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Abstrakt
Tato bakalářská práce se zabývá problémem decentralizovaného prohledávání
neznámého prostředí homogenním týmem autonomních robotů. Jako základ navrženého systému slouží softwarový rámec pro prohledávání více roboty
vyvinutý skupinou Inteligentní a mobilní robotiky Českého institutu informatiky, robotiky a kybernetiky, který byl v rámci práce rozšířen o možnost
kooperace mezi roboty v týmu. Práce obsahuje porovnání různých protokolů
směrování, porovnání přístupů pro výměnu informací v ad hoc sítích a porovnání přístupů koordinace více robotů. Návrh systému rovněž zahrnuje detailní analýzu možných komunikačních vzorů v distribuovaných robotických
systémech. Výsledkem této analýzy je popis struktury aplikace, která byla
posléze implementována. Testování vyvinutých funkcionalit bylo provedeno
souborem experimentů s různými nastaveními exploračního procesu a s různým
počtem robotů.
Klíčová slova multi-robotické systémy, decentralizované prohledávání, simulace, omezená komunikace, kooperace

ix

Abstract
This bachelor’s thesis deals with the problem of decentralized exploration of an
unknown environment by a homogeneous multi-robot team. The exploration
framework for multi-robot terrain exploration by Intelligent and Mobile Robotics Group at the Czech Institute of Informatics, Robotics and Cybernetics is
used as the basis for the design and implementation of an application that has
the functionality to cooperate with other team members. The thesis includes
a comparative analysis of the various routing protocols, a comparison of message passing approaches in ad hoc networks and a comparison of algorithms for
multi-robot coordination. The design includes a detailed analysis of the possible communication patterns for distributed multi-robot system. The result
of the analysis is a structure description of the implemented application. Testing of developed functionality is based on the results of several experiments
with various input conditions of the exploration process and various teams of
robots.
Keywords multi-robot systems, decentralized exploration, simulation, limited communication, cooperation

x

Contents
Citation of this thesis . . . . . . . . . . . . . . . . . . . . . . . viii
Introduction

1

1 Theory
1.1 Task of multi-robot exploration of an unknown environment
1.1.1 Single robot vs. multi-robot system . . . . . . . . . .
1.2 Mobile ad hoc networks . . . . . . . . . . . . . . . . . . . .
1.3 Classification of Ad Hoc Routing Protocols . . . . . . . . .
1.4 Multi-robot communication . . . . . . . . . . . . . . . . . .
1.4.1 Destination Sequenced Distance Vector Routing . . .
1.4.2 Dynamic Source Routing . . . . . . . . . . . . . . .
1.4.3 Ad hoc On-Demand Distance Vector Routing . . . .
1.5 Multi-robot coordination . . . . . . . . . . . . . . . . . . . .
1.5.1 Prioritized planning . . . . . . . . . . . . . . . . . .
2 Analysis and design
2.1 Design of multi-robot system communication . . .
2.1.1 General requirements . . . . . . . . . . . . .
2.1.2 Message-Oriented Middleware . . . . . . . .
2.1.3 ActiveMQ Apollo vs. ZeroMQ . . . . . . .
2.1.4 Comparison of ZeroMQ patterns . . . . . .
2.1.5 Design of building connection among robots
2.1.6 Comparison of Routing Protocols . . . . . .
3 Realization
3.1 Provided exploration framework .
3.2 Application roles . . . . . . . . .
3.3 Realization of application logic .
3.3.1 General structure . . . . .
3.3.2 The motion control thread
xi

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

3
3
6
8
10
12
12
13
15
17
18

.
.
.
.
.
.
.

21
21
21
22
22
24
26
27

.
.
.
.
.

29
29
30
31
31
32

3.3.3
3.3.4
3.3.5

3.4

The visualization thread . . . . . . . . . . . . . . . . . .
The path planning thread and the timer thread . . . . .
The message processing thread and the inbox messages
thread . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The problem with fault tolerance of the ZeroMQ library . . . .

33
33
34
35

4 Experiments
37
4.1 Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2 Time of the exploration . . . . . . . . . . . . . . . . . . . . . . 38
4.3 Plan generations . . . . . . . . . . . . . . . . . . . . . . . . . . 39
Conclusion

43

Bibliography

45

A Acronyms

49

B Contents of enclosed CD

51

xii

List of Figures
1.1

An example of the occupancy grid constructed on the basis of data
obtained from the laser rangefinder [4] . . . . . . . . . . . . . . . .
An example of frontier-based exploration carried out by a single
robot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5

2.1
2.2

Basic patterns of ZeroMQ library [23] . . . . . . . . . . . . . . . .
Connection establishment . . . . . . . . . . . . . . . . . . . . . . .

25
27

3.1
3.2
3.3
3.4

Framework structure . . . . . . . . . . . . . . . . . . . . . . . . . .
Application structure . . . . . . . . . . . . . . . . . . . . . . . . . .
Scheme of: (a) the motion control thread; (b) the visualization thread
Scheme of: (a) the path planning thread; (b) the inbox messages
thread; (c) the message processing thread . . . . . . . . . . . . . .
The general scheme of communication with the use of the nanomsg
library . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

30
31
33

1.2

3.5

4.1
4.2

4.3

4.4

The dependence of the steps from the team size. The value of the
laser range is: (a) 2 metres; (b) 1.5 metres . . . . . . . . . . . . . .
The result paths after the exploration. The laser range of the first
row is 2 meters, the second row is 1.5 meters. Columns are separated by team size: (a)+(d) 1 robot; (b)+(e) 2 robots; (c)+(f) 5
robots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The passed paths for the team of 10 robots and the laser range=20
meters at the step: (a) 80; (b) 580; (c) 800; (d) after finishing
exploration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The frequency of plan generations for an average robot from the
team that consist of: (a) 1 robot; (b) 2 robots; (c) 5 robots; (d) 10
robots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xiii

4

34
36

38

39

40

41

List of Tables
1.1

The examples of different routing protocols categories . . . . . . .

11

2.1

A brief comparison between ActiveMQ Apollo and ZeroMQ . . . .

23

xv

Introduction
A mobile robot is a mechanism, which has ability to move, get and gather
information from its sensors to produce a model of the environment, and send
obtained data to other robots to accelerate the spread of knowledge about
the terrain. Such a robot is usually autonomous, which means that the robot
performs its task without any human intervention. Suchwise, a human participates only in problem definition. One of the fundamental problems for this
kind of robots is exploration. That issue occurs when an environment model
is not known in advance. The solution to this problem implies getting a full
map of the terrain. At the same time, it requires minimizing the exploration
time or the power consumption as an additional target.
There are several applications, where the complete coverage of a terrain
during exploration is an integral part of a robotic mission. It might be extensive
tasks like planetary exploration, reconnaissance, rescue, or applied tasks like
mowing or cleaning.
The aim of this thesis is to create a framework with communication functionalities enabling decentralized coordination of a homogeneous team of mobile robots. General description of the terrain exploration problem, the analysis of existing approaches of the communication implementation in distributed systems and the comparison of various approaches to the coordination of
the multi-robot team are placed in the Chapter 1. The Chapter 2 discusses
the possible methods of implementation of communication between particular
modules. A comparison of ZeroMQ and Apollo ActiveMQ is also described
here. The communication establishment scheme and the general scheme of
communication between the team members are proposed based on the selected library. The Chapter 3 contains a description of the provided environment
framework by Intelligent and Mobile Robotics Group at the Czech Institute
of Informatics, Robotics and Cybernetics. The structure of developed application is also described here. The Chapter 4 contains results of the experiments,
which allow to verify the performance of the developed framework. The final
evaluation of the thesis is in the Conclusion.
1

Chapter

Theory
1.1

Task of multi-robot exploration of an unknown
environment

Existing approaches consider exploration in a wide range from practical solutions in the real world with physical robots to theoretical solutions with virtual
robots. In general, exploration is an iterative process that, at each step performs the following operations: the robot receives information from its sensors,
updates an internal model of the surrounding space on the basis of these data,
selects the next goal for the navigation on the basis of current knowledge, and
gradually moves to the selected destination. The process continues until there
are no more available goals, that is, all areas of the environment will be explored [1]. The main source of optimization is to prepare a set of possible goals
and select from them a next goal, which is the most favorable for exploration
purposes. One of the most known approaches is frontier-based exploration [2],
which will be considered in this thesis.
For purposes of this approach, the terrain model is represented as an occupancy grid, which was first described in [3]. Occupancy grids are used to
represent an environment as a discrete grid. Each cell of the grid corresponds
to an area of the terrain, and contains a probability that the obstacle can be
in this area. By default, a cell corresponding to the unexplored area of the
environment is assigned an initial probability (typically 0.5). If the occupancy
probability in the cell is more than the initial probability, the corresponding
area is assumed to be an obstacle. If the occupancy probability is less than
the initial probability, then the corresponding area is free from obstacles.
There are several possible ways for obtaining information about an environment, such as a monocular camera, a sonar or a distance sensor with a limited
range (also known as a laser rangefinder), see more details in [4]. This thesis
will proceed from the fact that the robots are equipped with laser rangefinders. It is a device that allows to determine the distance to an object with a
3
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Figure 1.1: An example of the occupancy grid constructed on the basis of data
obtained from the laser rangefinder [4]
laser beam. This sensor has a limited visibility, however, it can gather data
around itself, launching beams sequentially in different directions. Thus, the
robot receives from the sensor a set of distances. This set will be herein called
a laser scan. The distances from the laser scan may be transferred to coordinates on the grid using the sensor’s coordinates at the time of the scanning, the
sensor’s initial rotation angle and the angular resolution, which depends on
the number of distance’s measurements.
The next step after receiving the data from the sensor is to add new data
to the existing occupancy grid. It uses a Bayesian based updating technique.
Based on the assumption that all occupancy grid cells are independent, the
probability for each cell is updated separately. Bayes rule is used for the computation of a new cell probability based on the laser scan’s data. It defines a
new cell probability as the current cell probability multiplied by the probability
for a given cell according to the sensor data, and multiplied by a normalization
constant.
Figure 1.1 shows an example of the occupancy grid that can be built on the
basis of data received from the laser rangefinder. Cells with a high occupancy
probability are displayed in white. Cells which have an initial probability represented in gray, which means that these cells have not yet been explored.
Black cells indicate a low occupancy probability, that is, this area of the environment is free.
After updating the occupancy grid a robot needs to select a set of goals
towards which it can move. Frontier-based exploration is based on the concept
of a frontier, which is a boundary between the already known part of the terrain
4
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Figure 1.2: An example of frontier-based exploration carried out by a single
robot
and still an unknown part. The occupancy grid system uses the definition of
frontier cell, i.e. a free cell, which is an adjacent with at least one unexplored
cell. Adjacent frontier cells are combined into frontier regions. Each region
with a size comparable to the size of the robot is considered a frontier [2].
In the phase of choosing the best goal, the robot must choose one goal to
which it will move. It is selected from the frontiers, which had been prepared
in the previous step, and should provide an increase in knowledge about the
environment. Moving to one of these frontiers allows to expand the known
area. The list of frontiers is updated during exploration of new areas. The
robot carries out the removal of the points that are in the already known
territory, and adds new ones that are on the new border between the known
and the unknown part of the terrain.
The stop condition of the exploration is the lack of frontiers, that is, in
terms of the occupancy grid - there is no free cell that is adjacent to an unexplored cell.
This thesis implies a common coordinate grid for all robots in the team
and each robot knows its initial position on this grid in advance. That is, the
thesis does not consider the problem of localization of robots in the terrain,
and localization of laser scans on the occupancy grid received from sensors.
In the case where more than a single robot are involved in exploration, the
data obtained from other robots may be an additional source of information
about the terrain. For this reason, the robots are equipped with a wireless
communication device with the same distance range allowing to broadcast
messages. The data are transferred between two robots, if they are in range
of each other devices, regardless of the presence of obstacles in between. Such
an assumption was made for the convenience of the simulation.
5
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Figure 1.2 shows the process of the frontier-based exploration of the square
terrain with obstacles by one robot. The known obstacle-free zone of the map
is colored in black. The unexplored area of the environment is painted in gray.
The closed polylines are obstacles. The filling of obstacles is also gray as for
unknown zone of the map, because these areas are not available for exploration.
The yellow point is a representation of the robot. The travelled path is shown
as the orange curve. All the blue points are the frontiers, because they lie on
the boundary between the known (black) and unknown (gray) area. The robot
moves to one of the points on the border of zones to expand the known region.
The line between the current position of the robot and this target point on
the border is colored in green. The exploration will end when there is no blue
point. This means that all achievable unknown zones will be explored by the
robot.

1.1.1

Single robot vs. multi-robot system

Exploration of terrain can be carried out by a single robot. This implementation will be easier since there is no need to develop a system of communication
and cooperation, in contrast to approaches employing a robotic team. A single
robot has a bounded speed, so it needs an effective algorithm of goals selection. The majority of present articles deals with the problem of developing
an optimal algorithm for the exploration of an unknown environment, which
minimizes time and energy spent by a robot. However, the effectiveness of
exploration will be always limited by real-world requirements, such as the
maximum possible speed of the robot.
In addition to physical limitations, exploration by one robot strongly depends on the accuracy and fidelity of the data received from sensors. In the
case of an optimal algorithm for exploration, information obtained from the
sensor will not overlap. In other words, the robot will be received only the
data from still unexplored areas of terrain. That is, there will be no possibility
of eliminating sensor error with repeated application data from the same zone.
Besides the errors in the data that may be obtained from the sensor, the
robot itself can break, or it may run out of energy. In this case, the launched
exploration of the terrain will not be completed at all.
The solution of these problems is to use a team of robots instead of a single
robot. Using a group of mobile robots enables to overcome physical restrictions. The team divides a solution of the problem between all members, so the
overall exploration time will decrease. Due to the fact that group members do
not transmit complete information about the known zones of the map to each
other, it is possible to explore the same area of the terrain by another robot.
Some amount of overlapping is desirable, because the repeated coverage decreases the mission’s efficiency. Thereby, merging of overlapping information
helps to avoid inaccuracies in data obtained from the sensors to create more
precise map. Additionally, the team of robots is more fault-tolerant. It means
6
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that single robot failure in the team is acceptable as the rest of the robots can
continue this exploration.
The use of a team allows to significantly optimize the process of exploration,
however, it is necessary to consider the negative side. The robot as a part of a
team must be able to create a connection and share information with others,
to consider and analyze incomings from other robots’ data. Development and
implementation of these functionalities greatly complicates creation of such a
robot and testing its working in the team. Environment research by a team
also contributes to the process a certain degree of ambiguity. The robot does
not always have information about the goals of other robots in the group, or
other robots may force it to change its actions, for example, to select another
frontier as the goal of the exploration.
The main difficulty is to coordinate actions of team members. A large
number of robots allows to accelerate the process of terrain exploration, however, the establishment of an effective coordination of all team members has an
important role. As described above, in this thesis the robots have a common
coordinate system and there is no need to conduct localization. Thereby, each
robot knows its own position relative to the others. The challenge of effective
coordination in this case is to send team members to different non-overlapping
areas of the terrain. Frontier-based exploration is best suited to implement
such coordination, because it aims to move to the border between the known
and unknown part of the environment [5].
The next challenge is integration of information from different robots into
a consistent map. The solution highlighted in [6], which describes frontierbased exploration, is extended to apply to a team of robots. Each robot in the
team maintains and supports the relevance of a grid-based map. During the
movement to the new selected frontier, the robot receives information from
its sensor and creates a local map based on the obtained data. This local
map is added to its own global map and sent to the rest of the robots. Other
robots receive this part of the map, add it to the collection of local maps from
other robots, and update its global map with the new local map. Based on
the maps received from other robots, the robot reduces its ignorance of the
terrain and modifies the list of frontiers. This approach allows the exploration
to be cooperative and decentralized at the same time. Local maps obtained by
one robot are available to everyone else in a communication range. Thereby,
the robot can determine which areas of the environment have already been
explored by other robots and to choose another area to exploration.
The local maps are transmitted immediately after the data is received from
sensors, i.e. a team of robots becomes robust against breakage of individual
robots. If the robot is broken or has ended energy, it stops sending the local
maps. However, other robots will continue to explore, regardless of the operability of the other team members. Also, such a system is asynchronous.
Other robots do not wait for each other to perform some action and, therefore,
failure of one will not provoke others stop.
7
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However, there is a problem caused by real-world conditions and limited
bandwidth of communication channels. The presence of a large number of
robots in the team and active communication between them can provoke a
drop in the communication line. The solution is the ability of each robot to act
independently from the other team members and to conduct the exploration on
its own without the guidance of some central point of control. Thus, the team
of robots needs to have a decentralized architecture of multi-robot systems to
work effectively under conditions of limited communication [5].
The problem of decentralized terrain exploration by a multi-robot team requires solving the problem of communication between team members and the
problem of coordination its actions. The following sections provide an analysis
of existing approaches to communication in distributed systems. Possible approaches for the implementation of coordination within the team also will be
discussed.

1.2

Mobile ad hoc networks

There are two types of networks [7]: with a pre-established infrastructure and
without it. The second type of network is called an ad hoc network. It is
a multi-hop wireless network that has no predetermined structure. Members
of such a network have the ability to move independently and to establish
relationships with the others of the network. The main feature of ad hoc
network is a dynamically changing topology, because network nodes can continuously move. The absence of fixed structure and centralized administration
is a consequence of the high mobility of the network members. However, this
network has limited bandwidth capabilities of the wireless connection and it
is necessary to consider that each node has a limited amount of energy.
It may be necessary in ad hoc networks to hop several nodes, until the destination receives a packet. It is therefore necessary to have a routing protocol
that describes how two nodes must communicate with each other. The two
main functions of a routing protocol are to choose a route to deliver messages
between the source and receiver and deliver them to the correct destination.
The basic routing protocols are link-state routing and distance vector. In
the first case, each node has a complete view of the network topology and
knows the exact cost of the route to any other point in the network. The
cost function returns a value, which allows to determine the effectiveness of
one route over the other. This function for routing protocols is usually the
number of intermediate nodes through which the message forwards before it
reached the destination. To maintain correct costs for links each node of the
network periodically sends to all other nodes the costs of its outgoing links
through flooding. It is one of the known forms of broadcasting. The source
sends information to all its neighbors that are in communication range. The
nodes, which have received the message, forward it to their neighbors and
8
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the process continues until the message has reached all network members.
When the node receives the information via flooding, it updates its view of the
network topology. After updating, the node applies a shortest path algorithm,
which calculates the next hop on the shortest path to each node in the network
[8].
In distance vector, routing information is transmitted only between directly
connected nodes. Each member of the network periodically sends information
to all its neighbors. Based on the received nodes start the algorithm of the
shortest path to evaluate paths to the others. Thereby the node does not
have accurate knowledge of the paths to the destination, however, it evaluates
and determines to all other nodes the next hop in the path message to the
destination [8].
Distance vector is more efficient in routes computing, requires less memory
storage and consumes less network resources for the transmission of messages
compared to link-state routing. However, this routing protocol can produce
short-lived and long-lived loops. The main reason for their occurrence is that
each node selects the next hop independently of the others and only on the
basis of information it has. It should be noted that link-state routing can
also generate loops. This is because the node may have wrong knowledge
about the network topology, for example, due to the long propagation time of
information through the network. Knowledge of outdated topology can lead
to the creation of short-lived loops, which will disappear when the message
will pass the network diameter.
Despite the fact that these two routing protocols are well researched and
are in common use, both are not suitable for using in the ad hoc networks.
The protocols show good performance in networks with low rate of topology
changes, however, ad hoc network involves very frequent topology changes because of movement of network members. The main limitation is the fact that
both are highly dependent on periodically sending control messages, which are
necessary to maintain the relevant costs on the paths. Increasing the number
of members of the network will increase the number of incoming and outcoming messages with routing information and it will be necessary to calculate
a larger number of paths to the other nodes. Maintaining the relevant state
of the network using these protocols will constantly consume resources such
as bandwidth, computing power or energy. Thus the link-state routing and
vector distance are not suitable for use in ad hoc networks, which imply high
mobility of the network members.
The following describes the requirements that must be met for the routing
protocol to be suitable for ad hoc networks.
The key of them is fully distributed operations. The protocol should not
depend on a central control node. Ad hoc network differs from the stationary
one that allows the nodes easily join or disconnect from the network, that is,
the initial network can be divided into several networks. Due to high mobility
of the nodes, the protocol should easily adapt to changes in network topology
9
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caused by movement of nodes. It also needs to be localized, since global
exchange of routing information will require large overheads [7].
An important requirement is the absence of loops. The protocol should not
contain them, otherwise the overall efficiency is reduced, the loop will spend
more bandwidth and more computing power of each node in this loop. The
protocol should take care about saving resources of network members. Because
the members are the robots that have limited power, memory and computing
power, so it is necessary not to conduct redundant operations. To achieve this
goal it is important that the protocol is reactive. That is, the protocol does
not periodically send control messages with routing information, but it acts
when there is a need to convey the message. This approach will reduce the
network overheads [7, 9].
In addition, the protocol needs to be scalable, this means that its effectiveness should not depend on the number of members in the network. Increase
or decrease of the network should not affect its performance. It also needs to
be adapted to any speed of nodes and any type of their movements. In conditions of high mobility the protocol must be able to quickly recalculate cost
and build the path to the destination, which will include the fewest number
of other nodes. While building the path and the forwarding of messages, it is
necessary to effectively avoid outdated routes [9].
The following section contains classification of routing protocols based on
the above requirements, which will outline possible approaches to data routing
in the network. The main target is to select the routing protocol that is most
suitable for teams of mobile robots, which establish a wireless Mobile Ad hoc
Network (MANET) without any centralised structure.

1.3

Classification of Ad Hoc Routing Protocols

There are several classifications based on the routing protocols can be divided
into groups.
One of the possible classifications is the division of routing protocols into
centralized and distributed. In the first case, all route choices are made by a
central control node. In the second case, the route calculation is distributed
among members of the network. Distributed routing protocols are the most
suitable for the purposes of MANET with a limited communication range.
Another classification is the categorization of routing protocols, depending
on whether they change routes because of increasing congestion of certain
routes. Static algorithms use the generated routes from source to destination
regardless of traffic conditions. The route can be adjusted only by the refusal
of the link or one of the nodes contained in the route. This type of algorithm
will not provide huge throughput because it does not take into account the
congestion of certain routes. The adaptive algorithm means that the route can
vary depending on the load on some nodes or routes. In the case of MANET
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Table 1.1: The examples of different routing protocols categories
Proactive

Reactive
Hybrid

Destination Sequenced Distance Vector (DSDV) [10], Wireless Routing Protocol (WRP) [11], Global State Routing
(GSR) [12], Fisheye State Routing (FSR) [13]
Dynamic Source Routing (DSR) [14], Temporally Ordered
Routing Algorithm (TORA) [15]
Zone Routing Protocol (ZRP) [16], Ad hoc On-Demand Distance Vector Routing (AODV) [17]

this classification is inessential, because the routes will be updated frequently
in a rapidly changing topology and the traffic situation in the network will also
change.
The main and most practical for ad hoc networks is the division into proactive (table-driven), reactive (on-demand) and hybrid, which combines advantages of the first two categories. The table 1.1 contains some examples of
each category of routing protocols.
Proactive protocols constantly maintain the relevance of the routes between
sources and destinations. For this reason, when there is a need to forward a
message, the required route is already known and the message may be immediately transferred. To maintain a correct view of the network topology the
protocol responds to every change in the structure by sending changes across
the entire network. The protocol of this type periodically sends route update
messages to its neighbors. Moreover, route updates are sent in the case that
the network topology does not change. These protocols require to store routing
information in one or more tables in each node [18].
Proactive protocols are not suitable for ad hoc networks, because route
tables need to be refreshed at each change in network topology. This leads
to excessive consumption of resources, which reduces network performance at
high loads. Also, these protocols do not scale well and control overheads are
proportional to the number of nodes in the network. Furthermore, they require
a large memory capacity, as each node needs to store one or more tables [9].
An example of a proactive protocol can be Destination Sequenced Distance
Vector (DSDV) [10], Wireless Routing Protocol [11], Global State Routing [12]
or Fisheye State Routing [13]. In this thesis will be discussed in greater detail
DSDV routing protocol.
Reactive protocols perform the process of route discovery only on request.
The source floods the network with route query requests when a packet needs
to be routed using distance vector routing or source routing.
In the first case, each node contains information about the active routes
that are maintained while there is a need or not yet expired route lifetime, that
prevents stale routes. Distance vector routing uses the address of the next hop
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and the destination to route packets. In the second case, the nodes do not
need routing tables, because the source system adds routing information into
a header of the data packet.
The problem of reactive protocols is the delay of packet transmission during the route discovery. On the other side, the route is discovered only
when needed, i.e. generally it is less memory demanding compared to proactive protocols and requires relatively little control traffic overhead. Also
on-demand protocols use flooding, to disseminate information over a network.
This method is acceptable, because it is used only during a route discovery,
however, it produces network overhead and redundantly uses bandwidth [18].
Dynamic Source Routing (DSR) [14] protocol or Temporally Ordered Routing Algorithm [15] are examples of reactive protocols. The first of these will
be described in detail in this thesis.
Hybrid protocols typically try to reduce delay of route discovery from reactive systems by creating some form of routing tables and reduce control traffic
overhead from proactive systems [18]. Thus, they combine positive aspects of
both categories. Examples of hybrid protocol are Zone Routing Protocol [16]
and Ad hoc On-Demand Distance Vector Routing (AODV) [17]. The last of
these will be described herein.

1.4

Multi-robot communication

In this section, DSDV, DSR and AODV will be described in detail, which are
representatives of three categories of routing protocols: proactive, reactive and
hybrid, respectively.

1.4.1

Destination Sequenced Distance Vector Routing

DSDV was first described in [10] and it is an improved variant of distance
vector routing protocol for use in ad hoc networks. This means that the routing protocol also uses the Bellman-Ford algorithm to calculate the minimum
number of hops to the destination. As a result, each node maintains a routing table that contains entries for the next hop on the shortest path to all
reachable destinations. Each of these entries stores the destination address,
the address of the next hop on the path, the metric, which is defined as the
minimum number of hops to reach the destination, and the sequence number
received from the destination.
Sequence numbers that are assigned to the route, determine its freshness.
When the node receives a message with the new information, it compares the
sequence numbers of the new route with those already recorded in the routing
table. New information is used only if the route has a more recent sequence
number. If these numbers are equal, the route that contains a lower number of
hops is chosen. All routes with older sequence numbers are no longer used. If
new route information is recorded in the routing table, the metric is changed
12
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in comparison with the value from the incoming broadcast message, i.e. the
number of hops to the destination will be increased by one. These routing
updates are immediately planned to be sent to the neighbors.
Route sequences numbers are even, if they are generated by the destination
and increase with the propagation of a new route. If this number is odd, it
means that it was generated by any other node of the network and indicates
a broken link. That is, if it is found that the link is broken, for example,
because a neighbor does not send regular routing dump, this link is assigned
an infinite metric and the sequence number is increased by one, becoming an
odd number. Each node transmits information to its neighbors, so information
about the broken link is spread across the network. The use of such a route
numbering mechanism allows to avoid the major drawback of distance vector
routing protocol, i.e. DSDV does not contain loops.
DSDV uses two types of dumps with updates to be more adapted to the
conditions of use in ad hoc networks and to reduce network overhead. A full
dump contains all available information about the routing information and it
is sent at predetermined time intervals to all neighbors. The second type is
called incremental and this dump is sent at the moment when a route has been
changed and it is necessary to inform the other nodes in the network about
its update. These packets are sent immediately and they contain only changes
that have occurred since the last full dump.
Although incremental dumps are sent more frequently than full dumps,
the periodic sending of complete routing information to all neighbors causes
unnecessary overhead. Moreover DSDV is not the best for use in ad hoc networks, because in the conditions of frequent changes in the network topology,
the nodes will be sending a lot of packets about broken links that need to
be spread over the whole network. This propagation of information and frequent recalculation of optimal routes will increase the time required to build
the error-free path for routing. There by, excessive overhead arises in the case
that the network contains a large number of nodes, since it is necessary to store
a routing table with all destinations and propagate a packet to all reachable
nodes.

1.4.2

Dynamic Source Routing

Dynamic Source Routing (DSR) [14] is a reactive routing protocol, i.e. the
route discovery to the destination starts only when necessary to deliver the
data to this node. This routing protocol supports two types of operations:
route discovery and route maintenance.
Mechanism of route discovery starts when the node is required to transfer
the data, but the path to the destination is unknown. To start this process the
node sends a Route Request (RREQ) packet to all its neighbors. It consists of
the originator’s address, the destination’s address, a unique request identifier,
which is determined by the originator, and contains the sequence of nodes that
13
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has already been passed and will be required to build a route for data transmission. After receiving a packet of this type each node first checks whether
it is necessary to discard the packet for the case when the message with this
identifier has already been processed. If this RREQ has not been processed,
the node checks in its cache the presence of the route with corresponding destination. If a required route is not found, the node forwards the packet to its
neighbors after adding its own identifier to the sequence of nodes. If a route
to the requested destination has been found in the cache or the node is the
packet’s destination, the node sends a Route Reply (RREP) packet back to the
originator using the transmitted sequence of nodes in reverse order.
During a route discovery, the originator saves a copy of the message in
the send buffer. It contains copies of all packets that can not be sent due to
the fact that there is no route to the destination. Each packet is stamped
with time, when it was added to the buffer. At the expiration of a predetermined period of time the packet is discarded if it can not be transferred to the
destination. For packets that are waiting in the send buffer, it is necessary
occasionally to initiate a new route discovery. The rate of launching new route
discoveries to the same destination should be limited, because the requested
node may currently not be available. In this case, a large number of new
RREQ will reduce network bandwidth. To solve this problem the originator
uses an exponential back-off for situations when a new RREQ sends to the
same destination. That is, if the originator’s node tries to send a packet more
frequently than the predetermined limit, then the messages are stored in the
send buffer, until it receives a RREP. The node also can not initiate a new
route discovery, until the minimum permissible time elapses between requests
to the same destination.
After the route is built and the originator has received the RREP packet,
the sequence of nodes from the packet’s header is stored in the cache as the
route to the requested destination. Because the packet contains the whole
route, this principle is called source routing. Intermediate nodes use this sequence of nodes from the packet to determine to whom it should forward this
message.
All the nodes store a sequence of nodes in their cache during forwarding
that are contained in the packet’s header. For example, the intermediate node
caches the route to the originator while transmitting a RREQ or it caches the
route to the destination while transmitting a RREP. Thus, route caching can
speed up the route discovery, because the intermediate nodes can know the
rest of the route to the destination, and reduce the spread of route requests.
The second type of operations in DSR is route maintenance. This mechanism allows to determine that the network topology is changed, for example due
to the fact that the node is outside the data transmission range. That is, if it
is not possible to send a packet to the next hop or if the RREQ was forwarded
more than a predetermined maximum number of hops before reaching the destination, then this node sends a Route Error (RERR) packet to the originator.
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This RERR means that the link is no longer available and the packet can’t be
delivered by the route. In this case, the originator will remove all routes from
its cache which contains this link, then it will re-launch the process of route
discovery.
The main advantage of DSR is complete absence of any periodic updates
and a route building occurs only between the nodes that need to communicate.
However, all nodes that are involved in the route discovery are stored routes
from the transmitted packets, thus they increase its knowledge of the network
topology. In the future it will help to reduce the time of route discovery. Route
caching also allows to keep multiple alternative routes to the same destination.
However, the size of the transmitted packets increases with the length
of the route, as each hop adds its identifier in the sequence of nodes in the
packet’s header. In the case of some network topologies, the propagation of
route requests may potentially affect all the nodes in the network. Storing and
transferring stale cached routes is also a disadvantage of DSR, because during
the route discovery the node can use the stale route and send it as the RREP
packet to the originator. During forwarding, intermediate nodes save this stale
route in its cache, that in the future will increase the time of route building to
some nodes.

1.4.3

Ad hoc On-Demand Distance Vector Routing

Ad hoc On-Demand Distance Vector (AODV) [17] routing is a routing protocol
that combines the main advantages of DSDV and DSR. The main component
is the distance vector algorithm, which is also used in DSDV. However, unlike
the latter, AODV is reactive, i.e. builds routes only between those nodes that
need to exchange messages. Moreover, if the originator node has a valid route
to the destination in its routing table, the routing protocol is not used and the
data is immediately sent.
AODV, like DSR, uses three types of messages: Route Request (RREQ),
Route Reply (RREP) and Route Error (RERR). However, RREP packets are
also used for sending periodic hello messages that broadcasts to the neighbors,
within the range of data transmission. Hello messages can notify the neighbors
that a node is available and all its neighbors will consider that the route to the
node is valid. In the case the node has changed its position and it is no longer
in the transmission area, then the neighbor will not receive hello messages from
it and this node is marked as unavailable. If the node has become unavailable
and the connection with it is broken, the neighbor sends a message about the
link failure in the form of a RREP packet with infinite metric to a set of nodes
that are taken from the route in the neighbor’s routing table. Thus, AODV
allows to track and quickly spread information about changes in the network
topology.
In AODV, as in DSDV, each node builds its own routing table, but it does
not have to contain routes to all available destinations in the network. AODV
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maintains only one route for each destination. The following information is
stored for each route:
• Destination IP Address: the IP address of the destination;
• Destination Sequence Number : the latest sequence number, that was
received in the past;
• Route State: current state of the route entry, for example, valid or invalid;
• Hop Count: number of hops needed to reach the destination;
• Next Hop: the neighbor, which has been designated to forward packets
to destination for this route entry;
• List of Precursors: list of neighbors that are actively using this route
entry. If there is a link failure, RREP packets with an infinite metric
will be sent to these nodes;
• Lifetime: expiration or deletion time of the route entry.
This routing protocol supports two types of operations, like DSR. Route
maintenance is provided by the use of the hello messages’ mechanism and
RREP packets with an infinite metric.
If there is a need to send a data, and this node does not have an active route
to the destination, then the process of route discovery begins. For this, the
originator sends a RREQ packet to its neighbors, which contains: destination
IP address, originator IP address, destination sequence number, originator
sequence number, hop count, broadcast identifier (ID).
AODV uses sequence numbers to ensure the freedom of loops, which appears in the routing protocols that use distance vector routing. The node uses
its own sequence number as an originator sequence number, which is incremented before insertion in a RREQ and it is used in the destination’s route
table for a route entry to the originator. Also each node generates a broadcast
ID that is incremented at the initiation of each new RREQ packet. Thus,
each RREQ packet is uniquely identified by a pair of the originator’s IP address and the broadcast ID. A RREQ packet also contains the most recent
sequence number that has the node in its routing table for the destination. An
intermediate node is allowed to answer to a RREQ packet only if the route
to the appropriate destination from its routing table has the same or a higher
sequence number than the corresponding number in the RREQ packet.
When a node receives a RREQ packet, it carried out a series of tests that
determine whether the packet should be processed. First, the node verifies
that the RREQ has not yet processed by it in the past, that is, the packet
with the same pair of broadcast ID and originator IP address is not among
the list of processed RREQs. If the packet has already been processed, then
it is ignored. Otherwise, the node checks whether its own routing table has a
valid and fresh route to the desired destination. That is, the route must be
marked as active and the sequence number of the destination from the route
entry should be not less than the destination sequence number of the RREQ
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packet. If the node has the required active route, it prepares and sends a
RREP packet. If a suitable route is not found, it forwards the packet to its
neighbors.
During packet transmission, each node stores the information about the
neighbor in its routing table from which a RREQ was received. This entry
later is used to build the reverse path. These route entries have a limited
time of life slightly greater than the maximum time required for a packet to
pass through the entire network. That is, during this time, the RREQ must
reach the destination or the intermediate node with a required route and this
node sends a RREP packet on the reverse path. Also each intermediate node
increases the value of the hop count in the packet during forwarding process.
AODV uses together the principles of proactive and reactive approaches.
Route between nodes is established only if it is necessary to send the data and
there is no active route to the destination, i.e., the routing protocol reduces
network overhead. At the same time, each node sends hello messages to its
neighbors, that is, information about changes in the network topology quickly
spreads, and after that, the nodes can mark the corrupted routes as invalid.
RREQ packets in AODV are quite short, compared to a full or incremental
dump, which are produced by DSDV, that is, this approach reduces the load on
the network. A RREQ packet does not contain the complete sequence of nodes
in the packet’s header, that is an advantage compared to DSR. As a result,
AODV is a routing protocol that compensates for shortcomings of DSDV and
DSR, and maintains a balance between the size of the routing table in memory
and the network overhead.

1.5

Multi-robot coordination

During each iteration of frontier-based exploration algorithm, the robot selects
one of the frontiers as a goal to which it will move. After goal selection a
problem of planning arises, i.e. the robot needs to make an obstacle-free path
from its current position to the chosen goal. In the case when a team of
robots is involved in exploration, each robot of the team needs to determine a
path that does not only avoid obstacles, but also to avoid collisions with other
robots. In the general case, any other robot is considered as a moving obstacle
that has a predetermined size. Thus, multi-robot path planning problem is
a problem of determining path without collisions from current position to
selected goal in the environment for each robot of the team [19]. However, a
general problem of optimal planning of multiple simultaneously moving objects
is computational intractable, so the majority of the approaches achieves local
optimization and it is less demanding on the overall optimization.
Multi-robot path planning techniques can be divided into coupled (centralized) and decoupled. The coupled technique considers a team of robots in
the form of a composite robot system. Then a classical path-planning al17
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gorithm for a single robot is applied to the robot system. Using one of these
algorithms in stationary environments is guaranteed to return optimal paths in
polynomial time, but this problem in dynamic environments has an exponential computation time. That is, the computation time of the problem solution
exponentially depends on a team size. This technique can only be used for
teams with a small number of robots.
Decoupled approaches are divided into two categories: prioritized planning
and path coordination. Prioritized planning scheme [20] assigns to each robot a unique priority value, which can be obtained either randomly or using
some heuristics. Thereafter, paths towards goals are calculated in order of
priority value of the robot. During path calculating all robots, which have
the highest priority than the current node, are treated as moving obstacles. If
one of the robots can not find a path to the goal, which is conflict-free with
respect to robots with higher priority, then the whole algorithm fails, because
this scheme does not use backtracking. Thus, a major role in the prioritized
planning efficiency plays an initial prioritization of the robots in the team. The
main advantage of the scheme is the fast calculation of routes in a changing
environment.
On the other hand, path coordination scheme produces an independent
calculation of the robots’ paths, then conflicts are eliminated by adjusting a
robot velocity in certain parts of the path.

1.5.1

Prioritized planning

There are several possible implementations of the scheme in practice [21]: centralized prioritized planning (CPP), synchronized decentralized prioritized planning (SDPP) and asynchronous decentralized prioritized planning (ADPP).
The first variant of implementation implies the existence of a centralized
planner, to which the rest of the robot team reports its current location and
the selected goal. The centralized planner prioritizes robots and calculates a
solution that contains the path to each robot. Paths are computed by the
general algorithm for prioritized planning, i.e. for each robot builds a path
taking into account the paths of robots with the highest priority, which are
represented as moving obstacles. Then the planner sends the paths to the
robots, which are obliged to follow the chosen path.
The Synchronized Decentralized Prioritized Planning [22] algorithm is decentralized, that is, it does not use a centralized planner. Before running the
algorithm, a unique priority is assigned to each robot in team. This implementation works in synchronized iterations. Each iteration of the algorithm
begins with replanning. Each node itself calculates its own path from its current location to the destination and sends the generated path of the others.
Then each node waits for the moment when all other robots will construct their
own paths and send them to all other robots. When the node has generated
its path and has received reports from all team members about their paths,
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then verification of the paths compatibility starts. If, during the check, a node
has detected a conflict with a path of the node, which has a higher priority,
then it conducts replanning of its own path and informs the others about a
new path. The algorithm finishes when the robots could not find a solution
without collisions or all nodes have ceased to communicate.
The advantage of SDPP is that the computation of the path is distributed
between several robots. However, this implementation needs to know the number of nodes which are involved in planning to synchronize the iteration. This
is not always realizable in terms of mobility nodes with a limited transmission
range. In addition, while the robots do not find the collision-free solution for
all, the robots idle. Such behavior inhibits the process of the environment
exploration and causes the overhead of network resources.
Asynchronous Decentralized Prioritized Planning algorithm was suggested
in [21]. This algorithm does not use iterations synchronization, which is needed
in SDPP. Instead, ADPP uses a reactive approach, which forces a node to
react only at the moments when it receives a special message called INFORM
message. An INFORM message contains information about a generated path.
Each node that receives an INFORM message and has a lower priority than
the sender, takes into account the received path and checks that there are no
conflicts between its current plan and the plans of the other team members.
If a node can not generate a path to the goal, which will not cause collisions
with the others, the node can sleep for a while. In addition, the process of replanning and the solution consistency checking are executed asynchronously.
This means that if at the time of path re-planning a new INFORM message
arrives, the planning process will be interrupted. Then the robot updates the
knowledge about data paths of other nodes and the planning process starts
anew.
ADPP algorithm saves computational resources, because the paths computation is distributed among all nodes. A robot does not wait for synchronization with other robots, thereby it reduces the overall time of terrain exploration. ADPP also reduces the load on the network, compared with SDPP,
because robots only reports about its generated path and do not seek a common collision-free solution.
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Chapter

Analysis and design
This chapter describes the requirements for communication between robots, a
comparative analysis of various routing protocols and the analysis of software
that will be established a messaging system in a distributed system. On the
basis of the selected software the thesis will propose an algorithm to establish
a connection and a pattern of message transmission between members of the
network.

2.1
2.1.1

Design of multi-robot system communication
General requirements

As described in the section 1.1.1, a team of robots gets the benefit, if the robots
transmit information between themselves, because exploration time decreases
and efficiency increases. The application must be developed for future use
in the team of real robots. The total number of robots in a team will not
exceed ten pieces. However, as a simulator it should theoretically provide the
possibility of collaboration of a few dozen of robots.
An important requirement is the ability to increase or decrease the number
of robots in the a team during the already started exploration. This means
that the robot will not know in advance the total number of other robots in
the team and it needs to create connections during terrain exploration. This
approach will allow to add new robots to the already running exploration to
increase the speed of exploration, or to remove robots who, for example, ran
out of energy.
One of the requirements is to minimize the time between sending a message
and receiving it by the destination node. The robots are autonomous and
can carry out a terrain exploration without the participation of other robots,
but teamwork involves the exchange of information. Based on the obtained
information, the robot can update its knowledge of the environment, reduce
an unknown part of the terrain and to select new, more profitable goal for
21
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exploration. The sooner the robot gets this information, the faster it will
process the data and reduce the unknown area.
In addition to minimizing delivery time of messages, it is important that
messages reach the destination. That is one of the requirements is a high
ratio of delivered messages. Message loss is not a problem, because the robots
can carry out exploration independently, however, it may reduce the overall
efficiency of the system.
The application must take into account the real-world conditions and meet
the technical capabilities of real devices, because in the future, this application will be used as a basis for an application for the real robot team. It is
assumed that each robot will be equipped with a wireless access point with
predetermined limited transmission range. Therefore, the application should
not excessively waste network resources. Moreover, it should not cause unreasonable data transfer and processing, because it requires a further computing
means and it causes a higher energy consumption.

2.1.2

Message-Oriented Middleware

The application will use message passing. It is a technique for invoking behavior, which uses incoming messages from other processes to run a code. There
are two types of message passing: synchronous and asynchronous.
Synchronous approach implies that message exchange takes place at a time
when applications are running simultaneously. This approach is simple to implement, but has a significant disadvantage when used in distributed systems.
A message sender is blocked until it receives a response from a message recipient. Therefore, the application that sent a message remains infinitely blocked if
the recipient application is broken or it is outside the data transmission range.
That is, synchronous approaches are not appropriate for use in distributed
systems.
Asynchronous approach does not require simultaneous operation of a sender
and a recipient. The sender sends a desired message, which is stored by an
intermediate level of software. The sender is not blocked and it does not
expect a response from the recipient, i.e. the application can continue its
work. When the recipient is ready to receive data, it will get a message from
the intermediate level of software. The most known type of such software is
Message-Oriented Middleware (MOM).

2.1.3

ActiveMQ Apollo vs. ZeroMQ

This study examines two well-known Message-oriented middlewares: ActiveMQ
Apollo and ZeroMQ. The table 2.1 provides a brief comparison of main parameters of these two asynchronous messaging libraries.
As can be seen from the table, both libraries are open-source and welldocumented. The projects are working, both libraries shared a new stable
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Table 2.1: A brief comparison between ActiveMQ Apollo and ZeroMQ

Open-source
Has detailed documentation
Has new updates
Point-to-Point message passing
Publish/Subscribe message passing
Language binding for C/C++
Transport protocol
Support brokerless model
Complexity of use

ActiveMQ Apollo

ZeroMQ

Yes
Yes
Yes
Yes
Yes
Yes
TCP, UDP
No
Requires broker
configuration

Yes
Yes
Yes
Yes
Yes
Yes
TCP, in-proc
Yes
Without preconfiguration

version for the past six months. Each project has a large active community of
users.
MOMs usually can bind with many different programming languages. Since
the application is developed using the framework, which is implemented in
C++, then it is important that the application itself was written in C++.
ActiveMQ Apollo and ZeroMQ have binding for C++.
There are two main functionalities of MOMs: message queuing and publish/subscribe. The first approach is a point-to-point messaging model, that is,
a message is sent from a sender to a recipient. Publish/subscribe approach is
a many-to-many messaging model. Thus, the message can be successfully distributed over a large distributed system. This approach works on the principle
of radio, i.e. there is a publisher that creates a message and sends to a MOM
and there are recipients that receive the messages from the MOM depending
on their interests. Both libraries include point-to-point and publish/subscribe
message passing.
Both libraries support a wide range of transport protocols, but for the purposes of the application the thesis will focus on Transmission Control Protocol
(TCP), User Datagram Protocol (UDP) and in-proc.
Both ActiveMQ Apollo and ZeroMQ support transfer of data over TCP,
because it is the basic unicast transport protocol. It provides reliable and
ordered delivery of a byte stream through applications running on hosts connected via Internet Protocol network. The protocol also provides verification
that the message has been completely delivered to the recipient. Otherwise, it
will be held a retry request for a missing part of the message.
ActiveMQ Apollo supports UDP, while ZeroMQ does not support it. UDP
is not unlike TCP a reliable transport protocol, does not guarantee receiving messages in the right order, does not guarantee dublicate protection and
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does not control receipt of a message by a receiver. However, this protocol
is lightweight and allows broadcasting. This means that a message can be
sent to all accessible devices in a subnet with the use of UDP. Broadcasting is
necessary for implementation of the hello message mechanism, which is used
in Asynchronous Decentralized Prioritized Planning, described in the section
1.5.1. However, connection using UDP can be easily implemented using the
standard sockets, i.e. without the use of the library.
The last transport is in-proc. It is an inter-thread transport, which is much
faster than TCP and can transfer data between threads of a single application.
It is a special-purpose unicast protocol created by the ZeroMQ library, which
can be used to transfer data between threads of the application. An example
of communication is shown in the Figure 2.1(d). This pattern can be used
to organize communication between the different parts within the application
itself.
However, the most important difference is that the basic principle of ActiveMQ Apollo is to create and configure a broker. That is, it is necessary
to create a centralized broker to transmit messages between the sender and
the receiver. This concept is not suitable to implement a distributed system
of robots, where everyone can contact each other. A distributed multi-robot
system has no central node, which could be a broker. A possible solution is
creation of a broker at each node of the network. However, this solution is
cumbersome and requires excessive pre-configuration of brokers.
The ZeroMQ library was chosen for use in the application on the basis
of the above comparison of the characteristics of both libraries. Because the
library doesn’t provide an implementation of UDP, the transport protocol was
implemented using standard sockets.

2.1.4

Comparison of ZeroMQ patterns

The ZeroMQ library offers several basic communication patterns [23] based on
which it is possible to build the necessary interaction between members of the
network. For the purposes of distributed terrain exploration it is necessary to
create a system of autonomous robots. Each of them should be able to send
messages to the robots, which are in its data transmission zone, and receive
messages from them. Thus, each application must be able to send messages
to multiple recipients and to receive messages from multiple senders. The sent
messages may be of two types: flooding, which is sent to all accessible nodes
in a network and usual messages, which is sent to a specific node. Messages
of the latter type can be used by robots, e.g., for better goals selection for
exploration.
One of the basic patterns of multicast communication in ZeroMQ is PublishSubscribe (PUB-SUB), which is represented in the Figure 2.1(a). In this pattern
there is a publisher that works on the principle of radio. Subscribers connect to
the publisher and set up a filter that selects only messages related to a given
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(a) PUB-SUB

(b) REQ-REP

(c) REQ-ROUTER

(d) Exclusive pair

Figure 2.1: Basic patterns of ZeroMQ library [23]
robot. So, in the projected application, each robot in a team can have its
publisher, which sends messages to the others. In addition, each node creates
multiple subscriptions to information from other publishers.
This pattern has significant drawbacks. Firstly, the publisher sends information to all subscribers, so there is a waste of network resources. Secondly, the
robot as a subscriber can receive messages from a few tens of robots. In this
case, the library fairly interleave data coming from different publishers. None
of the publishers drowns out the others, however, the creation of a common
queue of messages from different publishers will increase the time of receiving
a response to a possible request from the message.
TCP and PUB-SUB pattern can cause problems with messages that will
be collected in a queue at the publisher. This problem occurs because of the
asynchronous work of PUB-SUB pair and the slow work of the subscriber who
does not receive its messages. A possible solution is to use the high-water
mark. By using this mechanism, messages will not be added to the queue, if
it have reached the maximum allowable size. In this case, the message, that
was ready to be sent, should be skipped or the publisher has to wait for the
release of items in the queue.
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Furthermore, a publisher does not track the actual receipt of a message by
the recipient, the message is just given to the library for distribution across
a network. In addition, PUB-SUB scheme has a symptom that is called slow
joiner problem and causes a guaranteed loss of the first messages that were
sent by the publisher during process of subscriber connecting. The problem is
caused by the fact that making a TCP connection involves multi-step handshake process that takes several milliseconds depending on the network. During this time, the library manages to send a large number of messages that
will never be received by the connecting subscriber.
Moreover, a publisher has no way of knowing about a fall of a subscriber
or a cause of its fall. Also, a publisher has no information about whether the
subscribers successfully connect to it. That is, the publisher doesn’t know
about their subscribers both during first connection and after restart due to a
fall.
The next possible solution is to use the Request-Reply (REQ-REP) pattern
or its extended version to receive messages from multiple senders - RequestRouter (REQ-ROUTER). A pair of REQ-REP is shown in the Figure 2.1(b). It
works in lockstep and resembles the work of procedure calls. It means that a
sender sends a message when it is necessary to obtain certain information from
a receiver. The recipient processes the message and returns a response to the
sender. Then, the recipient continues to expect another call from the sender.
REQ-ROUTER pattern, which is represented in the Figure 2.1(c), is an
extension of REQ-REP scheme. It creates an asynchronous server that can
receive messages from multiple REQ senders. Unlike PUB-SUB, the scheme is
reliable, because a server is obliged to respond to an incoming message. Also,
there is the ability to send messages directly to required recipient.
For the designed multi-robot system, the most appropriate solution is to
use each robot as a server which processes messages and sends responses on
them. That is, the senders receive a current state of the server in addition to
the requested information. According to the requests received from senders, a
ROUTER also can receive information about the network topology.

2.1.5

Design of building connection among robots

REQ-ROUTER pattern involves the launch of a server that will accept requests
for a specific socket and the launch of senders that will send requests to the
selected socket. However, one of the requirements was that robots do not
know in advance a number of other nodes in a team. Initially, a robot does
not have any information about the other robots in the network, that is, it
does not have the information necessary to create a connection. Also, other
robots do not know about the existence of the robot, because it does not send
any information.
Obtaining information about other robots occurs using the principle of
heartbeating. A heartbeat is a periodic message that is sent to all available
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(a) Heartbeating using UDP

(b) Connection using ZeroMQ library

Figure 2.2: Connection establishment

devices. The principle allows to synchronize the different parts of distributed
systems, and allows devices to tell the others about its presence. The implementation of the heartbeat uses UDP.
Figure 2.2 shows the principle of establishing a connection between autonomous robots. At first, a robot sends heartbeats to all reachable devices in current
subnet via UDP. If there are robots in the data transmission range and they do
not have connection to this robot, they use information obtained from heartbeat to connect to it using the ZeroMQ library. The reverse connection can be
formed by the heartbeat, which is sent by the robot that has already installed
one-way communication. The second possibility of creating reverse connection
is to process information received by the router, which still has no connection
with the message sender.
The robot can begin to transfer information to other nodes that are in the
data transmission range after the connection. The routing protocol is used
to transfer data to robots, which are outside this range. That is, the team
of robots becomes a mesh network. It means that each node is a router and
relays data between the network members. The next chapter contains the
comparison and selection of routing protocol that is most suitable for terrain
exploration by a multi-robot team.

2.1.6

Comparison of Routing Protocols

There are several criteria [24] for evaluating the performance of a routing
protocol:
• Packet delivery fraction is calculated as the ratio between the number of
received messages by the destination to the number of messages sent by
the sender;
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• End-to-end delay is the average time that elapses between the first packet
which was transmitted by the sender before the first data packet received
by the destination. The metric includes the time of route discovery,
transmission delay, queuing delay and propagation delay;
• Routing overhead is calculated as the ratio between the routing packets
to the total number of packets transmitted by the sender;
• Throughput is the amount of successfully delivered data via a communication link per time. It is usually measured in bits per second.
The article [24] discusses three routing protocol - DSDV, AODV and DSR.
Testing is carried out on teams of robots, whose size ranges from 10 to 80
pieces. Robots perform a task similar to the task of terrain exploration. Each
node chooses some point in the terrain and moves toward it. The article
considers all four criteria.
DSR and AODV show better value of packet delivery fraction than DSDV.
The value is about 95% for a team of 10 robots and it tends to 100% with
an increase in the team size. AODV shows the smallest value of end-to-end
delay. DSDV is a proactive routing protocol, so it shows better results than
DSR. The value of routing overhead for AODV is better than DSDV. However,
DSR has the smallest routing overhead in comparison with the other two.
Throughput has the lowest value for proactive DSDV. Both DSR and AODV
show approximately the same results, but this metric for DSR is slightly higher.
A performance comparison of AODV, OLSR and ZRP is described in [25].
The simulation is conducted for teams of robots with sizes of 25, 50, 75, 100,
and provides measurement of all metrics, except the routing overhead. The
packet delivery fraction for AODV is approximately 90%, while OLSR and
ZRP have the values of 20-40%. Moreover, AODV has the highest throughput, as compared to two other routing protocols. However, AODV shows a
significantly larger end-to-end delay than reactive OLSR and hybrid ZRP.
The publication [26] compares the performance of DSDV, TORA, DSR and
AODV. The maximum number of robots in the team in the simulation is 50.
The article considers several metrics, which include packet delivery fraction.
Both DSR and AODV shows excellent results for the packet delivery ratio,
which ranged from 95 to 100% depending on the network load.
AODV is selected for implementation on the basis of a comparison between
DSDV, AODV, DSR, OLSR, ZRP and TORA. Simulations use robot teams of
various sizes and display the measurement results that are close to the conditions of the real world. The main advantage of AODV is a high percentage of
packet delivery to the destination. The routing protocol has a good throughput compared to the rest. The designed application does not send many unicast messages, so the inflated end-to-end delay and routing overhead are not
important. That is, these values are acceptable for the terrain exploration
problem.
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Realization
This chapter describes the general structure of the developed application and
provides a detailed description of its components. Moreover, it contains description of the provided simulation software, which is extended with communication functionalities enabling decentralized coordination of a team of
exploring robots. In addition, it highlights the problem encountered during
the use of the ZeroMQ library and presents the solution to this problem.

3.1

Provided exploration framework

Application development is carried out on the basis of the framework for multirobot terrain exploration provided by Intelligent and Mobile Robotics (IMR)
Group from the Czech Institute of Informatics, Robotics and Cybernetics.
Figure 3.1 shows the internal structure of the framework. It is a loop, which
continues until the exploration is not finished. The framework works with all
robots in the team at once.
Simulation of robot sensors uses a file that describes an unknown environment. The application generates a sequence of measurements, based on the
current robot position and the map’s file. This sequence is a laser scan.
The framework performs all operations for one iteration of the exploration
process. Occupancy grid is used to find a set of possible frontiers for current
iteration. Then, the framework uses an exploration strategy. It is the process
that determines the next goal for the motion. The framework provides several
possible strategies. Greedy strategy is chosen for the developed multi-robot
application. This strategy has been proposed for use by the author of frontierbased exploration [2].
Then the framework plans a path from the current robot position in the
environment to the selected goal. Path planning starts with inflating the
obstacles in the grid by a radius of the robot, which prevents collisions of
the robot with an obstacle. After that, the framework uses the grid to build a
29

3

3. Realization

Figure 3.1: Framework structure
graph and runs a search algorithm on this graph to find the path. At the end,
the generated path is smoothed for use in Euclidean space.
The framework has a visual component that allows to track the status of
ongoing exploration. The visualization is performed using the Visualization
ToolKit (VTK) library [27].

3.2

Application roles

The application has two possible roles: Robot Application and Display Application. Multi-robot terrain exploration is held by a homogeneous group of
autonomous robots. Robot Application by using the provided framework performs all functions, which produces a real robot. That is, the application is
able to obtain information about its surrounding area, to choose a new goal,
to prepare a path to this goal and to move along the chosen path. Moreover,
it contains functionalities providing cooperation with other team members.
Display Application allows to obtain information about the actual state of
ongoing terrain exploration in the form of a map and to display it (see the
Figure 1.2). This map is created from the data received by the application
as a participant in the mesh network. That is, the Display Application is the
router, but it does not carry out the exploration process. The map shows the
part of the environment, which has become known on the basis of the scans
from the Robot Applications. The application also shows its own position
on the map, the position of the robots, their current goals and the paths to
these goals. This information is retrieved from the transmitted messages. The
application of this type in the real world can be used, for example, to obtain
30

3.3. Realization of application logic

Figure 3.2: Application structure
information about the ongoing exploration taking place in a confined space
that can be accessed only from the outside.

3.3
3.3.1

Realization of application logic
General structure

Figure 3.2 shows the general structure of the application, and describes the
relationship between it and the external environment. Application operations
have different frequency of launching and some of them can be called asynchronously. Plan generation runs one time of two seconds or by the request
from the other robot. Robot produces movement in the environment every
100 milliseconds. The optimal frequency of sending the heartbeat is 1 second.
Moreover, it is desirable to receive messages from the other robots instantly.
Message sending is also necessary to make immediately to reduce the overall time of the terrain exploration. This means that the designed application
could not be structured in a single loop, as it is done in the framework. So
the application consists of 5 logical parts that are implemented as the threads:
motion control/visualization, path planning, timer, message processing and
inbox messages thread.
These parts of the application share the three data structures: map, current plan and scans archive. Map is the occupancy grid, which is an internal
representation of the application’s view about the environment. It accumu31

3. Realization
lates the data received by the robot and the other team members. Current
plan is the path to a goal selected at this iteration of the exploration process.
Scans archive is a data structure that contains scans received from sensors of
any robot of the team. That is, the structure stores local maps created by the
robot and local maps created by other robots and transmitted via flooding. If
the other robot requests a map, the application sends all accumulated scans to
it from which the current representation of its knowledge about the environment can be built. The principle of the transfer of local maps between robots
during the terrain exploration of a multi-robot team is described in [2].
The Robot Application role is determined by the using the motion control
thread to simulate the robot operation. It is responsible for receiving the
current plan. Moreover, it sends signals to the robot motors for movement to
the next selected goal. It also uses the robot sensors to obtain scans, which are
then stored in the scans archive. The motion control thread receives from the
scans archive new scans received from other robots. Then the thread conducts
a map update on the basis of these data.
If the application is launched for the purpose of visualization of the exploration process, it uses a visualization thread. The application of this type
does not create its own scans, so the scans archive contains only local maps
received from the robots. This thread uses them to update the map, which is
displayed on the screen after that.
The path planning thread is the main component of each iteration of the
terrain exploration process. This thread selects the next goal for the motion
and makes the path to it. This plan is written to the shared structure. The
thread uses the map to plan.
The application uses a timer to generate the plan after a certain predetermined period. The timer is located in the timer thread.
The message processing thread is the main connection between the robot
and the rest of the team. It is responsible for sending messages to other robots
about a new generated path or a new laser scan. It also receives messages from
the inbox messages thread.
The inbox messages thread deals with receiving messages from other team
members and sending them in the messages processing thread.
Hereinafter, each thread will be described individually. Each described
operation of the thread has its triggering frequency. That is, the operation is
not obliged to carry out during each iteration of the loop. Launch frequency
is defined manually and it creates the opportunity to simulate the real work
of the team of robots.

3.3.2

The motion control thread

Scheme of the motion control thread is shown in the Figure 3.3(a). It is an
loop, which terminates when a signal from the path planning thread is received
on completion of the terrain exploration. First, the motion control thread calls
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(a)

(b)

Figure 3.3: Scheme of: (a) the motion control thread; (b) the visualization
thread
the framework function, which returns a laser scan on the base map and the
current robot position. Data obtained from the robot sensors are added to the
occupancy grid. Then the thread receives the current plan from the shared
structure. It uses its engines to move to the first point of this plan. After that,
the thread gets new scans that are received from other team members, and
adds them to the occupancy grid. Updating the map by its own or another’s
scan is the same function of the framework.

3.3.3

The visualization thread

Visualization thread is an infinite loop with the possibility of forced exit. The
Display Application itself does not produce the terrain exploration, that is, the
application task is only to observe the work of the robots team. The algorithm
of the thread is shown in the Figure 3.3(b).
First, the thread update the map with the scans that are obtained from the
others. The map is refreshed then and it is displayed using the VTK library.
A visual representation of robots is extended with a possibility to display the
current plan, which follows the robot. For easier identification of the robot,
its unique identifier displays near the point, which represents it on the map.
The thread also has the tools to save screenshots of the map.

3.3.4

The path planning thread and the timer thread

Figure 3.4(a) shows the scheme of the path planning thread. It uses the framework function to generate the plan. This function uses the map to determine
the set of frontiers, selects the next goal from them and builds a path to the
selected goal. The function is modified to take account of the goals derived
from the other robots. That is, the application does not choose as a goal a
zone, which contains the goal of another robot. At the moment the radius of
the zone is defined by the laser range. It provides the non-overlapping areas
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(a)

(b)

(c)

Figure 3.4: Scheme of: (a) the path planning thread; (b) the inbox messages
thread; (c) the message processing thread
during the exploration. The application prefers a zone where there are no other
team members goals. The generated plan is stored in the internal structure of
the application and it is sent to the message processing thread to notify other
robots about its current goal.
The planning process runs periodically. The timer thread includes a timer
with pre-set frequency of invocation of the planning process.
If two robots have goals in the same area, they compares the priority of
their goals, which is calculated as the distance from the current position to
the selected goal. If the goal priority of the other robot is higher, then the
robot starts the unscheduled re-planning, which is called from the message
processing thread.

3.3.5

The message processing thread and the inbox messages
thread

The messages processing thread integrates the work of the current application
and the team members’ applications. It uses the inbox messages thread for
data receiving (see the Figure 3.4(b)). The inbox messages thread receives
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messages from other robots and forwards them for processing. The separation
of incoming and outcoming messages is done for quickly retrieving messages
from the others. Otherwise, the sender accumulates all unreceived messages
in its queue, which is supported by the ZeroMQ library.
Figure 3.4(c) shows the operation sequence within the thread. First, the
thread carries out the processing of messages from the path planning thread.
New generated plan broadcasts to all neighbors.
This thread handles any messages from the other robots. The application
supports several types of messages. The SCAN messages contain a laser scan,
which is received by the sensors of another robot. The NEED_MAP messages
informs about the need to send the entire scans archive to the message sender.
The MAP messages contain the complete scans archive, which is accumulated
by the message sender. The GOAL messages report about the current goal of
the sender. The incoming CHANGE_GOAL messages force to re-plan the current
path.
The thread handles incoming heartbeats from the other robots. The application is updated its routing table based on these heartbeating messages.
Also, this thread periodically sends own heartbeat using standard sockets and
UDP.
Outcoming messages are accumulated in two queues. The first queue is a
queue for the unicast messages. If the routing table does not contain the route
to the necessary destination, the thread starts the route discovery by AODV
routing protocol. The message is stored in the queue until it finds a route to
the destination or the message lifetime expires. The second queue broadcasts
messages to all active neighbors.

3.4

The problem with fault tolerance of the
ZeroMQ library

Implementation of a general structure with the use of the library ZeroMQ
clearly shows the problem with fault tolerance. Since the REQ-ROUTER
pattern is selected to implement communication between the robots, the sender
waits on a response from the ROUTER after sending a request. The ZeroMQ
library provides asynchronous approach at intermediate level, that is, in the
case of recipient falling, the library expects its recovery. However, the robot’s
disabling with high probability means the end of energy, i.e. the robot is
switched off permanently, but the sender continues to expect the destination
recovery.
ZeroMQ does not provide the possibility to obtain information about the
current status of the recipient before sending a message. Moreover, the library
does not allow to set a timeout on an attempt to send a message. Thus, in
case of a fall, the whole system of robots gradually stops because of waiting a
response from each other.
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Figure 3.5: The general scheme of communication with the use of the nanomsg
library
Various advanced patterns designed for ZeroMQ to avoid problems with
the device failure have been studied to solve the problem. The search for
alternative libraries was also produced. So the use of nanomsg [28] library
becomes the solution to the problem. This library was developed by one of
the key creators of the ZeroMQ libraries and it fixes most of the ZeroMQ
drawbacks.
The nanomsg library provides several basic communication patterns, among
which appears a PIPELINE. This pattern allows to collect messages from many
senders and to distribute the load between multiple destinations. The pattern is used in the application to collect messages from multiple senders. It
is important to note that this pattern does not require confirmation from the
destination, unlike the REQ-ROUTER pattern in ZeroMQ. PIPELINE consists of two types of sockets: NN_PUSH, which allows to send a message and
NN_PULL, which allows to receive a message. As shown in the Figure 3.5, the
messages processing thread uses the NN_PUSH type of socket to send messages to the other team members, while the NN_PULL type of socket is used
for receiving messages from the others.
Moreover, the library allows to set a timeout for an operation of sending
messages. It allows to refuse the message sending, if it is not sent for some
predetermined amount of time.
Communication between threads within the application is based on the
bidirectional one-to-one communication pattern called PAIR, which uses the
NN_PAIR type of socket on both endpoints. Thus, the internal communication
continues to use the same pattern. Transport mechanisms also remain the
same. The application uses inproc transport for internal communication and
TCP to send messages between the robots.
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Experiments
This chapter experimentally evaluates behavior and properties of the implemented application, which is described in detail in the Chapter 3. An additional purpose of the chapter is to compare the characteristics of the work of
a single robot and a multi-robot team during the exploration of an unknown
terrain.

4.1

Conditions

Experiments were conducted using a device which has 32 Central Processing
Units (CPU) and has 8 GiB of memory. Computational resources were provided
by the CESNET LM2015042 and the CERIT Scientific Cloud LM2015085,
provided under the program "Projects of Projects of Large Research, Development, and Innovations Infrastructures".
All tests were performed on the map of an empty terrain that has a size
of 20 by 20 meters. Each cell of the occupancy grid has a size of 5 by 5
centimeters. It means that the occupancy grid has a size of 400 by 400 cells.
Various numbers of robots in the team are used to test the loading of the
network. The team size is varied from one to ten. The application makes the
terrain exploration as a single robot, if the team consists only of one robot.
Various ranges of communication links are used to test the effectiveness of
teamwork. The communication range takes one of the values: 5, 10, 15 or
20 meters. The laser has a range of 1.5 or 2 meters. It allows to verify the
functionalities performance with a larger number of steps of the exploration
process on the same map.
The experiments were performed three times for each system configuration.
The attached CD contains the statistics that are collected during the conducted
experiments. All graphs in this chapter are based on these data.
The time measurement of the exploration is made in steps, i.e the number of calls of the function that changes the robot position. This function is
triggered periodically after a certain period of time. Thus, a step is a con37

4

4. Experiments

(a)

(b)

Figure 4.1: The dependence of the steps from the team size. The value of the
laser range is: (a) 2 metres; (b) 1.5 metres
venient alternative to time. In addition, the usage of steps metric allows to
maintain usable statistics of events that pass between sequential steps.

4.2

Time of the exploration

The Figure 4.1 shows the dependence of the average exploration time for a
team member on the number of robots in the team. The graph shows that any
team work helps to reduce exploration time. In the beginning, both graphs
show a reduction of the number of steps, then there is an increase in steps
quantity. This is due to the fact that the robots have to excessively agree on
the choice of a goal in bigger teams. As can be seen from the Figure 4.2, a
small team disperses at the beginning of the exploration and explores nonoverlapping areas of the terrain. However, an excessive number of robots in
the team causes the problem of determination of the non-overlapping areas.
So robots are required to negotiate the rescheduling of their goals.
The graph also shows that the decrease in the communication range increases the number of steps that are required to complete the terrain exploration. Some scans from the other robots could not reach the robot because of
lack of communication link due to the small value of the communication range.
That is, the robot is forced to explore the given area by itself. It increases the
overall time of the exploration.
Comparison of the Figure 4.1(a) and the Figure 4.1(b) shows that the ratio
of the steps number and the team size remains constant regardless of the laser
range. However, reducing the value of laser range increases the total number of
steps. If the laser has a shorter range, then each scan provides less information
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.2: The result paths after the exploration. The laser range of the first
row is 2 meters, the second row is 1.5 meters. Columns are separated by team
size: (a)+(d) 1 robot; (b)+(e) 2 robots; (c)+(f) 5 robots
about the environment. Thus, it is necessary to make larger movements and
get more scans to obtain a complete map of the terrain.

4.3

Plan generations

The Figure 4.4 shows the frequency with which the application is launching a
new request for a new generation of the plan. A plan generation starts after
a certain time, as described in the previous chapter. The Figure 4.4(a) shows
that a single robot starts a process of path generation by approximately the
same intervals. The increase of the team size leads to the fact that robots can
compete for the goals in a particular region of the terrain. This can have both
positive and negative effects.
Let’s consider the situation of the terrain exploration by a team that consists of ten robots and the communication range is 20 meters. This means that
all robots agree on the choice of goals with the other robots. The first low part
of the Figure 4.4(d) corresponds to the Figure 4.3(a). Robots start the goal
selections. However, the current implementation of the goal choice requires to
select the goal that does not lie close to the goals of other team members. This
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(a)

(b)

(c)

(d)

Figure 4.3: The passed paths for the team of 10 robots and the laser range=20
meters at the step: (a) 80; (b) 580; (c) 800; (d) after finishing exploration

means that the distance between the selected goal and goal of another robot
should be greater than the laser range. An example of such area is depicted
in the Figure 4.3(a) as the yellow circle.
If each robot chooses a goal which does not overlap with the goals of the
other robots, the plan generation is invoked periodically by the timer thread.
That is, the robot does not encounter other robots and it made the right goal
choice. The straight part of the plot with a step value, which is equal to 20,
corresponds to the Figure 4.3(b).
Then, most of the terrain is explored and the robots are in a small unexplored part of the environment (see the Figure 4.3(c)). The weak point of the
implemented simple prioritizing between the robots appears. At this point,
the frequency of plan generation begins to increase.
Moreover, increasing the number of plan generations leads to increase in
the number of steps that are necessary to complete the terrain exploration. It
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(a)

(b)

(c)

(d)

Figure 4.4: The frequency of plan generations for an average robot from the
team that consist of: (a) 1 robot; (b) 2 robots; (c) 5 robots; (d) 10 robots
then leads to increase of the total exploration time. Thus, the lengths of the
graphs in the Figure 4.4 correspond to the graph from the Figure 4.1(a) for
points with the values of the team size equal to 1, 2, 5 or 10.
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This bachelor’s thesis deals with the problem of the decentralized exploration
of an unknown environment. Formulation of the problem was described at the
beginning of the Chapter 1. The benefits of a team of robots to one robot to
solve the problem have been described then.
Teamwork requires the establishment of communication links between particular robots. The thesis describes in detail the ad hoc networks that have
no pre-determined structure and are suitable for the establishment of a decentralized system. The work gives a list of requirements to the routing protocol, which allows to maintain connectivity between nodes of the ad hoc
network. The division of routing protocols into different categories was described. DSDV, DSR and AODV routing protocols were considered in detail
and were described their positive and negative sides.
In addition to communication, teamwork requires coordination. The thesis
discusses different types of approaches, special attention was paid on the prioritized planning. Possible implementations were compared to implement this
scheme. The result of the comparison is the choice for the implementation of
the algorithm of Asynchronous Decentralized Prioritized Planning.
The Chapter 2 focuses on the technical aspect of communication between
nodes of a distributed system. The beginning of the chapter describes the
requirements that are imposed on the relationship between the nodes in the
network. Message-Oriented Middleware was used for providing the messages
passing functionalities. The thesis presented a comparative analysis of two
most famous representatives of the MOMs. The ZeroMQ library was chosen
as the most suitable for implementation on the basis of this comparison results. The analysis of possible configurations of communication between robots
using the communication patterns of the selected library was carried out. The
process of establishing communication between the robots was also designed.
At the end of this chapter, AODV was chosen as the most appropriate routing
protocol for real communication in distributed multi-robot systems.
The Chapter 3 describes the structure of the realized application, which
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uses the MOM to transmit messages and AODV as a routing protocol, and it
gives a detailed description of each part of the developed application. Each part
of the developed application was described in detail. The library ZeroMQ has
shown to be ineffective in the problem with fault tolerance during the process of
the application implementation. Upon further review, the application started
to use the nanomsg library. The scheme of communication between robots has
also been revised to reflect the use of the new library.
The Chapter 4 focuses on the conducted experiments and their results.
They showed that the terrain exploration by a multi-robot team allows to
decrease the total time of the exploration. The developed application showed
less exploration time in the case of choosing the optimal number of robots in
the team.
In the future, this application will be used for testing on the group of real
robots that solves the problem of the exploration of an unknown environment.
Goal allocation was not addressed in the thesis as it was out of scope of it.
Instead, a simple method to goal allocation was employed to demonstrate
that the realized approach to multi-robot coordination and communication is
feasible. More sophisticated goal allocation mechanisms can be developed and
incorporated into the presented framework, which will be another stream we
would like to go in future.
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Appendix

Acronyms
2D Two Dimension(al)
ADPP Asynchronous Decentralized Prioritized Planning
AODV Ad hoc On-Demand Distance Vector
CPP Centralized Prioritized Planning
CPU Central Processing Units
DSDV Destination Sequenced Distance Vector
DSR Dynamic Source Routing
MANET Mobile ad hoc network
MOM Message-Oriented Middleware
OLSR Optimized Link-State Routing
SDPP Synchronized Decentralized Prioritized Planning
TCP Transmission Control Protocol
TORA Temporally Ordered Routing Algorithm
ZRP Zone Routing Protocol
UDP User Datagram Protocol
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Appendix

Contents of enclosed CD

README.............................the file with CD contents description
packages .................. the directory with source of external libraries
src........................................the directory of source codes
robotApplication...........................implementation sources
thesis...............the directory of LATEX source codes of the thesis
text...........................................the thesis text directory
BP_Khilda_Slyusar_2016.pdf ......... the thesis text in PDF format
BP_Khilda_Slyusar_2016.ps ............ the thesis text in PS format
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