therefore it is executed. If the plans are not consistent, then there
could be conflicts and the overall plan might be infeasible. Of course, further
communication of the information can be performed to develop a consensus
across the UAV fleet. However, with the sensitivity of the planning process to
the input data, this process can take a large number of iterations and still does
not guarantee reaching a feasible plan. To avoid the conflicting cases, the UAVs
need to communicate their plans and resolve any possible problems. This can be
interpreted as adding a "feedback loop" to the planning phase. By a similar
analogy, the implicit coordination is essentially an "open loop" control system
that can be strongly influenced by exogenous disturbances.The Robust
Decentralized Task Assignment (RDTA) method addresses this issue by dividing
the planning into three stages. The first and second stages are similar to the
implicit coordination method - each UAV communicates to other UAVs to reach
a degree of consensus and then solves the assignment problem for all of the
UAVs, as is done in the centralized assignment. But instead of generating one
single optimal plan for itself, it generates a set of good (including the optimal
one) plans. Each UAV then communicates its set of plans to other UAVs. After
receiving the plans from other UAVs, in the third stage, each UAV has a set of
plans for all of the UAVs in the fleet, which can be used to generate the best
feasible plan by solving the task assignment again. The key difference here is
that the set of information that forms the basis of the final planning is the
communicated set of good plans. Therefore all of the UAVs have the same set of
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information and hence if they execute the same task assignment algorithms
(same criteria and objectives), they would all generate consistent plans for the
fleet [3, 6, 9].

This algorithm results in robust, conflict-free assignments with much less
communication compared to the basic implicit coordination. On the other hand,
there must be a fully connected network or some relay functionality for this
algorithm to work [9].

3.1.4.2.2 The BDI algorithm In the area of Artificial Intelligence (AI)
there has been a development of the so called BDI (Beliefs, Desires, Intentions)
architectures [2] for cooperation in groups of UAVs. The beliefs of a UAV is
referred to the current awareness of the world. An UAV desires to correspond to
its goals and this results in intentions for the UAV to achieving the goal. The
UAVs are rational with limited resources, situated within a complex and
continuously changing environment and team plans are a key part in specifying
tightly coordinated behavior.

A key aspect of this cooperation is that it is executed with little or no
communication. Once the beliefs and desires of the cooperating team are known,
the UAVs simply imagine what the other would do in that situation. This is
called the Intentional Stance [7].

3.1.4.3 Auction based algorithms

Auction algorithms have proven to be a powerful tool for achieving efficient
resource allocations, especially in large scale environments where a consistent
global state information is difficult or impossible to create. Auction algorithms
are quite well suited for distributed systems since they are scalable, allow for
separation of data and control, and are computation and communication
efficient, [2]. The basic idea of an auction assignment algorithm is that the UAVs
bid on each task and the UAV with the highest bid gets that specific task.
Classic auction algorithms usually require a complete network where one UAV
acts as auctioneer and evaluates the bids and assigns the tasks. Auction based
coordination has also shown good performance in sparsely connected networks
with delays, [8]. The Auction Based Task Allocation (ABTA) algorithm, [3],
combines the basic auction assignment idea with the idea of the consensus
algorithms. The UAVs only communicate with their neighbors and thus
eliminating the need for a complete communication network. In contrast to a
basic auction algorithm the auction in ABTA is performed locally in subgroups.
This algorithm is also communication efficient, only necessary information is
transmitted which makes the algorithm suitable for low bandwidth networks. Its
advantage over basic implicit coordination becomes more clear in sparse
communication networks. Other auction algorithms create consensus on the
winning bid instead of SA, [4], and are called Consensus-Based Auction
Algorithms (CBAA). The CBAA consists of two phases, first the auction process
and then the consensus to converge on a winning bids list. This makes use of the
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advantages from the decentralized consensus algorithms as well as robustness
and computational efficiency of the auction algorithm. The algorithm is shown
to guarantee a worst case of 50% of the optimal task allocation [9]. CBAA can
be extended to the multi-assignment problem with Consensus Based Bundle
Algorithm (CBBA). Bundle algorithms that group similar tasks and bid on the
bundle [4] and this will converge faster.

The Greedy Based Auction Algorithm (GBAA) is similar to the CBAA but does
not have the consensus phase. The UAVs greedily select tasks and resolve
conflicts with their direct neighbors only. This gives slightly less communication
dependency but will converge slower under communication range constraints [9].

Decentralized agent-based coordination treats resource allocation as a
market-based control problem. The UAVs bid for tasks according to the net gain
in information they expect to acquire as a result of being allocated to those
tasks. The agents communicate bids with their neighbors over a communication
network until the negotiations settle on an equilibrium set of actions, which they
then execute. This can run asynchronously and there is no need to wait to
establish shared situation awareness [8].

3.1.5 Summary and conclusions

Figure 3.1 shows a class tree over different decision architectures (DA),
algorithms and how they are related to each other. Of course there are gray
zones between the classes, and algorithms can be implemented as a combination
of several classes. For example, the RDTA algorithm is both an implicit
coordination algorithm and an assignment consensus algorithm.

There are three main types of methods for control and coordination of the team
behavior, centralized (CDA), decentralized (DDA) and hierarchical (HDA)
decision architectures. Decentralized control and coordination can, in turn, be
either implicit coordination (IC) or explicit coordination (EC). Implicit
coordination means little or no communication and conversely explicit
coordination means that there are no constraints on the communication. Two
algorithms in implicit coordination are the robust decentralized task allocation
(RDTA) algorithm and the belief-desire-intention (BDI) algorithm. In the
explicit coordination there are pure consensus algorithms, SA convergence (SAC)
and assignment convergence (AsC) algorithms where the RDTA algorithm is
placed. Lastly, in explicit coordinating there is the auction architectures with the
two algorithms consensus based auction algorithm (CBAA) and consensus based
bundle algorithm (CBBA).
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Figure 3.1. Class tree showing relations for different decision architectures (DA) and
algorithms. The abbreviations are explained in Table 3.1

Abbreviation Description
CDA Centralized Decision Architecture
DDA Decentralized/Distributed Decision Architecture
HDA Hierarchical Decision Architecture
IC Implicit Coordination
EC Explicit Coordination
RDTA Robust Decentralized Task Allocation (Algorithm)
BDI Belief, Desire, Intention (Algorithm)
AsC Assignment Convergence
SAC Situational Awareness Convergence
CBBA Consensus Based Bundle Algorithm
CBAA Consensus Based Auction Algorithm

Table 3.1. Abbreviation list to Decision architecture class tree Figure 3.1
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The Simplest method to control a team is through centralized control and
coordination. With this method there is a team member who makes all the
decisions and give orders to the other team members. The team members
themselves have no need to know why they are carrying out actions or how the
actions contribute to the overall team tactics. Team members under centralized
control blindly follow orders given by the team leader. On the other hand, team
members under decentralized control have an understanding of the team tactics,
the role of each team member, and how the team works together. These team
members can cooperate by observing the environment (implicit coordination),
through communication messages (explicit coordination), or a combination of
both.

Implicit coordination involves little or no communication between the team
members. Decisions are made by observing the environment and the knowledge
of team tactics for different situations. Explicit coordination involves more
communication between team members to establish shared information and to
coordinate their actions. But unlike centralized decision, information received
here is evaluated before action is taken and not blindly followed.

The RDTA produces conflict-free assignment with limited communication
requirements but it requires that the UAVs have the capability of relaying
information between neighbors. The auction algorithms have similar limitations,
where either all the UAVs have to be able to communicate to a central auctioneer
or to be able to relay information. But the ABTA algorithm overcomes these
limitations.

Centralized task assignment for a fleet of UAVs is often not practical due to
communication limits, robustness issues, and scalability. Using a distributed
approach instead can mitigate many of these problems. The success of the
implicit coordination strongly depends on the assumption that all UAVs have the
same situational awareness. Consensus in the information is both necessary and
potentially time consuming [9]. The resulting robust decentralized task
assignment method assumes some degree of data synchronization, but adds a
second planning step based on sharing the planning data. The approach is
analogous to closing a synchronization loop on the planning process to reduce
the sensitivity to exogenous disturbances.

In general, a combination of these main decision architectures should be used in
the tactics to make a more adaptive architecture depending on the mission and
the mission phase. Centralized control is necessary when the UAVs under control
is relying on the controller to provide information, which is otherwise
unavailable, e.g., a controller providing intercept instructions for a target that
the aircraft was unable to detect. Implicit coordination is used to limit exposure
to an adversary through radio emissions. However, when precise coordination is
required, e.g., to inform team members that a missile has been fired, some sort of
explicit coordination should be used. Advantages and disadvantages with the
different decision architectures are listed in Table 3.2.
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Class Advantages Disadvantages
CDA

• Heavy processing in one vehi-
cle making the other smaller
and cheaper to build
• Single SA can quickly generate
plans and react to new infor-
mation as it arrives

• Require constant communica-
tion reducing the possible mis-
sion ranges
• Assignment algorithm do not
scale well for large groups
• Single point of failure

HDA
• Reduce the communication by
forming sub-teams

• Complex Structure

IC

• No single point of failure (in-
creased flexibility)
• Limited communication
• Can reduce the computational
costs

• Limited communication limits
consistent SA
• Inconsistencies in SA might
cause conflicting assignments

SAC
• Can guarantee convergence of
the SA

• Takes a significant amount of
time to converge
• Often require transmitting
large amounts of data

AsC
• Robust to inconsistencies in
the SA (see RDTA)
• Reduce the consensus time
• Reduce the communication
overhead needed

• Take a significant amount of
time to produce a solution
• Each UAV must wait to re-
ceive the plans from each vehi-
cle before the final assignment.
• Sensitive in time-synch

Auction
• Each task will only be assigned
to a single UAV
• Algorithms can converge to a
conflict-free solution even with
inconsistencies in SA

• UAVs bid on tasks with values
based solely on their own SA

Table 3.2. Advantages and disadvantages with the different decision architectures. The
last four (IC, SAC, AsC and Auction) are the different DDA classes
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3.2 Data link
The data link is a central part of the thesis because it is the problem with the
link that causes problems in the decision making that are to be investigated. The
first section describes the concept of data links in general and describes what to
consider when constructing one. Next section presents a couple of tactical data
links that are in use today, what advantages and disadvantages they have and in
which applications they are used. Also some thoughts on how future data links
will look like are shown here.

3.2.1 Data links in general
Data can be transferred on a joint or separate linking system. Two examples of
communication technologies are radio and laser communications but radio link is
considered to be the overall dominant technology for the foreseeable future. The
difficulty with laser communications is weather sensitivity, need for a clear view
and that the technology is still at the research stage. The theoretical possible
transmission capacity is estimated to be significantly higher than for the best
future Radio based technologies [22].

A link budget calculation can be used to start understanding the various factors
which must be traded off to set up a reliable communication link. When
evaluating a wireless link there are some important things to take into account.
How much radio frequency (RF) power is available? How much bandwidth is
available? and what is the required reliability BER (Bit Error Rate).

According to Shannon’s Channel Capacity Theorem C = B ∗ log2(1 + S/N) the
channel capacity (C) in bit/s is proportional to the bandwidth (B). And the
channel noise (N) is proportional to bandwidth (B) as N = kTB. Which gives
that RF power and bandwidth can be traded off to achieve a given performance
level of BER.

Another key consideration is the issue of range. As radio waves propagate in free
air the power falls as the square of range. For a doubling of range the power
reaching the receiver is reduced by a factor of four, [14]. The link range is
determined by factors such as atmospheric transmission, topography, radio
shadow, flying height, antenna gain, output power, etc. The range can be
extended by relaying the signal via a relay station (UAVs, aircraft, antenna mast,
etc.) or via a cell-based network [22]. There is also the problem of "multi path"
i.e., when waves from transmitter travel along different paths and interfere
destructively at the receiver. This problem can be solved by increasing the RF
power or by the use of an adaptive channel equalizer, but this is hard to
implement in a dynamic environment. Modulation technique, i.e., the conversion
of analog or digital information to RF signals, is yet another key consideration.
This determines the system bandwidth, power efficiency, sensitivity and
complexity. Some examples are the widely used AM (Amplitude Modulation)
and FM (Frequency Modulation) but the GPS receivers uses PM (Phase
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Modulation). The most important aspect of a given modulation technique, in
link budget analysis, is the SNR (Signal to Noise Ratio).

The technique of spread spectrum radios means that the energy radiated from
the transmitter is spread out over a wider amount of the RF spectrum. Using
this, it is far less likely that two users sharing the same spectrum will interfere
with each other. There are two common types of spread spectrum FHSS
(Frequency Hopped Spread Spectrum) and DSSS (Direct Sequence Spread
Spectrum). In FHSS the carrier frequency hops from channel to channel in some
pre-arranged order. Both transmitter and receiver are programmed to hop in the
same sequence. If one channel is jammed, the data is simply retransmitted when
the transmitter hops to a clear channel. In DSSS the carrier do not jump
between frequencies, instead the transmitter actually spreads the energy out over
a wider portion of the RF spectrum [14].

3.2.2 Communication standards
Several communication standards are used today such as Link 16, CDL, TCDL,
various SATCOM etc. For a small UAV operating in the close surroundings the
choice of communication standard is fairly free to choose. Narrow-band,
omni-directional communication takes place in today’s systems for instance on
the UHF with low data rates up to 2.4 -16 kbit/s. A UAV, which also should be
able to interact with other units, is however likely to require that the link should
follow a common standard. NATO STANAG 7085 is the standard for
inter-operable data links for e.g., image sensors that includes link standard CDL
(Common Data Link) and a variant called TCDL (Tactical Common Data Link).
CDL is located on the X band (9.7-10.5 GHz) and Ku-band (14.5-15.35 GHz).
CDL is a digital, full-duplex, disturbance protected, frequency spread link for
point-to-point communications. Uplink currently works at 200 kbps and standard
supports data rates up to 45 Mbps. Downlink operating at 10.71 - 45 Mbps, 137
Mbps and 234 Mbps data rate. In the future, it is said that the standard will be
expanded to include 548 and 1096 Mbps. Military SATCOM is widely used on
UAVs in NATO. Examples of commercial satellite communications with different
protocols are INMARSAT, Globalstar and Iridium [22].



Chapter 4

Assumptions for
implementation

4.1 Decision architectures

In this chapter a theoretical analysis of suitable design for decision making in a
group of interacting autonomous UAVs is done. Some of these are implemented
in a simulation model to be tested in some simple scenarios see Chapter 5 and 6.
In following five subsections, different decision architectures are discussed:

1. Centralized decision architecture with single situational awareness.

2. Decentralized decision architecture, where inconsistent situational
awareness is accepted.

3. Decentralized decision architecture with consistent situational awareness
convergence.

4. Decentralized decision architecture with consistent assignment convergence
and accepted inconsistencies in situational awareness.

5. Adaptive decision architecture.

Some important questions arise in each of the architectures which must be dealt
with. The problems can be architecture specific or common among several of the
architectures.

19
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4.1.1 Centralized architecture - Single SA

Developing a basic centralized communication and decision making system is, as
found in the literature, quite straight forward. Some of the problems are: How
should the leader be chosen? what should be communicated? and how does the
fusion of data look like?

A schematic representation of the decision architecture for the leader UAV is
shown in Figure 4.1. The non leader UAVs communicate their Local Situational
Awareness (LSA), i.e. position, velocity and status to the centralized leader
UAV. Based on this information and the own LSA, this UAV then generates a
Global Situational Awareness (GSA). Since this GSA is the only one (single SA)
in the system, tactics can be calculated without risk of being inconsistent to
other. After collecting all data needed, a global plan is created and commands
for each UAV are distributed to the team.

Figure 4.1. Centralized algorithm with single SA (in the leader UAV)

The schematic representation for the non leader UAVs is just an empty box that
takes the command from the leader and sends it to the own control system.
Extending the architecture to be able to handle the problem of robustness to
leader failure raises a new question: how to elect a new leader when the current
one is lost. This will force the other vehicles to have a mechanism of detecting
leader error and communicate this with each other. Choosing a new leader
requires that the leader algorithm to be replicated in each vehicle and possible to
start up if needed.
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4.1.2 Decentralized architecture - Inconsistent SA
accepted

The most simple way to develop a decentralized decision architecture is to
replicate the central decision system in all vehicles with the only change that the
plans for the other vehicles do not have to be transmitted. In a realistic scenario
with communication imperfections this will result in inconsistent LSA in the
different UAVs. For some missions or phases of mission this can be accepted but
to make precise coordination, this architecture is not recommended.

A schematic representation of the decision architecture implemented in each of
the UAVs in the group is shown in Figure 4.2. The UAVs communicate their
position, velocity and status (LSA) to all other UAVs and based on this
information, every UAV then generates an own local situational awareness (LSA)
and uses this to create a plan.

Figure 4.2. Decentralized architecture with inconsistency in SA between the UAVs
accepted

Every UAV run the same decision algorithm as in the centralized system, but
with allowed inconsistency in LSA. Without creating a global SA, the UAVs do
not care about what the other UAVs think of the situation. To solve this, the
UAVs must iterate and come to a consensus in some way, either in the
information (see section 4.1.3) or in the tactics (see section 4.1.4). Another way
may be to communicate other, more high-level information as well or making use
of auction algorithms.
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4.1.3 Decentralized architecture - Consistent SA
convergence

A more sophisticated way of making a decentralized architecture is to perform an
information convergence. This algorithm is still based on the centralized decision
system but the SA input to the decision algorithm is build up by iterative
communication and convergence.
A schematic representation of the decision architecture for each UAV in the
group is shown in Figure 4.3. The UAVs communicate their position, velocity
and status to all other UAVs. This information set is then used to create a local
situational awareness in each UAV. This SA is communicated iteratively to all
other UAVs in search for a "single" consistent global SA. When consensus is
reached this GSA is used to form tactics, and decisions are send to the own
control system.

Figure 4.3. Decentralized architecture with consistent SA convergence

The biggest problem here is probably to figure out how to find a consistent SA
without having to iterate too much. This is a trade-off between "enough"
information consensus and system time delay. The consensus has to be close
enough to be useful in precise coordination and task assignment but with more
iterations the system will react slower to new information, threats or
opportunities, and will have to rely more on the data link.
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4.1.4 Decentralized architecture - Consistent assignment
convergence

To reduce the dependency on large amount of communication, convergence can
be made on high level information instead rather than on the raw data.

A schematic representation of the decision architecture for each UAV in the
group is shown in Figure 4.4.

The UAVs communicate their position, velocity and status to all other UAV. This
information together with the own creates a local situational awareness which is
then used to generate a a set of possible plans. These are then communicated to
the other UAVs to form a "single" consistent plan for the assignment.

Figure 4.4. Decentralized architecture with consistent assignment convergence

A combination of the two latest architectures is a way of creating a possibly
faster convergence algorithm. First some degree of information consensus is
reached by communicating the SA iteratively. In the second stage, the
tactics/plans will be calculated and communicated, to achieve consensus on the
tactics. Thanks to the first step more accurate plans can be produced in the
second step and thus reaching total consensus will be faster.
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4.1.5 Adaptive combinations of architectures

This algorithm is based on the fact that a mission normally is highly dynamic
and consists of different mission phases. This means that just a single
architecture is not optimal in every situation and not enough for the entire
mission. An adaptive algorithm that changes decision architecture depending on
the situation may be the optimal solution for every mission. This algorithm
requires a set of architectures to be implemented and also a mechanism to
determine which of these to use for the moment. Apart from this, all UAVs have
to be able to reach consensus in which algorithm to use, see Figure 4.5.

Figure 4.5. Adaptive decision architecture

4.2 The data link

As mentioned in the literature review the data link and communication is an
essential part of this thesis in the way of creating real life conditions. First in
this chapter two different link types are presented and later the link problems are
defined.
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4.2.1 Link protocol

There are many different link protocols that are in use today, and the two
protocols of interest for this thesis are:

• TDMA-Protocol
This protocol is one of the most widely used protocols and is described in
more detail below.

• Master-Slave Link
This link protocol may be interesting to study but only in the centralized
decision making where the leader of the group is the master in the link
protocol. In this structure the master decides which UAV is allowed to send
information and hence the leader has more freedom to control the group.

TDMA is short for Time Division Multiple Access protocol and is a channel
access method for shared medium networks, see Figure 4.6. It allows several
UAVs to share the same frequency channel by using a cyclic frame (n, n+1, and
so on) where each UAV is allocated one slot (A to C) in each frame. The UAVs
transmit in this specified order and the receivers listen to the channel and receive
the information. To extend the protocol to be able to handle more UAVs one can
for example just add more time slots to the frame and hence increase the total
cycle time. Another alternative is to from the beginning divide each frame into
more slots and distribute all slots to the entire group, which means that the same
UAV has several slots in each frame. To add more UAVs to the group the time
slots will be reorganized to the new number of UAVs resulting in no change in
frame cycle time [24]. An improvement to this would be to add some guard
around each time slot for synchronization and to make sure that just one UAV is
sending at a time.

Figure 4.6. TDMA frames (n, n+1,..) and slots (A,B,C)
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4.2.2 Communication delay
Communication delay is not really a link related disturbance because of the high
speed in the link. This is rather an application specific problem and for example
depends on hardware and internal cycles. On the other hand, this problem can
be modeled in the link in a way that it takes some time for data that has been
sent to actually reach the receiver. This might not either be a problem, since:

1. The data that are sent are time stamped at the sample instance and dead
reckoned at the receiver when used.

2. The link time delay is not longer than a time slot in the link protocol and
no data is used for decision during the time slots (only at the end of each
time cycle).

If the link time delay is longer than a time slot this data will be overwritten by
the next UAV that wants to send. However, what might cause a problem is if the
delay is before the time stamp or after the receiver unpacks and dead reckons the
data.

4.2.3 Disruption of units
Disruption of units are caused by vehicles flying into radio shadow, banking of
the vehicles which will point the antenna away, broken equipment, etc. The
disruption can be either temporary or total depending on what causes it. Where
temporary stands for a disruption that will sooner or later disappear and the link
will go back to normal and the total disruption is when the vehicle is lost and
out of the mission.
Two cases are possible when there is a disruption between units: either the data
is sent but for some reason not received or the data is never sent but the receiver
is waiting. In the first case the problem might be solved using routing techniques
where the data is sent to the receiver via one or more other UAVs.
During a disruption the involved UAVs will not receive new updated information
but to progress in the mission, estimates of new information must be made. The
most simple solution will be to assume constant speed for dead reckoning the
new positions. Sooner or later this estimate will diverge too much from the true
values and hence the vehicle should be seen as gone.

4.2.4 Data corruption
Data corruption in the sent information is not a problem in modern link systems
since there are advanced error detection and correction codes developed. In the
case of failure in these codes the link will be seen as disrupted and no data will
be sent this time.
The problem of corrupt data is more a question of how to model the sensor input
to the vehicles, more of this in the implementation part (Section 7.6).
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4.2.5 On-board clock drifting
Clock drifting is a big problem when any synchronization between the vehicles
should take place. If the clocks in the vehicles drift differently, no fusions of data
from several vehicles will not be correct, since they have different definitions of
time. The time stamps of the data will be different and even the link protocol
decision of who has the sending slot (in TDMA) will differ among the UAVs.
This problem can be partially solved by synchronization via for example a
satellite or that one UAV acts as a synchronizer and sends time update signals.





Chapter 5

Implementation

This chapter describes the implementation of the simulation program that is
developed in this thesis to simulate some simple test scenarios. The level of
details in the models are adapted to the test cases and are sufficient for simple
analysis of the decision architectures.
The first Section 5.1 describes the scope of the simulations and connects the
implementation to the literature review and assumptions. In Section 5.2 the
simulator system design is presented and the different larger components are
introduced. Section 5.3 describes the user interface and presents snapshots from
the program.

5.1 Scope of the simulations
The simulation program developed for the purpose of analyzing different decision
making architectures under communication disturbances is called ComDec
(Communication and Decision making). It is developed in C++ using Qt, which
is a cross-platform application framework used for developing application
software with a graphical user interface (GUI). A well structured program will
enable future extensions, adding new architectures, new missions and so on.
The two most important decision architectures in the literature are centralized
and distributed decision making architectures. In the distributed case one of the
most interesting parts is the implicit coordination with little information shared
(in assumptions: decentralized architecture with inconsistent SA accepted).
These architecture is implemented and analyzed in detail under influences of
disturbance. The goal is to see how the different architectures respond to and are
affected by the disturbances.
A scenario with three UAVs in a cooperative group on a straight path flights are
studied, see Figure 5.1. The mission can be of type synchronization in space xT ,
or in time T . At time T0 the vehicles have the velocities of V1, V2 and V3 and by
communication of the situational awareness, a decision is made to change the
velocities to meet the mission demands.

29
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Figure 5.1. Simple scenario with three UAVs on a straight path course at a synchro-
nization mission.

Mission types in the above scenario are:

1. The units should synchronize in space (T free) at fixed xT , i.e., the UAVs
reach the dotted space line in the Figure 5.1, simultaneously.

2. The units should synchronize in time (xT free) at fixed T , i.e., the UAVs
reach a free chosen dashed space line in the Figure 5.1 at the specified time.

5.2 Simulator system design

ComDec is built upon three phases, pre-simulation, simulation and
post-simulation. In the pre-simulation phase the start page of the simulation is
shown and the user is able to initiate a new simulation and set simulation
settings. When this is done, the user starts the simulation and enters the
simulation phase. In this phase the user can control, monitor and/or interfere
with the running simulation. When the stopping criteria of the simulation is
reached, i.e., the UAVs have reached the end of the mission, the post-simulation
phase is entered. Now the data gathered from the simulation can be viewed
and/or stored and the simulation can be restarted manually or automatically. A
plotting tool has been added for a quick overview of the data with the essential
features as zoom, change data set and save plot image are available. Also a fourth
phase exists outside of the simulation environment as a "before simulation" phase
where the user in detail can write the entire simulation scenario as a text file via
a clever syntax which may be loaded in to ComDec in the pre-simulation phase.
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There are two types of simulations that can be carried out in ComDec:

• A batch simulation, where multiple simulations are run as quickly as
possible. These simulations are initialized with the number of iterations
and what to change between each simulation.

• The other type is an interactive simulation in real time or the speed of
choice, where the simulation environment allows the user to observe and
interact with the running simulation.

The Simulation scheme is presented in Figure 5.2 and shows the main steps in the
simulation. The simulation starts with the initialization of several parameters.
After the simulation is started, the next box holds the control of the simulation
and stops the simulation if the stopping criteria is reached. The next box is the
link sending control box where a data link protocol is used to determine which of
the UAVs is allowed to send information over the link. After this is done the link
procedure is started, data is transmitted, modified and received. Now the
decision making is performed based on the new data and this results in a change
of velocity that is carried out in the vehicle dynamics box. At last, the position
of each UAV and other changed variables are updated in the user interface. Some
of the boxes in the scheme are presented in more detail in the sections below.

Figure 5.2. Simulation scheme including the three phases pre-simulation, simulation
(main loop) and post simulation.
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5.2.1 Initialization of simulator
Simulation init, see scheme in Figure 5.3 and 5.2, is the first step in running the
simulation and handles the initialization of the simulation. This initialization can
be done in the three following ways:

1. Using the default settings (three UAVs, synchronization in space at 100 km
mission and a decentralized decision architecture) by pressing the
"new-button" in ComDec toolbar.

2. The user can specify all parameter settings using the settings dialog under
settings in the menu bar.

3. Load a pre-defined simulation scenario which is a text-file containing all
information of the initialization and events of the simulation.

A user can, during a simulation, change a number of parameter settings
manually by entering the settings page. How to use the settings dialog is
explained in the user interface Section 5.3. The third alternative of changing the
settings (load a scenario from a pre-written text file) is preferred when
replication of the simulation is needed or a batch simulation should be done. In
this text file the user can define initial conditions of the simulation and also
events that should occur during the simulation. How to write this scenario text
file is described in Appendix A.
When the settings are saved, the simulation is initiated and by having allocated
the needed space, the simulation is prepared for the start command from the
user.

Figure 5.3. Simulation initialization scheme
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5.2.2 Run-time execution of the simulator
Simulation control, see scheme in Figure 5.4 and 5.2, is the hub in the simulation
and from this point the running of the simulation main loop is controlled. The
main tasks for this section is to update the simulation time, save current
simulation data and check the simulation stopping criteria.
The simulation has a default update period of 0.1 seconds, this means that the
entire running simulation loop is carried out 10 times per second. The simulation
control checks if the stopping criteria is reached and if so, the simulation is ended
and the Post-Simulation phase is entered. During the simulation most of the
settings can be modified using the same dialog as in the initialization.
Everything but the initialization parameters can be modified without restarting
the simulation.

Figure 5.4. Simulation control scheme

5.2.3 Vehicle dynamics
Vehicle dynamics, see scheme in Figure 5.5 and 5.2, handles the update of the
UAVs positions every cycle during the entire simulation. The velocity is only
updated if the UAV has a desired velocity that does not correspond to the
velocity sensor measurement, which may not always be equal to the actual
velocity.
For the vehicle model a simple point-model is used, where the states are updated
in two steps, first a velocity update using maximum acceleration or deceleration
(default 5m/s2) is performed and to simulate gust, a low pass filtered Gaussian
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Figure 5.5. Vehicle dynamics scheme

noise with zero mean and a user defined variance is added. The second step is to
update the position using the newly updated velocity and the simulation time
step.
Dynamics:

{
v = v0 ± amax∆t + noise
x = x0 + v ∗∆t

(5.1)

where x0 is the current position, v0 is the current velocity, ∆t is the simulation
time step and amax (constant) is the maximum acceleration/deceleration.
The vehicles velocity is limited according to:

v ∈ [vmin, vmax] (5.2)

where vmin = M0.1 and vmax = M0.9 is the default settings.

5.2.4 Vehicle situation

Sensor measurements are carried out to update the own SA with own position
and velocity measurements, and depending on the settings, the measurements are
correct or corrupted. This sequence, see Figure 5.6 and 5.2, is run for each UAV
at each cycle but sensor measurements may not be updated if user settings are
set to a slower update rate. If a new velocity measurement is to be carried out, a
low pass filtered noise with user defined variance (0 as default) is calculated and
added to the true value of the velocity to simulate gust impact. If there is no
measurement update, the UAV makes a dead reckoning of the velocity.
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Figure 5.6. Vehicle situation scheme

Next step is to check if a position measurement should be carried out. If it
should be, then a Gaussian noise with user defined variance (0 as default) is
calculated and added to the true position value. If no measurement is carried
out, the position is updated by dead reckoning the old position data with the
newly calculated velocity. In this update, a noise that grows exponentially with
time is added to the estimate of the new position to make it more realistic.
When the position sensor (GPS) is ready for another update the position is
known more precisely and the update error drops back to zero, see Figure 5.7 for
an example where the update frequency is 10 seconds.

Figure 5.7. Position measurement update drifting
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5.2.5 Link manager
The link manager, see scheme in Figure 5.8 and 5.2, handles the link protocol
and communication between the UAVs. The first step is to check if any UAV is
about to send information over the link. The result is one of the following:

1. No UAV wants to send at this cycle.

2. One UAV wants to send information.

3. Several UAVs want to send information.

In a system where all UAVs have the same time reference, only the first two
options are encountered, but if the system suffers from different on-board clock
drifting the third option might occur. This happens because the clocks in the
different UAVs are not synchronized.
In a situation where several UAVs send simultaneously the channel will be
overflowed and no correct data will arrive to the receivers. This is detected by
the UAVs and forces a clock synchronization between them to make the data link
useful again.

Figure 5.8. Link manager scheme

The UAVs communicates using a TDMA protocol where the time slot duration is
a tunable parameter that allows the user to change the duration of the cycle. A
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cycle duration is equal to the number of UAVs multiplied by the time slot
duration.
The link is crucial for evaluation of the decision architectures, but is only
modeled to a sufficient level enough for the evaluation. Three things are assumed
to be sent over the data link:

1. situational awareness (own position and speed)

2. status (as % of maximum available speed, 100% = maximum speed
allowed)

3. decision/control (commanded speed in the case of centralized control)

The UAVs send on their first cycle in their time slot and the other UAVs listens
to the data link until they receive data or the next time slot begins. When a
UAV wants to send data it creates a send vector with information depending on
the decision architecture and depending on whether it is the leader or not. For
distributed systems and non-leader UAVs in centralized, sendVector1 represents
the data link information. The sendVector2 represents the data link information
for the leader in centralized control.

sendV ector1 :

position
velocity
status

 (5.3)

sendV ector2 :


velCommanded0
velCommanded1

...
velCommandedn

 (5.4)

If routing is allowed, the send vector is extended to a send matrix to include the
UAVs knowledge of the other UAVs state vectors. This matrix is also known as
the local situational awareness, or LSA-matrix.

sendMatrix :

x0 x1 · · · xn

v0 v1 · · · vn

s0 s1 · · · sn

 (5.5)
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When the data is sent, the link status is checked to see if there are any
disturbances to be added to the data. This disturbance can be of type:

1. Link break to one or many.

2. Link time delay to one or many.

The difference between the disturbances is that a link break deletes the data and
a link time delay will store the data for a while and send it after a specified time.
If there are no disturbances, the receiver gets the information vector/matrix. In
a distributed system the data is used to update the local situational awareness
matrix for later use in the decision making. This is also done for the leader in
the centralized system, but for the non-leaders the received data (velocity
command) is directly stored as the desired velocity.

5.2.6 Decision making

The inputs to the decision making algorithm are the mission parameter and the
LSA-matrix, i.e., the position, velocity and status of all UAVs. And the outputs
are new desired velocities that should be used to reach the mission. The decision
making scheme, see Figure 5.9, is run in each UAV at every simulation time cycle
but decision is not always made. In the "make decision" box the UAV checks
three conditions that have to be true to go on and make a decision:

1. Is the decision architecture decentralized or centralized and current UAV
the leader?

2. Is it time for decision 1 ?

3. Are there enough reliable data to make a decision?

If all these are true then the algorithm starts with updating the local situational
awareness matrix so that the data is updated to the current time. This is done
by estimating the position of the vehicles by dead reckoning using the
assumption of constant velocity from the time the data was sent.

1The decision making box is run at different times depending on the decision architecture and
the data link protocol. When using default, decentralized and TDMA, the decision is made at
the end of each frame, when all UAVs have sent their information.
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Figure 5.9. Decision making scheme

Next the decision making box is entered with different strategies for the different
missions:

1. Synchronization in space with goal of reaching the mission line as fast as
possible.

2. Synchronization in time with the goal of reaching as far away as possible.

The decision making box in the scheme represents the following algorithms in the
case of synchronization in space with the goal of reaching the mission line as fast
as possible: {

tGo = max {tGoi,min}i=1,2,...

tGoi,min = xLi

vi,max·si

(5.6)

Where:

• tGoi,min is the minimum "time to go" for reaching the mission for the ith
UAV, i.e., the time left to the mission line if the UAV goes for full throttle.
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• xLi is the distance to the mission line from the ith UAVs current position.

• vi,max · si is the maximum allowed speed, or the initiated maximum speed
times the staus of the vehicle. The status of the vehicle represents the
percentage of the maximum capacity that the UAV currently is able to use.

• tGo is the (global) "time to go" and this can be chosen in many different
ways. In this thesis the tGo is set to be the largest of the tGoi,min. This
will result in a mission where the mission line is reached in the shortest
possible time.

To illustrate this algorithm, Figure 5.10, shows an example with three UAVs
where each UAV starts, at time 0, at different positions. From these positions two
lines for each UAV are drawn, one line (smallest ascent) represents the position
progress of the UAV if minimum velocity is used and the other line (largest
ascent) represents the position progress of the UAV if maximum velocity is used.
The area between these lines represents the valid positions and times the UAV
can have and at the mission position line the UAVs have an interval with possible
times. The intersection of these intervals of the UAVs forms the possible global
mission time interval where all UAVs can manage to reach the mission position
line at the same time.
It is necessary that the mission position line is further away from the UAVs than
the dashed line in the figure, otherwise the global mission time interval will not
be defined. If this should be the case the algorithm will choose a global time that
suits the UAV that has the longest tGoi,min.

Figure 5.10. Synchronization in space mission with three UAVs
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If the mission is of the type synchronization in time with goal of reaching as far
away as possible, the UAVs will find a suitable position in space where the
synchronization will be done. This is made with the following algorithm:

{
xT = min {xT i,max}i=1,2,...

xT i,max = xT i,0 + TL · vi,max · si
(5.7)

Where:

• xT i,max is the maximum possible distance that the ith UAV can travel
during the mission time T.

• xT i,0 is the current distance traveled from the time the mission time was
set up.

• TL is the time that is left of the mission.

• vi,max · si is the maximum allowed speed, or the initiated maximum speed
times the status of the vehicle. The status of the vehicle represents the
percentage of the maximum capacity that the UAV currently is able to use.

• xT is the (global) distance to the mission line and can be chosen in many
different ways. In this thesis the xT is set to the shortest of the xT i,max.
This will result in a mission where the mission line is reached as far away
as possible.

To illustrate this algorithm Figure 5.11 shows an example with three UAVs.
Each UAV starts, at time 0, at different positions and from these positions two
lines for each are drawn. One line (smallest ascent) represents the position
progress of the UAV if minimum velocity is used and the other line (largest
ascent) represents the position progress of the UAV if maximum velocity is used.
The area between these lines represents the valid positions and times the UAV
can have and at the mission time line the UAVs have an interval with possible
positions. The intersection of these intervals of the UAVs forms the possible
global mission position interval where all UAVs can manage to reach the mission
time line at the same time.
It is necessary that the mission time line is further away from the UAVs than the
dashed line in figure, otherwise the global mission position interval will not be
defined. If this should be the case the algorithm will choose a global position
that suits the UAV that has the shortest xT i,max.
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Figure 5.11. Synchronization in time mission with three UAVs

The result of the decision making algorithm for synchronization in space mission
is a desired velocity to hold for reaching the mission in the shortest possible
time. Instead of choosing this extreme which will cause (at least) one UAV to fly
at maximum speed, a decision where the total velocity change is minimized in
the group may be performed. This will be more optimal in fuel consumption and
will not stress the vehicles as much, but on the other hand, the mission will not
be reached as fast as possible. The minimization of the total velocity change is
performed with a gradient search algorithm with the results from the newly
calculated extreme solution as the initial guess, see algorithm 5.8 below.

1. totV elChanged0 =
∑

i

∣∣ xLi

tGo − vi

∣∣
2. grad0 = −totV elChanged0 +

∑
i

∣∣∣ xLi

tGo+1 − vi

∣∣∣
3.


tGo = tGo + step

totV elChanged =
∑

i

∣∣ xLi

tGo − vi

∣∣
grad = −totV elChanged +

∑
i

∣∣∣ xLi

tGo+1 − vi

∣∣∣
4.


grad > 0 :


tGo = tGo− step

step = step/2
if step ≥ 1 : rerun 3

grad < 0∗ :
{

step = step/2
if step ≥ 1 : rerun 3

5. Check velocity limits

(5.8)

Where:

• totV elChanged0 is the start value with the sum of all velocity chagnges of
the UAVs (in absolute values).
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• grad0 is the gradient at the starting position on the total velocity change
graph with respect to tGo (time).

• tGo is the time to go to the mission and is updated at every step.

• step is the variable step length initiated with the value 16 and divided by 2
when the step resolution is too large to come any closer to the optimum.

• totV elChanged is the current sum of all velocity change of the UAVs.

• grad is the gradient of the current position on the total velocity change
graph. If this gradient is positive, the optimal time to go is less than the
current value and hence the tGo is reduced back with step, step is updated
and the algorithm is rerun. If this gradient is negative and close to the
target (the gradient has been positive at least once), the optimal time to go
is larger than the current value, the step is reduced and the algorithm
rerun.

• Check velocity limits is performed to make sure that the resulting time to
go is valid for all UAVs.

There exists two options for how the curve of the sum of all velocity change may
look like, see Figure 5.12. In the case when all UAVs have maximum velocity, the
curve will be more or less a straight line with minimum at the starting position.
In other cases the curve will be a convex curve where a minimum is possible to
find.

Figure 5.12. Total velocity change graph types
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To find this minimum the gradient of the total velocity change is calculated by
using variable step length to find the near-optimal solution in a few iterations.
After this minimum is found a check is done to make sure that the tGo/xT
corresponds to valid velocities for all UAVs, see figure 5.13.

Figure 5.13. Total velocity change for finding mission minimum. Each UAV has a
possible time interval for reaching the mission and together they form the total possible
mission time interval (striped area). The minimum time, used by the original algorithm
is marked and the real optimum of the problem is outside the possible interval in this
example.

The last step will be to update all UAVs with their new calculated velocities. In
a decentralized decision architecture this is done just by taking out the correct
velocity for each vehicle and in centralized DA the leader will calculate all the
new velocities and store them for sending in the next cycle.
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5.2.7 Update GUI

The final box in the main loop of the simulation handles the graphical user
interface (GUI) update which repaints the changes that has occurred during the
cycle. This includes true UAV positions and positions as viewed by the UAVs
themselves, velocities etc. In case of communication this will also be marked on
the simulation board, see User Interface chapter 5.3.

5.2.8 Post simulation

Post simulation is the page that is shown when the "stop simulation" box in
simulation control returns yes. This means that the simulation is finished and
the results are to be evaluated. The scheme of the post simulation is shown in
Figure 5.14 and starts with checking if a batch simulation is running, if it is the
case the simulation data is saved and the next simulation is loaded to simulation
init. Otherwise a summary of the simulation is shown to the user and several
options are given to plot the data, save data to file, restart simulation or start a
new simulation. In the plotter environment the user is able to zoom in to the
area of interest and save that image.

Figure 5.14. Post simulation scheme
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5.3 Use interface

The simulation main frame consists of a status and control bar at the top
showing the simulation time and a simulation. The left most position on this bar
there is a button with a couple of functions. In the beginning this serves as a
button for default initialization and during a simulation the button functions as
start and pause button. To the right on this bar is two zoom buttons that scales
the contents on the simulation frame. In the middle of this bar the simulation
time and is shown and a slider to adjust the simulation speed. The largest part
of the simulator is the simulation frame where the graphics from the simulation
is shown when simulation is running see Figure 5.15.

Figure 5.15. ComDec simulator at start up

In figure 5.16 a simulation is running with three UAVs (black dots) in a
synchronization in space mission (red line) using a decentralized decision
architecture. The UAVs, are on a straight path course, indicated by the dotted
lines, towards the mission. Next to the UAVs their position, velocity and status
are shown. The green circle, current around UAV 1, indicates that UAV 1 has the
time slot to send in the TDMA protocol and the green lines from UAV 1 to the
other two indicates that in this moment UAV 1 is sending data to the other two.
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Figure 5.16. ComDec simulator at simulation running

The menu bar at the top gives access to different settings and options as shown
in Figure 5.17. Using File, a new simulation can be started, the current
simulation can be reset, a file browser can be opened to load a pre-defined
scenario or the user can exit the program. Under options the user can specify
what to be shown on the simulation frame and if the simulation data should be
stored in a log file. In settings the user can open the settings dialog and save the
current settings to a scenario file.

Figure 5.17. ComDec Menu Bar

In Figure 5.18, the settings dialog is shown. This can be shown at any time
before and during the simulation and all settings apart from start values can be
changed without ending the simulation. The settings dialog consists of six tabs:
Initialization, Scenario, Interference, Event, Batch and Advanced settings. In
Figure 5.18 the two first are shown and Figures 5.19 and 5.20 show the rest of
the tabs. When a settings parameter is changed and the user press the
save-button the settings are loaded to the simulation. If changes are made to
several tabs, the user can use the save all button.
In the first tab, the initialization tab, the user can specify the number of UAVs
(between 3 and 20) and give every UAV initial values.
The second tab is the simulation scenario tab and handles the settings for the
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scenario with mission type and parameter, decision architecture and, in case of
centralized, the leader can be chosen. Here the data link protocol is set together
with a parameter specifying the time slot.

The interference tab is the next and it holds the settings for disturbing the
vehicles and the link between them.The user decides which disturbance and
corresponding parameters to set and add the disturbance to a list. When all
disturbances are set, the user clicks the save button and the simulation is
updated with the new information.

Figure 5.18. ComDec Simulation Settings 1 and 2

The fourth tab is the so called Simulation Event tab, see Figure 5.19. With this
tab the user can specifies a change in the settings at a specific time in the
running simulation. This allows the user to run the same experiments, with the
same changes more than once. Here the user specify the parameter that he wants
to change, the time when it should happen and into what. This structure is used
to create a scenario-file that can be saved and used later, or even changed
manually (see Appendix A).
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Figure 5.19. ComDec Simulation Settings 3 and 4

Next there is a tab for controlling a batch simulation, Figure 5.20. The user can
set the number of simulations for a specific scenario file and also select which
sequence of files that should be loaded in the simulation frame.
The last tab is the Advanced settings tab, see Figure 5.20. In this tab the user
can change the advanced settings of the simulation such as simulation time step,
output options, gust model variance and decision options.

Figure 5.20. ComDec Simulation Settings 5



50 Implementation

After the simulation is carried out a post simulation page is shown where the
user is presented a short analysis of the results, see Figure 5.21. On this page the
user can quickly plot interesting data in the plot tool and also save the data to a
text file for further analysis in for example Matlab.

Figure 5.21. Post Simulation Page

The plot tool provided is to supply a fast way of presenting the simulation
results for the user to quickly decide if the data is of interest or if another
simulation has to be carried out. The plotting environment allows the user to
zoom using "rubber band" and to save the final image in various formats (bmp,
gif, jpeg, jpg, png, ppm, pbm, pgm, xbm, xpm), see Figure 5.22.

Figure 5.22. Plotting environment



Chapter 6

Simulation

To analyze the performance of the different decision architectures under influence
of disturbances, some simulations in the developed simulation environment are
carried out. The combinations of different possible simulations are massive and
only some chosen simulations are performed, commented and analyzed. All the
simulations are described and stored in simulation scenario files for the purpose
to easily be recreated, see appendix A for how to write scenario files and
Appendix B for the simulation scenarios used in the analysis.

6.1 Test plan
6.1.1 Default simulations
First of all, default simulations are performed to show that under no influence of
disturbances, both of the decision architectures behave similarly and ends up
with the same result. This is done in Scenario 1 (see Appendix B) where three
UAVs with centralized and distributed architecture are simulated with
synchronization in space mission.

6.1.2 Link break simulations
In order to to stress the architectures one disturbance at a time is applied in a
series of simulations to test the result of the specific disturbance alone. The first
disturbance tested is link break between the UAVs. The link break can be of a
temporary or total type and occur from one UAV to another, from one UAV to
all other, from all UAVs to one UAV or from all UAVs to all. The last parameter
to operate with is the data life time which sets the time window for how long
the, over the data link transferred data, should be valid to use. In this window
the accuracy of the dead reckoned data from a lost UAV is still accepted.
These three parameters, length of link break, affected UAVs and data life time
are altered to create a set of simulations that are carried out. For simulation
scenario file and parameters, see Scenario 2 in Appendix B.

51
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6.1.3 Clock drifting simulations
The second disturbance tested is the clock drifting disturbance and these tests
are probably the most interesting because the clock drifting affects the whole
system at its core. The clock drifting is represented by a real number, positive or
negative depending on "speeding up" or "slowing down" the on-board clock and
this number corresponds to the number of milliseconds that the clock drifts every
second. To add the same clock drifting to all UAVs will not cause any problem,
therefore the tests are run with different drifting speeds on the different UAVs.
The effects of the drifting will disturb the time stamp of the data, the dead
reckoning of the received data and the data link management where time slots
are defined. For simulation scenario file and parameters, see Scenario 3 in
Appendix B.

6.1.4 Corrupt position measurement simulations
The impact of getting faulty data in the decision making algorithm is studied
with the corrupt position measurement and corrupt velocity measurement
simulations. These measurements are composed of two parts, the update rate of
the sensor and the error in the sensor measurement. These disturbances can be
analyzed one by one or together. For simulation scenario file and parameters, see
Scenario 4 in Appendix B.

6.1.5 Corrupt velocity measurement simulations
For the corrupt velocity measurement simulations the same examples as in
corrupt position measurements are carried out. The simulations will be run on
both a distributed and a centralized system with mission of synchronization in
space. For simulation scenario file and parameters, see Scenario 5 in Appendix B.

6.2 Results
In this section the simulations formulated in the test plan above are performed
and evaluated in the simulation environment of ComDec. Simulations that are of
more importance are presented with graphs and commented while other
simulations are just mentioned.

6.2.1 Default simulations
These simulations gives the expected results, the UAVs sets the correct velocity
at the beginning and holds it (with minor changes due to data precision) to the
end creating nice curves for the positions and velocities. In Figure 6.1, plots of
the UAVs positions (above) and velocities (below) in a distributed decision
making system during a synchronization in space mission are shown. The UAVs
start at different positions (10km, 30km, 20km) and with the same velocity
(M0.9) and a small gust model is applied. UAV 1 starts with the longest distance
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(and time) to the mission and hence keeps the maximum velocity while the other
UAVs corrects their velocities to match this.

Figure 6.1. Position (top) and velocity (bottom) of three UAVs in a simulation with a
synchronization in space mission. No disturbances are present. Same result is obtained
using centralized and distributed decision making.
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Table 6.1 presents the output data from the default simulations of the centralized
(CDA) and distributed (DDA) decision making systems. The data shows that
the different systems gives the same results in this ideal scenario and that the
synchronization is perfect, since ∆x is the largest distance between the UAVs in
x-direction when the mission line is reached.

DA Timel M x UAV 1 UAV 2 UAV 3
[s] [km] x [km] v [M] x [km] v [M] x [km] v [M]

DDA 249.2 0.00 100.00 0.90 100.00 0.70 100.00 0.80
CDA 249.2 0.00 100.01 0.90 100.01 0.70 100.01 0.80

Table 6.1. Data at simulation finished for default simulation

6.2.2 Link break simulations

In Figure 6.2 results from a distributed scenario is shown where UAV 1 loses the
data link to the other UAVs after 50 seconds and regain it 100 seconds later.
When the data link has been gone for 10 seconds (the data life time parameter
value in settings) this UAV is seen as "dead" by the other two UAVs and they
re-plan the mission to suit them both instead. This is most clearly viewed in the
velocity figure where the UAV 2 and 3 set new velocities to get them to the
mission as quickly as possible without taking the "dead" UAV 1, into account.
When UAV 1 returns at time 150 seconds, the UAVs re-plan the mission once
again to include this UAV and hence reduce their velocities. This has no impact
on the total mission result since they still after 150s have plenty of time to
synchronize.

Even with a more complex link break scenario where the link break is single
directed in a "circle" between the UAVs, i.e., link break from UAV 1 to UAV 2,
form UAV 2 to UAV 3 and from UAV 3 to UAV 1, the decision making is
possible with good results. In this scenario every UAV only has contact with one
of the other team members. In Figure 6.3 the result from the simulation is shown
with the position of the UAVs at the top and the velocities below.

One may notice that UAV 3 is acting a bit strange, most clearly viewed in the
velocity, settling at a too high speed in the beginning and slowly lowering the
speed until the end where it drops more quickly. This can be explained by the
fact that every UAV, as mentioned above, only is aware of itself and one other
UAV and in this specific case UAV 3 is not aware of UAV 1 which has a longer
time to the mission.
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Figure 6.2. Position (top) and velocity (bottom) of three UAVs in a simulation with
a synchronization in space mission using a distributed decision architecture. Temporary
link break between UAV 1 (red) and the rest in the time interval 50s to 150s.

This is also clearly shown in the decision Figure 6.4 (not entire graph) where
each UAV has its own line and with that line representing, on the y-axis, the
number of the UAV that this UAV is correcting the velocity after, this UAV is
called the decision-UAV. In the beginning when there has not been any decision
making, all UAVs assume that it is themselves that is the decision-UAV. After
the first decision is made, the UAVs may change their opinion depending on the
result from the decision. The true value is that UAV 1 is most behind and should
be considered the decision-UAV, but this is not communicated to UAV 2 because
of the link break. Instead this UAV thinks that UAV 3 is most behind and
corrects its velocity to it. But since UAV 3 is correcting its velocity to UAV 1
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Figure 6.3. Position (top) and velocity (bottom) of three UAVs in a simulation with
a synchronization in space mission using a distributed decision architecture. Total link
break in a "circle", link break from UAV 1 to UAV 2, form UAV 2 to UAV 3 and from
UAV 3 to UAV 1.

the mission can still be reached, but UAV 2 is "unwillingly" correcting its speed
to reach the mission.
For centralized decision the result, compared with the default simulation, is
unchanged for pure link break disturbances if there are no other disturbances
present and assuming that at least one decision has been made and distributed.
This is because every UAV holds their velocity until the leader has gathered the
information needed to make another decision and distribute it. Centralized
decision making is though much more vulnerable to total link breaks since every
link direction is strictly needed for the mission to succeed. Distributed decision
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Figure 6.4. Decision graph corresponding to the circular link break (Figure 6.3). Each
UAVs decision is represented by a line, a decision is the UAV that the current UAV thinks
has the longest time to reach mission and thus should be the UAV with maximum speed
and the other UAVs should correct their velocities after this one.

making on the other hand is more flexible for this kind of disturbance and may
loose up to half the links between the UAVs and still reach the mission,
supposing there are at least one link direction from and to every UAV.
Pure link break simulations are not going to affect a simple scenario when there
is "enough" time left to synchronize at the end. Neither will it affect the scenario,
assuming that there does not exist any other disturbances, if the UAVs succeed
in synchronizing at, at least, one time instance.

6.2.3 Clock drifting simulations
When clock drifting is present in the UAVs on-board clocks there must exist a
method for synchronization of the clocks. Otherwise the data link protocol may
run asynchronously at all vehicles causing the link to fail for a long period. One
way of making this synchronization is to wait until several UAVs tries to send
data over the link at the same time and at that time trigger the clock
synchronization method. This is the extreme case where the UAVs have to
synchronize not to make the link useless. In the simulation result presented in
Figure 6.5, three UAVs with 2ms, 4ms and 8ms drift per second is shown. The
figure shows the time difference between the global time and the local time of
each UAV. When the difference between two clocks, of nearby UAVs in the link
protocol, is 0.4 seconds or larger the clocks are forced to synchronize. The 0.4
seconds corresponds to the time slot in the TDMA protocol and thus if two
clocks differs more than this period, the UAVs will have a different view of which
one the current send slot belongs to.
The impact on the decision making system is not large since there is a
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Figure 6.5. Clock drifting simulation with three UAVs. Figure shows the (local) clock
drifting compared to the global clock. The clocks drift 2ms, 4ms and 8ms per second.
When the time difference between two nearby clocks is ≥ 400 ms (the TDMA time slot)
the clocks are forced to synchronize.

synchronization of the clocks if the UAVs have different opinion of which UAV
the current time slot belongs to in the link protocol. This ensures that the clock
drifting difference between the UAVs never gets bigger than twice the data link
time slot duration, which in most cases are not much larger that a second. This
small off-sync period is not large enough for the time stamped data to change
significantly and, because of the design, it will not cause problems with the data
link protocol.

6.2.4 Corrupt position measurement simulations

The position measurement of the UAVs can be disrupted using the two
parameters update frequency and sensor measurement error. In Figure 6.6 and
Table 6.2, an example of how a position sensor measurement error affect the
positions and velocities of the vehicles is shown. The position graph (top) shows
how, at the last part of the simulation, the error makes the relative positions
between the UAVs not possible to determine. This affects the decision on the
velocity to use for the synchronization. This velocity can be seen in the graph
below and clearly more disturbance in the velocity appears at the end of the
simulation. Every UAV has the same amount of disturbance added to the
position but UAV 1 with velocity M0.9 does not have as much disturbance in the
velocity as the others. This is due to the fact that the velocity is controlled by
the decision making result and for UAV 1 the velocity is always set to maximum
while the other UAVs have to adjust the velocities (less than maximum) to
match UAV 1.
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Figure 6.6. Position (top) and velocity (bottom) of three UAVs in a simulation with
a synchronization in space mission using a distributed decision architecture. All UAVs
suffers from corrupt position measurement with an error with variance 1km.

DA Timel M x UAV 1 UAV 2 UAV 3
[s] [km] x [km] v [M] x [km] v [M] x [km] v [M]

DDA 294.6 0.38 99.95 0.86 99.63 0.67 100.01 0.80
CDA 292.6. 0.70 99.31 0.83 100.01 0.72 99.51 0.75

Table 6.2. Data at simulation finished for position error simulation with 1km variance
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As a result of the uncertainty of the UAVs relative positions at the end, each
UAV has a different opinion on which UAV to correct the velocity after. In
Figure 6.7, the UAVs decisions on which UAV to correct the velocity after is
shown. Each UAV has a graph representing the number of the UAV (y-axis) that
the velocity should be corrected after and it is clearly shown that at the end the
UAVs have very different opinions and hard to determine what UAV to follow.

Figure 6.7. Decision graph corresponding to the corrupt position measurement error
(Figure 6.6). Each UAVs decision is represented by a line, a decision is the UAV that the
current UAV thinks has the longest time to reach mission and thus should be the UAV
with maximum speed and the other UAVs should correct their velocities after this one.

When the update frequency of the position measurement sensor is lowered, the
result becomes as in Figure 6.8, where the disturbance of the positions of the
UAVs (top) is exponentially dependent on the time from the last update. Similar
to the previous case, the relative positions of the UAVs are hard to determine at
the end, which leads to lowered velocities. The results from these simulations are
presented in Table 6.3.
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Figure 6.8. Position (top) and velocity (bottom) of three UAVs in a simulation with
a synchronization in space mission using a distributed decision architecture. All UAVs
suffers from corrupt position measurement with an slowed update rate of 0.1Hz.

DA Timel M x UAV 1 UAV 2 UAV 3
[s] [km] x [km] v [M] x [km] v [M] x [km] v [M]

DDA 297.9 0.51 100.01 0.77 99.77 0.58 99.49 0.71
CDA 295.4 0.72 100.00 0.78 99.47 0.66 99.28 0.77

Table 6.3. Data at simulation finished for corrupt position measurement with slow
update frequency of 0.1 Hz
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6.2.5 Corrupt velocity measurement simulations

In the simulation environment there exists three, possibly different, velocities for
each UAV. The true UAV velocity or Gods view, that the UAV is not able to
access, the LSA velocity which is the velocity that the UAV believe that it has,
and the desired velocity that the decision making algorithm wants the UAV to
have. The true velocity of each UAV is the first to be updated in a cycle together
with a gust noise if chosen to be added. Later, the believed velocity is updated in
the sensor measurement phase where a sensor data error may be added to the
true velocity. In Figure 6.9 the true and believed velocities of the three UAVs (in
a synchronization in space mission) with a velocity error of 10 m/s variance is
shown. At the top the true velocities of the UAVs are shown and below the
velocity as viewed by the UAVs are shown. Table 6.4 presents the output at the
break of the simulations and compared with the default simulations these
simulations take about 20% longer time to finish but with similar result in
synchronization difference.

Next, Figure 6.10 presents the impact of a similar disturbance on the velocity
but from the gust model (variance of 10m/s) acting directly on the true velocities
and not on the sensor measurement error, hence the similarity between top and
bottom graphs. Compared to the sensor measurement error the true velocity in
this case is allowed to overshoot the maximum velocity limit of M0.9 since the
gust may push the vehicle forward even in maximum speed but for the previous
case the true velocity is not exceeding this limit. In Table 6.5, the results from
centralized and decentralized decision making with this disturbance is presented
and shows very similar results compared with previous results.

Lastly, in Figure 6.11 the two velocity disturbances are added (5m/s variance on
both sensor measurement and gust impact) to form a more complex situation.
As long as the sensor measurement error is low, the gust does not have much
impact but when the sensor measurement error is larger, the gust has a serious
impact on the result. In Table 6.6, the result is presented and the most
significant difference is the relatively large separation, ∆x, between the UAVs.
Meaning that the mission of synchronization is not accomplished. The mission
time is around the same as in previous disturbance simulations and there are no
big difference between the decision making systems.
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Figure 6.9. True velocity (top) and believed velocity (bottom) of three UAVs in a sim-
ulation with a synchronization in space mission using a distributed decision architecture.
All UAVs suffers from corrupt velocity measurement with an error with variance 10 m/s.
No gust disturbance are present.

DA Timel M x UAV 1 UAV 2 UAV 3
[s] [km] x [km] v [M] x [km] v [M] x [km] v [M]

DDA 295.7 0.04 99.98 0.90 99.97 0.70 100.01 0.78
CDA 295.8 0.03 99.98 0.90 100.01 0.69 99.99 0.77

Table 6.4. Data at simulation finished for corrupt velocity measurement with slow
update frequency of 0.1 Hz
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Figure 6.10. True velocity (top) and believed velocity (bottom) of three UAVs in a sim-
ulation with a synchronization in space mission using a distributed decision architecture.
Only a gust disturbance with variance of 10 m/s is present.

DA Timel M x UAV 1 UAV 2 UAV 3
[s] [km] x [km] v [M] x [km] v [M] x [km] v [M]

DDA 294.3 0.01 100.03 0.90 100.02 0.70 100.02 0.79
CDA 294.3 0.01 100.00 0.90 100.00 0.71 99.99 0.81

Table 6.5. Data at simulation finished for simulation with gust of variance 10 m/s
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Figure 6.11. True velocity (top) and believed velocity (bottom) of three UAVs in a sim-
ulation with a synchronization in space mission using a distributed decision architecture.
Two disturbances are present, velocity error and gust, both with variance of 5 m/s.

DA Timel M x UAV 1 UAV 2 UAV 3
[s] [km] x [km] v [M] x [km] v [M] x [km] v [M]

DDA 286.0 0.41 100.03 1.03 99.61 0.83 99.69 0.70
CDA 291.6 0.56 100.01 0.91 99.64 0.69 99.44 0.86

Table 6.6. Data at simulation finished for simulation with gust and velocity error, both
with variance 5 m/s





Chapter 7

Analysis, conclusions and
discussion

In this section, analysis from the literature review and the ComDec simulation
results are summarized and conclusions are drawn.
From the literature review the large interest lies in distributed decision making
and different algorithms to solve problems associated with this architecture. One
such architecture is the implicit coordination which is preferable in military
operations due to sparse communication. But only to use one architecture is not
optimal since realistic missions consist of many different phases where different
decision architectures may be the optimal choice and thus the decision making
architecture should be more flexible. When possible or when needed, no limits
should be set on the communication to make the UAVs reach the same awareness
as fast and as robust as possible. But when in enemy territory the
communication should be kept as low as possible. This requires a dynamically
changeable structure of the decision making to choose the optimal architecture
and synchronize this decision across the fleet. This will of course introduce a lot
of new problems, for example how to ensure that the same decision structure is
used by all UAVs at the same time, but if made robust enough, this will result in
a more adaptable architecture.
From the ComDec simulations several disturbances are analyzed for two decision
architectures, centralized and distributed implicit coordination. Generally, the
decision making on the velocities is really inert due to the acceleration limits
which makes the total system not responding fast to fast disturbances in for
example position and velocity sensor measurements. Maybe more interesting
would be to study the effect of the disturbances on a task assignment mission
where the system would be more responsive to disturbances.
Some core questions regarding the communication are stated in the literature
review and these are summarized here. Depending on the decision making
architecture, different types of data should be communicated and can vary from
raw sensor data to state information, high level beliefs and commands. The data
may be communicated to everyone via a broadcast communication network or
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more directly addressed to one UAV or a smaller group like the neighbors. The
decision on when to communicate is up to the situation and the link protocol, for
example in implicit coordination the communication should be hold at a low
rate. One of the most widely used communication networks is the TDMA for
distributed decision making but for the centralized case a master-slave network
might be interesting to study. The big question of the trade-off between
communication effort and performance of the decision making is harder to
address. Of course more communication will lead to better awareness of the
situation and hence better decisions, but this is not always possible in all
situations. It would also be interesting to evaluate how much communication is
needed and allowed for every mission phase.
The results of this thesis are:

• Structured literature review over the currently used decision making
architectures, their advantages and disadvantages, and the future of
decision making systems.

• Analysis of the architectures, communication and disturbances to the
system.

• Implementation of an interactive simulation environment with analysis
tools, for testing and evaluation of how disturbances affect the decision
making architectures.

• Two of the decision making architectures proposed in the analysis are
implemented together with a large set of disturbance parameters.

• Some simulation scenarios are analyzed and presented in the report
together with graphs and tables with the resulting data.

• Suggestions of further development of the simulation environment and
further analysis of existing system are also presented.



Chapter 8

Future work

This thesis has resulted in an initial work with the simulator ComDec for
analysis of communication and decision making in a group of cooperating
autonomous UAVs. Further development of ComDec is recommended in order to
obtain a more complete analysis. Below are some suggested future work listed.

• When in centralized mode and the leader is lost, the other UAVs should be
able to detect this and choose a new leader. Demands a new
communication structure and identification mechanism for the non-leader
UAVs.

• Implementation of a task assignment problem and scenario. A possible task
assignment implementation where goals or "dots" on a 2D map is presented
and every "dot" should be visited. Minimize time, distance traveled, maybe
there are different types of "dots" that only one UAVs can visit. "No fly
zones" can be used to add more complexity. A mission where every UAV
can visit maximum 2 targets and every target has a score. Maximize score
and minimize time, distance.

• Implementing an adaptive algorithm. I have not seen any implementation
of such decision architecture, only reasoning in [18]. Team tactics: Use
Implicit coordination as much as possible! This minimizes the risk of being
detected and also it takes away the dependency of information flow. Which
can not be guaranteed, the UAVs can be jammed, bank, radio shadow,
hardware failure, etc. When important/critical team decisions should be
made, of course this must be done using communication of some kind.
Specific decisions may have to be distributed in a centralized manner like
to quickly alert the group of a threat, other situations may need a
negotiation between the vehicles like task assignment or creating a global
situational awareness or synchronize the states.

• Each UAV should be assigned one (or more) capabilities (strike,
reconnaissance, etc) and the mission can only be reached if at least one of
the UAVs have the "major" capability. If all UAVs with this are lost, then
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the mission is aborted. Otherwise the tasks should be assigned to the
remaining UAVs in the group.

• Trajectory planning and keeping the distance in formation flying.

• Implement a Master-Slave Link for centralized decision architecture.
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Appendix A

Writing scenario text file

The scenario text file is a file that can be loaded into the simulator. When
loaded, the simulator will start a new simulation with the specified initial
conditions, or if not specified, the simulator will initiate the simulation with
default values.
The rules of the text file are:

• One line per change

• A line with no ’= ’ (equal+space) will be seen as a comment line

• A line can be of four types:

1. INFO = DATA

2. INFO @TIME = DATA

3. INFO #UAV = DATA

4. INFO #UAV @TIME = DATA

• Lines with specified TIME (time when the change will occur) must be in
chronological order

• The user is responsible for checking that the data is correct. A warning will
occur during simulation or, in worst case, the simulation will break if data
is illegal.

The first thing in each line is the INFO, this is a string with information about
what to change. The last part in each line is the DATA which is an integer
corresponding to the INFO line. To a number of INFO there must be an UAV
associated. The TIME can be set if the user want the change to occur during the
simulation. For some INFO, the TIME is irrelevant, because that INFO just can
be modified in the initial stage of the simulation. See Table A.1.
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INFO DATA UAV* TIME
Number of UAVs 2-20 - 0

Position 10-50 [km] uav 0
Velocity min vel - max vel uav 0

Init Status 0-100 [%] uav 0
Max Velocity min vel -680 [m/s] uav 0
Min Velocity 34-max vel [m/s] uav 0
Clock Drift ≥ 0 [ms/s] uav 0

Status 0-100 [%] uav 0 or free
Corrupt Pos Meas Update ≥ 0 [cycles] uav 0 or free
Corrupt Pos Meas Error ≥ 0 [meter] uav 0 or free
Corrupt Vel Meas Update ≥ 0 [cycles] uav 0 or free
Corrupt Vel Meas Error ≥ 0 [meter] uav 0 or free

Mission 0-1** - 0 or free
Mission Parameter 0/50 - 500 [km or s] - 0 or free

Decision Architecture 0-2*** - 0 or free
Leader 1-number of UAVs uav 0 or free

Link Break 0-1 **** uav<->uav 0 or free
Time Delay 0-4 [100 ms] uav<->uav 0 or free

Data Link Parameter 0-20 [100 ms] - 0 or free
Use Gust Model ≥0 - 0 or free

Seed ≥0 - 0 or free
Data Life Time >0 - 0 or free
Minimum Time 0 or 1***** - 0 or free

Batch Nr >1 - 0 or free
Batch Start File ≥0 - 0 or free
Batch End File ≥ Batch Start File - 0 or free

Table A.1. Simulation Scenario Text File

* uav is the number associated with the specific uav, 1-’number of UAVs’
** 0=Sync in Space, 1=Sync in Time
*** 0= no decision, 1=centralized, 2=decentralized
**** 0=no link break, 1=link break
***** 1 for a minimum time decision and 0 for a minimum velocity change
decision
UAV must for some INFO be defined as a link between two or more UAVs. This
is symbolized with arrows between the UAVs. If INFO is active just from UAV 1
to UAV 2, then UAV is set as 1->2. If INFO should be active in both directions
then UAV is set to 1<->2. In the case when all UAVs should be affected it is
symbolized with a 0. For example in a case with total Link break between UAV
1 and all other UAVs, this will be presented as 1<->0.
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Example A.1: Initiation of a simulation
Initiate a simulation of three UAVs where the first UAV (UAV 1) starts at 10
km. At 10 seconds, the decision architecture is changed to centralized with UAV
2 as leader and at the same time UAV 1 gets the status reduced to 50%. When
the time is at 15 seconds the link between UAV 1 and UAV 2 breaks for 10
seconds and finally at 20 seconds the status on UAV 1 is restored to 100%. This
is done by the following lines:

Number of UAVs = 3
Position #1 = 10000
Decision Architecture @10 = 1
Leader @10 = 2
Status #1 @10 = 50
Link Break #1<->2 @15 = 0
Status #1 @20 = 100
Link Break #1<->2 @25 = 1



Appendix B

Simulation scenarios for
analysis

The scenario file consists of an initialization part and a simulation events part.
For writing this file follow instructions in Appendix A. To demonstrate the
simulator and show how disturbances will affect the outcome of a decision
making scenario following scenarios are presented:

B.1 Scenario 1 - Default simulations

This scenario is a default initialized scenario with no disturbances or events, just
to illustrate that in this case there are no difference in the result between the two
decision architectures.

1. Centralized decision making in a synchronization in space mission
(Decision Architecture = 1)

2. Distributed decision making in a synchronization in space mission
(Decision Architecture = 2)
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INIT SIMULATION:
——————
Number of UAVs = 3
Position #1 = 10000
Velocity #1 = 306
Init Status #1 = 100
Min Velocity #1 = 34
Max Velocity #1 = 306
Position #2 = 30000
Velocity #2 = 306
Init Status #2 = 100
Min Velocity #2 = 34
Max Velocity #2 = 306
Position #3 = 20000
Velocity #3 = 306
Init Status #3 = 100
Min Velocity #3 = 34
Max Velocity #3 = 306
Decision Architecture = 1
Mission = 0
Mission Parameter = 100000

INIT SIMULATION:
——————
Number of UAVs = 3
Position #1 = 10000
Velocity #1 = 306
Init Status #1 = 100
Min Velocity #1 = 34
Max Velocity #1 = 306
Position #2 = 30000
Velocity #2 = 306
Init Status #2 = 100
Min Velocity #2 = 34
Max Velocity #2 = 306
Position #3 = 20000
Velocity #3 = 306
Init Status #3 = 100
Min Velocity #3 = 34
Max Velocity #3 = 306
Decision Architecture = 2
Mission = 0
Mission Parameter = 100000



78 Simulation scenarios for analysis

B.2 Scenario 2 - Link break simulations

For the link break simulation two scenarios are studied:

1. One UAV loses link connection with the following parameters set:

INIT SIMULATION:
——————
Decision Architecture = 2
Mission Parameter = 100000

MODIFY DURING SIMULATION:
——————
Link Break #1<->0 @50 = 1
Link Break #1<->0 @150 = 0

2. A circular lost of communication with following parameters:

INIT SIMULATION:
——————
Decision Architecture = 2
Mission Parameter = 100000

MODIFY DURING SIMULATION:
——————
Link Break #1->2 @0 = 1
Link Break #2->3 @0 = 1
Link Break #3->1 @0 = 1

B.3 Scenario 3 - Clock drifting simulation

Clock drifting simulation with drifting of 2,4 and 8 ms per second:

INIT SIMULATION:
——————
Mission = 0
Mission Parameter = 100000
Clock Drift #1 = 2
Clock Drift #2 = 4
Clock Drift #3 = 8
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B.4 Scenario 4 - Corrupt position measurement
simulations
Simulations with position error or slower update rate, both presented in box
below. These simulations are run for both centralized and distributed system
(Decision Architecture = 1 or 2).

INIT SIMULATION:
——————
Mission = 0
Mission Parameter = 100000
Decision Architecture = 1
Corrupt Pos Meas Error #1 = 1000
Corrupt Pos Meas Error #2 = 1000
Corrupt Pos Meas Error #3 = 1000
Corrupt Pos Meas Update #1 = 10
Corrupt Pos Meas Update #2 = 10
Corrupt Pos Meas Update #3 = 10

B.5 Scenario 5 - Corrupt velocity measurement
simulations
Simulations with velocity error and slower update rate and both, presented in
box below. These simulations are run for both centralized and distributed
system (Decision Architecture = 1 or 2).

INIT SIMULATION:
——————
Mission = 0
Mission Parameter = 100000
Decision Architecture = 1
Corrupt Vel Meas Error #1 = 5
Corrupt Vel Meas Error #2 = 5
Corrupt Vel Meas Error #3 = 5
Corrupt Vel Meas Update #1 = 180
Corrupt Vel Meas Update #2 = 180
Corrupt Vel Meas Update #3 = 180



Appendix C

Detailed implementation
description

Below follows a description of the code files and the most important functions.

C.1 Main
Files: main.cpp
Description: Initializes the simulation frame and the geometry of the
application.

C.2 The simulation frame class
Files: simulationframe.h and simulationframe.cpp
Description: Sets up the main frame of the simulation environment and
initializes the parts Settings Page, Simulation Page and Post Simulation Page.
Keeps track of the global simulation time and acts as a connection between the
different parts of the simulator (Settings, Simulation and Post Simulation).

cycleTimeOut

Holds and updates the simulation time counter, checks if there are any
simulation events that should occur in this time step and finally calls the
handleUAVs-function in the Simulation Page.

newSim

Initiates a new simulation.
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simEnded
Stops the simulation and shows the Post Simulation Page.

saveSettings
Writes the current simulation settings specified in the Settings Page to a
Scenario text file with a user defined name and location.

loadSettings
Loads the settings specified in the Settings Page to the Simulation Page and
prepare the simulation to be executed.

loadScenFile
Activated when user chooses to load a simulation scenario from a pre-defined
scenario text file. The user are asked to point out the text file which the
simulator reads and initialtes a new simulation after.

C.3 The settings page class
Files: settingspage.h and settingspage.cpp
Description: Initializes the settings layout and creates connections and actions.

C.4 The simulation page class
Files: simulationpage.h and simulationpage.cpp
Description: Initializes parameters for the simulation and manages the
simulation through a simulation control. The class also manages the GUI frame
in the simulator and updates this with information about the simulation progress.

setUpSim
Initializes a default simulation parameters and together with help functions such
as resetMission, resetDA etc. sets up the specified simulation parameters. This
function also creates the specified number of UAVs and with function resetUAVs
the UAVs gets their settings parameters.

handleUAVs
This function is called for once every cycle and holds the control and handling of
the simulation main loop. It consists of the following seven parts:

1. Simulation Control: Calls function updateTime for every UAV to update
the on board clocks, saves the current simulation data and checks if any
UAV has reached the mission.
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2. Vehicle Dynamics: Calls the moveUAV for every UAV to calculate new
positions.

3. Vehicle Situation: Calls function performSensorMeassurement for every
UAV to update their LSA with sensor measurements of own position and
velocity

4. Link Sending Control: First calls function runLinkManager for every
UAV to decide if the UAV is allowed to send information over the data link
and after this, the number of senders is calculated.

5. Link: If there is only one sender, a call to function transmitSendInfo for
this UAV is done which fills the sendMatrix with information. Before the
receivers can get their information, the matrix is run through a link
disturbance function for addition of link break or time delay.

6. Decision making: Calls the function decisionMaking for every UAV to
calculate a new desired velocity.

7. Update GUI: Updates the new positions, information and other changes
that has occurred during the simulation cycle to the GUI.

saveDataVector

This function is called from the simulation control and appends true position,
believed position, true velocity, believed velocity, status, local time and decision
for every UAV and the global time to a stored data vector.

C.5 The UAV class
Files: uav.h and uav.cpp
Description: This class holds all information about the UAV with link
manager, decision making, vehicle dynamics, sensor and situational awareness.

resetUAV

Sets the initial parameters to the UAV and together with function setupLSA the
UAV has been completely initialized.

updateTime

This function updates the local (on-board) time and can be adjusted with a
clock drift parameter.
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moveUAV
This function is seperated into two parts:

1. Update true velocity: If current velocity is not equal to the desired
velocity an update of the velocity is performed with the step of a constant
max acceleration/deceleration. Lastly, if chosen, a gust model is applied to
the velocity.

2. Update true position: The position is updated with the new velocity for
this time step.

runLinkManager
This function calculates which UAV has currently got the send slot. This can
vary between the UAVs if the on board clocks drift differently.

transmitSendInfo
This function creates and returns a sendInfo matrix containing the information
to be sent (depending on the decision architecture and if the UAV is a leader).
The corresponding function for receiving is receiveSendInfo which first checks if
the sent information is addressed to and if so, reads the sendInfo matrix and
stores it in the LSA-matrix.

performSensorMeassurement
This function handles the position and velocity sensor measurement. First of all
the function checks if there should be a new measurement during this cycle. If
so, the believed position/velocity in the LSA-matrix is updated with the true
position/velocity together with a noise generated from the function genNoise. If
there is not going to be an update, the position/velocity is dead reckoned.

decisionMaking
The decisionMaking function decides first if there should be any decision made
during this cycle for this UAV using function timeForDecision etc. If a new
decision should be performed the function deadReckoningLSAData makes sure
that the data in the LSA-matrix is up to date. After this the mission parameter
and type is considered and proper information calculated (eg. timeToGo for
synchronization in space mission). If the result should be calculated in a
minimum of velocity change manner, this is performed now. After this the
decision is made and depending on the decision architecture the decision could
be distributed to the team members using centralizedDA or just be used by the
own UAV using decentralizedDA.
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C.6 The post simulation class
Files: postsimulation.h and postsimulation.cpp
Description: The Post Simulation Page is ran when the simulation control
discovers that the mission is reached and the simulation has stopped. Here
analysis data, plot options and save options are displayed. The plotter
environment are initialized and with the openPlotter function the plotter is
opened with the chosen data plotted. The saveDataToFile function saves the
chosen stored data to a text file.

C.7 The plotter class
Files: plotter.h and plotter.cpp
Description: The Plotter has several functions for managing the display of the
results. The plotter environment has zooming functions zoomIn, zoomOut and
updateRubberBandRegion. The plot can be saved using saveImg which allows the
user to specify location, name and type of image.


