
Budapest University of Technology and Economics
Faculty of Electrical Engineering and Informatics

Department of Networked Systems and Services

Self-Organization in the Future
Wireless and Mobile Networks

Ph.D. Dissertation of

András Kőkuti
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Abstract

Today more and more appreciated are systems with no or minimal infras-
tructure, which are self-organized and where the communication is based
on a Peer-to-Peer (P2P) wireless communication model. Major represen-
tatives of these systems are the Multi-Agent Systems (MASs), which are
self-configuring, consisting of agents that can percept and act autonomously,
and communicate with each other via a radio interface. The distributed and
self-configuring nature of these systems, combined with their ease and flexible
deployment, make MASs appealing for a broad range of application scenarios
Intelligent Transportation Systems (ITSs), emergency systems, Unmanned
Aerial Vehicle (UAV) and robot fleet management, and many others.

A distributed network of agents can be easily turned into an infrastructure-
less, self-organizing MASs, where any agent can become a mobile sensor,
participating in collecting and disseminating useful information such as live
traffic reports, video streams from events, and various indicators of the en-
vironment in case of emergency. In order to improve the effectiveness of
information dissemination in these networks, I have developed four novel
multi-hop broadcast protocols. The protocols attempt to collect some lo-
cal information to make decisions based on the current state of the local
environment. Local information includes distances from other nodes, the
number of neighbors and the possible direction of information dissemination.
Since the appropriate performance metric can be different under various cir-
cumstances, I have also proposed an adaptive solution that can change the
utilized parameters based on the surrounding environment.

Based on provided communication between the agents in the MAS, the
focus from low-level information dissemination should be shifted to provide
higher-level applications for the users based on the gathered and interpreted
information. Thus, the goal was to investigate the feasibility of using self-
organizing systems to perceive, share and interpret context-related informa-
tion. These context-aware MASs have the power to use the computational
capabilities of the participating agents based on the data collected by the
system. The investigation motivated me to elaborate on systems that work
in built-in environments and can help to guide evacuees during evacuations
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relying on the measured data of the environment. Therefore, I have proposed
an emergency support system that relies on different directions to provide
safer evacuation paths to the users. Leading the evacuees on safer paths can
result in more evacuated civilians, which is the main goal of an emergency
management system.

Collective behavior is one of the desired high-level properties of MASs
that relies on the communication and local interactions of the agents and is
one of the fundamental and most challenging problems of these systems. By
this collective behavior, many goals that are impossible for a single agent to
achieve become feasible and attainable. As the Multi-Agent Task Allocation
(MATA) problem is one of the most challenging problems for the collec-
tive behavior of these systems, I have developed two different task allocation
frameworks. The first one is based on the network graph of the system. The
solution tries to provide the optimal allocation by relying on local auctions.
This framework is an appropriate choice when there is no stable communica-
tion between all the entities in the system such as in flocking systems. I have
implemented a second task allocation framework for the opposite case when
the agents rely on stable and efficient communication schemes. This solution
uses the leader-followers pattern to synchronize all the participating agents.
I have also proposed an auction-based MATA algorithm to allocate the dif-
ferent tasks in the system to the agent-team. This algorithm can provide
optimal by agent allocation - i.e., the allocation is optimal from the view of
the agent, however, it might be suboptimal in terms of the whole system -
with polynomial time and space capacity.

Based on the above, self-organization appears in various forms in the
future wireless and mobile networks. Solving the challenges in these systems
make MASs appealing for a broad range of application scenarios. Thus, in
my dissertation, I have presented new protocols, systems, and frameworks to
support self-organization, improve the performance of the systems, and such
increase the real-life applicability of MAS in general.

vi



vii



Introduction

Today more and more appreciated are systems with no or minimal infras-
tructure, which are self-organized and where the communication is based on
a Peer-to-Peer (P2P) wireless communication model. Major representatives
of these systems are the Multi-Agent Systems (MASs) [1], which are self-
configuring, consisting of agents that can percept and act autonomously, and
communicate with each other via a radio interface. The distributed and self-
configuring nature of these systems, combined with their ease and flexible
deployment, make MASs appealing for a broad range of application scenar-
ios including Intelligent Transportation Systems (ITSs) [2], emergency sys-
tems [3], Unmanned Aerial Vehicle (UAV) and robot fleet management [4],
and many others [5].

MASs consist of a group of agents designed to perform specific tasks. Due
to this collective behavior, particular goals that are impossible for a single
agent to achieve become feasible and attainable. MASs have been on the
agenda of the scientific [6] community for several years. It is only in the last
decade, however, that the topic has really taken off, as seen from the growing
number of publications and related R&D projects. One of the reasons that
the topic has become more popular is that MASs offer more benefits than
Single-Agent Systems (SASs), such as the increased ability to resolve task
complexity, increased performance and reliability, simplicity in design, etc.
These benefits have attracted many researchers from academia and industry
to investigate how to design and develop robust, versatile MASs by solving a
number of challenging problems such as communication between the agents,
task allocation, group formation, to name just a few. In order to enable the
self-organization in upper levels of the systems (such as group formation or
task allocation), the communication challenges should be solved in the first
place.

When taking into account the underlying communication model of the
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MASs, two different approaches can be found: in the first approach agents
rely on a commonly available infrastructure-based network such as the tra-
ditional cellular network, whereas in the second approach the participating
entities form networks in a self-organizing manner, and the network traffic is
exchanged in these networks without any central control or background in-
frastructure. Both approaches have advantages and disadvantages compared
to the other. Systems from the first group can guarantee better quality of
service and based on this, real-time communication can be provided. Solu-
tions based on the second approach, however, can work under circumstances
where traditional telecommunication solutions would fail. These conditions
can appear for instance in cases when the cellular network is not available,
such as during collective movement of the agents in uncovered or overloaded
areas [J4] or when the infrastructure is impaired such as in emergency sce-
narios [7].

If the agents are mobile, they will constitute a Mobile Ad-Hoc Network
(MANET) [8], where the movement of the participating entities is reflected
in a network topology that changes over time depending on the density and
mobility of nodes. Since information sharing between the agents should be
solved somehow, different protocols have been developed to optimize the
communication in the underlying MANETs.

Disseminating information in MANETs is a unique problem, as the in-
formation being forwarded has a broadcast-oriented nature in this case, in
contrast to infrastructure-based systems that mostly use unicast communi-
cation. The disseminated information is of public interest, and it usually
benefits a group or all of the nodes rather than a specific individual. There-
fore, it is more appropriate to use a broadcasting scheme rather than a uni-
cast routing scheme for information dissemination. The main advantage of a
broadcasting scheme is that a node does not need to know the address or the
route to a specific destination. This eliminates the complexity of route dis-
covery, address resolution, and topology management, which are significant
difficulties in highly dynamic networks such as MANETs. Thus, – as there
is only limited or no infrastructure to manage communication – nodes have
to forward packets so that each message can reach every part of the network.
That is information is disseminated amongst nodes by hop-by-hop broadcast
communication.

The central problem of multi-hop broadcast protocols for MANETs is
to decide when and who should (re)transmit messages, which at the same
time significantly determines the performance of the network. Choosing the
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optimal forwarding set (selecting the minimum number of nodes that can
cover the whole system) is sometimes impossible because a global view of
the network is not available. Hence, algorithms can rely only on locally
available information such as the state of the neighbor nodes, the location of
the node, the direction of the dissemination, etc. Also, regarding the mobility
of the system, local information can become obsolete quickly. Thus, the main
approach of the algorithms designed to control the information dissemination
in these networks is to somehow gather the available information about the
local environment.

With the expansion of wireless agents as well as progress in wireless
communications, information dissemination is gaining importance with an
increasing number of widespread applications, which include, for instance,
exchange of traffic data (such as traffic jams, road conditions, etc.) amongst
vehicles on the road [9] or information sharing between the soldiers, vehicles,
and military headquarters on the battlefield [10]. Emergency systems [3] are
also a clear example of exploiting information dissemination in MASs, as
these systems require effective sensing, communication, and decision-making
with stringent time constraints in dynamic environments. These systems at-
tempt to gather and later on disseminate context-related information about
their environment (such as humidity, temperature, and smoke level around
the agent) to support the evacuees. Emergency systems should solve the
following three challenges:

• Collect information in a context-aware manner.

• Disseminate the collected information amongst the participants in the
system.

• Provide decision support to rescuers and evacuees based on the received
information.

Also, since catastrophic events can impair the infrastructure, the above-
mentioned systems can only rely on the local interactions of the agents and
should work in a self-organizing manner, in order to deliver a reliable and
robust service.

Collective behavior is one of the desired high-level properties of MASs
that relies on the communication and local interactions of the agents and is
one of the fundamental and most challenging problems of these systems. The
collective behavior of a system emerges from the summarized actions of all
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individuals in it. A simple example from real life is ant colonies [11], where
ants are considered as agents (or could be the flocking of birds, schools of
fish, etc.). The behavior of an ant is simple and involves a lot of random
movement. But a colony of ants can efficiently tackle difficult problems
like finding the shortest path from their nest to a food source. There are
a number of agents working together with the aim of achieving a common
goal. Thus, the capabilities of MASs can be enhanced by collective behavior
as the resulting overall function of agents can be more productive than the
sum of the functions of all individuals.

In order to achieve collective behavior in MASs the cooperation and co-
ordination of the agents [1] should be done via local interactions. One of the
crucial problems in the field of multi-agent cooperation is the Multi-Agent
Task Allocation (MATA) [12] (or also called Multi-Robot Task Allocation
(MRTA)). Task allocation concerns the use of the available resources in an
efficient manner. In MASs the available resources are the agents, which are
used to solve a problem or to perform a certain task, and the environment
(i.e., the tasks, the communication medium, etc.). Accordingly, the decision
of which agent will do which task strongly affects the performance of the
system. Nowadays MASs include a large number of agents working cooper-
atively on solving complex tasks over an extended period of time. The basis
of the MATA is that these complex tasks can be divided into a number of
subtasks which can be assigned to individual agents. Thus, the problem can
be formulated as an assignment problem where the objective is to assign a
set of tasks to a set of agents in a way that optimizes the overall system per-
formance subject to a set of constraints. Algorithms attempt to use different
approaches such as market-based and optimization-based techniques [13] in
order to provide suboptimal allocations between the tasks and the agents
based on the environmental constraints.

As it can be seen, self-organizing paradigms appear at many different
levels in the future wireless and mobile networks. Utilizing them can result
in systems that can be applied in many real-life scenarios because of their
ease and flexible deployment. For the time being, many complex problems
exist in this broad research field; thus, leaving space for research on further
enhancements and optimizations.
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Research Objectives

As we have seen in the previous section the self-organizing paradigms of
future wireless and mobile networks such as the MAS involve many chal-
lenges. My essential goal was to develop and examine solutions supporting
these self-organizing approaches at different levels in these systems. By in-
vestigating the real-life applicability of MASs, I have developed various al-
gorithms, protocols, and solutions that can exploit the autonomous nature
of them. Based on this, my first goal was to propose multi-hop broadcast
protocols to ensure delay tolerant information sharing between entities with-
out any infrastructure, relying only on P2P communication. The proposed
protocols attempt to exploit the local surroundings of communicating nodes
and forward messages based on the gathered information. Furthermore, I
was focusing on the application of MASs relying on the introduced infor-
mation dissemination methods. The aim was to introduce systems that can
preserve context-related information, disseminate it along the systems, and
based on the received information, support autonomous decisions. Also, my
objective was to deliver solutions for the MATA problem to enhance the
autonomous cooperation and coordination approaches for the collective be-
havior in MASs. The solutions tackled the problems of allocating different
tasks to the agents in a distributed and autonomous way while maximizing
the performance of the system. Regarding the previously summarized broad
research areas I have grouped my research results into the following three
main topics:

1. In order to improve the effectiveness of information dissemination in
infrastructure-less self-organizing mobile networks, I have developed
four novel multi-hop broadcast protocols. The goal was to propose al-
gorithms that can keep the resource usage low and minimize the number
of duplicated messages while the messages are delivered to all the par-
ticipating nodes. In the first step, I have proposed a modified 3-way
handshaking procedure to exchange interests in the messages and other
local information with neighboring nodes. This procedure is used by all
the implemented protocols. Also, all of them attempt to collect some
local information to make decisions based on the current state of the
surrounding environment. Local information includes distances from
other nodes (Thesis I.1), the number of neighbors (Thesis I.2) and the
possible direction of the information dissemination (Thesis I.3). Since
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the appropriate performance metric can be different under various cir-
cumstances, I have proposed an adaptive solution (Thesis I.4) that can
change its behavior autonomously based on the environment. Since the
main common goal is to create solutions that can be applied to real-life
use cases, I have implemented a network plugin for the Proto spatial
computing system.

2. In the second part, the goal was to investigate the feasibility of using
self-organizing systems to perceive, share and interpret context-related
information. These context-aware MASs have the power to use the
computational capabilities of the participating agents based on the data
collected by the system. The investigation motivated me to elaborate
on systems that work in built-in environments and can help to guide
evacuees during evacuations relying on the measured data of the envi-
ronment. Therefore, I have proposed a novel system (Thesis II.1) which
is based on the Emergency Support System (ESS) introduced in [14]
and relies on different directions to provide safer evacuation paths to
the users. Leading the evacuees on safer paths can result in more evac-
uated civilians, which is the main goal of an emergency management
system. As the system depends on direction vectors such as vectors
from the civilian’s position to the emergency exits and the vector from
the hazardous area to the civilian instead of exact locations, it can tol-
erate positioning errors coming from the indoor localization. Since the
paths are determined from directions, the circulated messages in the
underlying self-organizing networks can be filtered based on whether
they contain useful information. Based on this, I have modified the
Epidemic Routing (EpR) protocol (Thesis II.2) to disseminate mes-
sages only that determine new directions.

3. In the third part, the goal was to design solutions that can enhance
cooperation and coordination in MAS. As the MATA problem is one
of the most challenging problems for the collective behavior of these
systems, I have developed two different task allocation frameworks.
The first one (Thesis III.1 and III.2) is based on the network graph
of the system. The solution tries to provide the optimal allocation by
relying on local auctions. This framework is an appropriate choice when
there is no stable communication between all the entities in the system
such as in flocking systems. I have implemented a second task allocation
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framework (Thesis III.3) for the opposite case when the agents rely on
stable and efficient communication schemes. This solution uses the
leader-followers pattern to synchronize all the participating agents. I
have also proposed an auction-based MATA algorithm (Thesis III.4)
to allocate the different tasks in the system to the agent-team. The
main idea of the algorithm is that the agents might know the space of
the possible tasks a priori, and therefore the optimal allocations should
be stored beforehand up to a certain threshold. This algorithm can
provide optimal by agent allocation – i.e., the allocation is optimal
from the view of the agent, however, it might be suboptimal in terms
of the whole system – with polynomial time and space capacity.

Research Methodology

During my research, I have relied basically on two classical research ap-
proaches: analytical considerations and simulation studies, however, some
novel solutions (from Thesis group III) have been validated by real-life tests
as well. In the development phase of the novel algorithms and protocols,
analytical considerations have been taken into account. All of my works in
Thesis group I, II, and III are based on graph theory, in addition, each group
relies on some basic theorems of probability theory.

After the development phase, all the proposed solutions have been tested
in different simulation setups. In Thesis group I two different simulators had
been used. Firstly I had developed a network simulator which is a discrete
time-based mobile ad-hoc framework. The main advantage of this is that new
multi-hop broadcast algorithms are easy to add, providing a possibility to ex-
amine some of their performance metrics such as the number of duplications,
propagation time, etc. In another simulator, namely the Proto [15], spatial
computing environments had been used in order to examine my algorithms
in different application scenarios. This simulator had been extended with a
network layer since my goal was to receive network level information while
leveraging spatial computing global goals. In Thesis group II, a special Dis-
tributed Building Evacuation Simulator (DBES) [16] had been employed,
which is capable of modeling different evacuation scenarios for indoor and
outdoor environments as well. And finally, in Thesis group III, two differ-
ent tools had been applied to evaluate the algorithms. The Python-based
SimPy [17] was chosen to examine simple graph-based systems; while later
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on the Robot Operating System (ROS) [18] was selected. The ROS provides
a platform to connect heterogeneous nodes together, and the developed solu-
tion along with the ROS framework can be easily deployed on real hardware.
Therefore, I could test a few of my solutions in real-life use cases, when my
algorithms were running on real autonomous vehicles.
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Chapter I

Multi-hop Communication
Protocols for Self-Organizing
Mobile Networks

I.1 Introduction

With the fast development of ad-hoc wireless communication, it is foreseeable
that, shortly, there will be a paradigm shift in some information systems. In
particular, the collection and dissemination of real-time data by distributed
nodes will become more significant compared to the use of fixed sensors in the
current infrastructure-based systems. A distributed network of agents such
as a Mobile Ad-Hoc Network (MANET) [8] can be easily turned into an
infrastructure-less, self-organizing MAS, where any agent can become a mo-
bile sensor, participating in collecting and disseminating useful information
such as live traffic reports, video streams from events, and various indicators
of the environment in case of emergency.

Disseminating information in MANETs is a unique problem, as – in
contrast to infrastructure-based networks that mostly use unicast communi-
cation – the information forwarding has a broadcast-oriented nature in this
case. The disseminated information is of public interest, and it usually ben-
efits a group or all of the nodes rather than a specific individual. Therefore,
it is more appropriate to use a broadcasting scheme rather than a unicast
routing scheme for information dissemination. The main advantage of a
broadcasting scheme is that a node does not need to know the address and
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route to a specific destination. This eliminates the complexity of route dis-
covery, address resolution, and topology management, which are significant
difficulties in highly dynamic networks such as MANETs.

Over the past years, there have been a number of multi-hop broadcasting
protocols for MANETs reported in the literature. In multi-hop broadcast-
ing, a packet propagates through the network by flooding. In general, when
a source node broadcasts an information packet, some of the nodes within
the vicinity of the source will become the next relay nodes and perform a
relaying task by rebroadcasting the packet further. Similarly, after a relay
node rebroadcasts the packet, some of the agents in its vicinity will become
the next relay nodes and forward the packet further. As a result, the in-
formation packet will be able to propagate from the source to other distant
agents.

The central problem of multi-hop broadcast protocols for self-organizing
mobile networks is to decide when and who should retransmit messages.
The performance of the network depends heavily on the selected set of nodes
that will actually do message retransmission. When nodes decide whether
to retransmit or not, they decide if they are part of the optimal forwarding
set or not. If the network is represented as a graph (where two nodes are
considered to be neighbors if, and only if, they can communicate with each
other), basically nodes should decide whether they are part of the Minimum
Connected Dominating Set (MCDS), as the nodes in MCDS can cover the
whole network (or each partition in the case of unconnected networks) and
its cardinality is minimal. An example of an MCDS in a simple network is
depicted in Figure I.1.

Selecting the nodes that form the MCDS in a mobile environment is
impossible as a global view of the network is not available, and local infor-
mation might get obsolete very quickly if the velocity of nodes is high. Thus,
multi-hop broadcast protocols attempt to optimize the number of transmis-
sions based on the locally available information. Too many retransmissions
cause collisions and waste network bandwidth, but there is also a risk if the
number of forwarding nodes is too small, because then messages may not
reach every node.

In order to improve the effectiveness of information dissemination in
infrastructure-less, self-organizing mobile networks, I have developed four
novel multi-hop broadcast protocols. The protocols attempt to collect some
local information to make decisions based on the current state of the local
environment. Local information includes distances from other nodes (The-
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Figure I.1: An example of an MCDS in a simple network based on the
communication graph.

sis I.1), the number of neighbors (Thesis I.2) and the possible direction of
information dissemination (Thesis I.3). Since the appropriate performance
metric can be different under various circumstances, I have also proposed an
adaptive solution (Thesis I.4) that can change the utilized parameters based
on the surrounding environment.

I.2 Overview of the Existing Multi-hop Broad-

cast Protocols

The inexperienced first implementation was the Blind Flooding (BF) [19]
algorithm. The operation of the BF algorithm is very simple; once a node
receives a message, it immediately rebroadcasts it. We might think this is a
good solution for data distribution, because it is very simplistic, and covers all
the nodes (assuming that the network is connected), but it was realized very
soon that this is far from optimal. The effect of frequent packet repetitions
may result in collisions in the medium and can lead to severe congestions,
such as broadcast storms [20].

The Counter Based Method, originally introduced in [21] is one of the
first controlled broadcast methods. It relies on a simple observation that if
a duplicate of a packet is received, then the probability of reaching any new
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node is low. To exploit this idea, the nodes do not immediately transmit on
the receipt of a packet, instead, they wait for a random amount of time, which
is called the Random Assessment Delay (RAD). If a duplicate is received
during the RAD, a counter is increased. If the counter reaches a threshold
before the RAD expires, the node cancels the transmission. The original
method has different adaptive versions [22], which try to adapt the length of
the RAD and the threshold of the duplicate counter to the current network
conditions.

Another multi-hop broadcast method is the Gossiping algorithm [21], in
which every node broadcasts the received message with a predefined proba-
bility. The optimal probability can be calculated offline for a static network
or can be learned adaptively. Some of these adaptive versions are covered
in [23]. While the Counter Based method is a fine example of a simple
heuristic based deterministic algorithm, Gossiping is an example of the sim-
ple heuristic based stochastic methods.

Networks separated to disjoint partitions pose a new problem that the
previously mentioned protocols cannot handle. In this case, nodes in differ-
ent partitions can forward different messages. Thus, during repartitioning –
without maintaining the set of neighboring nodes from time to time – nodes
that are joining a former group might not receive previously sent messages.
Hypergossiping [24] is specifically designed for partitioned networks, where
nodes are mobile, and partitions join and split from time to time. It is an ad-
vanced version of the Gossiping algorithm, extended by neighbor information
and partition join detection. The algorithm uses a simple adaptive gossiping
strategy for in-partition forwarding but rebroadcasts some of the packets if
it detects a join with another partition. The join detection is based on the
simple heuristic that the nodes in the same partition received the same mes-
sages recently. Every node maintains a list, called Last Broadcasts Received
(LBR), of the recently broadcast messages. They send HELLO messages
periodically to indicate their presence. When a new node is detected, one of
the nodes includes its LBR in the next HELLO message. When the other
node receives this LBR, it compares with its own LBR. If the overlap be-
tween the LBR of two nodes is smaller than a threshold, then the node is
considered to be coming from another partition. Hence, a new message is
sent, called Broadcasts Received (BR), which contains the list of messages
that the node already received. From this, the other node knows that a par-
tition join happened and rebroadcasts all the messages that were not inside
the other nodes’ BR. After this rebroadcast, dissemination proceeds using
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adaptive gossiping.
A fine example of a self-pruning algorithm is the Scalable Broadcast Al-

gorithm (SBA) [25]. The self-pruning approach aims to ”shed” unnecessary
transmissions by giving each node the freedom to decide whether or not to
rebroadcast a packet based on other broadcasts. The algorithm requires 2-
hop neighbor information and the last sender ID in the broadcast packet.
When a node v receives a broadcast packet from a node u, it excludes the
neighbors of u, N(u) from the set of its own neighbors N(v). The resulting
set B = N(v)−N(u) is the set of the potentially interested nodes. If |B| > 0
then the node will start a RAD. The maximum RAD is calculated by the
dv
dmax
∗ Tmax formula, where dv = |N(v)| and dmax is the degree of the node

with the largest degree in N(v), and Tmax controls the length of the RAD.
Nodes choose the time of transmission according to a uniform random vari-
ate from this interval. This ensures that nodes with a higher degree often
broadcast packets before nodes with fewer neighbors.

A quite different approach from the algorithms discussed so far is the IO-
BIO algorithm [26]. It is a variation of the SPIN [27] dissemination protocol.
It uses a simple 3-step handshake to discover neighbors that are interested in
one of the carried messages. The goal of the protocol is to reduce the unneces-
sary load of neighboring nodes by duplicate or unneeded data (”spamming”).
There are three IOBIO message types that are used by the protocol. The
advertisement messages (ADV) are sent periodically, and they contain the
list of messages of the sending node. Neighbor nodes indicate their interest
in the advertised messages by sending a request (REQ) packet. In response
to the REQ, the originator node sends the required DATA packets. The
transmission of a REQ after an ADV is not done immediately but after a
random delay. During this delay, the nodes listen to each other, and they
only request packets that were not requested before.

I.2.1 Location Based Protocols

Location based multi-hop protocols use spatial information – in addition to
the classical neighborhood and topology information – to make decisions
about message broadcasting. In most of the cases, this means that devices
should be equipped with a Global Positioning System (GPS) or another po-
sitioning technique to acquire this information. These methods use HELLO
messages, just like the neighbor information algorithms do, but they col-
lect the location of the neighbors as well. Some algorithms depend only on
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the distance to their neighbors, like the Distance Adaptive Dissemination
(DAD) [28] algorithm, which can be measured by the signal strength. In
this case, the use of HELLO messages may not be necessary, as the protocols
use distance information instead of exact positions. The authors propose a
scheme that chooses forwarding nodes according to their distance, using the
signal strength as a measure of distance. The goal of the algorithm is to get
the outermost neighbors of a node to rebroadcast; thus, minimizing the over-
lap of transmission ranges. It uses 1-hop neighbor information and records
signal levels from the neighbor nodes. The authors propose two variants
called DAD-NUM and DAD-PER. DAD-NUM chooses a signal strength
Sthres so that there are k number of neighbors that have transmitted with
a signal strength lower than Sthres. On arrival of a new packet, the node
checks if the signal strength is smaller than the Sthresh. If it is, then the node
rebroadcasts the received message. DAD-PER is very similar, but instead
of finding the k farthest nodes it chooses p percent of them.

Another example of location based protocols is the Optimized Flooding
Protocol (OFP) [29], which is a deterministic dissemination algorithm using
a geometric approach instead of the usual graph theory solutions. The algo-
rithm tries to cover the 2D space efficiently with R radius circles. The main
disadvantage of this concept is that covering the area with circles is not an
appropriate approximation of the radio transmission ranges either in urban
or indoor environment.

Stojmenovic’s method [30] also uses position information; it is a variant
of Wu and Li’s algorithm [31]. The algorithm from Wu and Li executes
a so-called marking process, which attempts to mark nodes that are not
part of the MCDS based on degrees of the two-hop neighbors. The new
variant has two significant improvements over the original one. First, it uses
1-hop information coupled with position information together with certain
rules introduced in the paper to implement the marking process. Second,
it implements a random backoff scheme, similar to the SBA. Nodes do not
broadcast immediately, but rather wait for an arbitrary amount of time. If
a node v hears a transmission during this interval from a node u, then it
removes N(u), the neighbors of u, from its own neighbor set N(v).

Ni et al’s General Probabilistic Broadcast (GEN) distnace-based and
location-based schemes were presented in [21]. They provide an adaptive
solution, which uses a k parameter, the target rebroadcast size, which rep-
resents the average number of neighbors that is required to rebroadcast a
message. Each broadcasted packet carries the size of the neighborhood of
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the sender (number of immediate neighbors). The distance-based algorithm
tries to use the relative distance between hosts – which can be determined
by measuring the Received Signal Strength (RSS), or based on other par-
ticular sensors such as the ultrasonic sensor – to make the appropriate de-
cision. Suppose host v heard a broadcast message from u for the first time.
If the distance, say d, between u and v is very small, there is little addi-
tional coverage that v’s rebroadcast can provide. If d is larger, the additional
coverage will also be larger. In the extreme case, when d = 0, the addi-
tional coverage is 0 too. If v has heard the same message several times,
let dmin be the distance to the nearest host from which the same message
is heard. If dmin is smaller than some distance threshold D, the rebroad-
cast transmission of v is canceled. The location-based method uses absolute
locations based on positioning devices such as GPS receivers, to estimate
the additional coverage more precisely. Let a host’s location be (0, 0), and
suppose the host has received the same broadcast message from k differ-
ent hosts located at (x1, y1), (x2, y2), ..., (xk, yk) positions. So the additional
area that can be covered by the host’s rebroadcast can be calculated. Let
AC((x1, y1), (x2, y2), ..., (xk, yk)) denote the additional coverage divided by
πR2, where R is the central node’s radio range. This value should be com-
pared to a predefined coverage threshold A (0 < A < 0.61) to determine
whether the receiving host should rebroadcast or not.

Min-Te Sun et al. [32] identified two primary design issues regarding in-
formation dissemination protocols, namely the defer time generation and
the redundant message classification. Based on their findings they devised
a broadcast protocol that benefits from the high reachability of flooding
schemes and the bandwidth efficiency of the non-flooding schemes. Let us
consider the issue of setting defer times. Nodes with a larger defer time are
scheduled to retransmit a message later than those with a smaller defer time.
Unless a node decides on redundant/non-redundant retransmission regard-
less of other nodes’ retransmissions, the node with a larger defer time is more
likely to find its retransmission redundant than the node with a smaller defer
time. Since the purpose of retransmission is to forward the message to more
nodes, it seems plausible to let a node cover new areas by retransmitting the
message earlier than the node covering less of the still uncovered area. Thus,
instead of randomly choosing a defer time, they have proposed the Distance-
based Defer Time Scheme. When node v receives a broadcast message from
node u, it sets the defer time to a value inversely proportional to a power of
|−→uv| . That is, defer time = Max Defer T ime∗(Rε−|−→uv|ε)/Rε. The second
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issue is how to identify a redundant retransmission. Since broadcast service
requires high reachability, a retransmission should not be easily discarded
unless the coverage area is known to be completely covered. To achieve the
maximal reachability and fast computation, they propose the Angle-based
Scheme to identify redundant retransmissions. They calculate two values: α
and β form the intersection of covered circles. If during its defer period node
v receives retransmissions of the same message from a number of neighbors
with cover ranges [α1, β1], ..., [αk, βk] and if ∪i[αi, βi] = [0, 360], then v will
not further retransmit the message.

The Border Retransmission Based Probabilistic Flooding (BRBPF) pro-
tocol was presented in [33]. They have observed that the distance between
two nodes with a full duplex communication can be evaluated by comparing
their neighbor lists. When two nodes u and v can contact each other, the
union of their communication areas (Zu and Zv) can be partitioned into three
zones:

• Za = Zu ∩ Zv: the communication area covered only by u,

• Zb = Zu ∩ Zv: the communication area covered only by v,

• Zc = Zu ∩ Zv: the communication area covered by both u and v.

They define a ratio: µ = Nb
Na+Nc

, where Ni denotes the number of neigh-
bors in zone Zi. Based on this parameter the v determines its own probability
of retransmission p with the next formula: p = A−α

Mα µ
α + α, where α, A and

M are fine-tuning parameters.

I.3 Novel Multi-hop Broadcast Protocols for

Self-Organizing Mobile Networks

As presented in the previous section, many protocols had been already pro-
posed for multi-hop broadcasting, but it cannot be claimed for any solution
that can perform optimally in every kind of environment. This is because
of the specificities of the self-organizing mobile networks, where there is no
or minimal infrastructure; thus, solutions cannot rely on any global informa-
tion. Therefore, the protocols must make right decisions depending only on
local information.
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Such as the Request To Send (RTS)/Clear To Send (CTS) mechanism
in the IEEE 802.11 wireless protocol, signal message based communication
(beyond data message dissemination) could be introduced in the world of
MANETs as well. Utilizing signal messages can have the following benefits:

• Collision avoidance: similarly to RTS/CTS, the contest for the broad-
cast medium can be controlled.

• Interest exploration: the nodes can indicate whether they are or not
interested in a particular type of message.

• Information collection: nodes can add additional information to the
signal messages making it available to the recipients.

However, on the other hand, signal messages are overhead to the systems
because forwarding them also consumes the broadcast medium. Thus, the
optimum point should be found, where the difference between the removed
data and the additional signal messages is the maximum.

Based on this a family of adaptive multi-hop broadcast protocols was
developed relying on a novel 3-way handshaking mechanism controlled by
different types of signal messages. This handshaking procedure, in addition
to the previously mentioned benefits, is also used to assign retransmission
probabilities to the neighboring nodes. The main idea behind this is that
based on the newly collected information from the neighbors, the actual
sender node has a more precise view of its local environment; thus, it can
control the data forwarding amongst the neighbor nodes more efficiently.

Based on the aforementioned, it can be seen that the novel protocols
attempt to control the information dissemination via retransmission proba-
bilities, which were assigned by nodes from the previous hop based on the
gathered information. As in different environments, the networks can have
various properties (such as the speed, the density of the nodes, etc.), and ap-
plications on top of the communication can also have their own specificities;
hence, each novel protocol has been designed in order to perform well in a
particular environment. Since the large variates of these systems, a universal
solution that performs the best in every scenario cannot be implemented.
However, enabling the possibility to nodes changing the method of calcu-
lating the retransmission probabilities based on the environment (i.e., select
from the protocols adaptively) results in a more flexible solution.
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Thus, the novel protocols try to collect some local information, such as
distances of the nodes from each other, the degrees of the nodes, and the
direction of the information dissemination contributing to a more efficient
solution than the similar protocols found in the literature. Since the solutions
rely on location information, the devices have the knowledge of their actual
geographical positions (with the help of GPS transceivers or through other
positioning techniques, which is a realistic assumption in today’s wireless
world). Moreover, as it was stated before, all the protocols use the same
mechanism (namely the 3-way handshake and the probability assignment)
but differ from each other only in the methods of calculating the message
forwarding probabilities, as the calculations based on different metrics.

I.3.1 The 3-way Handshake

The first phase (shown in Figure I.2) is called Ready-To-Broadcast (RTB) [34],
which is designed to indicate a possible message transmission from the sender
similarly to the RTS phase in CSMA/CA [35]. The device, which has a data
message to disseminate, broadcasts an RTB signal message in its radio range.
It places in the packet its own unique identifier (the MAC address as an ex-
ample) and in the case of multi-message communication (where mobile nodes
disseminate different kinds of data messages) the type and identifier of the
message.

In the next phase (depicted in Figure I.3) all of the nodes, which received
the RTB message, start a random timer from the [0;tCTB] range. This timer
ensures that the reply Clear-To-Broadcast (CTB) messages do not cause
broadcast storms, and this way avoiding collisions. Thus, tCTB should be big
enough to distribute the responses in time; a straightforward choice would
be the number of neighbors multiplied by the transmission time of the ac-
tual message. The message includes the CTB sender’s and the ”recipient”’s
(which sent the RTB packet in the previous phase) unique identifier. With
the returned identifiers, the central node (marked with black color in Fig-
ure I.2) can decide, if it is the recipient of the packet or another node at a
2-hop distance. The message also contains the position of the CTB sender
and the number of its neighbors, namely its degree. To detect their neigh-
bors, the nodes periodically distribute HELLO signal messages. All devices
transmit a HELLO message at appropriate intervals for monitoring their own
environment. If HELLO is received, the node updates the list of its neigh-
bors. So the received HELLO messages help to determine the actual degree
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Figure I.2: The first, RTB phase: the black point marks the sender node,
the grays are the nodes in the sender’s range, while the whites depict other
devices in the vicinity. The transmitting device is entering the first phase by
disseminating an RTB packet, and the neighboring nodes in its radio range
receive the message due to the radio broadcast.

of the given node. In addition to these, CTB messages also include the iden-
tifiers of the messages (getting it from the RTB packet), which are required
by the CTB sender node.

The last phase is responsible for the data message dissemination, while
the first two steps use only signal messages. The central node starts the data
message transmission (the node that sent out previously the RTB packet)
after its tDATA timer expired. First, it summarizes based on its 1-hop neigh-
bor list, which nodes are currently within its radio range, and to these IDs
(which can be found in the reply CTB messages) assigns the degrees and
the coordinates. After it calculates the retransmission probability for each
adjacent device. From the CTB messages, the central node can determine
which data messages need to be disseminated simply by calculating the union
of the requested data messages.

The header of DATA messages contains the sender (same as RTB sender)
unique identifier and the calculated message forwarding probabilities, and the

19



C
TB

(a)

C
TB

(b)

CTB

(c)

C
TB

(d)

Figure I.3: The second, CTB phase: the node in the (a) subfigure gets the
opportunity to broadcast the CTB message for the first time because its
timer expired earlier than the other nodes that also started a timer upon
receiving the RTB message. Then the nodes, shown in (b), (c) and (d) sub-
figure will transmit one after other, determined by their timers. Meanwhile,
the central node is waiting for a tDATA time, which is calculated as the sum
of the tCTB and the maximum propagation delay (can be estimated as the
ratio of the distance and the speed of the communication).

payload is comprised of the actual data. The sender’s identifier is necessary as
there may be other nodes at 2-hop distance, which are in the same transmis-
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(b) The DATA message dissemina-
tion

Figure I.4: The last, DATA phase: Based on the received identifiers, the
central node calculates which messages (in this example, the messages with
ID 1 and 2) are required to be broadcasted. Also, the retransmission prob-
abilities are included in the header of the message in order to continue the
information dissemination process.

sion phase; therefore, the common neighboring nodes can distinguish which
node’s DATA packets have been received. From the rest of the header, every
adjacent node is able to retrieve its message forwarding probability, as it is
assigned to the ID of the node. The exact calculation of the retransmission
probability will be detailed later, under the given protocol.

I.3.2 The Distance Based Handshake Gossiping (DBHG)

Thesis I.1 I have proposed a multi-hop broadcast protocol, called Distance
Based Handshake Gossiping (DBHG), to manage multi-hop communications
in self-organizing mobile networks based on distance metrics. The DBHG
protocol can communicate more efficiently than the Gossiping and Adaptive
Gossiping algorithms by producing an order of magnitude fewer duplicates
while providing around 20-30% faster coverage than the Modified Adaptive
Gossiping algorithm. [B1, J2, C1, C2]
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For the DBHG protocol, the degrees of the nodes are not needed, so
that can be omitted from the CTB message. Moreover, the periodically sent
topology discovery signal messages (HELLO) are unnecessary as well. For
calculating the probabilities, only the geographical coordinates are needed,
which can be found in the CTB message. The calculation is based on the
nodes’ distances; hence the name, which is defined using the following for-
mula.

di =
√

(x0 − xi)2 + (y0 − yi)2 + (z0 − zi)2 (I.1)

The x0, y0, z0 parameters are the central node’s, while xi, yi, zi are the i.
adjacent device’s coordinates. The central node selects the largest distance,
i.e. the highest value, dmax. The neighbors can be distinguished by their
unique identifiers from the received CTB messages.

dmax = max
∀i
{di} (I.2)

The protocol, based on these parameters, assigns the following message
forwarding probability to the i. neighboring node:

pi =
di
dmax

(I.3)

Being further from the central node, the message forwarding probability
will be higher for the given adjacent node. This way the duplication caused
by closer nodes can be avoided, moreover, the area covered by more distant
nodes is more likely to contain previously not covered nodes [36]. Also,
the furthest node’s (which is the furthest from the central node) assigned
probability will be 1, so it will initiate the retransmission with 100%. Thus,
in the set of the neighboring nodes, there will be at least one node, which
will continue the information dissemination.

I.3.3 The Valency Based Handshake Gossiping (VBHG)

Thesis I.2 I have proposed a multi-hop broadcast protocol, called Valency
Based Handshake Gossiping (VBHG), to manage the multi-hop communi-
cations in self-organizing mobile networks based on network topology metrics
such as the number of the neighbors and the distances between the nodes.
The VBHG protocol can communicate more efficiently than the Gossiping
and Adaptive Gossiping algorithms by producing an order of magnitude fewer
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duplicates and compared to the Modified Adaptive Gossiping protocol it can
achieve around 10% better result regarding the number of unnecessarily sent
messages. [B1, J2, C1, C2]

Based on the application or the properties of the network, sometimes a
slower but more efficient solution is required (regarding the number of the
duplicated messages). This can be achieved by relying on an additional pa-
rameter, which could be the degree of the nodes as the previous version does
not consider it when assigning the message forwarding probabilities to the
neighboring nodes. It may happen that the farthest adjacent device has no
other neighbors than the initial transmitter, nevertheless, it has got 100%
forwarding probability because of its position. In order to avoid unneces-
sary duplication of messages, the nearby nodes with a high degree should
get a low chance for the retransmission, while the nodes further away should
have higher probabilities. The VBHG relies on the observations mentioned
above. In this case, it is necessary to distribute the topology discovery sig-
nal messages periodically, and some additional parameters are also required.
The di, dmax variables are identical to those used in the DBHG protocol.
The daverage indicates the average value of the distances, calculated as an
arithmetic mean of the central node-neighbors distances.

daverage =
1

n
∗

n∑
i=1

di (I.4)

Similarly to dmax an fmax is calculated for VBHG to determinate the
forwarding probabilities.

fmax = max
∀i
{fi} (I.5)

Where n is the number of adjacent nodes, while fi is the i neighboring
node’s degree. The probability is calculated in the following way for the
VBHG protocol:

pi =


di

dmax
− di

dmax
∗ fi
fmax

, if di < daverage

di
dmax

+ dmax−di
dmax

∗ fi
fmax

, if di ≥ daverage

(I.6)

As Equation I.6 shows the calculation is comprised of two disjoint cases.
The upper equation is used, when the adjacent device is closer to the trans-
mitter than the average distance. In this case, the goal is to assign a lower
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retransmission probability, because this node’s radio range is already mostly
covered by the central node, so the rebroadcast would cause many unnec-
essary duplications. On the other hand, when the device is far from the
transmitter, more likely it covers new, uncovered nodes utilizing the lower
equation for this case.

I.3.4 The Average Valency Based Handshake Gossip-
ing (AVBHG)

The Average Valency Based Handshake Gossiping (AVBHG) protocol is
based on the experiences provided by the two previous versions. This version
uses a new parameter, namely the faverage, which indicates the average degree
of the surrounding network:

faverage =
1

n
∗

n∑
i=1

fi (I.7)

Where n is the number of the neighbors for the given node. Consequently,
the probability is determined by:

pi =



di
dmax

+ dmax−di
dmax

∗ fi
fmax

if fi ≥ faverage

and di ≥ daverage
di

dmax
− dmax−di

dmax
∗ fi
fmax

if fi ≥ faverage

and di < daverage
di

dmax
else

(I.8)

As it can be seen, the probability calculation is a combination of the
previous two protocol probability assignments; therefore, those nodes get
lower probabilities for retransmission that are closer to the central node than
the average distance and at the same time, they have a high valency value.
The AVBHG protocol tries to ease the constraint added by the VBHG
protocol.

I.3.5 The Direction Based Handshake Gossiping (DiBHG)

Thesis I.3 I have developed a multi-hop broadcast protocol, called Direction
Based Handshake Gossiping (DiBHG), which aims to enable the rebroad-
casting nodes to propagate their messages in a chosen direction, by giving a
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higher retransmission probability to nodes in that direction. Compared to the
GEN, DAD and Ni et al.’s algorithms the DiBHG algorithm can overper-
form them regarding the number of duplications (up to 30% fewer). [B1, J3,
C3, C5]

Thesis I.4 I have extended the DiBHG protocol with a parameter, and based
on this parameter the solution can change the probability assignment au-
tonomously. I have shown that by making this parameter adaptive to the
environment, the protocol can achieve 10-20% better result regarding the
number of duplications while providing up to around 50% faster coverage
at the same time when compared to the GEN, DAD and Ni et al.’s proto-
cols. [B1, J3, C3, C5]

The previous multi-hop broadcast protocols were designed for general
purposes (relying on different metrics), where there is no particular scenario
to be taken into account. However, there are cases when higher-level goals
should be considered during the implementation of the protocol in order to
provide a better quality of service for a given use case. For instance, there
are many application cases, where the goal is to cover only portions of the
network or to propagate a message in a given direction. These include sending
traffic information back to the arriving vehicles, disseminating emergency
message from a fixed point, targeting only a group of nodes in the network,
and so forth on.

In the cases mentioned above, it could be an appropriate idea to restrict
the rebroadcasting nodes (which become the new source nodes) to propa-
gate their messages in a chosen direction, by giving a higher retransmission
probability to nodes in that direction (shown in Figure I.5). With this kind
of assignment of retransmission probabilities, the protocol is able to exclude
many unnecessary duplications and force the messages to follow a given di-
rection from the sender nodes. Also, making nodes aware of their physical
location is crucial to enable the system to implement more advanced com-
munication primitives, such as transmitting a message in a given direction.
This way the local interactions (probability assignments) will contribute to
a global behavior of the network.

The probability calculation of the DiBHG protocol consists of two steps:
the first one is the direction calculation, while the second one performs the
probability assignment based on the determined direction. In the first phase,
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Figure I.5: After multiple message transmissions, a message propagation
front line could be formed, and the main directions (depicted with dashed
arrows) could be maintained to avoid duplications.

the algorithm tries to determine whether the covered nodes define a clear
transmission direction, or they are randomly taken place around the sender
node. In the latter case, the DiBHG solution uses the probability assign-
ment of the VBHG, while in the first scenario the calculation relies on the
determined direction vector of the transmission.

The initial sender node is given by its coordinates, together with its radio
range, already covering a group of nodes in its 1-hop neighborhood. In the
first step, the goal is to calculate the smallest circular sector, containing all
previously covered nodes (which do not require to receive the message again,
as it will count as a duplication). The circular sector area is determined by
its angle and radius, the latter is a constant value; hence, only the angle
should be calculated.

Firstly a reference vector should be defined, with which the angle to
the covered nodes can be calculated. Let this vector be the base vector
~i(1, 0); therefore, the simplest way to calculate these angles will be the scalar

26



product. Let ~vi(xi, yi) be the vector to the i covered node, then

αi =

{
arccos( ~vi·~i

|~vi|∗|~i|
) , when yi ≥ 0

2π − arccos( ~vi·~i
|~vi|∗|~i|

) , else
(I.9)

With this addition, the angle values will be in the [0; 360] domain, and
not in [0; 180], as this is essential to a proper calculation. Now the required
angle can be determined with the help of the following statement.

Theorem: The sought circle sector will be given by adjacent vectors
enclosing the smallest angle.

Proof : The finding stated above can be proved by the use of two steps.
The first one states that the sought circle sector is determined by two adjacent
vectors. This part can be trivially justified: two vectors divide the whole
circle into two circle sectors, and these vectors are adjacent if and only if the
two areas contain only covered or uncovered nodes. The second step says
that from the set of these adjacent pairs, the desired solution would be the
one, where the angle of the circle sector, in which the already covered nodes
are, is the smallest. The angles can be determined by the differences of the
vectors’ angles (with some caution because the sequence plays a major role
in this operation), which are defined previously.

After the first step, α and the adjacent vectors are known, and based on
these, we can proceed with the protocol’s next step. The DiBHG solution
uses an adaptive mode of operation; therefore, if α > αthreshold, then it uses
the probability assignment of the VBHG protocol. In this case, there is
no distinctive transmission direction, and therefore a different probability
calculation should be used, which depends on other metrics.

If α ≤ αthreshold, there is an emphasised direction of transmission. This
means that by proper selection of αthreshold, one can tune the message prop-
agation directions in the network. The direction vector can be determined
from the circle sector in the following way:

~vdirection =

{
− ~vi
|~vi| −

~vj
|~vj | , if α ≤ π

~vi
|~vi| +

~vj
|~vj | , else

(I.10)

~edirection =
~vdirection
|~vdirection|

(I.11)

By utilizing this direction vector, the probability calculation is simple:
The retransmission probability (pi) for a given uncovered mobile node will
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Figure I.6: Calculation of the vdirection vector.

be the scalar product of ~edirection and the vector pointing to the uncovered
node divided by the length of the radio range. Dividing with the radius of
the range guarantees that the value of the probability will be in the [0; 1].
Let ~vi point to node i, which is currently not covered, and its size is divided
by the length of the radio range, then

pi = max(~vi · ~edirection, 0) (I.12)

If this equation is examined more thoroughly, it can be noticed that the
variable depends on the angle between the two vectors and also on the length
of the vector pointing to the new node (as the other is a unit vector):

~vi · ~edirection = |~vi| ∗ |~edirection| ∗ cos(θ) = |~vi| ∗ cos(θ) (I.13)

So the probability assignment of the proposed protocol is based not only
on the transmission direction but also on the distance of the nodes (like in
the DBHG)

I.4 Results

Firstly, all the proposed protocols were examined in a self-organizing network
simulator that focuses on measuring the use of the radio resource, which is
scarce by nature. With this simulator, the goal is to compare the developed
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solutions to already existing protocols along some performance indicators
such as the number of unnecessarily sent messages. The DiBHG protocol
had also been implemented in a spatial computing simulator in order to prove
that the described novel solution can be an appropriate choice even in higher
level abstraction, where the applications exploit local interactions to achieve
common global goals.

I.4.1 Performance Analysis in the Network Simulator

I.4.1.1 Simulator

For measuring the performance of the protocols, I implemented a self-organizing
network simulator in C++ language, in which the protocols can operate
under similar conditions. The adjustable parameters of the simulator are
introduced in Table I.1

Parameter name Description

N[pc] Number of nodes
R[e] Transmission range
R’[e] Movement range
A[e2] Simulation area
Pid Simulated protocol’s ID
t[pc] Number of tests
mm Single- or multi-message communication

Table I.1: The parameter list of the developed self-organizing network simu-
lator.

A modified version of the random waypoint mobility model [37] is imple-
mented in the simulator, where the waypoint should be chosen in the area of
the nodes’ movement range.

I.4.1.2 Performance Indicators

One of the most important performance indicators of data dissemination
in a self-organizing mobile network is the number of duplications, as
it affects the resource usage and efficiency of the whole network (speed of
the data dissemination, energy consumption, coverage, etc.). The number
of duplications specifies how many unnecessarily received messages exist in
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the whole system (the nodes already own them, so resources are consumed
to ”spam” other nodes). It can be calculated as a difference between the
requested and the received messages in the system:

duplications =
N∑
i=1

imessage received −
N∑
i=1

imessage requested (I.14)

A high number of duplications in the system would mean inefficient uti-
lization of the resources, so optimally this metric should be 0, meaning that
all devices have received only the messages requested by them.

Another important performance parameter is the coverage, the percent-
age of required messages received by the nodes. Let message received′ be
the number of messages received without duplications, then

coverage =

N∑
i=1

imessage received′

N∑
i=1

imessage requested

∗ 100% (I.15)

The third performance indicator is the number of sent messages. It
shows how many broadcasts occurred in the network. It can be calculated
as the sum of the number of broadcast transmissions of the nodes.

The fourth performance metric is the coverage time, which is the time
needed for a given protocol to achieve a fixed level of coverage of the nodes.
An idealistic protocol would reach a high coverage in the shortest time pos-
sible, however, as it can be seen that the performance indicators are contra-
dicting each other, so there will always be a trade-off between them. The
”goodness” of a data dissemination protocol always depends on the applica-
tion. Different protocols prioritize the performance metrics differently. For
instance, the blind flood protocol delivers the best coverage in the shortest
time, but it is a highly wasteful solution regarding resource usage, collisions,
and the number of duplications in the system.

The protocols’ performance was evaluated by the help of the above-
described parameters fixing the coverage level at 95%. Thus, the simulations
stop when the specified protocol reaches 95% coverage.
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I.4.1.3 Evaluation of the Results

I.4.1.3.1 Results of the DBHG, VBHG and AVBHG Protocols
In this section, the examined protocols (the DBHG, VBHG, and AVBHG)
were compared to the Gossiping and Adaptive Gossiping, introduced in Sec-
tion I.2, and to the Modified Adaptive Gossiping protocols. The Modified
Adaptive Gossiping is also a new algorithm that was created in order to
enhance the Adaptive Gossiping solution with the novel 3-way handshaking
mechanism (described in Section I.3.1). With this extension, the differences
between the gossiping and the novel probability assignments and also the dif-
ferences between the standard and the 3-way handshaking transmission can
be highlighted. For the Gossiping protocol, the retransmission probability
had been adjusted by simulations and was set to 0.7. The retransmission
probabilities of the Adaptive Gossiping and Modified Adaptive Gossiping
protocol depends on the degrees of the nodes.

Parameter name Value

N[pc] 50, 150, 300
R[e] 0,2e
R’[e] 0,1e
A[e2] 4e2

Pid
DBHG, VBHG, AVBHG, Gossiping
Adaptive Gossiping, Modified Adaptive Gossiping

t[pc] 100
mm false

Table I.2: The parameters for the self-organizing network simulator in order
to test the performance of the DBHG, VBHG and AVBHG protocols.

Single-Message Scenario Considering the single-message communi-
cation first, there is only one type of data message to be disseminated in the
system. It is assumed that in this case, all the participating nodes require
receiving the message. The single-message scenario parameters are presented
in Table I.2. Based on the transmission range and the simulation area, sim-
ulations with 50 nodes have been chosen to examine a sparse environment,
300 nodes relates to a dense network, and 150 nodes could be an intermedi-
ate case. Results were calculated based on averaging 100 tests to deal with
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variations from test to test.

Protocol Duplications Messages Time

DBHG 98,21 44,15 52,62
VBHG 96,35 43,32 66,73
AVBHG 97,51 43,63 55,85
Gossiping 1631,98 1044,63 56,01
Adap. Gos. 1627,57 810,53 77,77
Mod. Adap. Gos. 97,54 42,32 70,95

Table I.3: Results of the DBHG, VBHG, and AVBHG protocols in the
self-organizing network simulator with 50 nodes in the case of single-message
scenario.

The results show (Table I.3) that the protocols, which use the 3-way
handshake perform almost identically when considering the number of du-
plications in the case of a sparse network (50 nodes). However, it should be
noticed that these produce significantly fewer duplicates than the two other
protocols (Gossiping and Adaptive Gossiping). This big difference is because
of the 3-way handshake, which, if the neighboring devices have already re-
ceived the given data message, does not allow the unnecessary retransmission.
Utilization of this procedure also explains the differences in the number of the
sent messages. Although all the developed protocols require several signal
messages for the efficient communication, such as the previously mentioned
periodically distributed HELLO message, and the RTB, CTB signal mes-
sages, the size of these messages is a minor proportion of the DATA messages.
As the HELLO and RTB signal messages contain only a unique ID and the
CTB is larger only by a secondary ID, the GPS coordinates and the addi-
tional variables, which contain for instance the node’s valency, would cause
at the most a 6-7% overhead comparing to the amount of data messages.
When examining the coverage time, the situation is somewhat different. The
DBHG, AVBHG and Gossiping protocol performed better by 20-30% than
the other four. The VBHG from this aspect is far behind the other versions,
as the devices within the average distance are highly penalized, thereby de-
creasing the opportunity to disseminate messages. On the other hand, in a
denser environment it can reduce the number of duplications.

In the case of a denser network (when the system consists of 150 nodes)
the VBHG generates the least duplications, by 10% fewer than the other
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Protocol Duplications Messages Time

DBHG 496,52 104,73 4,53
VBHG 447,64 95,83 7,2
AVBHG 482,55 102,25 5,3
Gossiping 2231,08 483,89 6,83
Adap. Gos. 2896,74 564,07 6,36
Mod. Adap. Gos. 571,76 102,6 6,25

Table I.4: Results of the DBHG, VBHG, and AVBHG protocols in the self-
organizing network simulator with 150 nodes in the case of single-message
scenario.

handshake based Gossiping protocols (Table I.4). Respectively the Modified
Adaptive Gossiping’s (which also uses CTB, RTB and DATA messages),
does not deliver a good performance as the other protocols that use the novel
3-way handshake. This downturn is because its probability function is not so
complex (it only uses the valency value) as for the others. Furthermore, the
DBHG spreads the data messages the fastest, which is the positive impact
of the distance-based( di

dmax
) probability assignment, while its weak point is

that it generates more duplicates than the VBHG and AVBHG protocols.

Protocol Duplications Messages Time

DBHG 1725.79 194.20 0.09
VBHG 1487.96 166.98 0.26
AVBHG 1688.01 191.78 0.12
Gossiping 2491.19 285.11 0.49
Adap. Gos. 2572.15 291.26 0.01
Mod. Adap. Gos. 1870.75 207.80 0.30

Table I.5: Results of the DBHG, VBHG, and AVBHG protocols in the self-
organizing network simulator with 300 nodes in the case of single-message
scenario.

In the cases of even denser networks, the same effects can be highlighted.
The VBHG protocol produced 20% fewer duplicates and sent messages than
the second best handshake gossiping solution, nevertheless, it spreads the
data with the lowest speed.
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Protocol Duplications Messages Time

DBHG 1233,18 205,66 11,55
VBHG 1111,43 177,71 23,5
AVBHG 1217,53 204,22 11,44
Gossiping 6895,99 498,6 7,04
Adap. Gos. 8381,62 582,33 6,1
Mod. Adap. Gos. 1440,29 226,35 11,92

Table I.6: Results of the DBHG, VBHG, and AVBHG protocols in the
self-organizing network simulator with 150 nodes in the case of multi-message
scenario.

Multi-Message Scenario In the case of multi-message communica-
tion, several types of data messages should be disseminated in the network.
During the simulations, it has been assumed that the devices can be divided
into sets depending on which messages are they interested in. Therefore,
for the full coverage, it is not needed to deliver all the messages for all the
devices. Furthermore, it is also assumed that there are three types of data
messages in the system. If there are N nodes in the system distributed
to seven ≈

[
N
7

]
pieces sets, in which the nodes have the same interest for

messages. Thus, the node sets can be mapped to the subsets of the data
messages. For instance, the second set of nodes require the first and second
type of messages, while the sixth one only needs the second. The elements
of the given set have been randomly selected to avoid the message grouping.

The simulator input parameters are very similar to the single-message
scenario (Table I.2), but for the multi-message communication, only results
for the denser network (consisting of 150 nodes) are presented, as this scenario
is more representative for the multi-message scenario.

As it can be seen in Table I.6, when observing the number of duplica-
tions and sent messages, the results are similar to the previous single-message
scenarios. However, it can be seen that in the multi-message scenario, the
protocols that use the 3-way handshake, are slower than the others (Gos-
siping, Adaptive Gossiping). It is because in the second (CTB) phase the
nodes send back to the transmitter a message, indicating their requirements.
It is possible that not all of the data messages are sent by the actual central
node, while with the Gossiping solution it cannot occur. Furthermore, it is
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also possible that a node does not possess the data message, which is required
by an adjacent device because it was not needed for the central node, and
could not occur when using the Gossiping protocol.

In the multiple message communication case, the proposed protocols still
deliver better results as they duplicate significantly less and can reduce the
use of the radio medium. These results were achieved mainly due to the
3-way handshaking mechanism. However, for multi-message communication
it can also be a drawback, as the protocols, which do not use these phases,
provide better performance when the coverage speed is an important aspect.

I.4.1.3.2 Results of the DiBHG Protocol As the DiBHG protocol
was developed because of the need of some specified use cases, it should not
compare to solutions designed for generic information dissemination pur-
poses, but ones with similar characteristics. The goal was to compare this
algorithm with others also using spatial information, and were published in
scientific papers, proving that they disseminate information in self-organizing
mobile networks efficiently, overperforming some of the available data dissem-
ination algorithms. The DiBHG protocol was compared to the DAD [28],
GEN algorithm, and to Ni et al.’s location-based algorithm [21], which were
introduced in Section I.2.

In this case, the simulator has been set with the parameters shown in
Table I.7. It is important to note that all the three solutions from the litera-
ture have been enhanced with the 3-way handshake described before. With
this extension, the focus can be set only on comparing the probability as-
signments. When there is only one type of data message to be disseminated
in the system, the assumption has been made that all the nodes require re-
ceiving it. It could be seen from the table that simulations were run for
three different node densities, which are 500, 600 and 800 nodes, to simulate
different environments. The increased numbers – compared to the previous
performance analysis – of simulated nodes have been chosen to enlarge the
differences between the protocols, as in denser environments less efficient so-
lutions produce more duplications. Similarly to the previous comparison, the
results were calculated based on averaging 100 tests to deal with variations
from test to test.

Since both the DAD and the GEN rely on a k parameter (namely, the
target rebroadcast size), the parameter has been determined by simulations
based on the minimum number of duplications. Choosing the optimal k
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Parameter name Value

N[pc] 500, 600, 800
R[e] 0,2e
R’[e] 0,1e
A[e2] 4e2

Pid DiBHG, DAD, GEN, Ni’s
t[pc] 100
mm false

Table I.7: The parameters for the self-organizing network simulator in order
to test the performance of the DiBHG protocol.

value for further performance evaluations ensures a fair comparison between
the tested protocols. The number of duplications for the best k values were
measured for all three mobile node densities and summarized in Table I.8.

Figure I.7 shows that for all three different node density scenarios, the
GEN protocol overperformed the DAD-NUM solution regarding the number
of duplications only for small k values. By increasing the k parameter, the
DAD-NUM always gives a better result than the GEN protocol concern-
ing the number of duplications. The best k parameter values for all three
scenarios have been selected and summarized in Table I.8.

Number of nodes Protocol Rebroadcast size Duplications

500
DAD-NUM 5 2004.71
GEN 3 1910.29

600
DAD-NUM 1 2672.82
GEN 3 2420.84

800
DAD-NUM 1 4222.48
GEN 2 3438.40

Table I.8: The selected best k values for the DAD-NUM and GEN protocols
in the self-organizing network simulator.

Ni et al’s algorithm does not require any additional input parameters (like
the k parameter for DAD-NUM and GEN); therefore, it can be compared
more easily with the DiBHG.

For the DiBHG protocol, the only input parameter is the angle, αthreshold.
As described earlier in Section I.3.5, if this parameter is set to a smaller

36



1800

2200

2600

3000

3400

1AAAA2AAAAA3AAAA4AAAAA5AAAAA6AAAA7AAAAA8AAAA9

N
um

be
rA

of
Ad

up
lic

a
tio

ns

RebroadcastAsize

DAD-NUM
GEN

(a)

2500

3000

3500

4000

4500

5000

1AAAA2AAAA3AAAA4AAAA5AAAA6AAAA7AAAA8AAAA9AAA10

N
um

be
rA

of
Ad

up
lic

a
tio

ns

RebroadcastAsize

DAD-NUM
GEN

(b)

3000

4000

5000

6000

7000

1AAAA2AAAA3AAAA4AAAA5AAAA6AAAA7AAAA8AAAA9AAA10

N
um

be
rA

of
Ad

up
lic

a
tio

ns

RebroadcastAsize

DAD-NUM
GEN

(c)

Figure I.7: Duplication overhead of the DAD-NUM and GEN protocols in
self-organizing networks with 500 (a), 600 (b), and 800 nodes (c).

value, the probability assignment of the VBHG protocol will be used in the
majority of the cases instead of the direction based mechanism. Otherwise,
the direction based solution will be the dominant one.

The two performance metrics deemed most important are the number of
duplications and coverage time. These two metrics contradict each other, as
the solutions can reduce the coverage time only by the cost of having more
duplications, and vice versa. For example, the blind flood has the shortest
coverage time, as every node rebroadcasts every received message without any
backoff time, but this way the number of duplications will explode. Therefore,
a compromise and trade-off should be found between the two.
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Figure I.8: Results of the DiBHG, DAD, GEN, and Ni at al’s protocols in
the self-organizing network simulator.
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When examining the DiBHG solution, the focus could be set on these
two metrics to verify if it can hold a reasonable trade-off compared to the
previously existing protocols. The results for number of duplicated messages
and coverage times for 500 nodes can be seen in Figure I.8(a) for the DiBHG,
in the function of the αthreshold input parameter. For easier comparison, the
number of duplications and coverage times for the other three protocols are
placed in the same figure, measuring them with the previously determined
best k parameters (listed in Table I.8). As expected, for small αthreshold val-
ues, the number of duplications for the DiBHG is high, as a small αthreshold
value means that only a small fraction of the neighboring nodes are covered,
resulting in a broad angle of data dissemination. In the majority of these
cases (where the αthreshold is small), the retransmission probability assign-
ment of the VBHG is utilized without a dominant dissemination direction.
For even small values of the αthreshold, when running simulations with 500
mobile nodes, the DiBHG overperforms the Ni et al. algorithm in terms of
the number of duplications. Also, it performs better than the DAD-NUM
protocol above αthreshold = 80, and better than the GEN protocol starting
from αthreshold = 140. The figure shows that the DiBHG can overperform
the other three solutions regarding the number of duplications if the input
parameter is chosen wisely. However, coverage time should also be consid-
ered. It could be noticed that at the point it overperforms the DAD-NUM
protocol in terms of duplications, it will be less efficient in terms of coverage
time. Meaning that the DAD-NUM covers the nodes faster, but causes more
duplicates. When comparing to the GEN protocol, it is less effective in terms
of coverage time from around αthreshold = 230, while regarding duplications,
it is already better from αthreshold = 140. Hence, there is a wide range of
the input parameter for which the DiBHG protocol performs better than
the GEN in both indicators. When compared with the Ni et al. algorithm,
it overperforms for all of the values of the αthreshold parameter, in either the
number of duplications or coverage time. The DiBHG is even more con-
vincing for scenarios, where 600 or 800 mobile nodes are simulated. If the
αthreshold is tuned well, it can significantly reduce the number of duplications,
and in the meantime keep the coverage time at the same level.

As stated before, the solution is an adaptive scheme; therefore, if α >
αthreshold, it uses the probability assignment determined by the VBHG pro-
tocol. Otherwise, if there is an emphasized direction of the transmission, the
DiBHG scheme is utilized. It is interesting to check, how the selection of the
αthreshold input parameter affects the retransmission probability assignment.
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Figure I.9: Duplication distribution of the VBHG and DiBHG probability
assignments in the case of a self-organizing network containing 500, 600 and
800 nodes.

Figure I.9 shows the distribution of the two schemes when observing the
number of duplications. As it can be seen for all three mobile node densities,
when setting small αthreshold values (under 150) the VBHG scheme prevails,
which will cause plenty of duplications, as there is no distinguished direc-
tion of the transmission. This is the range of the α parameter, where this
solution does not perform so well in comparison to the other three reference
protocols (Figure I.8). By increasing the value of the input parameter, the
probability assignment of the DiBHG will be dominant, and after reaching
αthreshold ≈ 270, the adaptive scheme utilizes solely the DiBHG retransmis-
sion probability assignment. From this point on, the number of duplications
drops drastically, so this is the period when the new solution significantly
outperforms the reference protocols.
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I.4.2 Performance Analysis in Spatial Computing Sys-
tems

In recent years, spatial computing [38] has emerged as a promising approach
to the modeling and control systems composed of many computational de-
vices. The problem of handling these systems is growing acuter as the number
and density of computing devices continue to rise rapidly. The basic insight
of spatial computing is simple: when the density of computing devices is
high, there is a close relationship between the structure of the network of de-
vices and the geometry of the space through which they are distributed. Put
more formally: a spatial computer is any aggregate of devices in which the
difficulty of moving information between any two devices is strongly depen-
dent on the distance between them, and the functional goals of the system
are generally defined in terms of the system’s spatial structure.

The key insight enabling a continuous spatial approach [39] is the recog-
nition that there are many systems, where the focus is best placed not on
the devices that make up the system, but rather on the space through which
the devices are distributed. MASs are good examples: e.g., the point of
an agent coverage algorithm is to examine all points in a space of interest,
the point of a target-tracking system is to monitor the movement of entities
through an area, and the point of a multi-hop broadcast algorithm is to move
information across space to where it is needed.

Exploiting the benefits of the spatial computing systems allows a pro-
grammer to work more directly on the end goal of the application of interest,
rather than trying to build it from the bottom up regarding individual devices
exchanging bits. The ideal spatial computing system allows the programmer
to specify some global behavior in terms of geometric fields (or whatever
spatial structure) and the system compiles the given specification to local
code that can be run on the devices. The local code produced mostly runs
on virtual machines because there needs to be a layer between the individ-
ual devices and the general bytecode generated from the global specification.
These virtual machines help maintain the spatial abstraction and free the
programmer to think about communication issues or scenarios (as mentioned
above), where certain devices vanish and appear in the network.

The choice of spatial programming system became Proto [15] because
it provides the most general approach and it is very well suited to solve
numerous problems in MASs. Proto is a high-level, functional programming
language, which is used to specify the desired global behavior of the system.

41



From this description, the compiler generates device level code and runs the
same code on every device in the network. The virtual machine run by the
nodes maintains the spatial abstraction in the network, making it easy to
handle new, disappearing or mobile agents.

Communication in Proto is essential as nodes share their state periodi-
cally, which means that they aggregate the states of their neighbors, doing
their part of the computation. The original network functionality is not effec-
tive as the nodes broadcast their state to their neighbors each time, which is
the BF algorithm from this viewpoint. Thus, it is crucial to improve the sys-
tem by extending it with a new network functionality (relying on the DiBHG
protocol), being able to disseminate static information in the system more
efficiently.

I.4.2.1 The Novel Plugin for Proto

The Proto system has a layered architecture that makes it easy to extend
the system’s functionality. Given this architecture, the developer can extend
one part of the system without having to modify other parts of it. For each
implemented layer there is a device wrapper class in the Proto system, which
enables the developer to store information and add new functionality to the
device without modifying existing pieces of the code.

I have implemented the so called ”DirectionbasedPlugin” layer [C4], which
can be switched on-off before running Proto codes. There are two main
classes in this plugin, the DirectionBasedDevice, and the DirectionBasedRa-
dio. The first one, as it was mentioned, is a wrapper class for nodes in the
simulation. The DirectionBasedDevice class contains the implementation
specific inner state of a node such as its retransmission probability, iden-
tifiers of the received messages, the number of duplications, etc. Thus, a
communicating node in a spatial computing environment can be defined as
an instance of the DirectionBasedDevice class. The DirectionBasedRadio
class is based on the existing communication implementation, ”UnitDiscRa-
dio,” which provides a simple wireless communication solution. At any given
time, the context of the Proto simulator is on one device in the system. All
functions executed manipulate that exact device. Therefore, the broadcast
of a message consists of changing the context to the receiver device, call-
ing the global receive message method, then modifying the context to the
next receiver, and so on. In the end, the context is restored to the sender
node, and the broadcast ends. Because of this, there are two dissemination
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methods in the plugin, one for handling the sending logic, and one for the
receiving part. This behavior is depicted in Figure I.10.

                 this.vm
                    getVMachine()

set_vm_context(n)

radio_receive_dissemination(m)

this.vm
getVMachine()

n:DirectionBasedDevice

set_vm_context(n)

:SimulatedHardware

foreach n:neighbors

this.neighbors

getNeighbors()

i f  random<=probabi l i ty

this.calculatedProb.

getRetransmissionProb.()

radio_send_dissemination
(m.id)

foreach m:receivedMessages

:DirectionBasedRadio

if hasRecievedMessage

update()

sender:DirectionBasedDevice

Figure I.10: UML sequence diagram to describe the context switching in the
Proto system.

The Proto simulator is a discrete event simulator, and the system provides
individual callbacks to the nodes for different events (before and after them
as well). One of these callbacks is called ”update”, and it is invoked at a fixed
interval. This callback is used to time the broadcasts from the nodes. There
can be more sophisticated implementations as well, using random backoff or
RAD, but for a proof of concept approach, this is suitable. As it can be seen
on the sequence diagram (Figure I.10), the global context of the simulator is
changed for each event executed in the discrete event simulator. This global
context contains the machine, which ”executes” the event. In the ”update”
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callback it is first checked if there are received messages in this node not
forwarded yet. If there are, a retransmission probability should be allocated
for them according to the chosen implementation (Blind Flood, the origi-
nal network functionality, or DiBHG in this case). Once the retransmission
probability is available, the message is sent with the defined probability to
each neighbor in its radio range. For this to happen, its neighbors are enu-
merated (collected via state change communication mentioned before) and
for each of them the simulator context is changed and the receive method is
called.

I.4.2.2 The Proto Code

Above the Proto extension layer was introduced; therefore, the Proto code
description follows, which triggers the dissemination protocol. With the help
of the programming language, the desired global behavior of the system can
be defined. From this description, the compiler generates a per device code
and runs the same code on every device in the system.

There are many primitives already implemented in the core language [40],
which can be used in the novel code as well. First, try to start the dissem-
ination from a source, which is selected by a user. It can be done by using
the sense operator:

( i f ( s ense 1) ( d i s s eminate 180) 0)

As it can be seen, the Proto language is a lisp-like language, which means
that the programmer needs to enclose the operators in brackets and it uses
Polish notation. In this short code, there are two operators and a logical
statement. The first one is (if < expr > < when it is true > < else >).
So now we can understand that if (sense 1) expression returns with true the
(disseminate 180) expression will be run else, nothing happens (since there is
a zero, which means nothing). In the test expression of the if statement, the
sense primitive is used. There are three LEDs on each device, which can be
turned on-off in the simulator (by clicking on it and pressing either the ’t’, ’r’
or ’u’ buttons), and each LED represents an integer value. These LEDs are
sensors from the point of view of the programming language as one can test,
whether they are on or off. Thus, the sense operator can compare the state of
the LED to an input parameter, and if these two are equal it returns true, else
it returns false (e.g. the devices with blue LED can be gathered by (sense
2)). The last operator is the novel dissemination language primitive linked to
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the previously described implementation (i.e., to the DirectionbasedPlugin
layer). This operator needs only one input parameter, which is αthreshold, the
required input parameter for the DiBHG protocol. Now the main part of
the Proto code is already completed, thus, a dissemination can be started by
selecting a device and pressing the ’t’ button in the simulator. By running
this Proto code, we could observe that the nodes are static since there are no
instructions implementing mobility. So the code should be completed with
the mobility implementation (when modeling MAS) or this version can be
used for modeling static sensor networks. Therefore, the complete version of
the code is shown below.

( de f d i s s em ina t e func ( ang le )
( l e t ( ( mobile ( once (< ( rnd 0 1) 0 . 5 ) ) ) )

(mov (∗ ( i f mobile 0 .01 0) ( d i t h e r ) ) ) )
( i f ( s ense 1) ( d i s s eminate ang le ) 0)

)

There are some currently unreviewed keywords in this version. In the
first line, there is an expression beginning with def . This shows how to
define a function with the name disseminate func and one argument, the
angle. In this case, a single argument should be given, since the DiBHG
protocol requires only the αthreshold (thus, the angle threshold parameter is
given directly to the disseminate primitive). The next two lines are respon-
sible for moving the nodes according to a simple random waypoint mobility
model [37]. The rnd is a primitive that generates a random number between
its two arguments. In this case, it picks a random number between 0 and 1.
The next is the < comparator that compares the first number to the second
and returns a boolean value. The once primitive computes the expression
after it only once and then remembers it. The last one in this line is let,
which allows for local variable bindings exactly like in Lisp. In the first line
after the definition, a random variable (mobile) is calculated (only once) on
each device. In the next line, there are two previously undescribed core prim-
itives (and a multiplication). Dither creates a random velocity vector and
it gets multiplied with 0.01 if the node is mobile and with 0 if not. Mov
simply moves the device (it is an actuator) in the specified direction with the
specified speed (which depends on the size of the given vector).

A Proto function was introduced, demonstrating the ease of the Proto
programming language, as it takes only a few lines to make an appropri-
ate self-organizing mobile network scenario. Moreover, the properties of the
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network such as moving speed and the number of the moving devices are
tunable as well. Thus, this simulation environment can be used by invoking
the defined function like: ”(disseminate func angle)”.

I.4.2.3 Evaluation of the Results

To measure the performance of the implemented DiBHG in Proto, first of
all, the input parameters (e.g. the number of nodes, the movement velocity
and so on) should be declared. The same parameters as in the previous self-
organizing network simulator had been used because the aim of this section
is to verify the previously described characteristics of the DiBHG protocol’s
Proto implementation. Let the number of the nodes be 500, 600 and 800
and the transmission range for the radio is 20 (since the simulation area
size is 100x100). Finally, the DiBHG was compared to simulator’s default
implementation, namely to the BF algorithm. The settings of the Proto
simulator could be seen below in Table I.9.

Parameter name Description Value

n[pc] Number of the devices 500,600,800
r[e] Transmission range 20
Pid Simulated protocol’s ID DiBHG, BF
t[pc] Number of tests 100

Table I.9: The parametrs for the Proto simulator in order to test the perfor-
mance of the DiBHG protocol.

The performance indicators are the same as they have been presented
in Section I.4.1.2. And the two indicators that deemed most relevant in
this case are the number of duplications and the coverage time (same as
previously when examining the performance of the DiBHG solution). Also,
the simulation will be terminated, when the specified protocol reaches 95%
coverage of the nodes. The threshold of 95% has been chosen, since there
could be few nodes that moved far from others, so the results would be
significantly distorted by them.

First, the performance of the Blind Flood protocol will be examined as a
reference or base line result, since this protocol is implemented in the MIT
Proto simulator as the default multi-hop broadcast solution. After that, the
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proposed DiBHG algorithm will be reviewed to verify that the performance
characteristics match those presented in the detailed performance evaluation.
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Figure I.11: The performance of the Proto simulator’s default protocol re-
garding the number of duplications and the coverage time.

The results for the BF protocol are depicted in Figure I.11. It can be
seen that on the one hand, the default solution is extremely wasteful, since it
produces over 3000 duplications in each scenario (in a network with 800 nodes
it could be up to 5750). On the other hand, however, it gives a really fast
coverage. These results are quite intuitive, as BF rebroadcasts every received
message immediately, and therefore wasting resources, but also chooses the
shortest path to each node in the network, in the process, it tries all the
paths. If we compare the two subfigures, it could be noticed that the two
indicators are contradicting to each other as it was stated before. If there are
more nodes in the network (on the same simulation area), there will be more
connections between them, and there is a greater chance that a broadcast
will generate more duplications, and for the same reason the messages can go
via multiple paths, which enables for faster dissemination. From the results,
it can be concluded that for using this spatial computing environment in a
real-life scenario, the communication algorithm should be changed, since it
would cause many packet collisions and broadcast storms.

The results for the DiBHG algorithm can be seen in Figure I.12. The
same observations can be made as in Section I.4.1.3.2. First, it can be said
that DiBHG outperforms BF, because it generates up to 4000 duplications
less (when comparing the 800 nodes scenarios). However, the shape of the
curves are not exactly identical (because the results were generated by two
different simulators, based on different approaches), but it can be concluded
that for small αtreshold values, the number of duplications is higher than for
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Figure I.12: The DiBHG protocol’s performance in the Proto spatial com-
puting simulator.
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a bigger threshold. Hence, the same trade-off between efficiency and speed
can be identified as in Section I.4.1.3.2. While the number of duplications
can be reduced by increasing the threshold (increasing the ratio between the
DiBHG and VBHG probability assignments), the coverage time increases.
The proper threshold should be chosen according to the application scenario
(speed vs. resources).

From the simulation results, it can be observed that the implementation
of the DiBHG protocol was successful, the same performance characteristics
can be identified in as in the measurements carried out in Section I.4.1.3.2.
With the presented protocol, a more energy efficient functioning of the system
can be achieved when trying to disseminate spatial information in the net-
work. Implementing the DiBHG protocol in Proto and making it available
in an easy to use Proto plugin, takes it one step further to enable Proto be-
come a real-life spatial computing system and move it away from ”simulator
only” use.

I.5 Summary

In the literature many protocols have been proposed for multi-hop broadcast-
ing in self-organizing mobile networks, starting with the simplest BF pro-
tocol to the more complex solutions, which use signal messages and exploit
local information to reduce the number of duplications. In these networks, a
trade-off should be achieved between the dissemination speed, simplicity, and
efficiency, as the protocols cannot rely on global information and – due to the
dynamically changing system – local information becomes obsolete fast. In
order to gather information, the protocols must distribute signal messages,
nevertheless that these messages are overhead for the network.

I have designed four novel probability based protocols, the DBHG, VBHG,
AVBHG and DiBHG. All of them utilize the 3-way handshaking procedure
designed for self-organizing mobile networks. These protocols can communi-
cate more efficiently than the other examined solutions by producing fewer
duplicates and fewer retransmissions. Furthermore, in many cases, they can
also provide a faster coverage of the nodes than the other ones.

All the four proposed protocols can be installed on the same mobile device,
as they differ only in the way of calculating the retransmission probability
but depend on the same mechanism. Thus, the mobile nodes can adaptively
change the function of the retransmission probability assignment, depending
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on which parameter(s) should be optimized. If the system requires a rapid
dissemination, the device should select the DBHG version, however, if there
is a high cost to deliver a message, then they should switch to DiBHG or
VBHG, while AVBHG would be a trade-off between the two aspects.

Based on the DiBHG protocol I have implemented a network plugin to
the Proto spatial computing simulator to show that the default dissemination
primitive should be replaced with the proposed one. Results show that by
replacing the current primitive with the direction based one the system uses
much less energy (which can be a scarce resource in a self-organizing mobile
system) making the Proto spatial computing system one step closer to real-
life applicability.
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Chapter II

Context-Aware Multi-Agent
Systems (MASs) for
Emergency Management

II.1 Introduction

Based on provided communication between the agents in the MAS, the fo-
cus from low-level information dissemination should be shifted to provide
higher-level applications for the users based on the gathered and interpreted
information. To achieve this, the seamless integration of devices into the
users’ everyday life is essential. This trend leads to pervasive systems (the
term ’pervasive’ was introduced first in [41]) that try to work with many
heterogeneous devices (such as different sensors, smartphones, servers, etc.),
which are constantly available in the surrounding environment. It is im-
portant to note that applications in these systems do not try to exploit the
capabilities of the employed agents but use the whole system altogether to
gather and interpret different kinds of information. To fully enable the great
potential of pervasive systems context awareness should be introduced to
these systems as context-aware MAS are able to adapt their operations to
the current context.

Emergency management systems should also rely on context-related infor-
mation such as the location, and the state of the hazard and the information
should be disseminated in the whole system, even in catastrophic events.
Thus, based on the aforementioned and also on the results from the previous

51



Chapter (where the solutions deal with infrastructure-less communication),
context-aware MAS is an appropriate choice when dealing with emergency
systems.

My goal was to develop a context-aware MAS for emergency manage-
ment. The proposed Emergency Support System (ESS) [7] consists of fixed
Sensor Nodes (SNs) to monitor the environment and human carriable Com-
munication Nodes (CNs) (as a form of mobile agents) in order to process the
information and guide the civilians. I have extended the original ESS (Thesis
II.1) that it relies on directions from hazardous areas to exits to increase its
performance and which is tolerant to indoor positioning errors. The system
is based on the autonomously forming mobile networks; therefore, I have ap-
plied the results from the previous Chapter to make the communication more
efficient regarding the unnecessarily sent messages (Thesis II.2). In order to
evaluate the performance of the system in a realistic evacuation environment,
the Distributed Building Evacuation Simulator (DBES) [16] has been used
for testing.

II.2 Context-aware MASs

With the appearance and penetration of easily accessible mobile devices such
as notebooks, smartwatches, and smartphones, pervasive (also called as ubiq-
uitous) systems (which are part of the bigger MASs) had become a very
attractive research topic in the recent years. Pervasive computing presumes
the following three statements [42]:

• A device can be a portal into an application-data space, not a reposi-
tory of custom software that a user must manage.

• An application is a means by which a user performs a task, not soft-
ware written to exploit a device’s capabilities.

• A computing environment is an information-enhanced physical space,
not a virtual environment that exists to store and run software.

The need for perceptual information about the environment further dif-
ferentiates pervasive computing from traditional computing. Sensing agents
provide pervasive systems with context-related information such as the loca-
tion of the agents, different measurements of the surrounding environment,
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etc. Based on this information the system can interact more naturally with
users, moving beyond the desktop legacy of isolated interaction.

Pervasive System

Device Device

Device

Communication 

Application

Figure II.1: The abstract hierarchical structure of a general pervasive system.

Pervasive computing systems rely on three different entities (the relation
between the entities is depicted in Figure II.1):

• Devices: Devices in the systems are basically the physical manifesta-
tions of agents in these MASs; hence, participating devices form the
main part of the system. They provide the computational power while
interacting with the environment, with other devices and also with the
users. Many different types of devices can work under pervasive sys-
tems such as floor tiles with embedded sensors, bio sensors, mobile
smartphones, etc. Ideally, pervasive computing should encompass ev-
ery device worldwide that has built-in active and passive intelligence.
From the great diversity, two very important group of devices should be
highlighted: The fixed sensors that automatically gather information,
transfer it and might take action based on it, and the mobile devices
that can interact with each other and with other sensors based on their
mobility.

• Communications: In order to share the gathered information, com-
munication should be done amongst the many devices. The type of the
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communication can vary from fixed wired to self-organizing solutions.
The type of the communication depends on the communicating entities,
as the fixed sensors might utilize traditionally wired solution, between
sensors and mobile devices a single-hop information change could be
done while the mobile devices can form communicational networks in
a self-organizing manner.

• Applications: Applications work based on the information gathered
and received by the devices and use their computational power. It is
essential to emphasize that applications in pervasive systems are not
based on the capabilities of the devices but attempt to exploit the
whole system as an available resource. Thus, different applications can
work under the same system as they can rely on various aspects of the
information and the devices.

Based on these properties, existing applications rely on different pervasive
systems. Examples of pervasive systems in the scientific field are various
tourist guide projects in [43], support management systems within a hospital
setting [44], indoor positioning systems [45], etc. Currently, the computing
industry calls these systems as Internet of Things (IoT) systems; thus, many
real-life applications are already available, such as personal and industrial
health-care solutions [46], smart home systems [47] and many others [48].

Context awareness should be introduced to fully enable the great po-
tential of pervasive system. Context-aware MASs are able to adapt their
operations to the current context without explicit user interaction, and thus
aim to increasing usability and effectiveness by taking environmental context
into account. In particular, when it comes to using mobile devices, it is de-
sirable that programs and services react specifically to their current location,
time and other environment attributes and adapt their behavior according to
the changing circumstances as context data may change rapidly. The needed
context information may be retrieved in a variety of ways, such as applying
sensors, network information, device status, browsing user profiles and us-
ing other sources. While location information is by far the most frequently
used attribute of context, there are context-aware systems that rely on differ-
ent information such as temperature, humidity, smoke-level, etc. The main
common goal of these systems is reasoning and interpreting the contextual
information and provide the result to the users.

Emergency management systems are context-aware MASs that try to
exploit the contextual information in order to help people during evacuation
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scenarios such as a fire hazard in buildings. Emergency management systems
can be implemented in many ways. The actual one depends on special re-
quirements and conditions such as the location of sensors (local or remote),
the amount of possible users (one user or many), the available resources of the
used devices (centralized computers or small mobile devices) or the facility
of a further extension of the system.

II.2.1 Emergency Management Systems

Emergency evacuation is an essential component of built environments such
as sports arenas, concert halls, buildings in general, and even ships. The
technical issues it raises are related to search techniques [49] to guide people
or vehicles in dangerous areas [49, 50]. As a consequence, there are many
works related to evacuation techniques that use context-aware MAS (rely-
ing on distributed computation and Wireless Sensor Networks (WSNs)) to
achieve the best possible evacuation [51]. Although WSNs can be used for
sensing hazards, identifying evacuees, communicating and finding safe paths,
such networks also require a minimal fixed infrastructure that remains viable
during an emergency. Since many catastrophic events can also impair or de-
stroy the fixed sensor nodes, the focus of this Chapter is set on the use of
a simpler technology based on commonly available wearable devices. These
pervasive systems can be implemented with smartphones or smartwatches,
as a supplementary system or an alternative for helping evacuees.

Research papers in the field [3] fall mainly into two categories. The first
group is comprised of solutions that rely on the existence of a sensor network
for emergency navigation. The work by Li et al. [52] proposes a distributed
navigation algorithm with implementation and evaluation on a physical sen-
sor network. Their approach is based on the flooding model in which every
sensor exchanges information with every other sensor, and therefore this so-
lution does not scale well, due to a very high communication cost. In [53]
a distributed navigation algorithm based on the temporally ordered routing
algorithm (TORA) is introduced in order to guide civilians in a building with
a 2D layout during an emergency. This protocol is extended to 3D environ-
ments in [54]. In addition, others [55, 56] have taken congestion into account,
and in [55] an algorithm is proposed where the flexibility of the rescue force
is also examined. An indoor navigation system is presented in [57] based on
mobile phones that use a pre-existing WSN for monitoring the building and
receiving updates regarding a dynamic hazard, together with a centralized
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emergency guidance system. Some prior works [58, 59] provide a distributed
decision support system for building evacuation, where static Decision Nodes
(DNs) with communication and processing capabilities are installed in the
building and provide directions to civilians in their vicinity, either via dy-
namic signs or wireless communication. DNs form a network and disseminate
information about the hazard and evacuation paths in a distributed manner
based only on local information. A distributed update algorithm is executed
periodically by the DNs, where each DN communicates with its neighbors
to send their current hazard and path metrics. Other work has considered
the specific computational structure that is needed to simulate and control
emergency navigation with the use of sensor networks [14].

The second group of solutions is significantly different from the first since
hazard information is disseminated over a self-organizing network of CNs
that operate as part of the ESS and disseminates Emergency Messages
(EMs). As it could be concluded from Chapter I, information dissemina-
tion protocols for self-organizing networks seek a balance between message
delivery ratio and resource consumption [60, 61]. For the dissemination of
EMs, which are very short in nature, a high delivery ratio and low message
latencies are crucial. However, ESSs might use a fixed infrastructure of SNs
to monitor the environment, but each civilian should be guided by his/her
own individual CN, which locally calculates the best evacuation path based
on the currently obtained information. Because of this, ESSs can work even
in cases when the surrounding infrastructure is impaired as the communica-
tions and the decisions are brought forth on the pervasive system formed by
the mobile CNs.

II.3 The Emergency Support System (ESS)

The original ESS was proposed in [7]. The ESS consists of fixed SNs and
mobile CNs. SNs are pre-deployed at fixed locations in the building and
monitor the environment for possible hazards. Each SN has a sensing unit
that senses its immediate area (e.g. for contaminants, smoke, or excessive
heat) and has short range (depending on the actual hardware and the density
of the SNs) wireless communication capability so it can directly communicate
with CNs in range. SNs have very low memory capacity and processing
power, i.e., as much as necessary to perform the sensing and communication
functions, and are assumed to be energy-limited, making power consumption

56



a major consideration for SNs. Therefore, SNs do not perform any data
storage, processing or decision making and are only utilized for environment
monitoring and civilian localization, i.e., to tell the portable CNs about
where the mobile user is in the building. It is important to note that the SNs
do not form a conventional WSN and hazard information is not disseminated
amongst SNs. This is due to the short communication range, limited energy,
and physical capabilities of SNs.

Each civilian is equipped with a hand- or pocket-held device, with storage
and processing capacity that would be equivalent to a mobile phone, smart-
watch, or similar unit, capable of short-range communication. These CNs
form a system in a self-organizing manner as devices come into contact. Cer-
tain nodes may be placed in fixed locations, e.g. on walls, for additional cov-
erage. This network enables the dissemination of messages in order to gather
and convey information for situational awareness, such as the condition and
location of the hazard. Opportunistic communications are characterized by
the “store-carry-forward” paradigm [60] where CNs carry messages in local
storage, then forward it to others as they get within communication range as
a result of human mobility. Thus, the message is delivered to its destination
via successive opportunistic contacts. Because the network may be discon-
nected for long periods of time, carrier nodes may store messages for lengths
of time and the delivery of messages to destinations is not guaranteed. The
ESS design assumes that each CN will (a) store the graph representation
of the building that is described below, and (b) be able to carry out the
computations that the ESS needs, sense other CNs in its vicinity, and carry
out short range store-and-forward packet reception and transmission for the
self-organizing network.

The building is represented as a graph G(V,E); vertices (V ) are loca-
tions where civilians may congregate and move and edges (E) represent path
segments that civilians may follow. Edges have multiple costs associated
with them. The length l(i, j) of an edge (i, j) ∈ E, i, j ∈ V represents the
physical distance between locations i and j. h(i, j) is the perceived haz-
ard intensity along edge (i, j). The effective length of (i, j), calculated as
L(i, j) = l(i, j)∗h(i, j), is a joint metric combining the physical distance and
the hazard. When there is no hazard, h(i, j) = 1, so L(i, j) = l(i, j). With
increasing hazard, h(i, j) and L(i, j) will increase to reflect the risk. Each
edge (i, j) also has a last-update-time field t(i, j).

The building graph is known for a building a priori since its layout, and
edge lengths will be static, and therefore it can be created once and stored
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for later use. Each CN stores in local memory the building graph, which is
obtained and installed from a trusted source (e.g. the company intranet).
Updates to the building graph, which may arise due to rare changes to the
layout can be disseminated to CNs through the same trusted mechanism.

Each SN has a unique device ID, a local clock and a location tag that
corresponds to its position in the building. SNs periodically take measure-
ments of their surroundings and a hazard is detected when a significant mea-
surement is observed (e.g. existence of smoke or high temperature). Each
measurement is stored until it is over-written by a newer measurement. Each
hazard observation creates a new EM that includes the location of the SN,
hazard intensity, device ID and observation timestamp. EMs, which are
identified by their (device ID, timestamp) pair, are created by SNs as a re-
sult of hazard observations and forwarded to CNs in communication range.
In addition to monitoring the environment, SNs are also used to locate civil-
ians. CNs receive Localization Messagess (LMs) from SNs via single-hop
communications during movement that indicate the current position of the
CN. Each LM contains the device ID, location tag and message creation
timestamp, and a CN that receives an LM can locate itself in the building
through the location tag in the message. The actual position of a CN is
therefore approximated by its location on the building graph, i.e., its corre-
sponding graph vertex. Based on this, the location accuracy of the system
depends on how dense the SNs are deployed as the building graph can be
created based on the predeployed SNs. When the SNs are deployed very
frequently, the positioning system can also update the CN’s location more
frequently; therefore, the whole system relies on more accurate information.
However, this requires more SNs that results in a more expensive solution.

Each EM is a hazard measurement observed by an SN, containing the
intensity, location and time of the observation. An SN sends its EM to CNs
that come within communication range via single-hop communication. CNs
then disseminate EMs to other CNs, which are used by CNs to update the
edge costs on their local graph. Each CN uses its local graph, edge costs and
current position in the building to compute a shortest path from the current
location to the nearest exit. All EMs are disseminated amongst all CNs in
the system, i.e. each EM is sent network-wide. The first EM received by a
CN indicates that there is a hazard in the building; upon reception of the
first EM, the CN alerts its user of the existence of the hazard and starts
the evacuation process. This alarm can be in the form of a physical (e.g.
vibration) and audio-visual signal from the CN. Edge costs are updated when
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the timestamp of the received EM is newer than the last update time of the
edges as recorded by the receiving CN; this prevents old events over-writing
new ones. When edge costs are updated, the CN updates the shortest path
from its current location to the nearest building exit. As the effective edge
lengths (i.e. L(i, j) values) used during path calculation are a combination
of the physical distance and hazard intensity between two locations, the
“shortest” path minimizes travel distance while attempting to avoid areas in
the building that have been already marked as being affected by the hazard.
The shortest path is found by executing Dijkstra’s shortest path algorithm
from the current vertex to each building exit, and then choosing the path to
the nearest exit as the evacuation path. When the CN updates its position
in the building, it also updates the directions given to the user based on its
current location and shortest path.

As it could be seen in the previous Chapter, most data forwarding and
routing protocols for self-organizing mobile networks try to achieve a balance
between message delivery ratio and resource consumption [62, 63]. For the
dissemination of EMs, which are very short in nature, a high delivery ratio
and low message latencies are critical. Furthermore, each EM is intended
for all CNs in the system. Considering these requirements, the original ESS
was equipped with the Epidemic Routing (EpR) protocol [64]. This protocol
is a variant of the BF protocol, described in the previous Chapter; thus, it
is a flooding-variant forwarding scheme that disseminates multiple copies of
a message over the network mimicking the spread of an infectious disease.
The difference to the naive BF protocol is that the EpR broadcasts not all
the messages but the ones that are required by the neighbors.

CNs employ timestamp priority for network storage management, where
messages with the earliest creation timestamps are dropped from the queue
when the queue is full. There is an exception to this rule in the case of
reception of a message mnew with the same location and newer timestamp
than a message mold already in the queue. In this case, instead of dropping
the message with the earliest timestamp in the queue, mold is dropped and is
replaced by mnew. This strategy supports CNs with limited network storage
capacities and is the least disruptive in ESS operation.

Based on these, it could be noticed that CNs (along with SNs) form
pervasive system as they communicate and perform task altogether without
end user and computer interactions.
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II.4 The Novel Direction-based Emergency

Support System (ESS+)

The system proposed in Section II.3 had been modified based on the fol-
lowing idea: always try to maintain the direction from the hazardous area
(i.e., fire area) to the exits. With the help of this direction, the navigation
system can guide the civilians, not through the shortest path but a safer
one. Once a CN (which is carried by a civilian) observes hazard in its local
environment it generates a new EM that includes the location of the fire
(gathered from the SNs), the hazard intensity, the device ID and the ob-
servation timestamp. Each EM is identified by its (device ID, timestamp)
pair. CNs form self-organizing mobile networks to disseminate EMs and to
compute the evacuation path. From the received EMs, a CN can update its
own local graph (which is stored on the device) and calculates a path to the
determined exit.

II.4.1 The Direction-based Pathfinding Algorithm

Thesis II.1 I have proposed a context-aware MAS for emergency manage-
ment that is based on the ESS proposed in [7] with directional extensions.
I have shown that the Direction-based Emergency Support System (ESS+)
can overperform the original one when the number of the evacuated civilians
and the average health of the evacuees have been taken into account. The
ESS+ can achieve 3-4% better results on evacuated civilians and 6-7% on
the health of the civilians than the original ESS. I have also shown that in
the examined simulations the novel solution is tolerant to positioning errors
up to 10 m. [J1, C6, C7]

The observations are depicted in Figure II.2. This figure shows an ex-
ample of a fire evacuation with two fire exits and one civilian. As it could
be seen, there are two different evacuation paths, one for each exit. In Fig-
ure II.2(a) the civilian will choose the path, which is indicated by red, as it
is shorter than the other one. However, the “red” path is shorter than the
“green” one, but it leads the civilian towards the hazardous area, which can
be very dangerous. Thus, the idea was that the algorithm should lead the
civilian through a safe path even if it is longer than the others. Hence, in this
case, the civilian should choose the “green” path instead of the “red” one. To
predict the safety metric of a path, directions could be utilized, which is the
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(a) Based on the shortest path the civil-
ian would choose the path indicated by red
color.

(b) By utilizing directions, the system can
guide the civilian through the safer green
path.

Figure II.2: An example of a fire evacuation scenario with one civilian and
two fire exits.

main element of the novel ESS+. A direction vector should be determined
for each path, which describes its main direction (the direction points from
the civilian position to the selected exit), and another vector should be cal-
culated, which is the optimal evacuation direction from the hazardous area.
These direction vectors are shown in Figure II.2(b). The proposed algorithm
uses these directions to guide the civilian through a safe path to fire exits.

The first step of the algorithm is the calculation of these directions. The
directions from the civilian’s position to the exits (such as the dashed arrows
in Figure II.2(b)) are easy to calculate since the graph for the given area is
stored on the CN. Therefore, the positions of the exits are available for every
civilian, and each CN can obtain its location from the fixed sensor nodes
(SNs). The fire direction (which points from the estimated fire location to
the CN) is a bit more sophisticated as a CN could have many EMs and
these could contain different locations. Thus, the resultant vector should
take into account all the received packets. More recent messages (with a
newer timestamp) are more relevant; therefore, the locations in the messages
should be weighted by factoring in their creation times. Let us assume that
a civilian has received n different EMs, identified by (device ID, timestamp)
pair, which are ordered chronologically (based on the creation time). Let ~vti
be a direction carried by the CN (which points from the affected location
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(a) An example where Equation II.2 does
not find the optimal path.

(b) By adding the uncertainty factor (Equa-
tion II.3) the opmal path can be chosen.

Figure II.3: An evacuation example where Equation II.2 finds the subotpimal
path.

to the current civilian’s position) generated at ti. Then the resultant vector
could be calculated as follows:

~vsum =
tn∑
i=t0

1

2i
∗ ~vi (II.1)

It should be noted in Equation II.1 that when n → ∞ then the newest
message has the same weight as all the preceding weights aggregated. It
is important to notice that the all the ~vti vectors are direction vectors, and
therefore the result does not depend on the distance between the civilian and
the hazardous area.

In the next step, the algorithm tries to find a path based on the previously
calculated ”fire” vector. Since a civilian has one ”fire” vector and many ”exit”
vectors, the angle between a fire vector and an exit vector can be calculated
simply. As it is depicted in Figure II.2(b) the paths with smaller angles
(meaning the angle between the selected exit and the so-called fire vector)
are more likely to be safer than the paths with higher ones. Hence, a novel
cost function could be defined in the following way:

F̂i ≡ F̂ (φi, G) =
−cos(φi) + 1

2
∗Di (II.2)

φi denotes the angle between the fire vector and the i exit vector, Di is
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the shortest path cost to the i exit and G is the graph of the area. Note,
that if there is an exit right next to the civilian’s position but its angle (φi)
is much bigger than the other’s (which is actually far from the source), the
algorithm will choose the further exit. An example of this case is depicted
in Figure II.3(a). To prevent this, the cost function should be modified with
a new factor:

Figure II.4: The process of determining the execution path upon EM arrival.
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ρi ≡ ρ(φi, G) =
∆i

miniDi

∗ F̂i (II.3)

ρi is called the uncertainty factor, and its purpose is to reduce the prob-
ability of choosing a suboptimal path based on the directions. ∆i is the
difference between the shortest path’s cost to the i exit and the minimum of
the shortest path’s costs to each exit (thus, ∆i = Di−miniDi). The ∆i was
chosen since with this the shortest evacuation path is not penalized, but the
others. Therefore, the chance to choose the shortest path is increased. The
other two parameters are only for scaling. With the miniDi big penalization
compared to the actual path cost can be avoided, while the F̂i is to align
the value of the new factor to the previous one. Based on these, the final
version of the cost function is the sum of the previous cost function and the
uncertainty factor.

Fi ≡ F (φi, G) = F̂i + ρi =
(−cos(φi) + 1) ∗D2

i

2 ∗miniDi

(II.4)

The novel pathfinding algorithm uses the previously presented cost func-
tion (Equation II.4) to select the most appropriate evacuation path. If a CN
receives a new EM, it recalculates the direction from the hazardous area,
and based on this vector it updates the cost of each path. This method
(depicted in Figure II.4) ensures that the civilian will be guided toward the
most appropriate fire exit.

II.4.2 Directional Extension for the Epidemic Routing
Protocol

Thesis II.2 I have developed a modified version of the EpR protocol for the
ESS+ that attempts to control message transmissions based on the directions
contained by the EM. I have shown that the novel version of the EpR pro-
tocol can produce 20%-40% fewer duplicates in the underlying self-organizing
mobile networks. [J1, C7]

As it was stated in the previous Chapter, most data forwarding and rout-
ing protocols for self-organizing networks try to achieve a balance between
message delivery ratio and resource consumption [65, 61]. For the dissemi-
nation of EMs, which are very short in nature, a high delivery ratio and low
message latencies are crucial. The original system was equipped with the
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EpR protocol, since the main was that each EM is intended for all CNs in
the system.

In this case, it would be beneficial to somehow limit the number of dis-
seminated messages. CNs are not interested in all EMs, only the ones that
can change the evacuation path. An EM can change the path due to the
following two reasons:

1. The EM updates the weights in the graph (Di will be modified in the
cost function).

2. The EM changes the previously described fire vector in Equation II.1
(φi will be modified in the cost function)

As the proposed pathfinding algorithm uses directions to select the evac-
uation path (and not the shortest path), and it guides the civilian through
a safer path (not through the shortest one); therefore, the effect of the first
case is less important than the second.

The determination of the fire vector in Equation II.1 contains all the
received messages in chronological order. Hence, the older a message is, it
represents less weight, so only messages created after the timestamp of the
currently received latest message should be taken into account. Moreover,
also amongst the recently created ones, a threshold (αt) can be determined
whether a newly received message can significantly modify the resultant vec-
tor or not. An explicit formula for determining the value of this threshold
cannot be given as it depends on the location of the exit, the layout of the
area and other factors. Also, it is a decision that should take into account
that how important the messages that contain information about the other
part of the environment. Therefore, this decision should be made regarding
the actual environment and use case.

The presented novel protocol uses the same transmission mechanism as
the EpR protocol, but only those messages will be disseminated amongst the
nodes, which fulfill the following two conditions:

1. EMs are created later than the receiver’s latest message timestamp.

2. EMs determine a new direction (if ~vsum · ~vnew sum < cos(αt)) for the
evacuation path.
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Figure II.5: The mechanism to transfer only EMs that have impact on the
calculation of evacuation paths.

It is easy to see that the second condition above is based on the principal
mechanism of the DiBHG protocol as the goal is to control the transmission
based on the direction from the source to the actual node. However, it is
important to highlight that this protocol relies on the directions contained
in the messages and not on the direction from the sender node. So the
protocol, in this case, can rely on additional information as well, such as the
actual content of the communication. It is possible since in this Chapter the
focus is on a higher-level context-aware MAS (with specific agents) and not
on general ones, where the disseminated information can be anything. The
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mechanism of sending EMs is depicted in Figure II.5.

II.5 Results

In order to evaluate the performance of the proposed system, a realistic
evacuation simulator had been used.

II.5.1 Simulator

The developed system has been tested using the multi-agent based DBES [16].
The tool addresses the unique needs for the simulation of emergency response
scenarios. It adopts the multi-agent paradigm and provides mechanisms for
the interaction of the entities that are being simulated. The simulator op-
erates in a distributed fashion to reduce the simulation time required for
such large scale systems. It represents both the individuals that need to be
evacuated, the resources that contribute to the evacuation including human
rescuers, and other active resources and entities, which may include robots,
and which can autonomously interact with the environment and with each
other and take individual or collaborative decisions. The original version
of the simulator had been extended by adding the capability to simulate
opportunistic communications.

Two different mobility models are used in the simulator. In emergency
cases the evacuees move to the selected exit on the shortest path. However,
during normal operation the civilians use the following pattern: after waiting
for some time, the civilian chooses a random destination within the building,
which is not an emergency exit. After moving to that location (the shortest
path between the two locations in the building is used) and then waiting for
a random time at this destination, it chooses the next destination and so on
in a repetitive Markovian random scheme. It is assumed that the current
health of the civilian does not affect its speed.

The hazard, which in this case a fire, spreads along the movement graph
edges, following a Bernoulli trial model. The fire model in the simulation
and its effects on evacuee health have been inspired by [66]. Thus, the health
of a civilian decreases based on the time spent on a vertex that is affected
by the fire and the intensity of the fire.

It is important to highlight that the movement graph in the simulations
and the building graph proposed along with the ESS are two different con-
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cepts. In the simulations, the engine should move the civilians and also
spread the fire, which is done on the movement graph, while the building
graph is just a discrete representation of the physical space and utilized to
navigate the civilian. However, in the simulations, for the sake of simplicity,
the movement and the building graph are equally the same.

The simulator has been set with the following parameters: each CN can
store 100 EMs for communication purposes, its data transfer rate is 100
Kbits/s. The maximum effective CN communication range is 10 m, since it
is considered as a medium range in an indoor environment, and with this,
communication through walls can also be guaranteed. The SNs are deployed
at a given density in the building and each SN uses its own location identifier
to locate the CNs. LMs are transferred between CNs and SNs, and each
LMs contains the SNs’s location identifier. Thus, the navigation system
operating on the CNs can determine its current position from the received
LMs. In the simulations, SNs deployed at various densities in order to
examine systems with different localization errors. The communication range
of the SNs has been set based on their density to cover each segment of the
building. When simulating location errors in the system, the location of
civilians is modified with a random value based on the transmission range of
the SNs.

The simulations are based on a single-story building representation of
Figure II.6 that was created from the blueprint of a real shopping center
in London. The single-story layout was divided into four parts in order to
exploit the distributed nature of the simulator; thus, all the parts can be run
on different computer making the simulation faster. Based on the selected
SN density and resolution the underlying movement graph model can be
changed. In the simulations, for the sake of simplicity, it is assumed that
the ratio between the SNs and the movement vertices is 1:1; thus, a single
SN relates to a single vertex in the movement graph. Each node (i.e., graph
vertex) has a maximum capacity (in the depicted case it is set to 10). Thus,
when a graph vertex has more evacuees than its maximum capacity, that
node becomes overcrowded and the simulations take physical congestion into
account. Also, the average of the random waiting time of the civilians at the
same positions in the simulations is 10 min. The movement velocity for each
civilian is 1 m/s (since a majority of the people in a shopping center wander
from store to store).

The simulations are performed with four different civilian densities (n =
400, 600, 800 and 1000 civilians) because the number of customers in a shop-
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(a) (b)

(c) (d)

Figure II.6: The layout of the shopping center that was used during the sim-
ulations: In the current settings the layout contains 8 fire exits (depicted by
green exit signs) and 321 vertices that are used for simulating the movement
of civilians and are connected to each other with the shown edges. Also,
the starting positions of the fire are shown with red circles. The four parts
((a)-(d) subfigures) are joined together through hallways such as (a) and (d),
(b) and (c), and (c) and (d).

ping center may vary in a wide range (depending on the day, offers, holidays,
etc.). Note that 400 civilians on this layout is a sparse presence while 1000
people would be fairly crowded while 600 or 800 could be intermediate cases.

Another important parameter is the starting position of the fire hazard:
two different locations have been chosen and are shown in Figure II.6 to start
the fire, the first at node16 − 0 is a critical location as it is very close to 3
exits, so the fire might spread very quickly towards the exits and then these
exits become unreachable. The second starting position is less crucial, since
the fire will be generated in the middle of a hallway; thus, the civilians can
easily escape in different directions.

Fire hazard with the same intensity is used in all the simulations to
achieve a consistent evaluation. In the simulations, the fire starts 600 s
after the simulation begins and the results are an aggregate of 20 simulation
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runs with different distributions of evacuees. In all the simulation runs there
was no central alarm in the building to represent the full potential of the
context-aware MAS (formed by the CNs and the SNs).

II.5.2 Performance Indicators

Simulation results will be analyzed regarding two different aspects:

• The first is the most important one in an emergency system, and it
relates to the ultimate success of the evacuation. It has been mea-
sured, that how many evacuees reach the exit in how much time during
the evacuation (Equation II.5), and also their health level is evaluated
when exiting the system (Equation II.6). The percentage indicated is
a measure of the effectiveness of the emergency evacuation system, and
it captures the success of the proposed system.

Evacuated civilians(%) =
number of evacuated civilians (ne)

total number of civilians (n)
(II.5)

Average health(%) =

∑ne
i=1 health level of evacuated cilvilian i

ne
(II.6)

• The second aspect focuses on the self-organizing mobile networks, and
it measures the ratio of messages that are successfully delivered between
CNs. This is a performance indicator of the communication protocol
that is being used.

II.5.3 Evaluation of the Results

Four different systems have been examined during the simulations:

• The emergency system identical to that of [7] for comparison purposes.
In this system, it is also assumed, that there is no location error.
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• The novel system (named ESS+) with SNs that can determine posi-
tions without error (an ideal case). Therefore, every movement of the
civilians can be accurately tracked by the predeployed SNs.

• The ESS+ but operating with positions errors having a Gaussian dis-
tribution with a maximum error of 2m. Thus, in the real-life, it would
mean that the SNs are deployed at every approximately 4 m and having
2 m communication range.

• The same as the previous one, but with maximum location error of 10
m. In this case, the SNs could be deployed in a real building more
sparsely, only at every 20 m and their communication range should be
set to 10 m.
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Figure II.7: Results of the evacuation when the fire was generated at node16−
0: in each group the first column ESS indicates the same emergency system
as proposed in [7]. The second one (ESS+) is the enhanced system but
without any localization error (an ideal case). The third and fourth are
the enhanced version as well but with localization noise (which follows the
normal distribution with maximum of 2 and 10m)

Figure II.7 presents the results evaluated in terms of the first perfor-
mance indicator, the fire being generated at node16 − 0. The first column
in each group (indicated with ESS label) represents the same emergency
system as the introduced original system in Section II.3, where the Dijk-
stra shortest path algorithm is used for selecting the evacuation path and
the original version of EpR is implemented. When observing the number
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of evacuated civilians (depicted in Figure II.7(b)) it could be seen that this
solution achieves around 95%–96%, which means that in the most dense case
950–960 civilians can be evacuated, but unfortunately the other 40–50 were
unable to reach the exits in time. Figure II.7(a) shows the health level (ex-
pressed as a percentage) of the successfully exited evacuees, while if a civilian
could not exit the building, his/her health is not taken into account). The
evacuated civilians have around 90%–93% of their health with the ESS. One
important thing should be noticed, namely that the ESS (and other systems
as well) gives better results when the density of ESS civilians is higher (so
the performance of the ESS is dependent on population density). This is the
positive impact of the self-organizing mobile network formed by the CNs:
having more nodes means better communication opportunities and compu-
tational power; therefore, EMs can be delivered faster and more reliably to
all CNs.

The second, third and fourth columns show results for the enhanced sys-
tem with the error model being used for the localization. ESS+ is an ideal
scenario with no error in the positioning system, and therefore each SN can
tell the exact position of a CN. Obviously this is not a real-life assumption.
We also show a normal distribution with the maximum error set to 2 m
(I) while in (II) it is 10 m. The performance of ESS+, can achieve about
3%–4% better results on evacuated civilians and 6%–7% on the health of
the civilians than the base ESS. The 3%–4% improvement in the number
of the evacuees means 30–40 people in the overcrowded scenario. The pro-
posed algorithm does not only rescue more people from the building, but the
evacuated civilians have better health as well (Figure II.7(a)).

These results indicate that the proposed novel context-aware MAS can
calculate the appropriate evacuation path with or without positioning error,
since the variants of ESS+ achieve nearly the same results with differences
well within statistical variations due to the simulations, and the proposed
pathfinding algorithm appears to be tolerant to positioning errors.

It is interesting to examine why the novel solution can rescue more civil-
ians than the original. The civilians fail to reach any exit due to the following
two main reasons:

• A civilian is surrounded by fire, and thus there is no physical route to
any exit.

• There is a physical route from the position of the civilian to the selected
exit, but all the routes to the exit are overcrowded, and other exits are
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blocked by the fire. Therefore, the fire can spread faster and might
catch the civilian.

Since in the simulated environment the first case happens very rarely
(since the exits are in all different directions and the fire was generated on
spots where various exits are reachable), the difference comes mostly from the
latter case. When the navigation system leads the civilians to the closest exit,
many of them will go closer to the fire despite the fact is more dangerous. And
because of this, it can happen that later in time there are too many evacuees
trying to reach the closest exits but the fire already blocked the other exits.
However, with the directional extension, the system attempts to lead the
civilians via safer paths which usually means that away from the fire even
if the selected exit is further. Also, since there is no centralized knowledge
about the fire, a very important factor is that when a civilian receives the
information that there is a fire (and its location). If one receives earlier,
there is more time to travel through crowded ways to reach an exit in time.
Regarding this, the shortest path algorithm might navigate all the civilian to
the same – the closest – exit; thus, civilians at other parts of the building will
not know the presence of the fire. While with the directional path selection,
the civilians will be lead to different directions from the beginning.
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Figure II.8: Results of the evacuation when the fire was generated at
node100− 2.

Further simulation results were obtained, when the fire starts at node100−
2, which are shown in Figure II.8. The same conclusions can be drawn as from
Figure II.7, while in this case, the differences between the enhanced system
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and the original version are smaller in terms of the number of successful evac-
uees (Figure II.8(b)) that is improved by 2%. When measuring the health,
a 3% improvement can be seen in Figure II.8(a). This improvement is not
negligible since 2% of the evacuees are 8–20 rescued people.

The difference in the two cases is because of the starting location of the
fire hazard. In the second case, the location (as it is depicted in Figure II.6)
is in the middle of a long hallway with no fire exits. In this case the shortest
evacuation path to the nearest exit could be a good (but definitely not the
best) solution as well, since the evacuation path from the hazardous area to
the nearest exit is much less likely on the path of the fire, because the fire is
being spread from a center node towards the exits.
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(b) The number of received messages when
the fire was generated at node100− 2.

Figure II.9: Results of the proposed emergency systems in terms of resource
usage during communications: the starting position of the fire was node16−0
at (a)and 100− 2 at (b). The first four columns in each group are the same
as in the previous figures, however, the fifth is a new one, indicating the
enhanced ESS+ with the original EpR protocol.

The final results relate to resource consumption in the self-organizing
mobile network formed by the CNs. Figure II.9 shows the average number
of the received EMs in a CN. The figure contains five columns instead of
four in each group, since the fifth is the ESS+ system but implemented with
the original EpR protocol instead of the modified communication protocol.
This is essential to draw the right conclusions as nodes with ESS are forming
different networks than with ESS+. To compare the two protocols, the same
networks and the same conditions should be established (so in this aspect
the first column here is meaningless, it is shown only for completeness). As
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it could be observed, the direction-based version of the EpR protocol can
achieve much better results, than the original version, when the number of
duplications is taken into account. This is because EpR protocol forwards all
the new messages between the communication nodes, while the novel version
transfers only those which fulfill the above introduced two requirements. The
first one is that the timestamp of the EM must be more recent than the
receiver node’s latest EM, and the second is that the contained direction must
enclose a bigger angle with the resultant direction vector then αt (which was
created based on the results of the DiBHG solution). Based on parameter
optimization (where the goal of the system is to rescue the largest number of
civilians) the αt has been set to π/4 in the simulations. Obviously it can be
seen as well, that by increasing the density of the civilians, the number of the
transferred EMs is increasing since the average size of the network formed by
the CNs is bigger as well. The second, third and the fourth columns (which
all indicate the ESS+ system) show almost identical results, so it can be
stated, that the modified version of the EpR is fault-tolerant as well.

II.6 Summary

The popularity of wireless devices and the increasing availability of hetero-
geneous wireless infrastructures, spanning from IEEE 802.11 and Bluetooth
to cellular 4G and beyond, are stimulating new service provisioning scenar-
ios. Based on this, in pervasive systems (or nowadays referred more as IoT)
mobile users are able to dynamically discover and impromptu interact with
heterogeneous computing and physical resources encountered during their
roam. Via the sensing and interactions, context-related information could
be gathered and conveyed in the systems, such as locations, different metrics
of the environment, etc. Thus, context-aware MAS for emergency manage-
ment should employ infrastructures to accumulate information such as the
location of the civilians, fire and smoke detectors, and so on. Based on this
information the application should guide the civilian out from the hazardous
area to safe places.

I have proposed a context-aware MAS for emergency management in
built-in environments. The ESS+ exploits the location of the mobile com-
munication nodes and hazards to calculate the direction from the hazardous
area to the evacuees’ current location in order to search for a safe path to a
nearby exit. The proposed solution is equipped with a communication pro-
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tocol for the underlying self-organizing mobile networks, which is developed
based on the results of the previous Chapter, and is an extension of the EpR
protocol. A real-life example of a shopping center was used as a case study
to evaluate how the novel ESS+ can perform. The performance has been
evaluated based on four different civilian densities and with two different fire
starting positions. The experimental results indicate that the ESS+ can
evacuate a few percentage more evacuees and also improve the health level
of the evacuees than the original ESS. These results can lead to a signifi-
cant number of people, who are saved during an emergency such as a fire
in a crowded shopping center. The results also show that with the modified
EpR protocol the system is able to reduce the resource consumption in the
self-organizing mobile networks formed by the CNs.
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Chapter III

Self-Organizing Solutions for
Cooperation and Coordination
in MASs

III.1 Introduction

MASs are a group of agents designed to perform some collective behavior.
There is a large variety of agents, and thus many different MASs exist, such
as Intelligent Transportation Systems (ITSs) [2], flocking systems [J4], and
many others [5], but all of them share the collective behavior as a common
objective. By this collective behavior, many goals that are impossible for
a single agent to achieve become feasible and attainable. There are several
foreseen benefits of MASs compared to SASs such as the increased ability
to resolve task complexity, increasing performance, reliability, and simplicity
in design.

Based on the benefits, these systems can be an appropriate solution for
many engineering applications as well. Applications of them include massive
mobile sensing in an environment [67], parallel and simultaneous transporta-
tion of vehicles or delivery of payloads [68], performing military missions,
such as reconnaissance, surveillance, and combat using a cooperative group
of UAVs [69, 4], etc.

These benefits have attracted many researchers from academia and in-
dustry to investigate how to design and develop robust, versatile MASs by
solving a number of challenging problems such as complex task allocation,

77



group formation, and communications to name just a few. One of the most
challenging problems of MASs is how to optimally and autonomously assign
a set of tasks to a set of agents in such a way that optimizes the overall
system performance subject to a set of constraints. This problem is known
as Multi-Agent Task Allocation (MATA) or Multi-Robot Task Allocation
(MRTA) problem. MATA is a complex problem, especially when it comes
to unreliable heterogeneous agents equipped with different capabilities, re-
quired to perform various tasks with different requirements and constraints,
all in an optimal way.

These trends and upward trending research motivated me to work on so-
lutions that can enhance the current MASs and make them more applicable
to real-life scenarios. I have developed a novel framework (Thesis III.1) for
systems depending on local P2P communications to enable MATA with the
help of distributed auctions. The framework can find the possible auctioneer
nodes in the system to cover all the entities (Thesis III.2), and it achieves a
global selection via local auctions relying on a given MATA implementation.
I have proposed another framework for systems where the communication is
based on an infrastructure network (Thesis III.3). Thus, I have examined two
different types of communications underlying the MASs. The first is when
a global infrastructure network is utilized, causing the collection of hetero-
geneous entities to communicate over it. The other, when the information
sharing amongst the agents is solved via P2P communications. The two
novel solutions try to exploit the different nature of these systems and pro-
vide a framework for auction-based task allocation algorithms. Based on this,
I have implemented a MATA algorithm which relies on distributed auctions
and can be applied to both frameworks. The algorithm can find the optimal
allocation in some cases and does it in polynomial time and space complexity
(Thesis III.4). In order to prove the real-life applicability of the system, the
MATA algorithm with the infrastructure-based framework has been imple-
mented on real golf carts and were tested on the Charles III University of
Madrid campus.

III.2 Overview of the MASs

Since many different types of autonomous or intelligent agents exist, it is
evident that many descriptions have been already proposed without, however,
reaching a commonly accepted definition. Therefore, the goal here is not to
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Figure III.1: An example of an autonomous agent.

create a universal one, but instead to fix one for the rest of the Chapter.
After having analyzed many agent proposals, the following was selected [1]:

An autonomous agent is a system situated within and a part of
an environment that senses that environment and acts on it, over
time, in pursuit of its own agenda and so as to effect what it
senses in the future.

Based on this simple definition an intelligent agent only acts and precepts
autonomously based on its environment. Since it is an intelligent one, it is
assumed that the sequence of the events (the actions and the perceptions)
are done in order to achieve a goal and not randomly selected.

SASs were introduced since they are more intuitive than the Multi-Agent
counterparts. In general, the agent in these systems models itself, the en-
vironment (also part of it), and its interactions. The important property is
that the agents are independent entities with their own goals, actions, and
knowledge. Hence, other agents from the systems are not modeled as having
goals, etc., they are just considered as part of the environment. A SAS is de-
picted in Figure III.2. As shown, there is no shared knowledge or cooperation
between the agents.

Based on the basic definition, it might seem as though SASs are simpler
than MASs, however, the opposite is often the case. Allowing the agents
to cooperate allows each agent to be simpler because no one agent should
complete a complex task on its own. Additionally, enabling the coordination
amongst them allows the system to consist of fewer agents. However, the
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Figure III.2: An example of a SAS.

coordination and cooperation of these simpler agents are a new, challenging
problem to solve.

The main difference between the MASs and the SASs is that in MASs
the agents share the knowledge of each other’s goals, actions, and percep-
tions. From the level of an individual agent, it means that the environment’s
dynamics can be determined by other agents. Moreover, there may also be
direct communication between the agents. An example of these systems is
shown in Figure III.3.

MASs have many advantages compared to the SASs including, but not
limited to the followings [70]:

• Task complexity: some tasks may be too complex for a simple agent
to do or even it might be impossible. This complexity may also be due
to the distributed nature of the tasks or the diversity of the tasks in
terms of different requirements.

• Performance: task completion time can be decreased if multiple agents
cooperate to do the tasks in parallel.

• Reliability: increasing the system reliability through redundancy be-
cause having only one agent can cause a bottleneck for the whole sys-
tem especially in critical times. However, when having multiple agents
doing a task and one fails, others can still do the job.

• Simplicity: having small, simple agents will be easier and cheaper to
implement than having only a single powerful one.
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Figure III.3: An example of a MAS.

The above-mentioned advantages have attracted many researchers from
different fields to investigate the applicability of MASs. The wide range of
applications includes search and rescue [4], transportation [68], environment
monitoring [67], healthcare [71] and many others [5].

To describe the properties of the systems and also the participating
agents, many different aspects had been proposed, but from them, the fol-
lowing three have been selected as the most important:

• Degree of heterogeneity: describes how the agents in the whole sys-
tem differ from each other. The agents can have various sensors and
actuators, or can simply be distinct types with different specifications.

• Degree of communication: indicates the level of communication be-
tween the agents. It is important to note that it does not indicate the
utilized communication protocol, but whether they are able to commu-
nicate (physical perception of the other agents could also be a kind of
communication).

• Degree of centralization: whether there is one or a few highlighted
agents in the system which control the common goal of the system, or
is done distributedly. In centralized systems even though there can be
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plenty of other entities, all of them send their knowledge about the en-
vironment and receive their next possible actions from a central entity.
Alternatively, when the system is fully decentralized, each agent should
make its own decision based on local interactions with the surround-
ings.

Although there are many examples of homogeneous and/or centralized
systems [6] with or without communication, this Chapter focuses on hetero-
geneous and distributed systems, where the participating entities can commu-
nicate with each other. For the time being, the two major representatives of
systems with these properties are the ITSs [2] and the flocking systems [J4].

The ITSs consist of various entities, such as vehicles, pedestrians, and in-
frastructure. Cooperation amongst these entities, especially in heterogeneous
unstructured environments, is required to be in a self-organized manner. This
imposes the basic requirement for these entities to cooperate, which is the
ability to communicate and share information.

Based on that, the flocking phenomena (the notion of flocking is used
as a synonym of collective motion) can be observed in various fields in na-
ture, it can be an appropriate solution in many engineering applications as
well. Many problems arose while the flocking phenomenon was examined
in an artificial environment, such as the lack of an appropriate controlling
model, cooperation and coordination based on the communication amongst
the units, splitting and rejoining based on outer impacts, etc.

As it can be seen to make capable MASs for real-world applications, a
number of challenging problems should be solved. From these challenges, I
was focusing on the MATA problem as is one of the most challenging prob-
lems of MAS and the fundamental part of the cooperation and coordination
property of these systems. The MATA can be very complex when it comes
to heterogeneous agents equipped with different types of sensors and actu-
ators and are required to perform various tasks with different requirements
and constraints in an optimal way. This problem can be seen as an optimal
assignment problem where the objective is to optimally assign a set of tasks
to a set of agents in such a way that optimizes the overall system performance
subject to a set of constraints.
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III.3 Overview of the Multi-Agent Task Al-

location (MATA) Problem

Task allocation problem is a major issue in MASs, it concerns the use of
the available resources in an efficient manner [72]. In MASs, the available
resources are the agents, which are used to solve a problem or to perform
a certain task and the environment (i.e., the communication medium, the
physical space, and so forth). Accordingly, the decision of which agent will
do which task strongly affects the performance of the system. Nowadays
MASs include a large number of agents working cooperatively on solving
complex tasks over an extended period of time.

III.3.1 Problem Formulation

Basically, MATA can be formulated as an optimal assignment problem where
the objective is to optimally assign a set of tasks to a set of agents in such
a way that optimizes the overall system performance subject to a set of
constraints. Thus, the problem can be defined as follows:

1. Given n available agents, A = A1, A2, ...An.

2. Given m available tasks, T = T1, T2, ...Tm.

3. Function to allocate the available tasks to the agents F : T → A.

4. The output set S is the optimal allocation of the tasks to the available
agents: S = {(A1, T1), (A2, T2), ...(Ak, Tk)} for 1 ≤ k ≥ m

5. This allocation S minimizes or maximizes a certain objective function
in order to get the best performance of the system.

The increased complexity of MASs and the increased complexity of the
addressed problems have severely affected the MATA problem. This in-
creased complexity of the MATA comes from different sources. One of the
main sources of complexity is the larger number of used agents and tasks,
the heterogeneous nature of the utilized agents and tasks and other diffi-
cult constraints and variations that surround the problem. This increased
complexity of the targeted systems makes the MATA a very complex and
difficult problem.
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III.3.1.1 Formulation as Multiple Traveling Salesman Problem
(mTSP)

The Multiple Traveling Salesman Problem (mTSP) can be considered as the
generalization of the original Traveling Salesman Problem (TSP) which is
used as a platform for the study of general methods that can be applied to
a wide range of discrete optimization problems. In TSP, n cities are given,
and a traveling salesman must visit these n cities and return home, making a
round trip. The goal is to do this trip in the most efficient way which could be
the cheapest way, the fastest route, the shortest route or some other criterion.

Similarly, in the mTSP a number of nodes n and the distances between
them are given. The main difference in the mTSP is that instead of a single
salesman, a number of salesmen m is given. The salesmen are required to
cover all the available nodes and return back to their starting node such that
each salesman makes a round trip. The mTSP can be formally defined on a
graph G = (V,E) where V is the set of n nodes and E is the set of edges.
Let C = (cij) be the distance matrix associated with E. Assuming the more
general case which is an asymmetric mTSP; thus, cij 6= cji ∀(i, j) ∈ E. The
mTSP can be formulated as follows [73]:

xij =

{
1 if edge (i,j) is used in the tour

0 otherwise
(III.1)

minimize
n∑
i=1

n∑
j=1

cij ∗ xij (III.2)

The mTSP formulation is adapted for solving the MATA problem. This
adaptation is achieved through extending the main features to consider agents
as salesmen; with capabilities such as battery level, velocity, sensors, etc.
Moreover, to consider simple tasks as cities; with requirements such as dis-
tance, actuators.

From the above, it can be seen, that the MATA problem is NP-hard
since the TSP (as so the mTSP) problem is NP-hard as well.

III.3.2 Classification

In order to understand better the MATA problem, the problem should be
classified. Different taxonomies can be found in the literature, and from
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them, the one had been chosen [74] uses the following properties:

• Type of agents: in this taxonomy agents are classified either as Single-
Task (ST) or as Multi-Task (MT) agents. ST ones are the type of
agents which are capable of performing a single task at a time, on
the other hand, MT ones are the type of agents that are capable of
executing or doing progress on more than one task at the same time.
In the literature, most of the proposed MASs include ST agents due
to the lack of real robots that are capable of performing more than one
task simultaneously.

• Type of tasks: the tasks are classified either as Single-Agent (SA)
tasks or Multi-Agent (MA) tasks. SA tasks can be executed by one
entity only, while MA tasks are the tasks that require the cooperation
of more than one agent to be able to execute such kind of tasks.

• Type of task assignment: there are two types of task assignment ei-
ther an Instantaneous Assignment (IA) or Time-extended Assignment
(TA). The IA is the type of assignment that tries to optimally allo-
cate the agents and the tasks currently available with no consideration
to future allocations. TA assignment aims for the optimal allocation
for all of the available tasks taking into consideration the relationship
between the tasks and their time requirements, and thus it is more suit-
able for future allocations if at the current allocation no information
about all the tasks is available.

Based on this classification the examined MATA problem is in systems
with ST agents, the tasks are MA (in order to exploit the cooperation be-
tween the entities), and the assignment should be done immediately (IA).

III.3.3 Planning

In order to complete tasks which might require the cooperation of many
agents, the complexity of the task should be broken down. It can be resolved
by dividing the complex task into smaller subtasks which will be then ex-
ecuted by the available team of agents after the allocation of each divided
task to the most suitable agent. In this step, an important question must be
answered, which tasks will be allocated to the agents whether the complex
tasks or the subtasks (simple tasks)? There are two possible strategies for
solving this problem:

85



• Decompose-then-allocate: in this strategy, all of the main tasks are
decomposed into a number of subtasks, and all the information about
the subtasks is considered as a global information, or in other words,
the subtasks are now accessible to all the members of the MAS. Then
the allocation phase starts by searching for the optimal allocation that
optimizes the objective function through allocating all of the subtasks
to agents. The main advantage of such a strategy is that it is more
likely to find optimal solution using this strategy than the allocate-then-
decompose strategy. The problem with this strategy is the non-trivial
question to be answered, who and when should do the decomposition.

• Allocate-then-decompose: in this strategy, the complex tasks are
first allocated to the different agents depending upon the requirements
of the tasks and the capabilities of the agents. The next step is to
decompose the main tasks that have been previously assigned to the
agents into a set of subtasks that will be executed by the same agent as
the complex task was assigned to. This allocation strategy is considered
a higher level strategy as it includes a high level of abstraction since the
allocation process depends on the main tasks disregarding the details
of the subtasks.

III.3.4 Approaches

III.3.4.1 Market-based Approaches

The principles of market economy can be applied to multi-agent coordina-
tion [75]. Market-based multi-agent coordination approaches have received
noteworthy attention within the robotics research community in recent years.
The market-based approach is mainly based on auctions systems. Auctions
have mainly two general categories; simple auctions and combinatorial auc-
tions. MATA problem is solved using both categories to reach an optimal
allocation.

In [75], authors introduced the principles of a market economy to multi-
agent coordination and used market-based approach to solve MATA prob-
lem. Market-based approaches are based on auctions and are focused on the
concept of utility functions, which can represent the ability of the agents to
measure their interest in specific tasks for trading. In MATA systems, utility
functions show how the agents skills can match the requirements of tasks,
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basically the value of the bid. In an auction, there is an agent acting as an
auctioneer, while the rests are the bidders and the goods are the tasks. Thus,
the auctioneer announces the task to other agents, summarizes the bids, and
finally awards the winner agent where the task will be assigned to. Depending
on how the winner agent is selected, a market-based approach can be cen-
tralized or distributed. Fully centralized approaches can be computationally
intractable, and unresponsive to change. However, in environments which
are based on fixed infrastructure and the state information of the agents is
easily available, centralized approaches are the best-suited solution. While
on the other hand distributed solutions also work in systems without static
infrastructure relying on local interactions amongst the agents.

In [76], authors proposed a centralized market-based approach over Con-
tract Net Protocol (CNP) to solve MATA problem. The solution is used for
multiple heterogeneous mobile agents in search and rescue scenarios with the
mTSP formulation, proving the efficiency of the technique in heavily con-
strained scenarios. Also, in [77] a fully centralized solution has been shown,
where a central task allocator attempts to determine the optimal allocation
of tasks for the whole system. Khamis et al. studied in [78] both centralized
and hierarchical allocations as winner determination strategies for different
levels of allocation and for static and dynamic search tree structures.

Distributed auctions are used to exploit the peer-to-peer communication
between nodes in [79] and [80]. This class of methods is the primary mech-
anism for providing intentional coordination between agents. Distributed
auctions have the advantage of not requiring the auctioneer to have a model
of each agent (for example a robot). They do not require full communica-
tion between the agents and the auctioneer either (which means the network
graph does not have to be complete, only connected) and can be robust with
respect to communication failures. However, they are inherently suboptimal
when a complex global cost function is used.

III.3.4.2 Optimization-based Approaches

Optimization is the branch of applied mathematics focusing on solving a
certain problem in the aim of finding the optimum solution for this problem
out of a set of available solutions [81]. The set of available solutions is
restricted by a set of constraints, and the optimum solution is chosen within
these constrained solutions according to certain criteria. By reviewing the
literature, it was found that different optimization approaches have been used
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in order to solve the general task allocation problem and was also used in
order to solve the MATA problem. There is a wide variety of optimization
approaches available, and the use of these approaches depends on the nature
and the degree of complexity of the problem to be optimized.

In [82], a mixed integer linear programming optimization approach was
used in order to allocate heterogeneous robots for maximizing the coverage
area of the regions of interest. In [83], authors proposed a solution to solve
the MATA problem for heterogeneous agents simultaneously using a gen-
eral mTSP formulation model for the path planning problem. Simulated
annealing approach was proposed as an optimization technique for solving
the MATA problem, which obtained near-optimal solutions. Simulated an-
nealing was also used in [83, 84] to solve to solve the allocation of MASs.
In [85], the task allocation problem in MASs was addressed to assign multiple
UAV to multiple targets in a military application scenario using ant-colony
approach. Results show the efficiency of the algorithm in obtaining best
solutions in the least computational time.

Genetic algorithms as an optimization technique were also used for solving
the MATA problem. For instance, in [86] the feasible algorithm is provided
which is capable of tracking several targets rather than individual targets.
Authors in [87] also provided a genetic algorithm-based solution for the time
extended task allocation of agents in a simulated disaster scenario.

III.3.5 Solving the Problem

Providing a solution that can solve the MATA problem to improve the co-
ordination and cooperation in all MASs is not feasible, as every system has
its specificities. However, the many systems could be separated based on nu-
merous factors (such the type of the agents, the tasks, the environment, etc.),
the Chapter focuses only on the underlying network infrastructure. Based
on these there are infrastructure-based and local interactions-based systems.

It is obvious that different solutions should propose for the two types
of MASs, since the coordination and cooperation functionality is mainly
based on the communications between the agents. But frameworks could be
developed which rely on the specificities of the different systems and provide
a mostly unified interface for the actual task allocation algorithm. Therefore,
two distinct frameworks were built, one for each type, and further, on top of
the framework, a new auction-based task allocation algorithm was developed.
Both frameworks support and also the task-allocation algorithm is based
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on the market-based approach, as – in contrast to the optimization-based
approach – it does not require centrally available information and scales well
with the number of agents in the systems.

III.4 MATA Framework for Local Interactions-

based Systems

Thesis III.1 I have proposed a distributed auction-based task allocation frame-
work for local interactions-based MASs such as flocking systems. The frame-
work can provide allocation regardless the algebraic connectivity of the un-
derlying network graph. I have also shown that it can provide the allocation
in the fastest way compared to the Simulated Annealing (five times faster),
Random Walk (four times faster), and Full Multicast techniques (around
10% quicker). Also, the developed solution performed the fewest number of
auctions such as approximately 30% fewer than the Random Walk and Sim-
ulated Annealing, and four times fewer than the Full Multicast in the whole
system, resulting in an efficient framework to coordinate the entire system
altogether. [C8]

The main specificity of local interactions-based systems is that the agents
should solve the cooperation and coordination problem via many local inter-
actions between neighboring nodes, as there is no fix networking infrastruc-
ture to help the communication between any two entities in the system. As
distributed auctions are scalable, computationally cheap and have reduced
communication requirements, the proposed framework uses them to coordi-
nate the task allocation in the system. In order to control and synchronize
the output of the auctions a logical entity called token is introduced.

A token is a simple data structure which contains the requirements (e.g.
in a key-value map) associated with the task and nodes can manipulate it
during the allocation process. A token can be transferred between nodes via
wireless communication. It follows that a token is the subject of auctions
since every node is competing for tokens based on the requirements in the
token and the node’s properties. Thus, basically, the idea of utilizing tokens
in the system is twofold: they can be the goods of the local auctions, and
they can control auctions distributedly.

As it was stated before, in every auction, there are two types of par-
ticipants: an auctioneer controlling the whole process and bidders making
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bids. In a spatially distributed system (such as flocking systems) there are
many nodes at different locations; therefore, the global auction can only be
achieved by breaking it down to locally executed auctions. Local auctions
can be carried out in environments where the auctioneer can communicate
with every other participant in its radio range. In these local auctions, the
auctioneer node is behaving as a bidder as well, in other words, it can bid on
the token it is auctioning. Bidding to tokens means the bidder sends a vector
containing its unique identifier and a tuple of values calculated by considering
the tasks. The values in this tuple correspond to the various requirements of
a task. For example, if the task is to monitor a position from different angles
with high definition cameras, the token will contain a minimum energy level
to ”travel” back and forth to that position and the high definition camera
requirement. When the responses arrive at the auctioneer, it aggregates all
the responses in the token and conveys it to the forthcoming local auctioneer
candidate. It is evident that for optimal allocations it is a necessary con-
dition, that each node bids on every token at least once; otherwise, there
could be a node in the system which did not bid to a token but would be the
perfect fit. Thus, the framework should take care of distributing the tokens
to all available nodes and summarizing them.

In local interactions-based systems limiting the number of the performed
local auctions is beneficial, since an auction can consume huge amount of
resources. A naive solution would use no auctions at all, but nodes that have
the token could bid on it. This solution, however, involves unnecessarily
broadcasted messages, as all tokens have to be transferred to potentially all
nodes in the system. This approach is one extremity, where the number
of auctions is minimized. Thus, the proposed framework should find an
optimal trade-off between the number of auctions and the required time to
complete the allocation process. To minimize used resources and ensure that
an optimal solution can be found (regarding the used MATA algorithm),
the framework is broken down into the following general steps:

1. Select the auctioneer nodes based on the network graph.

2. Build up a broadcast tree in which the source is the node where
the event was triggered, and the destinations are the auctioneer nodes.
A broadcast tree is very similar to a multicast tree, however, nodes
transmit messages via multi-hop broadcast communications based on
the constructed tree. Thus, the tree is responsible for controlling which
nodes should rebroadcast the received packets.
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3. Use the broadcast tree to make communication more efficient during
the allocation process.

4. Perform the auction based on the implemted MATA algorithm.

As the second and third subproblem can be solved by enhancing tradi-
tional tree-based multicast algorithms and the fourth only relates to the used
MATA algorithm which is not part of the framework; thus, the main focus
is set to the first one.

The allocation procedure could be triggered based on local events, such
as when a node senses disturbances, hazards, etc. or global events: the
control center orders nodes to perform tasks. The event can originate from
a higher level entity in the system, but the allocation process is performed
in a self-organized manner based on distributed auctions. A global or local
event can be associated with a task having certain requirements, such as
a minimum energy level required or various properties of the nodes: speed,
agility, maximum operating altitude, presence/accuracy of sensors/actuators,
etc. Thus, the framework handles events and translates them into tokens then
follows the steps above in order to solve the MATA problem.

III.4.1 The Local Auctioneer Selection Algorithm

Thesis III.2 I have proposed a greedy algorithm to select the minimum ver-
tex covering set in a connected, simple graph. As the problem is NP-hard,
the algorithm might result in suboptimal sets, however, does it in O(|V (G)|2)
time, where V (G) is the set of the vertices in graph G. Also the b|V (G)|/2c+1
number is proven as the upper constraint of the number of the selected ver-
tices. [C8]

Considering mobile agents, the graph representing the network connec-
tions is not stable at all times and not known a priori; thus, some assump-
tions should be made. It is assumed that each node has a local network table,
which contains all other nodes in an adjacency matrix. This table is built up
using the periodically received topology information (containing the whole
network from the sender’s perspective) from the neighbors. Thus, every node
transmits its local network table periodically (like the heartbeat packet in
distributed systems) in order to ascertain the node is still operating (since
an agent can be broken down at any time because of many reasons) and to
create a local copy from the whole network topology in all nodes. The next
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assumption deals with the structure of the network since in this case the
graph is undirected and connected before the task allocation phase. How-
ever, after it can change, due to for example a task which requires that few
nodes from the connected flock move away for a time and do dedicated tasks
such as exploration and then join back to the flock. The undirected graph
can be guaranteed by allowing only pairwise connections. Thus, if only one
node can communicate with the other but the other cannot (because of dif-
ferent sizes of transmission ranges) then this asymmetric connection will not
be placed in the network matrix, and hence the undirected communication
graph is guaranteed. It is also assumed that the during the selection pro-
cess the network graph is static, and therefore the network is stable; thus, the
communication can be established between the auctioneers based on the local
network table. This assumption also perfectly fits into the world of flocking
systems, as most of the time agents in the flock stay close together (to send
their information to the neighbors) and hovering over an area waiting for an
event which triggers the selection to happen.

Based on these assumptions, the local auctioneer selection can be formal-
ized and solved by using tools from graph theory. It is a selection problem,
and the goal is to select the minimum number of auctioneer nodes in the sys-
tem. Let G = (V,E) denote the graph representation of the whole network,
where V is the set of vertices (the nodes) of the graph and E is the set of
edges, representing the communication links between the nodes. Thus, the
problem is to select a subset (V ′) from V , which has the minimum number
of elements (minimum cardinality set) and can cover all the nodes in the
network with the edges covered by the vertices in the subset. More formally,
we are seeking a subset V ′ of V , such that for all u ∈ V either u ∈ V ′ or
there exists (u, v) ∈ E, where v ∈ V ′ and V ′ is the minimum cardinality
set. This set is very similar to the minimum vertex cover, however, in this
case, the goal is to cover all vertices instead of all edges. An example of this
minimum set is depicted in Figure III.4.1.

Assume that every vertex has an associated cost of c(v) ≥ 0. Then the
problem discussed earlier can be formulated as the following integer linear
program (xv is a label which means whether the node is chosen as the element
of the minimal set):

minimize
∑
v∈V

c(v) ∗ xv (III.3a)
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Figure III.4: An example of the minimum set to cover all the nodes in the
system: the candidate local auctioneers are depicted by red.

subject to
∑

xu + xv ≥ 1 ∀v ∈ V (G), ∀u : (u, v) ∈ E(G) (III.3b)

xv ∈ {0, 1} ∀v ∈ V (G) (III.3c)

The formulation as an integer linear program can be done in polynomial
time since from the adjacency matrix the equations can be formulated, pro-
cessing the whole matrix in O(|V (G)|2). As the graph should be processed
|V (G)| times, the reduction can be done in O(|V (G)|3)). The 0-1 Integer
Linear Programming (a special case of the ILP) problem is one of Karp’s 21
NP-complete problems. Thus, we were able to reduce the problem in poly-
nomial time (i.e., Karp reduction, where c(v) = 1 ∀v) to an NP-complete
problem, and therefore the above problem is NP-hard. It follows straight-
away from the fact that ILPs are NP-hard. This problem also contains the
well-known minimum vertex cover problem as a special case, when in the
subject we do not summarize all the neighbors instead one (thus, subject to
xu + xv ≥ 1 ∀(u, v) ∈ E(G)).

Since the problem is NP-hard, a constructive heuristic algorithm is given
that might find only a suboptimal solution but does it in polynomial time.
The main idea behind the algorithm is to select nodes with the highest degree
as they contain more previously uncovered nodes of the graph. Obviously,
the degrees of the nodes have to be updated after each selection since the
selected node and all of its neighbors are covered. Thus, the algorithm can
be described by the pseudo-code written under Algorithm 1. The algorithm
is similar to the GreedyVertexCover algorithm proposed in [88] as both of
them select the node with the highest number of neighbors at the beginning
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Algorithm 1 Calculating the covering nodes

V ′ ← ∅ (the set of the selected nodes), and V ′′ ← ∅ (the set of covered
nodes);

2: while V 6= ∅ do
v ← the node with the maximum degree;

4: V ′ ← V ′ ∪ v;
V ′′ ← V ′′ ∪ v ∪ ∀u where (u, v) ∈ E(G);

6: E(G)← E(G) \ (E(G(V ′′)) ∪ ∀E(u, v), where u ∈ V and v ∈ V ′′);
V ← V \ ∀u, where d(u) = 0;

8: end while
return V ′

of every step. However, the goal of the GreedyVertexCover algorithm is to
select nodes that cover all the edges in the graph while the novel algorithm
attempts to cover all the nodes in the graph. And because of this, apart from
the node selection step, the two algorithms consist of different steps.

Theorem: The Algorithm 1 does find a suboptimal solution in polyno-
mial time.

Proof : It is easy to see that the above algorithm does find a solution,
since it can stop only after Step 2, and after this step it always stands that
V ′′ ∪ V equals to all the vertices in the graph, and it returns only if V = ∅,
and thus V ′′ (which is the set of the covered nodes) contains all the nodes
in the network. And it can be proved as well, that it stops in polynomial
time as the algorithm steps in the loop (Step 1-2) at most n times, where
n is the number of vertices in the graph (n = |V (G)|). To find the node
with the highest degree from the adjacency matrix is O(n) and the update
process of the matrix (after removing the vertices and the edges) is O(n).
Thus, the running time is O(n∗ (n+n)) = O(n2). The O(n2) time relates to
only the auctioneer candidate selection which runs locally on the triggered
node, and therefore can be really fast when the adjacency matrices are stored
in-memory.

It would be beneficial as well if an upper bound could be determined by
the number of selected nodes since it is a good indicator for the speed of the
whole process (includes the distributed auction as well).

Theorem: An upper bound for the number of the covering nodes is
b|V (G)|/2c+ 1, where V (G) is the set of the vertices in G.

Proof : It is easy to see that if we can guarantee this upper bound on a
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spanning tree of the graph, then the bound is valid for the original graph as
well. Since the original graph has more (or at least equal number of) edges
than the spanning tree, the nodes we selected based on the spanning tree still
cover all vertices in the original graph. In a tree, the set we are looking for is
identical to the well known minimum vertex cover from graph theory (since
in this case to cover all vertices we have to cover all the edges as well). From
the Gallai theorem, we know that in a graph the sum of the minimum vertex
cover and the maximum independent set is equal to the number of vertices.
In a tree the number of nodes in a maximum independent set is equal to
or greater than d|V (G)|/2e, since trees are bipartite graphs; thus, can be
divided into two distinct sets and the vertices of either set are independent
of each other. Therefore, the number of nodes in the minimum vertex cover
is equal to or less than b|V (G)|/2c. The additional one vertex is added to the
upper bound because by using a heuristic algorithm in trees it may happen
that it selects the wrong one from the two distinct sets (this happens only
when the difference between the two sets is only 1).

Thus, I have proposed an algorithm which is able to select a subset of
vertices from a connected G graph covering all other vertices in the graph
through their edges. I have proven that the algorithm does the selection in
polynomial time and an upper bound for the number of selected vertices is
also defined. Thus, with the help of this algorithm, the agents in the system
can be determined, where the local auctions should be performed in order to
provide an appropriate framework for the MATA problem.

III.4.2 The Tree-based Multicast Algorithm

It has been shown previously that the main problem was divided into four
subproblems and a heuristic algorithm to approximate the solution for the
first subproblem has been provided. Also as mentioned earlier, to propose a
MRTA algorithm, which defines the cost function and can select the optimal
agents in the environment, is not part of the framework. Therefore, the next
goal is to identify the appropriate tree-based multicast algorithm to solve
the remaining two problems based on the aforementioned selection process
result. Thus, the role of the algorithm is to deliver the tokens from the source
node to the selected local auctioneer nodes relying on a multicast tree but
using broadcast communications.

The problem of finding a minimum cost multicast tree is well-known as
the minimum Steiner tree problem. According to [89] this problem is also
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NP-complete, even when every edge has the same cost, by reduction from
the exact cover by 3-set. Although it is widely assumed that a Steiner tree is
the minimal cost multicast tree, it is not generally true in multi-hop wireless
networks [90]. The problem of minimizing the cost of a multicast tree in an
ad-hoc network needs to be re-formulated in terms of minimizing the number
of the data transmissions. Since in a broadcast medium, the transmission of
a data packet from a given node to any number of its neighbors can be done
with a single transmission; thus, the minimum cost tree is the one which con-
nects sources and receivers by issuing a minimum number of transmissions,
rather than having a minimal edge cost. However, finding this optimal tree
in a wireless network is also NP-hard [90]; therefore, a heuristic algorithm
will be used in this case as well.

There are many heuristic algorithms to compute minimal Steiner trees:
for instance, the MST algorithm in [91] provides a 2-approximation, and
Zelikovsky [92] proposed an algorithm which obtains an 11/6-approximation.
However, these algorithms try to solve the minimum cost tree in general
instead of in a broadcast manner. Authors in [90] proposed two heuristics
(a centralized and a distributed one), both resulting in a tree with lower or
equal data-overhead than the MST Steiner tree.

Since this case, the goal is to cover only the selected auctioneer nodes
instead of the whole network, for simplicity, the MST heuristic algorithm can
be used to build a suboptimal multicast tree amongst the selected nodes. The
multicast tree building process is described by Algorithm 2. The outcome of
the algorithm is the set of nodes (the nodes of the tree) which rebroadcast
the tokens to the selected auctioneer nodes. Thus, the tree is used in a
broadcast environment - in contrast to its conventional applicability - to
control the multi-hop communication; hence, it is referred as broadcast tree.

Based on the earlier results the framework works as follows:

1. It selects the most appropriate auctioneer nodes with the help of the
proposed heuristic algorithm.

2. It creates a broadcast tree where the receivers are the nodes from the
first step. All the selected nodes in the constructed tree rebroadcast
the received token to the auctioneers. This tree is not only usable for
spreading the tokens from the source to receivers (local auctioneers) but
in the opposite direction as well. Therefore, if an auctioneer finishes the
local auction, it transfers its token back on the broadcast tree to the
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Algorithm 2 Building multicast tree amongst the selected auctioneer nodes

S ← the set of the selected auctioneer nodes (V ′) and the source node;
2: G′ ← construct the complete undirected distance graph from G and S;
T ← minimal spanning tree of G′ (if there are more than one, pick an
arbitrary one);

4: Gs ← subgraph of G by repleacing each edge in T by its corresponding
shortest path in G (if there are more than one, pick an arbitrary one);
T ← minimal spanning tree of Gs (if there are more than one, pick an
arbitrary one);

6: T ← remove nodes and edges from T , so that all the leaves in T are
auctioneer nodes (from V ′);
return T

source. If a node on the path from auctioneers to the source possesses
two or more tokens at a time, it merges them in order to decrease the
number of broadcast transmissions.

3. It performs the given and implemented MATA algorithm to select the
agents from the system and writes the results into the tokens.

4. The first node (in the worst case the source) which obtains all the
tokens, immediately calculates the winner nodes and instructs them to
carry out the tasks formulated in the token.

III.4.3 Results

A framework was introduced for systems where there is no centralized static
network; thus, the coordination and cooperation of the system should be
solved via many local interactions of the neighboring agents. The solution
was tested in a flocking system, where the agents attempt to form a grid and
stay together. As there was not enough available hardware to set up a real
MASs for flocking, the performance was tested through simulations.

III.4.3.1 Simulator

The objective is to evaluate the effect of the proposed graph-based frame-
work in the context of a realistic flock environment. Thus, a simulation study
using the SimPy process-based discrete-event simulation framework [17] in a
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realistic scenario has been chosen to conduct. In SimPy, the basic simulation
entities are processes. They are executed in parallel and may exchange infor-
mation amongst each other. As these processes are easy to map to agents,
SimPy is a straightforward choice to simulate MASs at bare level.

The simulations are based on a static context, and thus agents in the
simulation do not move, since primarily the goal was to prove the frame-
work can operate optimally in cases where the dynamics of the agents in the
system are negligible compared to the communication speed. The nodes in
the simulation communicate with each other via a radio interface, such as
Wi-Fi, Bluetooth or anything else in a predefined communication range. It
is important to note that in the simulation a perfect communication model is
assumed as well; therefore, interference and packet losses are not considered.

To model the communication graph instances of the connected Watts
and Strogatz graph [93] are used, which is a random graph and can be
parametrized to resemble the communication graph of a flock. The com-
munication network of a flocking system is a type of graph which is similar
to a regular grid; therefore, the valency of the nodes are nearly the same
(since the agents in the flock are placed almost the same distance from each
other). A random connected Watts and Strogatz graph is generated by set-
ting the algebraic connectivity parameter as well. The algebraic connectivity
of a graph is the second-smallest eigenvalue of the Laplacian matrix of the
graph, and the magnitude of this value reflects how well connected the overall
graph is. It depends on the number of vertices as well as the way in which
they are connected. In random graphs, the algebraic connectivity decreases
with the number of vertices and increases with the average degree (and is
greater than 0 if and only if the graph is connected). The simulations are
performed with different algebraic connectivities in order to simulate differ-
ent kinds of flocks. Every graph with a unique algebraic connectivity value
was tested 100 times, and the results were aggregated in order to minimize
the impact of outlier cases.

III.4.3.2 Performance Indicators

The most important indicator relates to the success of the task allocation
framework. Measuring the success ratio of finding the optimal allocation
amongst the nodes, in cases when an optimal task allocator algorithm is de-
ployed to the framework. Thus, this parameter shows whether the framework
can find the optimal allocation based on an algorithm which can find the op-
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timal one only in a local environment (within the communication range). 0%
to 100% indicates the effectiveness of the used solution.

The second aspect focuses on the number of auctions performed during
the allocation process. This indicator shows the network overhead of the
selected solution since an auction consumes a lot of energy in the system
because of the communication overhead.

The last one is the simulation time, which indicates the speed of the
algorithm. Therefore, the goal is to minimize the time and select the most
appropriate agents as quickly as possible.

III.4.3.3 Evaluation of the Results

As it has been stated before, the requirements generated by an input event
are translated into tokens. However, the framework is capable of handling
multiple types of requirements as it should be defined by the task alloca-
tion algorithm. Thus, it is essential to note that the proposed framework
does not depend on the type of the requirements or the applied auction al-
gorithm, instead, these can be defined separately and adapt dynamically. In
this scenario, a simple scenario is considered where a token only contains a
minimal energy level as the requirement. An energy level is generated for
each agent before the simulation, following a uniform distribution between
70% and 100%. In the generated event, the energy requirement is 65%; there-
fore, every node can perform the task to ensure that a solution exists. In
this configuration, there are optimal and suboptimal allocations based on the
generated energy level distribution.

Five different solutions have been developed and compared against each
other in the simulator.

• The random walk stochastic process [94] based algorithm, which trans-
fers the token on randomly selected edges until some conditions (such
as all nodes placed a bid or the token has been transferred at a given
threshold) are fulfilled.

• The solution based on the well-known hill climbing optimization tech-
nique [95]; thus, it assigns the token only to a node that has a higher
bid than the current one; therefore, it means that the tokens move
towards nodes with higher energy level.
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• The simulated annealing [96] based: it tries to avoid suboptimal
selection by allowing temporary worse states. The algorithm uses ac-
ceptance probabilities of making the transition from a current node
to a candidate one, which depends on the energy of nodes and on a
globally-varying time parameter, called the temperature.

• The full multicast algorithm. It does not attempt to select the opti-
mal auctioneer agents but only builds up a multicast tree using all the
nodes (as a local auctioneer) in the system.

• The proposed novel solution.

The first three solutions have been created in order to depict the perfor-
mance differences comparing to other solutions which are based on existing
techniques, while the fourth one has been added to the simulator due to high-
light the benefit of applying the introduced auctioneer selection algorithm.

When observing the percentage of the optimal coverage (depicted in Fig-
ure III.5) it could be seen that there are only two solutions able to achieve
the optimal selection regardless of the structure of the network graph: the
proposed algorithm and the full multicast algorithm. The full multicast algo-
rithm finds the optimal allocation in any case by definition, since it transfers
the token to each node. The simulated annealing-based solution results in
an almost optimal selection in all cases, but in really sparse environments
(graphs with lower algebraic connectivity) it has some errors. The relatively
good results of this solution are because its parameters (such as the initial
and terminating temperature and the transfer rate) have been trained on
many networks in the simulator beforehand. The random solution (which
passes the token to randomly selected nodes) also achieves a nearly optimal
selection in all cases, since it’s input parameter (the number of token trans-
fers) has also been trained on the same dataset. And finally, the hill climbing
procedure produces the worst selections as it chooses nodes greedily; there-
fore, it terminates at suboptimal nodes (local optima). It can be seen as well,
that the performance of the hill climbing algorithm deviates very highly in
a rarely connected graph since in these cases the whole system heavily de-
pends on the location of the initial request event. It is important to notice
as well, that the results are improving when increasing the algebraic connec-
tivity of the graphs, as higher algebraic connectivity values mean a denser
and more connected network graph. Therefore, local information becomes

100



 20

 30

 40

 50

 60

 70

 80

 90

 100

 1  1.5  2  2.5  3  3.5  4

O
p

ti
m

a
l 
a

llo
c
a

ti
o

n
 f

o
u

n
d

[%
]

Algebraic connectivity

Novel
Random

Simulated Annealing
Hill Climbing

Full Multicast

(a) The results of all the 5 solutions.
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(b) By removing the Hill Climbing solution the small differences be-
tween the rest four solutions can be seen.

Figure III.5: The results of the task allocation frameworks regarding optimal
allocation in flocking systems.
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more global, in the extreme case of a fully connected graph each node has
universal knowledge about the whole system.
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Figure III.6: The results of the task allocation frameworks regarding the
number of performed auctions in flocking systems.

Results presented in Figure III.6 relate to resource consumption in the
flocking network formed by agents. In flocking systems resources (such as
the energy of the nodes, the communication medium, etc.) are very scarce
by nature, and thus it is very important to minimize the consumption. An
auction uses a remarkable amount of energy, as first the auctioneer node has
to broadcast the content of the token to its neighbors then it has to wait for
all the responses from the bidder nodes. As it could be observed from the
results, all of the solutions except the hill climbing rely heavily on the alge-
braic connectivity. The relation between the algebraic connectivity and the
number of auctions is not linear instead, showing exponential-like relation;
therefore, a less connected graph causes much more energy consumption.
The hill climbing algorithm produces the lowest number of auctions in all
cases, and therefore it is the most efficient solution in terms of energy con-
sumption. This is due to the greedy optimization: blindly passing tokens to
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agents with higher utilities. On the one hand this algorithm can terminate
in local optimum instead of a global one (see Figure III.5) but on the other
hand, it generates a very limited amount of auctions. The other four exam-
ined solutions perform better when the underlying network graph is more
connected since in that case the network can be covered with fewer local
auctioneers. The second most efficient solution is the introduced framework,
which can overperform the other three optimization techniques even by 30-
40% in less connected environments. Based on the previous results, it can be
concluded that the novel task allocation framework always can guarantee the
optimal selection based on the MATA algorithm and does it with the least
energy consumption amongst the other examined solutions. The simulated
annealing and the random walk selection techniques perform almost iden-
tically, while the full multicast approach gives the worst results concerning
energy consumption. It is easy to see, that the full multicast wastes a lot
of energy, since it always creates a full multicast tree in the whole network
graph; therefore, in a low algebraic connectivity case it results in all nodes
being local auctioneers during the simulation.
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Figure III.7: The results of the task allocation frameworks in view of the
simulation time in flocking systems.
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The final results are depicted in Figure III.7, and it shows the speed
(the simulation time) of the selected solutions. The same conclusion can be
drawn as from the previous figure, that the speed of random walk, simulated
annealing, full multicast and the proposed solution highly depend on the
graph’s algebraic connectivity: a lower number means slower task allocation.
Again, the hill climbing algorithm does not rely on the connectivity of the
graphs. Hill climbing performs the best because with respect to speed for
exactly the same reason as it consumes the least amount of energy. It is
also true that the graph-based solution performs the allocation in the second
fastest time.

Based on the results from the three aspects, it can be concluded that the
proposed graph-based framework can find the optimal selection (when it can
be achieved using the implemented auction-based task allocation algorithm)
in any examined network. Also, it performs the allocation in the fastest
and most efficient way amongst the other solutions, which can also find the
optimal or nearly the optimal allocations. Only the hill climbing search
technique consumes less energy and achieves the allocation faster, but it can
reach an optimal selection only in strongly connected flocking systems, as
otherwise the sufficient local auctioneers will not be selected. It is important
to see that the full multicast solution almost reaches the same speed as the
novel one, but it does it with generating a lot of auctions even by four-times
more than the others (as one can observe in Figure III.6). This is due to the
fact that auctions in the full multicast framework are executed in parallel.
This effect can also be observed when comparing the results of the simulated
annealing and full multicast solutions. Simulated annealing produces fewer
auctions than the full multicast (from Figure III.6), but these take much
more time because auctions are carried out serially. The same also stands
for the random walk approach: it is more than two times slower than the full
multicast while it performs the same number of auctions.

III.5 Task Allocation Framework for Infra-

structure-based MASs

Thesis III.3 I have developed a leader-followers based task allocation frame-
work for infrastructure-based MASs. The solution can dynamically handle
agent failures and newly connected participants. In addition to simulations,
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the framework was also tested in real-life experiments running on two intel-
ligent vehicles and using the 4G cellular network. [C11]

Agents in infrastructure-based MASs rely on a stable and efficient com-
munication architecture. Therefore, all the different entities can commu-
nicate with each other directly via the static infrastructure-based network
(e.g., the Internet). Thus, in this case, different problems arise when trying
to propose a MATA solution. For instance, contradicting to the previous
case, there is no need for local auctions, as any agents can communicate with
each other directly.

The objective of the examined MAS is to execute requests through au-
tonomous agents, using coordination and cooperation mechanisms. These
requests can be generated from anywhere, but then are stored on a central-
ized entity, which can be accessed by all agents.

Though the centralized entity is accessible by every agent in the system,
the proposed framework avoids this centralized aspect by introducing leader-
followers pattern amongst the agents. Introducing a distributed solution
into this environment is extra complexity, but on the other hand, has many
advantages. First of all, the goal is to keep the centralized entity as simple
as possible; thus, it is only a repository of the tasks which is reachable in
the system. For instance, it can be a database connected to the Internet.
Therefore, there is no additional logic implemented on this central node.
Also, the system should continue operating in the event of the failure of the
centralized entity or any agents. With the framework, the agents can work
and synchronize their state internally even in the case when the central node
is no longer reachable. Finally, with the distributed approach all the agents
can be utilized as a computational entity, which could increase the overall
performance of the system.

Based on the leader-followers, from the set of agents, there is one leader
agent, while all other agents are followers. Only the leader agent communi-
cates (receives and sends requests lists) with the centralized entity. Every
follower agent in the system synchronizes the states of its tasks to the leader.
Accordingly, this mechanism ensures the consistency and synchronization of
tasks through the distributed system.

In this mechanism, leader agent selection is essential to be dynamic and
autonomous. Hence, a token concept is introduced in this case as well, at
which the agent that holds the token is the leader. Through a token selection
algorithm, which runs in every agent, the leader is selected based on the
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Figure III.8: The proposed MATA framework for infrastructure-based
MASs.

agent statuses. The considered agent statuses could be computational power,
consumption, battery level, allocated tasks list, etc. This token concept
ensures the decentralization of the system, at which if the leader agent had
malfunction or loss of communication, another leader is selected to keep the
whole system operating; the same concept applies if a new eligible agent joins
the system. The token algorithm checks the whole system at the beginning
of every loop to ensure only one token is assigned to a unique agent.
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All requests are considered as complex tasks, however, the agents exe-
cute only simple tasks. Therefore, as per the MATA plannings and imple-
mented leader-followers mechanism, the planning is selected to decompose-
then-allocate. Therefore, the leader agent decomposes the requests, upon
receiving them from the centralized entity, to simple tasks, which are then
broadcasted to the follower agents. The list of simple tasks is the input for
the allocation algorithm, which runs in every agent simultaneously.

Figure III.8 summarizes the proposed framework, where the flowchart
process is executed in every agent. As it can be seen, similarly to the previous
framework, a MATA algorithm should be added to the solution and the task
allocation will be performed in the whole system.

III.5.1 The Proposed Market-based Task Allocation
Algorithm

Thesis III.4 I have proposed a market-based task allocation algorithm. I
have shown that most of the times the algorithm can find the optimal by
agent solutions and does it in polynomial time (depending on the capacity of
the memory unit) while using only polynomial amount of memory. I have
tested the algorithm within the leader-followers framework on real intelligent
vehicles to prove the real-life applicability of the solution. [C11]

For the allocation, a market-based solution has been implemented, since
the leader-followers separation is also suitable for the auctioneer-bidders
structure which is the fundamental part of the market-based approach. Thus,
in a synchronization loop, the actual leader will be the auctioneer which pro-
poses new tasks and all the agents (including the leader as well) are the
bidders. The proposed solution uses the CNP [97]. Therefore, first, the auc-
tioneer announces the good, which is modeled as a task or a set of tasks in
the previously described framework, afterward, every agent makes its own
bid for each task. Thus, in the case of multiple tasks, a vector of values is
generated as the output of the bid. After receiving the bids, the auctioneer
selects the winner, or in the case of multiple tasks the winners. Finally, the
winner agents get assigned by contracts originated from the auction leader
(or from the event source such as in the flocking architecture). The most-
known simple good English auction [98] has been used as the type of the
auction; therefore, the agent assigns a single value to each good, and the
biggest bid wins. In order to avoid same bidding values across the system,
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each node adds a small, negligible ε variable to the original bid value before
bidding.

The market-based approach represents a fast and scalable solution. Since
if it is assumed that the communication is much faster than the calculation
of the bid, then each agent calculates the bid simultaneously and sends it
to the auctioneer nearly at the same time. Furthermore, the complexity of
finding a maximal value in an unsorted list is O(n), and therefore it scales
well with the number of agents. Besides, the calculation of a bid is fast,
compared to an optimization approach, because it focuses only on one agent
internal state; thus, does not depend on other agents. However, because
of this, the main disadvantage is that it cannot find the optimal allocation.
Since in order to find the optimal allocation, every node should have been
informed about the whole system and should reallocate all the tasks in every
round, while the proposed solution only allocates the new task to the best
fitting agent. Therefore, this approach can only find suboptimal solutions
which means that a solution is optimal in view of an agent (called optimal
by agent), but maybe it is not optimal for the whole system.

The bid calculation is formulated as a TSP and not mTSP as only one
agent is considered by the algorithm. In this case, the agent is the salesman
while the tasks with the new candidate one are the cities which have to be
visited most efficiently. Therefore, a preliminary bid calculation would be the
difference between the two optimal values, in order to meet with the English
auction the result is multiplied by −1. Based on this bidding strategy the
agent is the winner which covers the new task with the least extra cost.
The problem with this idea is that the calculation of the optimal shortest
path for the TSP has O(2n) complexity, where n is the number of the tasks.
Therefore, the calculation of the optimal path in every auction is not feasible
as its operation time scales exponentially with the number of tasks.

To meet the time requirements, a memory-based solution is introduced.
The idea behind this is that most of the time the agents know the total set
of tasks a priori. In the ITSs case, that means that the vehicles know the
map of the smart city environment and also know all the possible requests
(i.e. the possible from and to locations). Therefore, if the agents can store
the optimal allocations beforehand, then they would be able to calculate the
optimal bid in O(1) time. The problem with this is that if there are n possible
tasks, then every agent should store 2n permutations.

From the above, it can be said that if an agent has enough memory to store
the optimal permutation for the tasks beforehand, then the memory-based
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solution is the fastest and the optimal choice. But in cases when an agent
has enough computational power, then the on-demand optimal calculation
also finds the optimal allocation. Unfortunately, since the complexity of
this problem is exponential; thus, most of the time, an agent does not have
either the computational power or enough memory to achieve the optimal
performance in required time. In the case of the examined ITS case, there
could be up to 110 different tasks, where two tasks are the same if and only
if the to and from locations are the same. Therefore, even in this case, it is
not possible to handle the problem with the solutions above.

The main idea behind the proposed task allocation algorithm is that
if there are n possible tasks, and an agent has d tasks already, then the
probability that each of them is different is calculated with the Equation
III.4.

p(n, d) =
n!

nd ∗ (n− d)!
(III.4)

This equation is exactly the same as the well-known birthday paradox.
Therefore, in the aforementioned examined case, where the n is 110 and d
goes from 0 to 110 the probability of no match is depicted in Figure III.9.

As it is noticed the probability of an agent has many different tasks is very
low, also it is decreasing very fast to 0. Therefore, basically, it is unnecessary
to store all the optimal values, instead just until a k threshold value. For
instance, in this case, when the n is 110 if k = 30, the probability to have
uncovered cases is really close to 0. Based on this, the memory based solution
is enhanced with the assumption that only optimal values up to set size k
should be stored. The amount of the necessary memory can be calculated
by summing the possible number of subset until k, as it is shown by the
Equation III.5.

k∑
i=1

(
n

i

)
, where k << n (III.5)

Also in real-life use cases, it should be considered that the agents are
already performing the tasks while new ones are introduced to the system.
Thus, based on the task generation frequency and the velocity of completing
a task, the number of the task could stay under a constraint.

Because of this caching enhancement, the bidding strategy also should be
modified, since the following two cases could come up during the allocation

109



0 20 40 60 80 100
Number of tasks

0.0

0.2

0.4

0.6

0.8

1.0
Pr

ob
ab

ili
ty

 o
f 
no

 m
at

ch

Figure III.9: Probability of no matching tasks in an agent, where the number
of distinct tasks (n) is 110.

phase:

• The agent has at least k different tasks already.

• The agent has to bid to a task which is already in its list.

In both cases, the task allocation algorithm should also take into con-
sideration that some additional logic has to be added in order to handle
cases which are not covered by the optimal permutations. In these cases, a
fragmentation heuristic algorithm should be used such as in [99]. Thus, the
Euclidean space (which is the space of the salesman and the graph not of the
MAS) where the tasks should be performed is partitioned into f fragments
with the same areas. The segmentation is done, when there is no more than
k tasks in a fragment. Therefore, in each fragment, the optimal permutation
is known, and then the selected allocation is given by connecting the nearest
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fragments to each other. Only the shortest path calculation is different in
these cases, but the bidding strategy stays the same. Thus, the agent bids
the difference (and multiplied by -1) between the two cost values, namely the
value of the path that covers the new task as well minus the old one.

It is really important to note, that the proposed solution does not depend
on the selected edge cost function, only the results will be different based
on the actual costs. Therefore, the proposed solution will be suboptimal
(optimal by agent) regarding the selected function, which can depend on
many factors such as distance, battery level, time etc.

Accordingly, I have proposed a market-based approach to find (sub)optimal
task allocation to each agent individually. The main idea underlying the so-
lution is that the agents might know the space of tasks i.e. all the possible
tasks that appeared during operation. In ITSs case the autonomous vehicles
should know the map of the environment with the points of interests, and
therefore all the possible transport requests could be known a priori. Based
on this, a memory enhancement is added to the optimal finding algorithm.
With this, the algorithm will be fast (depending on the data-structure) while
avoiding using CPU computational power, which is scarce, when running pro-
cesses like image processing, route detection, amongst others, simultaneously.
A NoSQL database architecture was designed, where the keys are the bit-
mask of the tasks. The problem arises with the space complexity (since if the
size of the space of the tasks is n then exactly 2n values have to be stored)
can be overcome if the optimal allocations are stored until a maximum task
size. This upper constraint (the k threshold) is an input parameter of the
algorithm and should be determined in view of the real use case.

III.5.2 Results

A task allocation framework was introduced for systems which rely on stable
and efficient communication schemes, where any participants can cooperate
with each other directly. Based on this, the performance of the solutions was
examined in an ITS, as it consists of many different entities, mostly vehicles,
pedestrians, infrastructure and can be others as well, and the different enti-
ties can communicate with each other (such as Vehicle-To-Vehicle (V2V),
Vehicle-To-Infrastructure (V2I) and Infrastructure-To-Vehicle (I2V), and
Vehicle-To-Pedestrian (V2P) and Pedestrian-To-Vehicle (P2V) communi-
cations) directly via the common provided network (e.g. the Internet).

The objective of the examined ITS is to execute the user transport re-
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quests through the vehicles, using the previously described framework. These
requests are generated by a smartphone application, by which users select few
parameters, such as the number of passengers, pick-up and drop-off locations.
The transport requests are then stored on a webserver (the central node in
the system), which can be accessed via V2I communication scheme [C9].

The framework is implemented under the ROS [18], since over the past
several years, ROS has grown to include a large community of users world-
wide and the community is very active. Also, the platform is made to ap-
ply the solutions to real-life agents. As the ROS platform comes from the
Robotics field, the robot notation is used more widely than the agent, how-
ever, in this case, there is no real difference between a robot and the proposed
autonomous agent in Section III.2.

Since the proposed MATA algorithm based on the assumption that the
space of the possible tasks is countable and relatively small; hence, the algo-
rithm was tested in this environment as the transportation tasks fulfill this
requirement. The main goal was to prove the real-life applicability of the
novel framework and the algorithm; thus, the whole system was examined
with the use of real intelligent vehicles in a smart city testbed environment.
Also, simulations were performed in order to measure the performance of the
task allocation compared to the optimal one and other solutions as well.

III.5.2.1 Simulator

A discrete time-based simulator engine is implemented under the ROS plat-
form, in order to test the efficiency of the proposed MATA algorithm in
handling different types of scenarios and its scalability. The simulator uses
a time-based engine (the same as ROS uses) to simulate the action of the
virtual platform in fulfilling a specific task.

III.5.2.2 Performance Indicators

There are three main performance indicators to describe the performance of
a MATA algorithm:

• The time complexity of the algorithm.

• The space complexity of the algorithm.

• The cost of the provided allocation based on the input cost function.
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As the time and space complexity of the proposed task allocation algo-
rithm has been discussed in Section III.5.1, during the simulations only the
allocation cost is examined.

III.5.2.3 Evaluation of the Results

During the experiments, the k input parameter is set to 7, since this amount
of data can be stored by a simple agent. For the sake of simplicity, the normal
Euclidean distance was selected as the cost function. In the simulation cases,
100 results were aggregated in order to minimize the effect of the outliers and
the variance.

Two different scenarios had been selected: low-density and high-density.
They simulate real-world situations, at which the low-density scenario is at
the normal operating hour, and the high-density scenario is rush-hour of the
examined campus. The low-density case means that the number of the tasks
is lower than the k threshold value, while during the high-density case the
number of tasks exceeds the threshold. In the simulated experiments and
the real-world one, four different algorithms were developed and compared
in the results; which are as follows:

• Global optimum allocator: a theoretical solution that knows a priori
the optimal allocation in the system. The optimal allocation can be
calculated by solving the mTSP.

• Optimal by agent algorithm: the algorithm bids based on the optimal
allocation based on a single agent, which can be calculated by solving
the TSP.

• Nearest Neighbor algorithm: A greedy solution which calculates the
bidding value based on the ’distance’ (which might be different than
the actual distance, as different cost function could be applied) between
the new and the lastly allocated tasks.

• The novel memory-based algorithm.

The global optimal allocations are not depicted explicitly, however, all
the plotted and highlighted values of the algorithms are the approximation
compared to the optimal solution. Thus, a value of 1.0 means that the
algorithm performed in all scenarios exactly the same as the global optimal
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solution regarding the selected cost function. While 2.0 would mean that the
examined solution provides allocations costing twice as much as the outcome
of the optimal algorithm.
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Figure III.10: Result of the proposed MATA algorithm in low-density sce-
nario.

Algorithm Mean Upper quartile Max

Nearest Neighbor 1.13 1.22 1.54
Optimal by agent 1.0 1.00 1.23
Memory-based 1.0 1.01 1.24

Table III.1: Quantitative result of the proposed MATA algorithm in low-
density scenario.

III.5.2.3.1 Low-density Scenario As it is depicted in Figure III.10, in
the case of the low-density scenario the greedy Nearest Neighbor algorithm
performs the worst. This is absolutely straightforward since this one selects
task based on local optimum values. This solution has the maximum average
value also the biggest box and highest outliers as well. But on the other
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hand, the time and space complexity of the algorithm is polynomial. It
can also be noticed that the optimal by agent selector and the proposed
solutions perform almost identically. Their mean values, without taking into
consideration the outliers, are the same, as presented in Table III.1, which
actually is the optimal value and also their distributions are almost the same
as well. This is due to the proposed algorithm is the same as the optimal by
agent except when there is a task which is already owned by the agent (as the
maximum number of tasks cannot exceed the input k value of the algorithm).
Therefore, most of the cases in this scenario the two algorithms produce the
same results. But while the optimal by the agent does it with exponential
time complexity, the memory based solution uses only polynomial amount,
according to the number of the tasks, of memory and calculates the allocation
in polynomial time; if the optimal result is received from the database, it is
constant.
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Figure III.11: Result of the proposed MATA algorithm in high-density sce-
nario.

III.5.2.3.2 High-density Scenario Slightly different results are shown
in Figure III.11, when examining the high-density scenario. The Nearest
Neighbor algorithm still performs the worst and its main values, presented
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Algorithm Mean Upper quartile Max

Nearest Neighbor 1.14 1.23 1.49
Optimal by agent 1.0 1.00 1.19
Memory-based 1.02 1.02 1.19

Table III.2: Quantitative result of the proposed MATA algorithm in high-
density scenario.

in Table III.2, almost the same. The difference comes with the proposed
algorithm as it has a bit higher values than it was during the low-density
scenario. This is also obvious since in this scenario it happens more often
that the algorithm cannot compute the optimal value, and thus allocation
based on the nearest fragment should be chosen. But from the values, it can
also be said that it is nearly an optimal solution while providing a polynomial
memory and polynomial time complexity algorithm, while the optimal and
the optimal by agent algorithm are exponential.

III.5.2.4 Real-life Experiment

All nodes are executed in the embedded on-board computer over two of
the Intelligent Campus Automobile (iCab) project vehicles, shown in Fig-
ure III.12. Each vehicle is equipped with multiple sensors, such as lidar,
stereo-camera, laser rangefinder, GPS, compass, and encoders. These sen-
sors are used for the environment perception, planning, localization, mapping
and navigation in autonomous mode [100]. For the time being the vehicles
are not equipped sensor to monitor the presence of the passengers; thus, af-
ter boarding and before getting off, the touchscreen should be pressed by
the user. All experiments for the selected scenarios were carried out in the
campus of the Charles III University of Madrid, which was set up as a smart
city environment [C9].

In order to prove that the proposed solution works under real-life condi-
tions, it was tested with the two iCab autonomous vehicles and with three
different transportation requests. In the test case, the requests were gen-
erated by three users at different locations. However, in this case, the
optimal task allocation is exactly the same as the output of the greedy
Nearest Neighbor algorithm, where iCab 2 picks up the two consecutive
requests, while iCab 1 takes the rest one, the goal was to check the cor-
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Figure III.12: The iCab Autonomous Vehicles for testing the proposed
MATA architecutre and algorithm.

rectness of the system in real-world applications. The test shows that the
iCab platform extended with the novel MATA framework and algorithm
works well when real-life constraints are taken into account, such as when
there is communication delay between the participating entities (including
the vehicles and the webserver as well), or when the leader should syn-
chronize the bids in a loop. The test was filmed and can be watched at
medianets.hu/demo/kokand/ITSC2017_demo.mp4.

III.6 Summary

In recent years, MASs have received an increased consideration from various
researchers in the field of robotics research. This significant consideration
is due to the fact that MASs can be used in various applications such as
search and rescue, mobile surveillance systems and humanitarian demining.
In order to achieve the collective behavior of the system, the cooperation
and coordination functionality amongst the agents is crucial. One of the
main challenges of the coordination and cooperation in MASs is the MATA
problem. There are several motivations for developing MATA such as that
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the task complexity of targeted applications is very high for a single agent to
accomplish alone and the fact that a team of agents will perform a task faster
than a single one and other several motivations. The goal is to allocate the
tasks to the members of the multi-agent team while maximizing the utility
of the system with regards to the constraints. The task allocation problem
in MASs is one of the problems that are under extensive research by various
researchers in the academia, industrial research departments and military
laboratories. Because of this, several approaches and algorithms have been
proposed and developed to solve this problem.

Based on the above trends, I have developed two different task allocation
frameworks for MASs. One was introduced to enhance systems, where there
is no central infrastructure to manage the communication between the enti-
ties; instead, the cooperation and coordination functionality is done via local
interaction between neighboring agents. This solution exploits the network
graph maintained locally by nodes in order to build a suboptimal multicast
path from the source node to the chosen local auctioneers, where an auction-
based task allocation algorithm should select the optimal agents. The other
one was developed to provide a reliable framework for systems which rely
on stable and efficient communication schemes. This solution uses control
token to realize the leader-followers pattern. The benefit of this solution is
that the synchronization and the task propagation can be easily achieved
by the leader. Moreover, I have also proposed a market-based MATA al-
gorithm. The algorithm is based on the idea that the possible tasks of the
system might be known a priori; therefore, until a memory threshold, the
optimal allocations up to a certain threshold should be stored beforehand. It
can be concluded from the result, that in many cases the proposed memory-
based solution can find the optimal algorithm, but in general, it gives almost
optimal allocation with polynomial time and space capacity.

Both frameworks along with the task allocation algorithm have been
tested in numerous simulations with different scenarios. Also, the leader-
followers based framework and the task allocation algorithm have been im-
plemented on real intelligent vehicles. The obtained results show that the
proposed framework with a given MATA algorithm can work under real-
world circumstances as well.
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Conclusions and Future Work

Conclusions

Supporting self-organization in the future wireless and mobile networks for
a Multi-Agent System (MAS) is very important for emerging application
areas (e.g., Intelligent Transportation System (ITS)) and use cases (e.g.,
emergency scenarios). In my dissertation, I have presented new protocols,
systems, and frameworks to support self-organization, improve the perfor-
mance of the systems and such increase the real-life applicability of MAS in
general.

In the first Thesis group, the goal was to enable communication between
the agents in infrastructure-less MAS; thus, the protocols can only rely on
P2P communications between the neighboring agents. A family of multi-hop
broadcast protocols has been introduced to provide delay-tolerant communi-
cation in the underlying Mobile Ad-Hoc Network (MANET) formed by the
mobile agents. All of the protocols:

• use the same 3-way handshaking mechanism that was developed to
avoid packet collisions and to lower the number of unnecessarily sent
messages in case of no interests in a given type of message;

• and the message retransmission is controlled by probabilities that are
calculated and assigned by a previous sender node.

The protocols attempt to determine the value of the retransmission prob-
ability based on local metrics from the environment (e.g., distances between
the nodes, number of neighbors, and the direction of the communication) and
differ from each other in the way of the probability calculation and the ap-
plied metrics. All of them were tested in a self-organizing network simulator,
and the results show that each one can be an appropriate solution in various
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use cases, i.e., when different performance indicators (such as the speed, the
number of duplications, etc.) are important. As the base mechanism of the
proposed multi-hop protocols is the same, each version can be implemented
in an agent and then based on the use case and the environment, the agent
is able to choose the specific algorithm autonomously.

Still, in this Thesis group, a novel network plugin has been implemented
to the Proto spatial computing simulator. The plugin was developed based on
the outcomes of the proposed Direction Based Handshake Gossiping (DiBHG)
multi-hop broadcast protocol. Based on the results, the original network
plugin should be replaced with the introduced one, as it utilizes the commu-
nication medium more efficiently.

By providing efficient communication between the agents, the focus was
shifted to optimize information gathering and interpretation in the system,
providing applications to the users. Thus, in Thesis group II, a context-
aware MAS has been proposed to guide civilians in evacuation scenarios
such as fire hazards in a building. The shown context-aware MAS consists
of mobile Communication Nodes (CNs) and fixed Sensor Nodes (SNs). SNs
are designed for sensing their local environment and to send the information
to the CNs within their transmission range. CNs, which can be realized as
human wearable mobile devices such as smartphones or smartwatches, form
self-organizing mobile networks and based on the gathered information help
the civilians to find evacuation paths. In order to improve the performance
of the system, a direction-based enhancement has been added to the original
ESS. From the results, it can be concluded that the novel system does not
only provide better results in terms of the number of evacuated civilians
but is also intolerant to positioning errors and can reduce the number of
transferred messages.

The Thesis group showed that context-aware MASs are an appropriate
choice for emergency management systems, as the mobile agents can work
in cases when the fixed infrastructure is impaired. Moreover, relying on the
contextual information, the systems can guide the civilians through safer
paths making the rescue and evacuation process more successful.

It could be very beneficial if instead of the agents acting as single entities,
all of them are aiming to perform some collective behavior. Thus, the agents
should share a common objective which is a system level function rather
than agent level. Achieving the collective behavior of MASs is a complex
problem and it proposes many issues, such as coordination and cooperation.
In the last Thesis group, the goal was to introduce solutions which can em-
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power MASs with the coordination and cooperation ability by solving the
Multi-Agent Task Allocation (MATA) problem. Two different frameworks
have been presented for different types of MASs. The first one was designed
for infrastructure-less systems, i.e., when the agents can only communicate
to others within the transmission range. The framework attempts to select
the optimum number of agents which can control the local actions resulting
in a distributed auction based solution. The latter one assumes that all of
the participating agents can communicate with each other via a commonly
available infrastructure-based network. It introduces a leader-followers pat-
tern to synchronize the state of the agents and the tasks in the system. Both
frameworks were tested in specific simulators, and the results show that they
can find the optimal allocation regarding the MATA algorithm.

Also, an auction-based MATA algorithm has been proposed, which at-
tempts to exploit that the agents might be aware of the possible tasks in the
system. Exploiting this knowledge, a memory enhancement can be added in
order to find suboptimal allocation but with polynomial space and time com-
plexity. As the MATA problem can be formulated as a Multiple Traveling
Salesman Problem (mTSP), it can be stated that there is no solution which
can find the optimal allocation with polynomial time and space complexity.

The infrastructure-based framework along with the novel MATA algo-
rithm has been implemented on real electric golf carts in order to prove the
real-life applicability of them.

As it could be seen, self-organization appears in various forms in the fu-
ture wireless and mobile networks. Solving the challenges in these systems
make MASs appealing for a broad range of application scenarios includ-
ing ITSs, emergency systems, UAV and robot fleet management, and many
others.

Future Work

Many different calculations, tests, and experiments have been left for the
future due to lack of time. Future work concerns deeper analysis of particular
mechanisms, new proposals to try different methods, or simply curiosity.

A small further examination could be done regarding the local auctioneer
selection algorithm. It is proven that the cardinality of the chosen set cannot
be higher than b|V (G)|/2c + 1, but since it is used as an approximation
algorithm, it would be very interesting to see and prove its distance to the
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optimal solution. With this guarantee more and stronger theses could be
stated about the local interactions-based framework.

In the last Thesis group, the two communication model (such as the
infrastructure- and P2P-based) were studied separately. However, is of-
ten the case that in a big system both models exist; thus, one part of the
agents are using infrastructure-based communication, while there are some
that can only rely on P2P local interactions. Based on this, further develop-
ment should be done to either create a new architecture which inherits the
properties of the two separated solutions or make the original architectures
embeddable into each other.

Also, regarding the communication model, in all the network simulations
the unit disc model was used, which means that all the participating enti-
ties have the same transmission range and it is an ideal circle. Obviously,
in real-life wireless communication, this is not a valid assumption, as the
transmission range depends on various factors, such as obstacles around the
transmitter, the power of the transmitter, the noise in the medium, and many
others. Modeling the medium for wireless communications is nearly impos-
sible, however, some enhancements (e.g., asymmetric communication links,
estimated SNR values, not circle communication ranges in indoor environ-
ments, etc.) could be added to the simulations.

As in real life the agents very rarely have the same specifications and
hardware, and thus introducing agent heterogeneity in simulations and real-
life tests can improve the contributions of the whole work. For instance,
an interesting scenario would be, when adding drones into real-life tests in
Thesis group III; hence, a system that has both ground and aerial intelligent
vehicles could be analyzed.
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