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1 Introduction

Today more and more appreciated are systems with no or minimal infrastructure, 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 au-
tonomously, 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 including Intelligent Trans-
portation Systems (ITSs) [2], emergency systems [3], 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 MASs, two dif-
ferent approaches can be found: in the first approach agents rely on a commonly available
infrastructure-based network such as the traditional cellular network, whereas in the sec-
ond 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
infrastructure. 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. Solutions 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 scenarios [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
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optimize the communication in the underlying MANETs.
Disseminating information in MANETs is a unique problem, as the information being

forwarded has a broadcast-oriented nature in this case, in contrast to infrastructure-based
systems that mostly use unicast communication. The disseminated information is of public
interest, and it usually benefits 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 or the route to a specific destination. This
eliminates the complexity of route discovery, 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 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 attempt 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.
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Also, since catastrophic events can impair the infrastructure, the above-mentioned sys-
tems 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 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 coordination 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 cooperatively 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 performance 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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2 Research Objectives

As we have seen in the previous section the self-organizing paradigms of future wireless and
mobile networks such as the MASs involve many challenges. My essential goal was to de-
velop and examine solutions supporting these self-organizing approaches at different levels
in these systems. By investigating the real-life applicability of MASs, I have developed var-
ious algorithms, 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 without 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. Further-
more, I was focusing on the application of MASs relying on the introduced information
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, sup-
port autonomous decisions. Also, my objective was to deliver solutions for the MATA
problem to enhance the autonomous cooperation and coordination approaches for the col-
lective behavior 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 pro-
tocols. The goal was to propose algorithms that can keep the resource usage low and
minimize the number of duplicated messages while the messages are delivered to all the
participating 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 neigh-
boring 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 the appropriate performance metric
can be different under various circumstances, 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
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to elaborate on systems which work in built-in environments and can help to guide
evacuees during evacuations relying on the measured data of the environment. There-
fore, 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 evacuated 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 tolerate positioning errors coming from the indoor localiza-
tion. Since the paths are determined from directions, the circulated messages in the
underlying self-organizing networks can be filtered based on whether they contain use-
ful information. Based on this, I have modified the Epidemic Routing (EpR) protocol
(Thesis II.2) to disseminate messages only that determine new directions.

3. In the third part, the goal was to design solutions that can enhance cooperation and
coordination in MASs. As the MATA problem is one of the most challenging prob-
lems 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 framework (Thesis III.3) for the opposite
case when the agents rely on stable and efficient communication schemes. This so-
lution uses the leader-followers pattern to synchronize all the participating agents. I
have also proposed an auction-based MATA algorithm 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, therefore, the optimal allocations
should be stored beforehand up to a certain threshold. This algorithm (Thesis III.4)
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.

3 Research Methodology

During my research, I have relied basically on two classical research approaches: 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.
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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 examine 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 Distributed 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 different tools had been
applied to evaluate the algorithms. The Python-based SimPy [17] was chosen to examine
simple graph-based systems; while later on the Robot Operating System (ROS) [18] was
selected. The ROS provides a platform to connect heterogeneous nodes together, and the
developed solution 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.

4 New Results

4.1 Multi-hop Communication Protocols for Self-Organizing Mo-
bile Networks

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 Networks (MANETs) [8] can be easily turned into an
infrastructure-less, self-organizing Multi-Agent System (MAS), 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 environment in case
of emergency.

Disseminating information in MANETs is a unique problem, as – in contrast to infrastruc-
ture-based networks that mostly use unicast communication – the information forwarding
has a broadcast-oriented nature in this case. The disseminated information is of public in-
terest, and it usually benefits 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 route to a specific destination. This eliminates
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the complexity of route discovery, address resolution, and topology management, which are
significant difficulties in highly dynamic networks such as MANETs.

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
(Thesis 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.

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 hand-
shaking procedure is used to avoid packet collisions and to assign retransmission probabilities
to the neighboring nodes. The main idea behind this is based on the newly collected infor-
mation 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 probabilities 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
applications 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 which performs the best in every
scenario cannot be implemented. However, enabling the possibility to nodes changing the
method of calculating the retransmission probabilities based on the environment (i.e., select
from the protocols adaptively) results in a more flexible solution.

Thesis I.1. I have proposed a multi-hop broadcast protocol, called Distance Based Hand-
shake 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 the Adaptive Gossiping algorithms by producing an order of mag-
nitude fewer duplicates while providing around 20-30% faster coverage than the Modified
Adaptive Gossiping algorithm. [B1, J2, C1, C2]

The protocol, assigns the following message forwarding probability to the i. neighboring
node:

pi =
di
dmax

(1)

Where di is the distance between the actual sender and the node i, while dmax is the
maximum amongst these distances.
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Thesis I.2. I have proposed a multi-hop broadcast protocol, called Valency Based Handshake
Gossiping (VBHG), to manage the multi-hop communications in self-organizing mobile net-
works based on network topology metrics such as the number of the neighbors and the dis-
tances between the nodes. The VBHG protocol can communicate more efficiently than the
Gossiping and the Adaptive Gossiping algorithms by producing an order of magnitude fewer
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]

The probability is calculated in the following way for the VBHG protocol (f is the
number of the neighbors):

pi =


di

dmax
− di

dmax
∗ fi

fmax
, if di < daverage

di
dmax

+ dmax−di
dmax

∗ fi
fmax

, if di ≥ daverage

(2)

Additionally, another protocol (Average Valency Based Handshake Gossiping (AVBHG))
has been proposed, which utilizes the combination of the previous two protocol probability
assignments:

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

(3)

The examined protocols (the DBHG, the VBHG, and the AVBHG) were compared to
the Gossiping, the Adaptive Gossiping [19], and to the Modified Adaptive Gossiping. The
Modified Adaptive Gossiping is also a new algorithm, which was created in order to enhance
the Adaptive Gossiping solution with the novel 3-way handshaking mechanism. With this
extension, the differences between the gossiping and the novel probability assignments and
also the differences between the standard and the 3-way handshaking transmission can be
highlighted. The results of the performed simulations in the self-organizing network simulator
are depicted in Table 1.

The results show, that the protocols, which use the 3-way handshake perform much
better when considering the number of duplications. This big difference is because of the
3-way handshake, which, if the neighboring devices have already received 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. In a case of a denser network,
the VBHG generates the least duplications, by 10% fewer than the other handshake-based
Gossiping protocols. Respectively the Modified Adaptive Gossiping’s (which also uses Clear-
To-Broadcast (CTB), Ready-To-Broadcast (RTB) and DATA messages), does not deliver a

8



Protocol Dupl. Mess. 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. G. 97,54 42,32 70,95

Protocol Dupl. Mess. 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. G. 571,76 102,6 6,25

Table 1: Results of the DBHG, the VBHG, and the AVBHG protocols in the self-organizing
network simulator with different node densities.

good performance as the other 3-way handshake-based protocols. 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 probability assignment, while its weak point is that it generates more
duplicates than the VBHG and AVBHG protocols. Therefore, amongst the novel protocols,
the trade-off between efficiency and speed could be identified.

Thesis I.3. I have developed a multi-hop broadcast protocol, called Direction Based Hand-
shake Gossiping (DiBHG), which aims to enable the rebroadcasting nodes to propagate their
messages in a chosen direction, by giving a higher retransmission probability to nodes in that
direction. Compared to the General Probabilistic Broadcast (GEN), Distance Adaptive Dis-
semination (DAD) and Ni et al.’s algorithms the DiBHG algorithm can overperform 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 param-
eter the solution can change the probability assignment autonomously. I have shown that by
making this parameter adaptive to the environment, the protocol can achieve 10-20% better re-
sult 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 protocols. [B1, J3, C3, C5]

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.

The direction is calculated as follows:

~vdirection =

{
− ~vi
|~vi| −

~vj
|~vj | , if α ≤ π

~vi
|~vi| +

~vj
|~vj | , else

(4)

~edirection =
~vdirection
|~vdirection|

(5)
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Where ~vi and ~vj are vectors from the central node to the node i and j whereas all
the currently covered nodes are in the i-central node-j circle sector, and it encloses the
smallest angle amongst all these sectors. And α is the angle between the two vectors. 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; therefore, a different probability calculation should be used which
depends on other metrics. Otherwise, the following probability assignment is applied.

pi = max(~vi · ~edirection, 0) = max(|~vi| ∗ |~edirection| ∗ cos(θ), 0) = max(|~vi| ∗ cos(θ), 0) (6)

The protocol was examined in the same self-organizing network simulator and compared
to others also relying on spatial information such as the DAD [20], the GEN algorithm, and
to Ni et al.’s location-based algorithm [19]. The results for number of duplicated messages
and coverage times can be seen in Figure 1 for the DiBHG, in the function of the αthreshold

input parameter. As the other three protocol does not depend on an input angle, their
results are constant.
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Figure 1: Results of the DAD, the GEN, the Ni at al’s and the DiBHG protocols in the
self-organizing network simulator.

As expected, for small αthreshold values 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, which results in a broad angle of data dissemination. In the majority of these cases,
(where the αthreshold is small), the retransmission probability assignment of the VBHG is
utilized, without a dominant dissemination direction. The figure shows that the DiBHG
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can overperform the other three solutions regarding the number of duplications if the input
parameter is chosen wisely. However, coverage time should also be considered. 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 there is a
wide range of the input parameter for which the DiBHG protocol performs better in both
indicators. When compared with the Ni et al. algorithm, it over-performs it for all of the
values of the αthreshold parameter, either in the number of duplications, either in the number
of duplications, or coverage time. Therefore, 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.

4.2 Context-aware MAS for Emergency Management

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. 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 [21]) 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 important 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. Context awareness should
be introduced to fully enable the great potential of pervasive system as context-aware MAS
are able to adapt their operations to the current context.

Emergency management systems should also rely on context-related information such
as the location, and the state of the hazard and the information should be disseminated
in the whole system even in catastrophic events as well. Thus, based on the aforemen-
tioned and also on the results from the previous Thesis group (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 management. I have ex-
tended the original Emergency Support System (ESS) [7] (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 net-
works, therefore, I have applied the results from the previous Thesis group 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.

The original ESS was proposed in [7]. The ESS consists of fixed Sensor Nodes (SNs)
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and mobile Communication Nodes (CNs) (carried by civilians). SNs are pre-deployed at
fixed locations in the building and monitor the environment for possible hazards. Each SN
has short range wireless communication capability so it can directly communicate with CNs
in range. SNs do not perform any data storage, processing or decision making and are only
utilized for environment monitoring and civilian localization. It is important to note that
the SNs do not form a conventional wireless sensor network and hazard information is not
disseminated amongst SNs.

CNs form a system in a self-organizing manner as devices come into contact as a result
of human mobility. 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. 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 locations where civilians
may congregate and move and edges (E) represent path segments that civilians may follow.
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 for later use. Each CN stores in
local memory the building graph.

Each Emergency Message (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.

Thesis II.1. I have proposed a context-aware MAS for emergency management which 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 previously described system had been modified based on the following 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.

The directions from the civilian’s position to the exits 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
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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 vector carried by
the CN (which points from the affected location to the current civilian’s position and has
length 1) generated at ti. Then the resultant vector could be calculated as follows:

~vsum =
tn∑

i=t0

1

2i
∗ ~vi (7)

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. 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 (8)

φi denotes the angle between the fire vector and the ith exit vector, Di is the shortest
path cost to the ith 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. To prevent this, the
cost function should be modified with a new factor:

ρi ≡ ρ(φi, G) =
∆i

miniDi

∗ F̂i (9)

ρi is called the uncertainty factor, and its purpose is to reduce the probability of choosing
a suboptimal path based on the directions. ∆i is the difference between the shortest path’s
cost to the ith exit and the minimum of the shortest path’s costs to each exit (thus, ∆i =
Di−miniDi). 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

(10)

The novel pathfinding algorithm uses the previously presented cost function (Equa-
tion 10) 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 ensures that the civilian will be guided toward the most
appropriate fire exit.
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(a) Average evacuee health vs. number of the civil-
ians.
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(b) Evacuated civilians vs. number of the civilians.

Figure 2: Results of the evacuation: 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 2 presents the results regarding the states of the civilians. The first column
in each group (indicated with ESS label) represents the same emergency system as the
introduced original system, where the Dijkstra shortest path algorithm is used for selecting
the evacuation path. The second, third and fourth columns show results for the enhanced
system with the error model being used for the localization. ESS+ is an ideal scenario
with no error in the positioning system, 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 evacuated civilians than the base ESS. The 3%–4% improvement in the number of
the evacuees means 30–40 people in the most crowded scenario. The proposed algorithm
does not only rescue more people from the building, but the evacuated civilians have better
health as well (Figure 2(a)).

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

As it was stated in the previous Thesis group, most data forwarding and routing protocols
for self-organizing networks try to achieve a balance between message delivery ratio and
resource consumption [22, 23]. For the dissemination of EMs, which are very short in
nature, a high delivery ratio and low message latencies are crucial. The original system was
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equipped with the EpR protocol, since the main was that each EM is intended for all CNs
in the system.

The determination of the fire vector in Equation 7 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
vector 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 which contain
information about the other part of the environment. Therefore, this decision should be
made regarding the actual environment and use case.

Based on this, 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 3: Results of the proposed emergency systems in terms of resource usage during
communications: the starting position of the fire was changed between the two cases. 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.

Figure 3 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
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should be established (so in this aspect the first column here is meaningless, it is shown only
for completeness). As 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 sent messages
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. Based on parameter optimization the αt has been set to π/4
in the simulations. 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.

4.3 Self-Organizing Solutions for Cooperation and Coordination
in MASs

MASs are a group of agents designed to perform some collective behavior. There is a
large variety of agents, 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 engi-
neering applications as well. Applications of them include massive mobile sensing in an
environment [24], parallel and simultaneous transportation of vehicles or delivery of pay-
loads [25], performing military missions, such as reconnaissance, surveillance, and combat
using a cooperative group of Unmanned Aerial Vehicless (UAVs) [26, 4], etc.

These benefits have attracted many researchers from academia and industry to investi-
gate how to design and develop robust, versatile MASs by solving a number of challenging
problems such as complex task allocation, group formation, and communications to name
just a few. One of the most challenging problems of MASs is how to optimally and au-
tonomously 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, required 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 solutions which
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 com-
munications 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
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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 type of communi-
cations underlying the MASs. The first is when a global infrastructure network is utilized,
causing the collection of heterogeneous 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 provide 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 implemented on
real golf carts and were tested on the Charles III University of Madrid campus.

4.3.1 MATA Framework for Local Interactions-based Systems

Thesis III.1. I have proposed a distributed auction-based task allocation framework for local
interactions-based MASs such as flocking systems. The framework can provide allocation
regardless the algebraic connectivity of the underlying network graph. I have also shown
that it can provide the allocation in the fastest way compared to the Simulated Annealing
(five times faster), the Random Walk (four times faster), and the 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 Simulated 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 interactions between neighboring
nodes, as there is no fix networking infrastructure 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 coordinate
the task allocation in the system. In order to control and synchronize the output of the
auctions a logical entity called token is introduced.

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 – where 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 – 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.
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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 trig-
gered, 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 com-
munications based on the constructed tree. Thus, the tree is responsible for controlling
which nodes should rebroadcast the received packets.

3. Use the broadcast tree to make communication more efficient in the process of
allocation.

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

Thesis III.2. I have proposed a greedy algorithm to select the minimum vertex 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 vertices. [C8]

The goal is to select the minimum number of auctioneer nodes in the system, where each
node has a local network table that 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. 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. As the problem can be Karp-reduced to
an integer linear program which is NP-complete, therefore, it is NP-hard.
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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 ′

Since the problem is NP-hard, a constructive heuristic algorithm is given which finds 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.

It is easy to see that the 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 = ∅, 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 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) as well. 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.

An upper bound for the number of the covering nodes is b|V (G)|/2c + 1. It is obvious
that if we can guarantee this upper bound on a 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
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additional one vertex is added to the upper bound because by using a heuristic algorithm
in trees it may select the wrong one from the two distinct sets (this happens only when the
difference between the two sets is only 1).

The objective is to evaluate the effect of the proposed graph-based framework in the
context of a realistic flock environment. Thus, a simulation study using the SimPy process-
based discrete-event simulation framework [17] in a realistic scenario has been chosen to
conduct.
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Figure 4: The results of the task allocation frameworks regarding optimal allocation in
flocking systems.

The results regarding the optimal coverage are depicted in Figure 4, while results pre-
sented in Figure 5 relate to resource consumption and speed.
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Figure 5: The results of the task allocation frameworks regarding the number of performed
auctions and the simulation time.
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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.

4.3.2 Task Allocation Framework for Infrastructure-based MASs

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

Agents in infrastructure-based MASs rely on a stable and efficient communication ar-
chitecture. Therefore, all the different entities can communicate 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 autonomous agents,
using coordination and cooperation mechanisms. These requests can be generated from
anywhere, but then are stored on a centralized 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 a set of agents, there is one leader agent, while
all other agents are followers. Only the leader agent communicates (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.
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In this mechanism, leader agent selection is essential to be dynamic and autonomous.
Hence a token concept is also introduced, at which the agent that holds the token is the
leader. Through a token selection algorithm, which runs in every agent, the leader is se-
lected based on the 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 com-
munication, 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.

Figure 6: The proposed MATA framework for infrastructure-based MASs.

Figure 6 summarizes the proposed framework, where the flowchart process is executed in
every agent.

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 poly-
nomial 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]
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The bid calculation can be formulated as a Traveling Salesman Problem (TSP). 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. 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.

To meet the time requirements, a memory-based solution is introduced. 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. But 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 11.

p(n, d) =
n!

nd ∗ (n− d)!
(11)

Since this probability is decreasing very fast to 0, therefore, a trade-off can be made and
store the optimal permutations only until a k threshold value.

Because of this caching enhancement, the bidding strategy also should be modified, since
the following two cases could come up during the allocation 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 consideration 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 [27]. 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 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 between the two cost values, namely the value of the
path that covers the new task as well minus the old one.

A discrete time-based simulator engine is implemented under the ROS platform, in order
to test the efficiency of the proposed MATA algorithm. Two scenarios (when the number
of the tasks is lower and higher than the k threshold value) have been examined, and the
results are depicted in Figure 7. Based on the results, the greedy Nearest Neighbor algorithm
performs the worst. This is absolutely straightforward since this one selects task based on
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Figure 7: Result of the proposed MATA algorithm when the number of the tasks is smaller
and bigger than the k threshold.

local optimum values. 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 almost the same, but while the optimal by the agent does
it with exponential time complexity, the memory based solution calculates the allocation in
polynomial time and uses only polynomial amount of memory as well.

5 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 Transporta-
tion 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
performance 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 communication in the underlying Mobile Ad-Hoc Network (MANET)
formed by the mobile agents. All of the protocols:

• use the same 3-way handshaking mechanism which 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 which are calculated and
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assigned by a previous sender node.

The protocols attempt to determine the value of the retransmission probability based
on local metrics from the environment (e.g., distances between the nodes, number of neigh-
bors, and the direction of the communication) and differ from each other in the way of the
probability calculation and the applied 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 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 pro-
tocols 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 plug-in has been implemented to the Proto
spatial computing simulator. The plug-in 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 plug-in should be replaced with the introduced
one, as it utilizes the communication medium more efficiently.

By providing efficient communication between the agents, the focus was shifted to opti-
mize 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
Emergency Support System (ESS). From the results, it can be concluded that the novel sys-
tem 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 emer-
gency management systems, as the mobile agents can work in cases when the fixed infras-
tructure 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-
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
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agents can only communicate to others within the transmission range. The framework at-
tempts 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 participat-
ing agents can communicate with each other via a commonly available infrastructure-based
network. It introduces a leader-followers pattern 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 attempts to exploit
that the agents might be aware of the possible tasks in the system. Exploiting this knowl-
edge, a memory enhancement can be added in order to find suboptimal allocation but with
polynomial space and time complexity. As the MATA problem can be formulated as a mul-
tiple 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 algorithm has been
implemented on real electric golf carts in order to prove the real-life applicability of them.
The test was filmed and can be watched at medianets.hu/demo/kokand/ITSC2017_demo.

mp4.
As it could be seen, 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 including ITSs, emergency systems, UAV and robot
fleet management, and many others.
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heterogeneous military manet trace,” Ad-hoc, Mobile and Wireless Networks, pp. 463–
474, 2008.

[11] A. Maniezzo, “Distributed optimization by ant colonies,” in Toward a practice of au-
tonomous systems: proceedings of the First European Conference on Artificial Life,
p. 134, Mit Press, 1992.

[12] B. Gerkey, On Multi-robot Task Allocation. PhD thesis, Faculty of the Graduate School
- University of Southern California, August 2003.

[13] M. Badreldin, A. Hussein, and A. Khamis, “A comparative study between optimization
and market-based approaches to multi-robot task allocation,” Journal of Advances in
Artificial Intelligence, pp. 1–11, 2013.

[14] A. Filippoupolitis, G. Gorbil, and E. Gelenbe, “Spatial computers for emergency sup-
port,” The Computer Journal, vol. 56, no. 12, pp. 1399–1416, 2012.

[15] J. Bachrach and J. Beal, “Building spatial computers,” 2007.
[16] N. Dimakis, A. Filippoupolitis, and E. Gelenbe, “Distributed building evacuation sim-

ulator for smart emergency management,” The Computer Journal, vol. 53, no. 9,
pp. 1384–1400, 2010.

[17] N. Matloff, “Introduction to discrete-event simulation and the simpy language,” Davis,
CA. Dept of Computer Science. University of California at Davis. Retrieved on August,
vol. 2, p. 2009, 2008.

[18] M. Quigley, K. Conley, B. Gerkey, J. Faust, T. Foote, J. Leibs, R. Wheeler, and A. Y.
Ng, “Ros: an open-source robot operating system,” in ICRA workshop on open source
software, vol. 3, Kobe, 2009.

28



[19] S. Ni, Y. Tseng, Y. Chen, and J. Sheu, “The broadcast storm problem in a mobile ad
hoc network,” in Proceedings of the 5th annual ACM/IEEE international conference on
Mobile computing and networking, pp. 151–162, ACM, 1999.

[20] X. Chen, M. Faloutsos, and S. Krishnamurthy, “Distance adaptive (dad) broadcasting
for ad hoc networks,” in MILCOM 2002. Proceedings, vol. 2, pp. 879–883, IEEE, 2002.

[21] M. Weiser, “The computer for the 21st century.,” Mobile Computing and Communica-
tions Review, vol. 3, no. 3, pp. 3–11, 1999.

[22] L. Liu and Z. Chen, “Data forwarding in opportunistic networks,” Information Tech-
nology Journal, vol. 9, no. 2, pp. 215–223, 2010.

[23] C. Boldrini, M. Conti, and A. Passarella, “Autonomic behaviour of opportunistic net-
work routing,” International Journal of Autonomous and Adaptive Communications
Systems, vol. 1, no. 1, pp. 122–147, 2008.

[24] H. M. La, W. Sheng, and J. Chen, “Cooperative and active sensing in mobile sensor
networks for scalar field mapping,” Systems, Man, and Cybernetics: Systems, IEEE
Transactions on, vol. 45, no. 1, pp. 1–12, 2015.

[25] X. Wang, J. Qin, and C. Yu, “Iss method for coordination control of nonlinear dynamical
agents under directed topology,” Cybernetics, IEEE Transactions on, vol. 44, no. 10,
pp. 1832–1845, 2014.

[26] X. Zhu, C. Wei, H. Duan, and Q. Li, “Some new results on bees-mechanism-based flock
control with neighbors chosen by topological distance,” in Guidance, Navigation and
Control Conference (CGNCC), 2014 IEEE Chinese, pp. 2681–2686, IEEE, 2014.

[27] S. Arora, “Polynomial time approximation schemes for euclidean traveling salesman and
other geometric problems,” Journal of the ACM (JACM), vol. 45, no. 5, pp. 753–782,
1998.

29


	Introduction
	Research Objectives
	Research Methodology
	New Results
	Multi-hop Communication Protocols for Self-Organizing Mobile Networks
	Context-aware mas for Emergency Management
	Self-Organizing Solutions for Cooperation and Coordination in mas
	mata Framework for Local Interactions-based Systems
	Task Allocation Framework for Infrastructure-based mas


	Conclusions

