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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Electronics and Computer Science

Doctor of Philosophy

EXOGENOUS FAULT DETECTION AND RECOVERY SOLUTIONS IN SWARM

ROBOTICS

by Adil Khadidos

A robotic swarm needs to ensure continuous operation even in the event of a failure of

one or more individual robots. If one robot breaks down, another robot can take steps to

repair the failed robot, or take over the failed robot’s task. Even with a small number of

faulty robots, the expected time to achieve the swarm task will be a↵ected. Observing

failure detection techniques requires an investigation of similar techniques in insects. The

synchronisation approach of fireflies is an exogenous failure detection technique. This

approach requires all the robots in the swarm to be initially synchronised together in

order to announce a healthy status for each individual robot. Another exogenous failure

detection approach is the Robot Internal Simulator. The concept of this approach is

to have robots that are capable of detecting partial failures by possessing a copy of

every other robot’s controller, which they then instantiate within an internal simulator

on-board to be run for a short period of time to predict the future state of the other

robots. The work in this research draws inspiration from both approaches, which both

still have several issues when they are implemented in swarm robotics. The enhanced

technique developed in this research will depend on the input and output values in the

robot’s controller to diagnose other robots within the swarm during the entire swarm

operation. In this research, communication plays an important part of the diagnosis

procedure. While robots retain possession of their own controller values including their

co-ordination, the receiver computes the distance between them based on the signal

strength. A fault suspicion is generated if the computed distances do not match and an

acknowledgement of the failure will be broadcast to the robotic swarm. This research

explores the performance of the simulation experimental results. It has shown that

failed robots are rapidly detected failures using the proposed technique. A mitigation

procedure takes place after the faulty robot is shut down, either by pushing it away or

allowing it to work as a communication bridge to operational robots.

ak8g12@ecs.soton.ac.uk
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Chapter 1

Introduction

Robotic swarms with collective intelligent behaviour are likely to have advantages over

single-robot systems. These advantages are provided by robustness, scalability, flexibil-

ity, adaptability and most importantly, reliability. As part of the e�ciency in cooperation

between swarm robotic members, a failure among individual robots may have an impact

on the performance of the entire swarm’s behaviour.

Identifying failures in swarm robots requires a number of detection mechanisms. A fail-

ure in the individual robot’s hardware or software, such as communication, navigation,

sensors and actuators could have an impact over the entire swarms behaviour. The main

goal of detecting and identifying a specific failure is to determine faulty robots and to

select the best technique to distinguish which robot has to be mitigated and recovered.

The work reported in this thesis will concentrate on simulation experimental analysis

and evaluation of swarm robotics from the perspective of the e↵ect of the impact of

failures to individual robots and the e↵ectiveness of the mitigation techniques.

During the simulation experiments in this thesis, the number of robots could have tech-

nical advantages with a small group, but the research purpose is to find solutions to

practical swarm problems. However, the simulation experiments, during this research,

will consider the swarm robots as a small group of robots in order to solve problems

using a minimal amount of resources.

1.1 Swarm Robotics Concept and Definition

In order to understand swarm robotics, a number of concepts have to be defined.

1
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1.1.1 Swarm Intelligence

Swarm intelligence is the term that is embraced by social insects and by optimization

studies researchers used to describe the social insect metaphor, though losing much of

its original robotics context (Bonabeau et al., 1999). The concept of swarm intelligence

was employed in artificial intelligence, where the expression was introduced by Beni and

Wang (1993) in the context of cellular robotic systems.

Swarm intelligence systems are typically made up of a population of simple individuals

interacting locally with one another, and with their environment. The inspiration often

comes from nature, especially biological systems.

1.1.2 Swarm Robotics

Swarm robotics are based on the principles of swarm intelligence, which emphasise self-

organization and distribution in a large number of robots. With homogeneity and sim-

plicity as design goals at the individual unit level, the main advantages of the swarm

approach lie in the properties of scalability, adaptivity and robustness (Liu and Winfield,

2010). Table 1.1 shows the definition of each property of the swarm robotics approaches.

Figure 1.1 summarizes the characteristics of robotic systems including swarm robotics.

An agent-based system has the capability of autonomous action in the environment in

order to meet its design objectives (Jennings and Wooldridge, 1998). Single robot is

limited in information processing capability and many other aspects, thus the coopera-

tion of multi-robots are needed to complete the task in an e�cient way. In most cases,

to conduct a study or to do a task, it’s preferable to use teamwork to complete the

task e�ciently. Multi-robot systems have made great progress and achieve great success

in many areas (Yuan et al., 2007; Shi et al., 2012). Cooperative multi-robot systems

depend on the individual robot very much, for further enhancing the robustness and

scalability of the system. The action of a group of small robots in which each individual

robot performs a simple role produces complex behaviour as a whole (Hinchey et al.,

2007), thus swarm robotic system was born.

As with many technologies, there is no formal definition of swarm robotics that is univer-

sally agreed upon; however, some characteristics have been generally accepted (Higgins

et al., 2009a). Swarm robotics was defined by Şahin (2005) as “the study of how a

large number of relatively simple physically embodied agents can be designed such that

a desired collective behaviour emerges from the local interactions among the agents and

between the agents and the environment”.

The definition of swarm robotics can be expanded further using a number of criteria, as

reported by Higgins et al. (2009b):



Chapter 1 Introduction 3

Table 1.1: Definition of key properties of swarm robotics.

Property Definition References

Robustness Is the ability to cope with the loss of individ-
uals. In social animals, robustness is promoted
by redundancy and the absence of a leader.

Brambilla et al. (2012)

Scalability Is the ability to perform well with di↵erent
group sizes. The introduction or removal of in-
dividuals does not result in a drastic change of
the performance of a swarm. In social animals,
scalability is promoted by local sensing and com-
munication.

Şahin et al. (2008)

Flexibility Is the ability to cope with a broad spectrum of
di↵erent environments and tasks. In social ani-
mals, flexibility is promoted by redundancy, sim-
plicity of the behaviours and mechanisms such
as task allocation.

Brambilla et al. (2012)

Adaptivity Means that either an individual changes itself if
necessary or the whole system changes itself. On
an individual level, it means that an individual
changes its own behaviour. Even if the individ-
uals do not change, the system as a whole may
still be adaptive.

Schut (2010)

Reliability Is the probability that a robot or the entire
swarm robotics system will perform its pre-
scribed duty without failure for a specified pe-
riod of time when operated correctly in a speci-
fied environment.

Winfield and Nembrini
(2006)

• Autonomous Robots: Robots should have a physical interaction with the environ-

ment.

• Swarm Size: The availability of a large number of robots in the swarm.

• Few Homogeneous Groups of Robots: There should be relatively few groups con-

taining large numbers of homogeneous robots.

• Functionality : The robots should be relatively simple and incapable such that the

tasks tackled require the co-operation of individual robots.

• Communication Capabilities: Robots should only have localised and limited sens-

ing and communication abilities. This constraint ensures that the coordination

between the robots is distributed.
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Figure 1.1: The characteristics of various robot systems. The figure shows how
moving from a single robot to a robotic swarm can improve performance. An
agent is an autonomous individual with the ability of learning. A single-robot
system is the improvement from an agent system in task execution. Enhanced
cooperation and interaction in each robot leads to the ability of global com-
munication between a small number of individuals. Then, the swarm robotics
system emerges with improved robustness and scalability between a large num-
ber of individuals. Adopted from Shi et al. (2012).

1.2 Issues Arising in Swarm Robotics

It should be noted that a typical robotic swarm will contain a considerable number of

individual robots. Hence a failure of a small number of robots will not lead to the swarm

failure.

A robotic swarm needs to ensure continuous operation in the event of failures in an

individual robot. Even with a small number of faulty robots, the expected time of

achieving the task will be a↵ected. Faulty robots will become lost and they will simply

become obstacles that other functional robots in the swarm need to avoid (Winfield and

Nembrini, 2006). However, the performance will be seriously a↵ected if there are many

faulty robots in the swarm, which will lead the robotic swarm into stagnation (Ismail

and Timmis, 2010), whereas the entire robotic swarm will fail to achieve its given task.

Determining the perfect swarm size to achieve maximum reliability for fault tolerance

requires additional explication, because this field has not been precisely considered for

di↵erences between multi-robots and swarm robotic systems. However, a reliability

calculation is most important and a critical component when fault tolerant optimal

swarm robotic design is required.
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1.2.1 The Importance of Reliability in Swarm Robotics

As in many multi-robot systems, increasing task reliability and decreasing total cost to

complete the system tasks are considered as one of the system advantages, (Zhu and

Yang, 2010). Comparing with swarm robotic systems, the structure design of multi-

robot systems (which is determined by global communication) has little attention to

the system scalability, whereas the structure design of swarm robotic systems (which is

determined by local communication between robots) has an advantage over the system

scalability.

The determination of the multi-robot system scalability, in relation with the number of

individual robots has been observed by Balch and Hybinette (2000). Their simulation

experiment concentrated on evaluating the performance of the scalability approach in

multi-robot systems, where the task was described as each robot is drawn to attachment

sites arranged with respect to its neighbour to be driven loosely on molecular crystal

formation in the arena. The first simulation experiment consisted of a multi-robot system

with group size between one to eight simulated robots. With global communication

applied, the performance evaluated was successful for achieving the multi-robot system

task. Then, they observed another simulation experiment with a large team composed

of 32 simulated robots which showed that the approach is scalable only when each robot

relies on locally available information, namely, the locations of nearby robots. Global

communication is not required, instead, local sensors (perhaps vision) can be utilised to

generate e↵ective formation behaviour in large robot teams.

Swarm robotic systems are considered scalable in terms of a reliable number of oper-

ational robots. However, in order to achieve the swarm task, a number of operational

robots are required to achieve the swarm task.

The required number of individual swarm robots to achieve the swarm task can be

determined by applying the constraint k-out-of-n redundancies approach (where k rep-

resents the number of the operational robots needed to accomplish the swarm task, and

n represents the number of all the robots available in the swarm), (Sooktip et al., 2011).

Despite that the k-out-of-n redundancies approach could consider the minimum number

of robots needed to achieve the swarm task, the main concept is to draw attention to

how the swarm robotic system would perform, even with a low number of faulty robots.

1.2.2 Detecting and Isolating a Robot with a Failure

Microbiological systems, including cells, organisms, and groups that possess a large num-

ber of subunits are inspiration for swarm robotics. Microbiological properties provide

robustness and reliability to their own system (Ismail and Timmis, 2010). The approach

of these systems undertake in order to detect faulty members and protect the entire sys-

tem from the impact caused by these members. The objective of such protection is to
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isolate the faulty member while active members continue to perform the swarm task.

This mechanism has been described by Timmis et al. (2010) as an immune system, which

will be discussed more during this research.

In the context of swarm robotics, at the time a robot detects a failure, this faulty robot

will broadcast a signal to other robots in order to move towards that faulty robot. Then,

the next procedure is to isolate and mitigate the impact of the faulty robot to maintain

the performance of achieving the robotic swarm’s task (Winfield and Nembrini, 2006).

1.2.3 Mitigating and Recovering the Swarm Failures

The main objective of isolating a faulty robot is that operational robots are supposed to

recover faulty robots so that the faulty robots will become active again and continue the

tasks they were doing before the fault was identified (Ismail and Timmis, 2009, 2010).

Recovery procedures depend on the type of failure that has occurred. For instance,

with the existence of communication, if a robot has a distance sensor failure (where

values in the controller show that the robot is not moving and the distance sensors give

no reading), it broadcasts a signal indicating that it has a sensor failure. Then other

robots, that are working to isolate this faulty robot, have to take an action to either

repair or unite with this faulty robot in order to complete the swarm task.

During this research, there will be more testing and evaluating of many failures related to

navigation, sensors, actuators and communication. This evaluation will help to develop

more mitigation and recovery features in swarm robotics.

1.3 Summary of Main Contribution

This research contributes to the area of failure detection and recovery solutions for

swarm robotics. Specifically, it introduces novel failure detection and recovery model

and evaluation analysis to verify the performance of the swarm robotics behaviour after

applying the proposed model.

A number of failures in swarm robotics have been addressed in Section 2.1.2, but failures

at hardware-level was determined to be the most common examples covered by a number

of researchers. However, the use of the proposed failure detection and recovery model

can provide useful insight into the understanding of the reliability property leading to

the instantiation of this property to swarm robots foraging tasks.

The task of the swarm robotics, during the simulation experiments, has been a↵ected

with the presence of hardware failure. Therefore, applying the failure detection and

recovery model to the swarm robotics shows an enhancement to the swarm performance
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and the swarm task has not been compromised anymore. The failure detection and

recovery model was built to implemented in the robots’ controller alongside with the

main swarm task function in a way to not a↵ect the robots’ controller processing while

it is doing the given task.

The main contribution of this thesis is the proposed failure detection and recovery model

which was built in a way to not just detect the failure and recover it, but also is used

to address the exact device that has failure. This will help in future to allocate more

recovery procedures for swarm robotics.

Another main contribution of this thesis is the proposed communication relays, as a

recovery procedure, among swarm robots. That allow the faulty robots to become at

use to the operational robots. The failed swarm robots are able to reuse the remain

energy power to operate the communication device to the robot to rebroadcast messages

among the operational robots. To the best of the our knowledge, none of the previously

designed swarm robotics has ever used the failed robots as a communication relays

concept in order to increase the swarm robotics performance.

The collected results demonstrates that the proposed failure detection and recovery

model allowed swarm robotics with individual failures to achieve the swarm task with

not problems. In addition, and compared with simulation experiments before applying

the proposed failure detection and recovery model, the results summarised that the

proposed model helped to decrease the time from the swarm robots to finish the task

in short time with less distance-travelled and less energy-expended. This could allow

swarm robots to carry another task in raw in the future if possible.

1.4 Thesis Structure

The structure of this thesis is as follows, and is shown in Figure 1.2:

Chapter 1 provides an introduction to swarm robotics, including its properties and

types of failures. It also introduces swarm intelligence.

Chapter 2 reviews literature relevant to this research. It first provides a background

view and describes the decentralised mechanisms in failure detection approaches, includ-

ing identification and analysis of failures. This is followed by a detailed description of

di↵erent research experiments and challenges of the immune systems inspired by the

Granuloma Formation. A current recovery approach is represented as a recovery so-

lution for swarm robotic failure. Next, there is a discussion of the revised techniques

that have been covered during this chapter. After that, the motivation and the research

objectives, detailing an inspiration for the research topic and the areas that the research

in swarm robotics can cover is presented. Finally, the research questions are presented.
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Chapter 3 highlights the simulation experiments methodology and the simulation en-

vironment that is used during this experiment.

Chapter 4 presents the evaluation mechanism of the simulation experiment and a

discussion of the experimental results.

Chapter 5 this chapter presents a discussion on the evaluation simulation experiment

from the previous chapter for choosing the best swarm size for carryout the simulation

experiments in this chapter. It investigates failure detection schemes to diagnose failures

in order to recover/mitigate the robots with failures in the swarm.

Chapter 6 discuss an investigation into the performance of the swarm robotics with a

complex task. At the beginning, a simulation experiment was deployed to evaluate the

best swarm size with a large arena.

Chapter 7 discuss the performance of the simulated swarm robotics that was observed

before and after implementing the exogenous failure detection model to a number of

individual robots with the complex task. Also, it investigates the swarm behaviours

after applying the mitigation procedure to faulty robots, by pushing them to the side of

the arena.

Chapter 8 discuss another complex simulation experiment with a di↵erent method of

applying mitigation solutions to the faulty robots. This requires faulty robots, with

enough power energy to rebroadcast messages between operational robots over long

distances within the simulation swarm robotics.

Chapter 9 highlights the discussions through the research in the thesis. The Chapter

discusses the research questions presented in Section 2.10. It, also, discuss a specific

details about the proposed exogenous failure detection model. Also, it will discuss,

deeply, the mechanism for the failure diagnosis in specific devices in the E-Puck robot,

and the how they could be mitigated or recovered.

Chapter 10 presents the conclusion of the research and the future work plans.
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Figure 1.2: The structure of chapters in the thesis. The introduction to this
work is presented in Chapter 1. Then followed by Chapter 2 that discuses the
related work. Chapter 3 discusses the methodologies related to the simulation
experiments in this thesis. The research of this thesis is mainly consists of
the three contributions, which they are emphasised with the dotted boxes. The
results collected from experiments in Chapter 4 used to evaluate the experiments
discussed in Chapter 5 after the determination of the suitable swarm size. The
results collected from Chapter 6 are used to evaluate the experiments in Chapter
7 after detecting the suitable swarm size. The evaluation of experiments in
Chapter 8 rely on the results collected in Chapter 6 for the evaluation purposes.
Chapter 9 discusses the approaches of the proposed Exiguous Failure Detection
and Recovery model. Finally, the thesis conclusions and the future work are
discussed in Chapter 10.
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1.5 Publications

The work in this thesis has led to the following publication of a paper to the following

conferences:

• Khadidos, A., Crowder, R. M., and Chappell, P. H. (2015a). Enhancing exogenous

fault detection in swarm robotics by analysing transferable data. In Alford, N.,

FrÃ, J., et al., editors, Proceedings of the Eighth Saudi Students Conference in the

UK, pages 385–395. World Scientific

• Khadidos, A., Crowder, R. M., and Chappell, P. H. (2015b). Exogenous fault

detection and recovery for swarm robotics. IFAC-PapersOnLine, 48(3):2405–2410



Chapter 2

Background

It is widely recognised that insects coordinate their actions to accomplish tasks that are

beyond the capabilities of a single individual. Swarm robotics was inspired from the

observation of social insects, such as ants and bees, which stand as examples of how a

large number of relatively simple individuals, with only local interactions, can interact

to create collectively an intelligent system (Şahin, 2005).

In swarm robotics, a relatively large number of simple robots can perform di�cult tasks

that are beyond the capability of an individual. However, swarm robotics still have a lim-

ited reliability, especially at the hardware level. Even though the quality and robustness

of the hardware is increasing, hardware failures are still quite common. So, achieving

reliability in the swarm robotics is considered important to assure the robustness of the

swarm system (Brambilla et al., 2012). Achieving reliability at the hardware-level in

swarm robots requires to identify and address di↵erent failures and their e↵ect on indi-

vidual robots, as well as the entire swarm robotics performance, which includes the e↵ect

on simulation time for finish the swarm task. The objective of achieving reliability at

the hardware-level is to develop detection mechanisms that identify the fault, as well as

to determine faulty robots in the swarm and selecting the best technique to distinguish

which robot has to be mitigated and recovered (Parker, 2012).

2.1 Fault Detection

Individual robots in the swarm may not need to diagnose each problem that arises during

the task, such as failure of proximity sensors or communication failure, but the entire

swarm system must have some means for compensating for a failure of a member of

the swarm, so that the swarm team can continue to successfully meet their application

objectives, (Parker, 2012).

11
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Parker (2012) made the assumption that swarm robotics failures may be categorized into

three types, known faults, unknown faults and undiagnosable faults. During the design

stage, it is important to ensure that the swarm robotic system is properly designed to

overcome failures when they occur in order to complete the task. Hence, as part of the

design process, a formal fault analysis needs to be undertaken, using techniques such

as Failure Mode and E↵ects Analysis (FMEA), (Winfield and Nembrini, 2006), and

Fault Tree Analysis (FTA), (Visinsky et al., 1994), where FMEA and FTA are accepted

approaches by engineering.

The Failure Mode and E↵ects Analysis (FMEA) technique requires local wireless con-

nectivity information to achieve swarm robotics objectives. The conceptual idea of this

approach lies in broadcasting the robot’s ID and the IDs of its immediate neighbours. If

a robot loses a connection to a particular robot, and the number of remaining connected

neighbours is less than a threshold, then the current robot assumes it is moving out of

the swarm and turns around. Under the Failure Mode and E↵ects Analysis (FMEA)

approach, the system designer attempts to identify all of the internal hazards (e.g., faults

in robots or robot subsystems, including motor failure, communications failure, sensor

failures, and control system failures) and external hazards (e.g., environmental distur-

bances, including obstacles and unstructured terrain, and communications noise) that

threaten a robot’s objectives, (Winfield and Nembrini, 2006).

In contrast to Failure Mode and E↵ects Analysis (FMEA), the Fault Tree Analysis

(FTA) technique is a deductive method in which failure paths are identified using a

fault tree drawing or graphical representation of the flow of fault events (Bloch and

Geitner, 1990). Each event in the tree is a component failure, an external disturbance,

or a system operation. The concept of the Fault Tree Analysis (FTA) approach requires

that the analyst attempts to identify all of the potential causes of the event and the

logical sequence of secondary events leading up to it, these together make up the fault

tree, Figure 2.1, (Murray et al., 2012). The relationships between events at di↵erent

levels in the tree are specified using boolean logic, where the outputs of functions at

lower levels serve as the inputs to those at higher levels.

However, in the case of unknown and undiagnosable failures, the swarm robotics must

have the means to detect encountered problems. The unknown faults cannot be antic-

ipated by the designer, during the design stage, but can be diagnosed by the swarm

system based on experience and available sparse information; and undiagnosable faults

that cannot be classified autonomously and need human intervention, (Parker, 2012).

There are a number of techniques for detecting failures in robotic systems, especially

when it comes to the perspective of swarm robotics (Parker and Kannan, 2006). In this

research, fault detection approaches have been divided into collective behaviour data

and health status over communication.
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Figure 2.1: Fault tree examining the causes of a problem in the formation of
a swarm behaviour. R1 and R2 represents two robots in the swarm that are
awaiting confirmation of docking. Events are represented using rectangular
boxes. At the top level of the fault tree, robot R1 is awaiting confirmation
from other robots in the swarm. After analysis (asterisk mark where the fault
analysis is occurring), the fault tree developer could consider that either no
robot has docked with robot R1, or a robot (R2) has docked with robot R1 but
for some other reason robot R1 has not received confirmation (These options
are combined using an OR gate). There are two possibilities why robot R1
has not received confirmation from robot R2, either the connection is confirmed
to be reliable, which means robot R1 has a wire failure, or the connection is
unreliable, which will lead to further diagnosis (represented as a triangle with
the letter A in the diagram). Adapted from Murray et al. (2012).

The collective behaviour data depends on predefined values of the input and output

components, such as sensors and actuators. During robot operations, the controller

system of each robot will keep track of its values. If the reading of the current value

does not match the predefined value in the system, then the robot indicates a fault in
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one of its components (Parker, 2012). This mechanism will be discussed in the next

subsection. However, one example of health status over communication detection is a

Robot Health Signal, a commonly used technique in swarm robotics for detecting any

failure (Parker, 2012). This technique depends on the communication between robots,

where robots periodically broadcast health signals to their neighbours indicating their

presence and the continuance of the operation. Similarly, the approach proposed by

Christensen et al. (2009) for detecting failures is based on fireflies synchronisation. In

this, all the robots are synchronised together to perceive the health status of other

robots. If one robot is not synchronised, then it is assumed to be faulty and a response

is initiated.

Researchers including Timmis et al. (2010); Lau et al. (2009); Halavati et al. (2007);

Parker (2012) have observed and analysed these techniques and several others. They

have been exploring the probabilistic aspects of how algorithms of both swarm intel-

ligence and biological immune systems are similar from a scientific point of view. So,

biological immune systems and swarm intelligence are complementary tools, and can be

used e↵ectively together to solve complex engineering problems.

2.1.1 Failure Analysis

Lau et al. (2011) explained a form of collective behaviour data for swarm robotics in the

Error Detection and Recovery (EDR) paradigm. Error detection and recovery (EDR)

consists of three stages: error detected in robot components, fault diagnosis, and recovery

(Avižienis, 1967), Figure 2.2. Statistical analysis is one of the main concepts used for

detecting failures in robots.

Lau et al. (2011) presented an approach using statistical results by using the adaptive

data-driven error detection mechanism. Data-driven error detection approaches infer

the presence of a fault through analysis of the operational data. This data consists of

the number of collected objects, the energy used and the distance travelled, which are

all collected during each control cycle. The control cycle describes the duration of the

total number of objects that were collected over a fixed period of time. The results in

their paper were based on a 250 second control cycle. Noting that the control cycle

is di↵erent from the processor time step of the robot’s controller which represents the

controller duration for processing reading from sensors, then computes the outputs.

In this work, their initial experiment focused on the number of objects that were collected

by one robot. The objective is to determine whether an error has occurred with statistical

techniques using a sliding time window on the data to calculate some descriptive values,

depending on the statistical technique of the sample, and to compare these values against

those from the previous time window, Figure 2.3. The compared values of objects

collected between cycle ten and the previous window, cycle nine, show a significant
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Figure 2.2: Stages in the Error Detection and Recovery (EDR) mechanism.
When an error is detected and identified in a robot’s component, based on the
changes of predefined values of that component, the fault diagnosis mechanism
starts to analyse the cause of the fault. This step also determines the nature
and the exact location of the fault in the robot, based on predefined data.
When a fault is identified, recovery measures can then be activated to carry
out the process of dealing with the fault. If a fault still persists after recovery
measures have been carried out, that information may be used as a form of
feedback to the error detection and fault diagnosis mechanism for tuning and
maintenance purposes, where the new fault data will be stored as recovery and
maintenance history. The recovery history allows the robot to self-learn from
previous failures, and the feedback can provide the swarm system developer
with a new swarm robotics behaviour for future adoption. Adapted from Lau
et al. (2011).

change which indicates the moment at which the robot failed to collect all the objects.

Eight objects collected indicates a successful collection of all the objects, while three

objects collected indicates failure to achieve the task. When these results are based on

the activity of a single robot, it is uncertain whether this fault was influenced by the

robot or the arena structure.

Figure 2.3: This example demonstrates the robot foraging task, which is to
collect objects and return them to the home location. The number of objects
are collected by the robot over a fixed period of time. A sample of a control
cycle from five to fourteen cycles has been chosen in order to show where the
fault occurred. The time window represents the control cycle and the collected
objects. This figure shows that the collected objects in the time window at
control cycle ten changes significantly, compared to the previous time window at
control cycle nine. This indicates failure to collect the objects, where something
has influenced the robot task. Adapted from Lau et al. (2011).
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Detecting errors with data from a single robot is insu�cient to di↵erentiate between

changes in data due to faults or to changes in the dynamic arena. However, Lau et al.

(2011) advocated an alternative approach which includes data from other robots using

local communication. Table 2.1 shows a data exchange between robot one and other

robots within the communication range. Their important assumption was that the de-

tection should determine whether a robot itself is faulty (self-detection) and not whether

other robots are faulty.

Table 2.1: This table shows the data interaction through communication be-
tween objects collected by one robot and the other robots within the commu-
nication range. An example of control cycles five to fourteen has been chosen
in order to show where the fault occurred. The objects collected in the table
represent those collected by the entire swarm of individuals. Whenever an ob-
ject is collected by a robot it informs the rest of the swarm of the total number
of objects now collected by the swarm, then the other robots change their pa-
rameters according to the new change. Therefore, each robot will keep track
of how many objects remain in the arena to be collected. Since the robots are
mobile, it is probable that a robot might not interact with another robot during
a control cycle, which is illustrated by blank cells in the table. Adapted from
Lau et al. (2011).

Objects
collected
(robot 1)

Objects
collected
(robot 2)

Objects
collected
(robot 3)

Objects
collected
(robot 4)

Objects
collected
(robot 5)

...
5 8 7 8
6 7 8 8 7 8
7 8 7
8 8 7 5 5
9 8 8 6
10 3 4 4 3 2
11 0 1 0 1
12 0 1 1
13 0 2 1 0 1
14 0 0
...

Lau et al. (2011) acknowledged that implementing this into simulation tools and physical

robots might be di↵erent. They found that the data of this experiment is also influenced

by the environmental conditions, such as the availability of objects and the physical

distribution of objects in the arena, which are likely to change as time progresses.

The goal of this research is to examine and evolve their approach, then implement

it in a simulation tool. This is because their proposed communication strategies are

still relevant and useful when dealing with swarm robotics failures, even in the case of

uncertain environments.



Chapter 2 Background 17

2.1.2 Fault Diagnosis and Identification

Swarm robotic failures could occur in the robot’s hardware or robot’s software (internal

hazards), or they could be classified as environmental disturbances (external hazards)

Figure 2.4. For instance, the e↵ect of the distance sensor failure on an individual robot

is that the robot may collide with other robots or obstacles. Also, the e↵ect of the motor

failure in a single robot is to anchor the entire swarm in a fixed region, which could be

a potentially serious problem. The environmental disturbances hazard might threaten

a swarm robot collective, especially in the case of a dynamic arena, such as a moving

arena surface, where this could generate noise within the swarm robotics communication

or the localisation.

Figure 2.4: A tree diagram identifying threats that could cause harm to the
swarm robotics system.

Many researchers have been working on identifying failures in swarm robotics. Patter-

son and Patterson (2010); Higgins et al. (2009b); Winfield and Nembrini (2006) have

analysed, understood and reported the failures that are most serious in terms of com-

promising the overall desired swarm robotics behaviours, which makes it possible to find

the best technique for mitigating failures in swarm robotics.

The process of fault diagnosis and identification focuses on determining the specific cause

of the fault. Parker (2012) has stated that many fault detection techniques in a single
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robot have the ability to diagnose and identify the exact fault that could occur in the

swarm robotics, based on a failure state, such as slipping wheels state, faulty encoders

state, stuck wheels state and so on. When the system determines with high probability

that the robot is in a failure state, the identity of that state is known, which corresponds

to the specific cause of the failure (Verma and Simmons, 2006).

Learning-based fault (LeaF) diagnosis was proposed by Parker and Kannan (2006) to

diagnose and identify faults in swarm robotics. This system uses an adaptive causal

model to represent possible faults in the system. When a robot encounters a fault, the

system attempts to extract a relevant recovery action from previous experience. This

system is able to e↵ectively learn from its own faults, which makes it more robust and

e�cient for swarm robotics applications.

While swarm robot can su↵er from a range of failures as shown in Figure 2.4, the work

solely concentrates on failures at hardware-level in swarm robotics.

Hardware failures are the most common examples covered by a number of researchers,

including Patterson and Patterson (2010); Higgins et al. (2009b); Winfield and Nembrini

(2006). Hardware failures are possible to be detected because the hardware behaviours

are possible to predicted during the development of the swarm robot controller based

on the input and output variables of hardware devices in the robot. Unless the input

and output variables from the robots’ controller shows a consistent behaviour layout,

the hardware device of the robot will be considered operational However, by validating

and confirming that the robots’ hardwares are operational it is possible to move on, in

the future, and diagnosis failures at the software-level and so as the failures caused via

the environment.

However, by addressing and bounding the swarm robotics failures specifically, the system

developer will be able to implement these failures into the swarm robotics system. Even

Parker and Kannan (2006) succeeded in enabling robots to diagnose and recover from

pre-defined errors, but still their experiment with the causal model approach was based

on a large-scale multi-robot system. As they stated, their work is still underway to

further validate the LeaF approach in extensive experimentation both in simulation and

on physical robots.

2.2 Approaches to Protecting a Swarm from Failures

After considering the concept of the learning-based fault (LeaF) approach by Parker and

Kannan (2006), this section will discuss a relevant mechanism that has been inspired

specifically from microbiological immune systems. The observation of the immune sys-

tem in swarms has been documented by many researchers, an example proposed for
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swarm robotics was inspired by Granuloma Formation (Timmis et al., 2010; Adams,

1976).

2.2.1 Granuloma Formation Approach

Flugge et al. (2009) provided a description of Granuloma Formation. There are many

parasitic diseases that are usually fatal if untreated, including Visceral Leishmaniasis,

(Desjeux, 2004). Once a bacterium (which is the single form of bacteria) enters the cell,

the cell becomes the carrier of a replicate bacterium. Before the infected cell disintegrates

and becomes a threat to other cells, the immune mechanism, in the infected cell, activates

its system and sends signals to other cells to form a wall around the infected cell as well

as the bacterium, leading to the formation of a granuloma in order to isolate the infection

from other cells Figure 2.5.

Figure 2.5: Simple concept of Granuloma Formation. The diagram shows
the process of immune system activation. When the bacterium enters the
macrophage (which is the cell that is attracted by the bacterium), the bac-
terium starts replicating itself until the cell disintegrates. Once that occurs, the
cell sends signals to the nearest cells to completely surround the infected cell.
From Ismail and Timmis (2010).

Neutrophils are another type of immune cell present in large numbers in the blood that

respond quickly to the presence of a pathogen (such as a bacterium). Chtanova et al.

(2008) describe the collective action of neutrophils in terms of swarm dynamics, because

they develop from the initial arrest of a small number of neutrophils followed by a

massive influx. This directed migration, where individual neutrophils move persistently

towards the swarm over time, is probably caused by direct communication between cells

via signalling molecules. Therefore, this signalling behaviour is attracted to neutrophils.
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2.2.2 Immune System Algorithms

Immunological algorithms take inspiration from a diverse range of immune functions

that occur across di↵erent immune systems. The observation of the immune system in

swarms has been documented by many researchers, whose developments in the immune

system have been based around di↵erent algorithms, for instance, the algorithm for

artificial Granuloma Formation proposed by Ismail and Timmis (2009), Algorithm 1.

Algorithm 1 An artificial Granuloma Formation algorithm as applied to a robotic
swarm. Adapted from Ismail and Timmis (2009).

begin
Deployment: Swarm robots are deployed in the environment
repeat

Random movement of the swarm robot in the environment
if Error detection then
Signal propagation: Faulty robot will emit fault signal
Containment: Containment of the faulty robots and isolation of their signals from
the other robots

end if
until forever
end

Timmis et al. (2010) work focused on the category of immune-inspired population-based

algorithms from the perspective of swarm behaviour. They derived the immune system

framework in swarm robotics from the algorithm proposed by Newborough and Stepney

(2005), which enabled them to abstract the underlying concepts of the algorithms in a

unifying structure, as follows:

1. Create: a population of novel individuals is created that represent candidate solu-

tions to the problem being optimised by the algorithm.

2. Evaluate: each individual is evaluated based on predefined criteria that determine

how well it solves the optimisation problem.

3. Test: a condition is tested to establish whether the algorithm terminates, returning

an individual solution or set of solutions upon termination.

4. Select: a set of candidate solution individuals is selected to be used as the basis for

the creation of the next generation of individuals.

5. Spawn: the new population of candidate solution individuals is generated for use in

the next generation.

6. Mutate: variability is introduced to the algorithm via either altering the number of

individuals of the new population or some other aspect of the algorithm.

The framework derived by Timmis et al. (2010) highlights the di↵erences and similarities

between immune and swarm robotics algorithms. During their work, they carried out

an empirical analysis of a range of population-based algorithms inspired by di↵erent
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biological paradigms. This framework consists of six generalised stages, which constitute

a single algorithm generation. It is structured as follows, where the key swarm steps are

highlighted in italics:

1. Create: a population of potential solution individuals is created at each generation.

A potential solution is constructed by an ant agent iteratively following a series of

path steps based on pheromone levels until a complete potential solution is gener-

ated.

2. Evaluate: the best individual solution is the one with the shortest path.

3. Test: upon triggering the termination condition, the single best individual solution

is returned as the output of the algorithm.

4. Select: no individuals from the current generation are selected for the next, as each

generation creates its own population from scratch.

5. Spawn: no individuals are spawned for the next generation as none are selected.

6. Mutate: an additional pheromone is laid at each path step of solution individuals

proportionally to how good the solution is, whilst the pheromone is also reduced by

a decay function.

As seen in this algorithm, researchers are still observing algorithms from biological in-

sects without considering the limitations to the extent of configurability between animals

and robots.

2.3 Swarm Robotics Approach for Detecting Failures

While the robot is attempting to broadcast an assistance request signal, the broadcast

signal will include the robot’s controller input and output values to neighbours, to be

computed and evaluated by the neighbours predefined values, and they then compare the

results with their own values. If these values do not match, they assume that this robot

has a suspected failure. Here are two approaches for failure detection that are relevant

to the proposed exogenous failure detection and recovery model in swarm robotics of

which will be discussed more in the thesis.

2.3.1 Fireflies Approach for Detecting Robot Failures

Christensen et al. (2009) took inspiration from the synchronised flashing behaviour ob-

served in some species of fireflies. In their experiment, each robot was equipped with

on-board light-emitting diodes (LED). So, operational robots could detect a non-flashing

robot which was su↵ering a catastrophic failure.
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Christensen et al. (2009) chose to deal with visual rather than radio and sound commu-

nication. This was because robots are unable to determine the location of the sender

relative to their own frame of reference. Thus, the messages are separate from environ-

mental localisation information.

Figure 2.6 demonstrates the Christensen et al. (2009) approach for exogenous fault

diagnosis in the swarm robotics based on LED visual communication, which requires

robots to be within close range, that is, 50 cm for detecting the LED on the other robot

in order to estimate its location. Figure 2.6(a) shows that both robots are operational

and synchronised and that their flashing LEDs are symmetrically together. Figure 2.6(b)

shows that both robots are flashing correctly but they are not synchronised. This means

that one or the other robot is non-operational and that they are suspicious of each other.

The failure is considered detected whenever a robot flashes twice, while observing that

another robot’s LED is solidly on or it does not flash at all, as demonstrated in both

Figure 2.6(c) and Figure 2.6(d).

2.3.2 Robot Internal Simulator Approach

Another approach for exogenous failure detection was demonstrated by Millard et al.

(2013). The concept of their work has robots that are capable of detecting partial

failures by possessing a copy of every other robot’s controller, which they can then

instantiate within an internal simulator on-board. Thus, as long as a robot’s controller

can be instantiated in the simulation, its behaviour can be predicted. This means that

the proposed method would be independent of the robot controller architecture, which

could be used in both homogeneous and heterogeneous swarm robotics.

After a robot gets the data from other robots in the swarm, the internal simulation runs

for a short period of time to predict the future state of the other robots based on their

data. A failure will be indicated whenever there is a significant discrepancy between the

predicted and observed behaviour of a particular robot.

2.3.3 Weaknesses of the Fireflies and Robot Internal Simulation Ap-

proaches

The two approaches discussed in Sections 2.3.1 and 2.3.2 are good starting points for

failure detection approaches in swarm robotics, but still these approaches have disadvan-

tages compared to the exogenous failure detection and recovery model that are proposed

in this thesis (Section 5.1).

For instance, the fireflies approach requires robots, having camera onboard, to be at

a close distance with their partner when they are diagnosis the health status of each
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(a) Both robots are operational and synchronised.

(b) Both robots are operational but not synchronised.

(c) One robot has a fault.

(d) One robot failed while its LED is on.

(e) The LED operational definitions.

Figure 2.6: The four possible scenarios for the Fireflies approach described by
Christensen et al. (2009). Figure (e) shows the robots’ status if they are not
synchronised and a fault is acknowledged in one of them.
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other. That means, if swarm robots are operating in a large arena size they will have

less chances to diagnosis each other until they meet again after a while of wandering.

Also, the fireflies approach requires to diagnose health status of one robot at a time.

Where they do not have the ability to diagnosis multiple robots at ones. If the diagnosis

with one robot takes long time, that might mean the other robots that are close to these

two robots will not have a chance to be diagnoses if they leave the camera sight of others.

The Fireflies approach requires a synchronisation flashing light of partner in order to

detect health status between two robots in the swarm. With di↵erent environmental

circumstances, the failure diagnoses would become di�cult to be detected if the arena

has a bright lights that could make it di�cult for partners to detect the flashing lights

of each other. This will compromise the main purpose of the fireflies approach.

On the other hand, the robot internal simulation approach consists of working o✏ine,

where robots have to predict the behaviours of their partners in the future time. Then,

they get back and check if the predicted behaviour is matching or the robot would be

considered failed. Unfortunately, the behaviour of swarm robots could not be predicted

if they have to change their actions based on two factors, the arena size and the swarm

task. The weakness of this approach is that failure diagnoses requires working o✏ine. If

in case the arena is small in size with a large number of individuals, robots will have to

change their directions in order to avoid walls and other robots in their way constantly.

At this time, predicting the location and the behaviour of other robots will be di�cult.

Also in case while a robot has already been predicted and is underway for recheck with

partner but at the same time the robot start a task, this robot later will be predicted

as failed while in fact is still operational.

In addition to that, robots have to be simple in construction (Section 1.1.2), this means

robots does not need to have a complicated and expensive components such as a per-

manent memory for storing each other data for a long period of time, typically required

by robot internal simulation approach.

However, the provided disadvantages discussed in this section have been considered

during the development of the proposed exogenous failure detection and recovery model

proposed in Section 5.1. This model works for diagnoses the health status of not just

one partner but multiple partners within the communication range of each others. Also,

it is likely to mention that this approach works online all the time between individuals

even when a robot encounter an obstacle or while it has started a task.

The proposed exogenous failure detection and recovery model is not an extension to any

provided approaches in this thesis. It is a new approach that was built to cover the

concepts and gaps of approaches by other researchers.
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2.4 Approaches in Recovery and Mitigation Solution

Ismail and Timmis (2009) suggested that when a robot faces a large power loss, then

the other robots that are going to isolate this robot have to share power with each other

to recharge its battery power. Once a power share operation is completed, the robots

will then carry on with the tasks they were doing before.

Power loss should not be considered as a failure. When the battery power is running

low, this means it only needs to be recharged. However, the concept of this mechanism

was presented by Humza et al. (2009). In their experiment, they implemented a bio-

logical immune system framework on an E-Puck robot. The main objective was that a

robot involved with a recharge docking station had to explore the environment and help

recharge any distressed robot that it found, then return to the recharge docking station.

This experiment introduced the idea of a heterogeneous swarm system, where di↵erent

groups of robots exist in a swarm where some of them are working to detect and recover

robots with low power, while the rest are working to achieve a given task.

However, there are a number of critical issues with their work. First of all, the recovery

robots exist just to recharge other robots with power issues, but they are not involved

in achieving the swarm’s given task. The shortcoming of this arrangement is when these

recovery robots have a failure themselves while recovering other robots. Another issue

raised in their work is that these recovery robots do not have the ability to ensure the

remaining power is enough to allow them to get back to the recharge docking station.

This raises another issue that when they fail to return to the recharge docking station

they become obstacles to other robots in the swarm.

From a critical point of view, there should be homogeneous robots in the swarm whose

main objective is to achieve a given task together. The idea of a power sharing group

has to be implanted in all robots, not just some of them. Thus, all robots must have

the ability to recover each other.

Providing reliable swarm robotics requires the provision of system resources, (Higgins

et al., 2009a). Due to resource constraints, including storage, communication and most

importantly energy, this leads the robot to become inoperable, unless the resource is

renewable. A proposed solution to prevent the wasting of the swarm robot’s resources

was suggested by Ismail et al. (2015). Their experiment relies on the use of residual

energy in the faulty robots. So that, faulty robots can be used as a communication

repeater to rebroadcast messages over a long range between robots. This of course

requires a minimal amount of energy, while they are stationary, compared to the amount

of energy needed to operate the actuators.

In Ismail et al. (2015) work, they have observed the failure behaviour based on the

remaining energy, which is not useful to run the motors. In addition, the remaining
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amount of energy, in faulty robots, could only power up the communication unit for 27

minutes. However, the results from the simulation experiment in this research thesis

may observe a di↵erent amount of remaining energy.

2.5 The Reliability Analysis of k-out-of-N

Stancli↵ et al. (2006) have supported the argument that larger members of less-reliable

robots perform certain swarm tasks more reliably than smaller members of more-reliable

robots. Their claim is relying on the use of the reliability analysis model for the swarm

systems and components.

The main concept of using the reliability model R is assuming that a group of N robots

are independent and have an equal probability of failure p. Thus, the system failure

probability is the product of the robot failure probabilities, which could be applied in

Equation 2.1.

R = 1� pN (2.1)

Winfield and Nembrini (2006) argue that applying Equation 2.1 in swarm robotics could

not determine that the overall system will likely not function properly if very few of

the robots remain operational, i.e. this equation could generate incorrect assumptions,

(Martinoli et al., 2012).

Winfield and Nembrini (2006) provided an enhanced approach which is defined with

three possible states of the swarm robots, fully operational, partially operational or

completely failed. The concept of their approach relies on the probability of robots

failures in di↵erent states. The system reliability, R, for N robots is modelled as Equa-

tion 2.2, where p0 is the probability of failed robots in the partially operational state,

and p
f

is the probability of failed robots in the completely failed state.

R = (1� p0)
N � pN

f

(2.2)

The time of when the failures occurs in the swarm system could be vary from robot to

another. Therefor, it is preferable to distinguish the total time of achieving the swarm

task and the time before the impact of the first failure. The k out of N reliability

model meet the requirements and provide correct assumptions with the swarm known

parameters. Equation 2.3 represents the probability of swarm system failures P , where

k is the number of operational robots and t is the simulation total time. The MTBF

represents the mean time before the impact of the failure, Equation 2.4.
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An example of swarm system running with 20 robots, of which 10 robots are required

to be operational, for 1800 seconds where MTBF is 800 seconds, is represented in

Figure 2.7.

Figure 2.7: The reliability of a robot swarm modelled as a k-out-of-N system,
with k = 10, swarm size N = 20 robots and MTBF = 800 sec (e.g.The relia-
bility of 0.5 have a probability that the swarm robots will have significant risk
to fail after 600 sec after the starting of the experiment which might lead to
uncompleted swarm task when all robots are going to certainly failed around
1200 sec duration).

2.6 Discussion

Hinchey et al. (2007) have claimed that the advantages of swarm robotic systems over

multi-robot systems is that individual robots are capable of performing a simple role

produces with complex behaviour as a whole system. Achieving a complex behaviour

will require the swarm robotic to have a mean of cooperation between individual robots.

Therefore, wireless connectivity information is suggested to achieve the swarm robotics

objectives (Winfield and Nembrini, 2006).

Although scalability is applied to swarm robotics (Şahin et al., 2008) (which means

swarm robotics is capable of performing well with di↵erent swarm sizes), reliability could

not be ignored (Bjerknes and Winfield, 2013), therefore, fault detection mechanisms are

required.
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The Failure Mode and E↵ect Analysis (FMEA) technique, used by Winfield and Nem-

brini (2006), has some important concepts that are helpful for predicting the reason for a

faulty swarm robot, but still this technique only works for system developers in order to

predefine possible faults for analysis purposes. Also, the concept of detecting the faulty

robot requires individual robots to continuously broadcast their own ID’s to neighbours.

Whenever an individual robot is no longer connected with its neighbours, the neigh-

bours will assume that this robot has encountered a failure, and the faulty robot needs

to turn back 180 degrees to reconnect with the group. However, from the perspective of

the swarm robotic system, this could not be considered a failure, even not a detection

mechanism will determine the reason of this disconnection. Undertaking further analysis

will be required, by the system developer, in order to determine the reasons behind the

disconnection of this faulty individual. Therefore, the swarm robotic system is not able

to undertake its own failure detection analysis to address it’s encountered failures.

On the other hand, the Fault Tree Analysis (FTA) technique, by Visinsky et al. (1994),

is used to initially identify all of the potential failure events, by the system developer,

prior to building the swarm system. The reason this technique is not su�cient is that

the swarm system cannot undertake detection procedures of encountered faults that are

not identified by the system developer in the first place. Also, this technique has no

smart mechanisms to build-up the sequence of events in order to generate new events

dealing with the unidentified encountered failures. As a solution, there has to be a built-

in mechanism, within the swarm robotics, in order to deal with encountered failures that

could be unknown by the system developer in order to emphasis the robustness and the

reliability of the fault detection mechanisms of swarm robotics.

Hinchey et al. (2007) claimed that individual robots are capable of performing a simple

role along with complex behaviour as a whole system. Achieving a complex behaviour

will require the swarm robotic system to have a mean of cooperation between individual

robots. Therefore, a wireless connectivity information is suggested required to achieve

the swarm robotics objectives (Winfield and Nembrini, 2006). Reliability, from the other

side, could be considered as a part of the swarm’s complex behaviour, where individual

robots have to cooperate together to maintain the swarm performance.

As wireless connectivity information is applied, Parker (2012) has suggested two tech-

niques for defecting potential failures through communication between individual robots,

namely, collective behaviour and robot health signal. Unfortunately, these techniques

cover only one failure aspect, they cannot be used to detect other failures than the pre-

defined one, that is, they could only detect when a robot, suddenly stopped broadcasting

its health status, which it will be considered having a fault without knowing what the

fault is, or what caused this fault. However, Parker (2012) has observed and analysed

these techniques and several others. He has been exploring the probabilistic aspects of

how algorithms of both swarm intelligence and biological immune systems are similar,

from a scientific point of view.
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In the context of swarm failure detection, mechanisms of Granuloma Formation and

neutrophils have been provided in this research in order to bring the principles of the

immune system to swarm robotics. The main objective of the immune system technique

in corresponding to swarm robotics is to enforce the failure detection and isolation

mechanisms to provide reliability to the swarm.

The concept of the system immunity has been discussed by a number of researchers,

including those that draw inspiration from fireflies by Christensen et al. (2009) and

robot internal simulator by Millard et al. (2013).

In Christensen et al. (2009) work, they have set the control cycle step time to 0.15

seconds. In another words, during this period, the robot’s controller reads data from

sensors including the on-board camera and proximity sensors, then processes the data,

and sends control signals to motors that drive the robot. Unfortunately, their failure

detection technique will face a failure when robots commence a task or when they en-

counter each other after having been separated for a period of time, as their activations

are likely to di↵er.

The work by Millard et al. (2013) was considered to expect the behaviour of other robots

o✏ine. whereas, during the internal simulator operation, a robot will not predict a fault

if the other robot faces a sudden fault after broadcasting a health status. At the same

time, it will become di�cult for the operational robot to take a recovery decision.

Besides, it is still ine�cient to rely on the on-board visual camera, as the robot’s con-

troller also has to deal with analysis images of the robot’s LED.

However, in this research thesis, the simulation experiment of exogenous fault diagnosis

will consider broadcasting communication messages (including the robot’s information)

between robots in the swarm. Also, localisation becomes more clearly stated with the

existence of the navigation devices mounted in each robot. Therefore, the broadcasting

robot’s location becomes more explicit to neighbouring robots. Even more, swarm robots

will be able to engage with multiple robots at a time, because there is no need for over-

processing, in the controller, to analyse the image of the detected LED in each robot in

the swarm.

The proposed exogenous fault detection model in this research thesis will proceed in ad-

dressing the failed component at the hardware-level to be diagnosed in order to be ready

for the recovery/mitigation procedures. So far, the previous studies have discussed fail-

ure recovery for the energy management issue by Ismail and Timmis (2009) and Humza

et al. (2009), where this issue is not a catastrophic failure. Swarm robotics failures, such

as distinguishing between identified objects and other robots, limited communication

range and overlapping code during processing are very important to investigate and

test in real swarm robotics. During the progress in the research thesis, the approach
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proposed by Humza et al. (2009) will be developed in order to manage di↵erent failures

recovery/mitigation.

Parker (2012) reported that reliability has been studied in individual and small robot

systems over time. Large swarm systems illustrate the conservation of robustness to some

extent, and reliability is a solid basis for component failure analysis (Kitano, 2007). Ex-

perimental studies are still required to characterise the trade-o↵ relationship between

robustness and performance of the swarm robots. This will lead to the basis for investi-

gating reliability in swarm robotics. There still remains a wide variety of challenges in

swarm robotics reliability, including:

• Metrics are needed that can evaluate the robustness and reliability of robot col-

lectives (Kannan and Parker, 2007; Parker, 2001).

• General techniques for inferring the impact of partially failed robots are needed

for a wide variety of collective robot applications, along with techniques designed

for addressing these failures (Winfield and Nembrini, 2006).

• A quantitative model for representing the reliability of robot collectives is needed

with which to determine the minimum number of robots needed for acceptable

robot team performance (Winfield and Nembrini, 2006).

2.7 Motivation

As in robotic swarms, multi-robot systems are a collection of robots, working together

to achieve a common goal (Higgins et al., 2009b). Swarm robotics di↵ers from more

traditional multi-robot systems in that their command and control structures are not

hierarchical or centralised, but are fully distributed, self-organised and inspired by the

collective behaviour of social insect colonies and other animal societies (Higgins et al.,

2009a; Bonabeau et al., 1999). Self-organisation means that sometimes the collective be-

haviour, even if unpredictable, may well result in solutions to problems that are superior

to ones that could have been devised in advance. The parallel drawn with social societies

in the animal world extends to communication (Higgins et al., 2009b). Fault tolerance

has already been extensively explored within the context of multi-robot systems with

hierarchical command and control, notably in the work of Parker (1998).

While it may be true that swarm robotics can exhibit an unusual level of tolerance to

failure of individual robots, it is not safe to assume that scalability and robustness are

automatically properties of all swarm systems (Bjerknes and Winfield, 2013). Therefore,

this is a problem that cannot simply be solved by adding more robots to the swarm.

Instead, future large-scale swarm systems will need an active approach to deal with

failed individuals if they are to achieve a high level of reliability (Millard et al., 2014).
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The failure of a few individual robots may reduce the number of robots that are required

for the team work. This may not be an issue with a large size of swarm robotics

because of its applied scalability. However, in the real world, practical robotic swarms

with a small number of complex robots may have a serious issue that prevents the

task accomplishment. Even in the heterogeneous swarm robotics system, the need for

physical and behavioural integration among the di↵erent hardware platforms results in

a considerable amount of extra complexity for the design and implementation of each

di↵erent type of constituent robotic agent. This integration complexity must be dealt

with both in the hardware design, and at the level of behavioural control (Dorigo et al.,

2012). The failure to one or a few of the complex individual robots may lead the robotic

swarm into stagnation (Ismail and Timmis, 2010).

Also, considering the arena properties, from the perspective of the size and structure,

swarm system reliability may have a significant impact on the entire swarm robotic

task. For instance, in the outdoor open arena (where the arena size is unknown), swarm

robotic size will be considered important when there is no specific preference for how

many robots are needed for achieving a task, even after adding more robots. In this

case, it is important to achieve reliability with the swarm system in order to finish the

task.

The unknown properties of the arena, especially the size of the arena, may have a signifi-

cant loss in the swarm’s connectivity. Therefore, the problem of arena size maximisation

maintaining the connectivity arises when the robots spread apart (Mathews et al., 2012).

2.8 Research Objectives

In the context of swarm robotics, the relatively simple robots can have any global pattern

or behaviour (Bayindir and Şahin, 2007), that is, relatively simple robots can perform

di�cult tasks as well as a few complex ones (Magnenat et al., 2008).

A swarm of identical robots has limited reliability. Although the quality and robustness

of the hardware is increasing, hardware failures are still quite common. So, achieving

reliability in swarm robotics is considered necessary to assure the robustness of the

swarm system (Brambilla et al., 2012).

Achieving reliability requires to identify and address di↵erent failures at the hardware-

level, including the navigation device, and their e↵ect on individual robots, as well

as on the entire swarm robotics. The objective of this achievement is to find detection

mechanisms that identify the fault, as well as to determine faulty robots in the swarm and

choose the best technique to distinguish which robot has to be mitigated and recovered

(Parker, 2012).
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Figure 2.8 places this work at the intersection of biology, swarm robotics and simulation.

The exact implementation will involve features drawn from both real swarm robotics

experiments and biological systems and then include them in swarm robotics simulation

experiments.

Figure 2.8: The conjunction of the three aspects discussed in this research,
highlighting the area that the work will focus on.

Injecting the simulated robotic swarm with a failure in the navigation device of some

individuals has proved that the impact of this failure can a↵ect the overall time for

achieving the given task. The proposed exogenous fault detection model has successfully

achieved the research goal. Applying this model to a simulated robotic swarm having

faulty individuals saved the time required to detect and address the existence of failures

in each faulty robot. This allowed the simulated robotic swarm to mitigate these failures

in order to achieve the swarm task in less time.

Not only was the time enhanced, but the travelling distance and the energy consumed

were enhanced in the simulated robotic swarm.

The mitigation procedure consists of evacuating these faulty robots without a↵ecting

the entire simulated robotic swarm’s task.

2.9 Research Aims

The swarm robotic system reliability may not be considered as a big issue that could

threaten the system, due to the swarm robotic scalability, (Şahin et al., 2008), of which

adding more robots can cover-up the failure. Even by considering scalability, the entire

swarm robotic system may fail because of the persisting failure. Whereas, the work in

this thesis demonstrates a number of motivation points that could proof swarm robotic

reliability has to be reconsidered in order to emphasise the robustness of swarm robotics.
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2.10 Research Questions

The research reported in this thesis will investigate these questions:

RQ1 Will the proposed exogenous fault detection principles satisfy the requirements

for diagnosing di↵erent types of failures at the hardware-level in swarm robotics?

RQ2 Does the processing of the proposed exogenous fault detection a↵ect the robot’s

controller functionality while the robot is achieving the swarm task?

RQ3 Why the failure detection and recovery procedures are important to swarm robotics?

RQ4 How could recovery procedures applied to the swarm robots in respect of hardware

failures?

2.11 Summary

After in-depth analysis of the cited literature on failures detection approaches and those

inspired from the immune system concepts in di↵erent approaches, the purpose of this

research will be considering such failure detection and recovery concepts to come up with

a reliable failure detection and recovery model that would be applied to swarm robotics

despite the giving task. The failure detection systems is a di↵erent objective that will

be investigated in more detail during this research. The study will address not only

failures and their detection techniques, but also the mechanisms of failure mitigation

approaches, from the perspective of microbiology by moving the faulty swarm robots

away from operational ones.

Lau et al. (2011) demonstrated a data-driven error detection mechanism that provides

a statistical analysis result. Their paper omits to provide important information, such

as the system that was used to provide these results. Also, as mentioned in their paper,

implementing this simulation mechanism with real swarm robots might give di↵erent

results. The purpose of this research is to observe their work, then bring it to a devel-

opment level for testing in simulation systems.

Many experiments have been inspired by Granuloma Formation system. The critical

concept of using such systems is the limited validity of the system behaviours between

microbiological units and physical robots, which are incomparable. Additionally, there

is no experimental evaluation in swarm robotics that fully and quantitatively determines

the real strengths or limitations of the similarities between animals and robots (Webb,

2000).
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However, a relevant approach to providing reliability to the swarm robotics was inspired

by some species of fireflies. Christensen et al. (2009) drew inspiration from the synchro-

nised flashing behaviour observed in fireflies in order to produce their exogenous fault

detection approach.

Another approach for exogenous failure detection was demonstrated by Millard et al.

(2013) whose work on individual robots allowed them to possess a copy of every other

robot’s controller. These copies are then instantiated within an internal simulator in

each robot. The purpose of this research is to carry on the concept of these approaches

to come up with an enhanced exogenous fault detection model which will be applied in

an experiment to check its validity.
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Research Methodology

The outcome of this research concentrates on the optimal exogenous fault detection in

swarm robotics to complete the swarm task in short time with the best swarm robotics

performance. To achieve this, the simulation experiments were carried out for di↵erent

scenarios, thus making it possible to run simulation experiments much faster than it

would take using real robots. The basic simulation time step can be adjusted to suit the

experiments requirements. Besides, real world robots that are capable of achieving the

research objectives are considered expensive, compared to the simulation tool.

The simulation software used in this research was Webots, developed by Michel (2004)

and Cyberbotics (2013). The selected robot model for this simulation experiment was the

E-Puck robot, due to its simulated components capability for achieving the experimental

research objectives. Details and specifications will be explained in the next sections,

including the E-Puck programming controller.

Some answers to the research questions in Section 2.10 were carried out briefly during

this Chapter. A discussion relating to research questions is provided in Chapter 9.

3.1 Simulation Platform: Webots

Building up new robot models and setting up experiments can take only a few hours

with a simulation tool. This is because simulations are easy to set up, less expensive,

faster and more convenient to use, than real world robotic systems.

Webots is a professional mobile robotics simulation software that is widely used for

educational purposes. Webots was initially developed by Michel (2004) and Cyberbotics

(2013) at the Swiss Federal Institute of Technology in Lausanne.

Webots have a number of essential features:

35
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• Models include wheeled, legged and flying robots, and there is the ability to model

a new robot.

• It includes variety libraries of sensors and actuators.

• Programming of the robot is possible in many languages including C, C++ and

Java.

• It uses the ODE (Open Dynamics Engine) library for accurate physics simulation.

• It has the ability to simulate multi-agent systems, with global and local commu-

nication facilities.

• It transfers controllers to real mobile robots, including E-Puck and Khepera.

• It uses virtual time, making it possible to run simulations much faster than would

be possible with a real robot.

3.2 The Robot Model: E-Puck

E-Puck is a small-scale di↵erential wheeled mobile robotic platform designed for educa-

tional purposes. The E-Puck software was seasoned as open source, which enables it to

be programmed to a suitable application based on the variety of uses of its sensors. In

addition, E-Puck is designed as open hardware, which makes it able to accept several

extension modules by stacking them on top of the E-Puck (as in real world E-Puck) or

installing them in an empty slot inside the robot’s body (Cianci et al., 2007), Figure 3.1.

These configurations can also be applied to the E-Puck model in the Webots simulation

software.
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(a) E-Puck with the audio extension.

This is the regular extension enabled in

the E-Puck model in Webots software.

(b) A turret with three cameras on top of

the E-Puck. It is able to add this exten-

sion in Webots manually from the con-

troller program.

Figure 3.1: Physically di↵erent types of extensions can be stacked on top or
installed inside the body of the E-Puck. These can either be applied to the real
robot, or in the Webots model. Extension modules include a navigation module,
compass, cameras, a Zigbee and a colour RGB LED ring. From Mondada et al.
(2009).

3.2.1 E-Puck Robot Specification

Figure 3.2 shows the E-Puck simulated model is equipped with an asymmetric ring of a

set of eight distance sensors (Table 3.2), ten LEDs, where eight LEDs are communication

indicators between robots (and used for research observation), one LED is the main-

board power indicator and the last one is located in the body of the E-Puck robot, to be

used for di↵erent purposes including a low energy indicator (in the research simulation

experiment, the body LED is used as an indicator after the E-Puck detects the object).

In addition, the simulated E-Puck model has a navigation device that allows it to locate

itself in the arena, and a compass for orientation. The simulated E-Puck is modelled

with a front facing camera for visualisation, which in this simulation experiment was

used as a colour detection sensor. Additional specifications are given in Table 3.1.



38 Chapter 3 Research Methodology

Figure 3.2: The E-Puck Sensors, LEDs and camera positions. Each E-Puck has
a ring of 8 proximity sensors (PS0 - PS7) surrounding the robot, in addition to
8 red LEDs in a ring for status purposes. In the diagram, the LEDs are marked
as black dots each surrounded by a coloured circle. LED8 is green and is located
in the body but does not appear in the diagram. LED9, also green, is used as
a power status that turns on when the battery is running low. The camera is
located at the front of the E-Puck, giving the forward direction. The axis vectors
are represented by the VRML standard, where the camera is pointing in the
direction of the positive z-axis instead of the y-axis. Adapted from Cyberbotics
(2013).
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Table 3.1: E-Puck specifications. From Cyberbotics (2013).

Specifications Value

Robot size 75 mm diameter

Wheel size 41 mm diameter

Axle length 52 mm

Motors 2 stepper motors

Max speed 13 cm/s

IR sensors 8 infra-red sensors

Camera colour camera (640x480 resolution)

LEDs 8 red LEDs and 2 green LEDs

Table 3.2: E-Puck sensors specifications. The front direction of the E-Puck is
given by the negative z-axis, which is the same direction as the camera. The
plane zOx is oriented counter-clockwise, where the direction of the robot axle
is given by the positive x-axis. The orientation of the sensors follow zOx plane.
Adapted from Cyberbotics (2013).

Sensor Name X(mm) Y(mm) Z(mm) Angle(degrees)

ps0 10 33.0 -30 72.8

ps1 25 33 -22 44.1

ps2 31 33 00 0.0

ps3 15 33 30 298.5

ps4 -15 33 30 241.2

ps5 -31 33 00 179.9

ps6 -25 33 -22 135.8

ps7 -10 33 -30 107.2

As is the case for any di↵erential wheels (E-Puck) robot set at its default position in

Webots, in keeping with the Virtual Reality Modelling Language (VRML) standard,

(Bell et al., 1995; Cyberbotics, 2013), the direction vector of the camera points in the

direction of the positive z-axis. The forward direction of the E-Puck is given by the

negative z-axis of the global coordinates.

3.2.2 E-Puck Controller Structure

The programming language used to build the controller to deal with di↵erent hardware

components and software levels was C.
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The E-Puck controller program is able to read the hardware input values, including

proximity sensors, then set the motor speed accordingly. In addition, E-Puck robots are

set to accomplish a simple foraging task. In particular, each robot is set to search for

an object, then transport this object to a pre-set destination area in the arena.

The state diagram and the data flow structure of the controller are expressed in Fig-

ure 3.3 and Figure 3.4, respectively. When the E-Puck simulation starts, and before

allowing any API function to be called, the controller initialises communication between

the controller and the simulation environment. Then, the controller identifies each de-

vice installed in the E-Puck. This step must be set manually by the system developer,

depending on the variety of devices installed in each robot if they di↵er.

Figure 3.3: State digram of a swarm robotics foraging task. Robots start wan-
dering until they detect an object. They, then, push the object to a pre-located
destination area on the arena.

The E-Puck robots then start to identify its information including robot id, name, loca-

tion in the arena based on the navigation module, and the north location to determine

their direction, in addition to the sensor and actuator values.

The robot starts to wander in the arena and detect red objects. Detecting the colour of

the object relies on the front camera located in each robot. This is representative of a

pheromone-detecting technique in insects. If an obstacle is found, the robots start to find

another way around to reach the object by using a set of surroundings sensors. When

the object is detected, first, the robot stops close to the object and then starts moving

around it until its side is aligned with the destination orientation. At the same time, the

robot starts broadcasting a message to its neighbours to inform them that this object

has been handled by him, so that other robots will not detect this particular object

and can search for another object. Then the robot turns to face the object and starts

pushing it until it reaches its destination, which is the green area in the arena. During

the pushing procedure, if the object collides with another object or another robot, the

robot fixes its position and pushes the object away from any interfering obstacle. The

robot then searches for and detects another object until the entire task is finished.
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Figure 3.4: Data flow diagram of foraging task for searching for an object then
moving it to the destination area.

3.3 The Properties of Simulation Experiment

Each of the simulation experiments was set to run ten times. All robots were equipped

with the same controller program (explained in Section 3.2.2). The implementation of

the proximity sensors in the model were designed to realistically represent the behaviour

of the proximity sensor in a real E-Puck robot, where the output values of each proximity

sensor will be slightly di↵erent from the others.

As the simulation experiment will be carried out in Webots, some details must first be

clarified and explained for the accomplishment of this experiment, as well as to assure

the robustness of a perfect simulation.
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Arena The arena is modelled as a flat 1.5 ⇥ 1.5 meter square structured surface with

grey colour, and surrounded by four walls (Figure 3.5). Later, depending on the

experiment complexity level, the size of the arena will be increased to 5⇥ 5 meter

square to add more di�culty to the simulated swarm task (Figure 3.6).

Destination Area The destination area is marked in brown and beige at the bottom

of the arena. The distinction area represents the location of where objects will be

collected. The destination area dimensions are 1.5⇥ 0.2 meters (Figure 3.5). The

swarm robotics task is considered accomplished whenever all objects in the arena

have moved and finally passed into the destination area. In the experiments with

a bigger size arena, there are two destination areas (Figure 3.6) where containers

first have to be transported to the right-top area, and then to the final destination

at the right-bottom area, respectively.

Object Six cylinder-shaped objects are distributed on the arena (Figure 3.7), each with

100 millimetres in diameter. They are coloured red to facilitate their detection by

the E-Puck camera, and also to stand out from the surrounding environment.

Later on during the next experiments, the red objects will be placed in the middle

of the arena. Also, instead of using the camera for detection, each object has an

additional black collar that can be detected by the ground sensors in the robot.

Robot The robot used in this simulation experiment was the E-Puck with a navigation

module and compass extensions for localisation and a front facing camera for

detecting objects. Figure 3.8 shows the initial location of each E-Puck robot in

the arena. Where Table 3.3 presents the position of each of the ten E-Puck robots

in the arena. However, in the bigger arena, all robots will be placed at the left-

bottom corner of the arena, Table 3.4.

Metrics for Evaluation The evaluation of experiments that were undertaken in this

research were consist of choosing compatible metrics that are available in Webots.

The discussion in Section 4.1 gives an overview of metrics used by other researchers.

Webots simulation tool could provides a common metrics, the simulation time,

distance-travelled and the energy-expended. Beside, theses metrics are combined

with the relative devices used in E-Puck robot, which will be used to evaluate

reliability of the robot’s hardware (e.g. the navigation device). This will address

the first research question RQ1.

However, throughout the thesis, the simulation experiments will have some changes

depends on the swarm task complex and the ability of cooperation among individual

robots before and after implementing failures. Moreover, the design and structure of the

E-Puck robots’ controller, that was demonstrated in Section 3.2.2, was developed later

in Chapters 6 and 8 to cope with the requirements for detecting failures and recover

faulty robots. The outcome from the developed E-Puck robots’ controller will address

RQ2 and RQ4 from Section 2.10.
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Figure 3.5: The simulation arena with ten E-Puck swarm robots. The red
(large) cylinders are objects that are part of the swarm robotics task. The
brown/beige pixel area at the bottom represents the destination to which the
objects must be moved. The X, Y and Z axes at the top right corner represent
the orientation of the arena in the VRML standard.

Table 3.3: E-Puck robots positions in the arena. The orientation relative to the
-Z direction.

Robot Name X-Axis(m) Z-Axis(m) Orientation(degree)

E-Puck 0 0.87 1.09 226
E-Puck 1 0.77 0.56 339
E-Puck 2 0.37 1.03 110
E-Puck 3 0.43 1.20 226
E-Puck 4 0.21 0.28 144
E-Puck 5 1.30 0.28 110
E-Puck 6 1.19 1.23 6
E-Puck 7 0.93 0.74 184
E-Puck 8 0.68 0.78 11
E-Puck 9 0.69 0.14 92

3.4 Simulation Challenges

A considerable number of issues have arisen with the simulation software, causing a delay

during the simulation experiments and therefore a slow-down of the research progress,

including:
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Figure 3.6: A larger size of the simulation arena with twelve E-Puck swarm
robots located at the most left-bottom corner. The red cylinders, in the middle,
are containers that are part of the swarm robotics task. There are two large
circles at the two right sides of the arena. The top right circle represents the
loading point, and the bottom right circle represents the collection point (fi-
nal destination). The X, Y and Z axes at the top right corner represent the
orientation of the arena in the VRML standard. From the Webots simulation
platform.

Webots v7.4.0: During the experiment, warning messages were displayed after deploy-

ing the simulation. This caused bad camera readings and therefore wrong values.

This issue was fixed after the release of the next version of Webots.

Webots v7.4.1: Di�culty running the software on MAC OS and Linux. This issue

was solved temporarily until the release of a new version later on. In addition, the

physics engine was causing slow simulation processing. This continued to provide

wrong values that were noticed later on in the research.

Webots v7.4.2: The Webots development team worked on fixing a lot of issues in this

release and also made huge changes in the main prototype file of the E-Puck and

the simulation world file. This forced a delay in the overall research that required
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Figure 3.7: Location of the six objects in the arena. The circle represents an
object. The measurement is in meters. The grey area at the bottom represents
the destination to which the objects must be moved. The X, Y and Z axes at
the top left corner represent the orientation of the arena in the VRML standard.
This diagram is set to scale.

DESTINATION
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E-Puck 0

E-Puck 1

E-Puck 2

E-Puck 3

E-Puck 4 E-Puck 5

E-Puck 6
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Figure 3.8: Ten E-Puck location in the arena. The circle represents the robot
and the arrow represents the orientation. The measurement is in meters. The
grey area at the bottom represents the destination to which the objects must
be moved. The X, Y and Z axes at the top left corner represent the orientation
of the arena in the VRML standard. This diagram is set to scale.

restructuring of the programming code again to accommodate the new changes.

At this point, it was necessary to trace all the programming code manually, as the

Webots software has no integrated debugging/tracing service.
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Table 3.4: E-Puck robots positions in the large arena. The orientation relative
to the north direction, which is -Z direction.

Robot Name X-Axis(m) Z-Axis(m)

E-Puck 0 0.2 4.8
E-Puck 1 0.35 4.8
E-Puck 2 0.5 4.8
E-Puck 3 0.65 4.8
E-Puck 4 0.8 4.8
E-Puck 5 0.2 4.6
E-Puck 6 0.35 4.6
E-Puck 7 0.5 4.6
E-Puck 8 0.65 4.6
E-Puck 9 0.8 4.6
E-Puck 10 0.2 4.4
E-Puck 11 0.35 4.4

Webots v7.4.3: Most issues had been solved in this release, but having more than four

robots caused a delay in finishing all the experiments in short time.

Webots v8.0.1: There was a major new version released with an updated OpenAL

(1.16.0). This release had a great fix to the delay issue from the previous release.

However, after getting to the new experiments with the use of complex commu-

nication between individuals, another issue arose that caused a loss in transferred

packets. It took a while due to the slow debugging and contact with the team

support to figure out that the issue existed in Webots from the beginning. An-

other issue with this new release was some commands/functions which forced me

to rebuild the a↵ected parts in my code, and that has been dealt with after all.

Webots v8.2.0: The prototype files including the E-Puck robot and the arena had

been a↵ected since the release of version 8. So this version was released fixing

most issues related to the prototype files (PROTO files).

Webots v8.3.0: After experiencing the problems with the previous release, this release

was the most reliable with enhanced performance and enhanced processing speed.

Although it has other determinable issues including the communication and packet

bu↵ering issues, still it can be surpassed.

The real time for finishing one experiment on the PC takes several hours, as the real

total time to finish one run varies between half an hour to over an hour. A negotiation

with the Webots software support team will be considered in order to find a way to

speed up the processing of the experiment.

Beside the other issues faced with Webots, the camera is a major part of the reason

for the slowness in the simulation processing. The camera is used to detect the object,
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so there will be more investigation in order to find another way to detect the object

without using the camera at all. This will hopefully speed up the experiment processing

time.

The E-Puck robot model has a set of five ground sensors that can be used for the line

tracking. However, in order to overcome the issue with the camera to detect the objects,

I added a black coaler under each object/container so that the robot can be able to

detect the object whenever it’s ground sensors gets a high reading.

Moreover, there is a possibility that the next experiments could be implemented with a

real swarm of robots. This will enhance the evaluation of the proposed exogenous fault

detection model on real swarm robots, compared with the simulated swarm robots.

3.5 An Experience View of Webots

After using Webots for an extended period of time, an overall of the its benefits and

challenges can be discussed.

The Webots simulation software still not a complete platform for swarm robotics. It

might be useful to use this tool with a di↵erent robot models, but still the implemented

number of included agents could be a↵ected when there is a need to use a mean of

communication between individuals. In the case of the research experiments achieved

in this thesis, there was need to build a matrix array for each individual robot with the

size of the number of the robots in the simulated swarm. As there no need to include

more than 20 robots, so it was easier solve this issue by implementing an array of the

size 20 to hold all data for all partner robots.

However, there was a di↵erent variety of swarm-friendly simulation platform that could

be use such as AeGoS or Player/Stage, but the decision lie on Webots as it was thought

that it could be simple to use as simulation platform.

From a personal point of view, by experimenting with Webots for a period of time,

it is concluded that Webots would not be completely suggest for use with complex

experiments with swarm robotics, or even multi-robot systems. Instead, it could be

useful if it is used to build robots from scratch, or use a single based robot model.

3.6 Summary

The simulation platform that has been used for all the experiments during work of this

thesis was Webots. Webots is a professional simulation platform for mobile robots.

Webots is widely used for educational purposes. A realistic model of insect behaviours
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was required. The robot model used for all experiments was E-Puck. This model

includes all the resources that could suit the purposes of the research of this thesis.

The basic structure of the E-Puck controller was built up for the wandering task (as a

simple task). Then the other tasks were included like foraging and complex loading and

a collection task. For the simple task experiments, the arena was structured as 1.5⇥ 1.5

meters square. Then, for adding more challenge to the simulated swarm, the arena was

increased to a bigger structure, 5⇥ 5 meters square.



Chapter 4

The Swarm Size Evaluation for

Foraging Task

Measuring the performance of the simulation experiment involves a number of metrics.

Using these metrics will help to evaluate the swarm simulation experiments in the event

that any changes occur, and also to what extent these changes a↵ect the swarm system

performance.

The swarm foraging task was deployed during the research simulation experiment during

this case study. Choosing the right metrics for these simulation experiments are depen-

dent on the swarm task and the observation of the experiment performance, including

the proposed exogenous fault detection model in this research. However, the metrics

used to evaluate the performance of this system have been chosen carefully to examine

the changes in the swarm robotics before and after failure occurs to be applied to the

expertness in Chapter 5.

4.1 The Simulation Experiment Performance and Metrics

Depending on the simulated experiment and the swarm task, it is important to carefully

choose the right metrics for evaluation. For instance, Kernbach et al. (2013) work was

measured with the swarm robot densities based on collective decision-making in the

swarm without the existence of communication between individuals. Their work was

based on the total number of individual robots that make a strong collective decision.

Additionally, the work by Bayindir and Şahin (2007) uses the total energy consumption

to measure the performance of the swarm system. Another basic metric is the total

time to accomplish the task, as demonstrated by Peng et al. (2012). Ren and Tse (2012)

work aims to cover an arbitrary unstructured space using a minimal number of robots.

Their experiment measures the total coverage rate of the arena with 20 and 25 robots.

49
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However, the following metrics are going to be used on all the experiments discussed in

this thesis.

Simulation Time The simulation total amount of time the swarm robots spent to

accomplish the task (in seconds). The task consists of searching for objects, then

moving them to the destination area on the arena.

Distance-Travelled Is the total distance-travelled by all swarm robots in the swarm

(in meters). Measurement of this distance starts when the simulation is initiated

and ends when the task is accomplished.

Energy-Expended The total energy consumed by all swarm robots (in Joules). Every

computed action will consume an amount of energy. The energy consumption is

roughly analogous to the battery usage. The total energy consumption is the sum

of all the energy used by the robots in the duration of the simulation experiment

(until the entire simulated swarm task is accomplished).

Practically, the simulation was performed over the course of a single run and compared

across multiple runs (ten runs). A key aim is to understand how reliable and e�cient

the swarm simulation is, without addressing the impact of failure.

At the time of the simulation run, all E-Puck robots start at the same location where they

have been placed by the simulation software. The Webots simulation was programmed

to store the first generated location for all the robots and objects so that, after the

accomplishment of each swarm robotic task, the Webots simulation can recall all the E-

Puck robots and place them back at the same initial location on the arena, and prepare

them to be ready for the next run.

4.2 Size of the Robotic Swarm

During this simulation experiment, the swarm size was evaluated based on the number

of individual robots in the arena. The results were collected after finishing the task ten

times with each swarm size.

However, the chose of the swarm running time has no particular criteria except that

the number of ten experiment runs has been applied by many other researchers like Liu

et al. (2006); O’Dowd et al. (2014).

The swarm sizes that were evaluated are 1, 6, 7, 10, 14, 15, 16 and 20 robots. The arena

is the 1.5⇥ 1.5 meter square size, as shown in Figure 3.5.

The size were expanded originally from experiments with 1, 10 and 20 robots. Where

after collecting the results with theses sizes, it was easy just to go with 20 robots but
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this will take long time in reality and will be di�cult to chose the right size for carrying

the experiments in Chapter 5. Additional swarms of six and seven robots were added to

determine the changes between a swarm with 1 and 10 robots. Also, the additional sizes

of 14, 15 and 16 were added that shows a swarm with 16 robots have finished the swarm

task in slightly less time than with 20 robots. However, related to the issues mentioned

in Section 3.4 that causes a delay in collecting the results, and because a swarm with 10

robots in Webots gives result that was close to all larger swarms, as shown in the figures,

ten was selected. This value maximised swarm size, and ensured that the stimulation

times were not excessive.

The evaluation will be based on the comparison of the three metrics: time, distance-

travelled and energy-expended per robots and per swarm.

4.2.1 Task Description: Swarm Foraging

The simulated swarm task chosen for detecting the best performance of the simulated

swarm size is swarm foraging. The reason for choosing the foraging task is due to the

capability of the robot’s cooperation, where this could bring the greatest attention for

the simulated experiment observations (Krieger et al., 2000).

Typically, simulated swarm foraging involves a number of robots deployed in an arena

to search for specific objects and transport collected objects to a specific location on the

arena (Winfield, 2009; Lau et al., 2011). The simulated foraging behaviour consists of

wandering in the arena, while avoiding obstacles, until the robots encounter and detect

the object, and then prepare themselves for the pushing procedure. Figure 3.3 shows

the foraging swarm task in simple form, before applying the exogenous failure detection

and recovery concepts.

During the experiments in this thesis, the collected results shows that for the task of

foraging, swarm robots can take advantage of the collective e�ciency while relying on

hardware usage when all robots are operational. However, the design of E-Puck model

in Webots is capable of dealing with foraging task. While the foraging task requires

cooperation between robots, which could add complexity to the swarm behaviour, it is

important to continuously carry out the same task for all the experiments in this thesis.

That is due to the reasons for justifying the capability of the proposed failure detection

and recovery model processing along while doing the task and cooperating with other

robots at the same time (RQ2). While the processing of the proposed failure detection

and recovery model does not compromise the swarm task, it would be possible to test

the proposed model with more swarm tasks in future.

The observed data was collected based on retrieving all the deployed objects by pushing

them to the destination area on the arena. The simulated swarm task is considered

accomplished whenever the arena is freed from all deployed objects.
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4.2.2 Results

The simulation experiment was set to run ten times with swarm sizes of 1, 6, 7, 10, 14,

15, 16 and 20 E-Puck robots respectively.

The box plots in Figure 4.1 show a decrease in the simulated time. Also the de-

crease in average in distance-travelled (Figure 4.2(a)) and average energy-expended

(Figure 4.2(b)) compared, gradually, with the increases of simulated swarm size.

Figure 4.3 also show the total of distance-travelled (Figure 4.3(a)) and energy-expended

(Figure 4.3(b)) per swarm run.

Figure 4.1: Box plots showing the time from the simulated experiment for
clearing the arena compared with the swarm size. Each run was repeated ten
times. The box represents the skewness in the data. Stars represent the mean,
the top line represents the longest running time and the bottom line represents
the shortest running time during this experiment.

The simulated time in all experiments represents the average of the total time taken

after the simulated swarm task was accomplished. While the distance-travelled and the

energy-expended are di↵erent according to the statistical analysis per robot and per

swarm run. Table 4.1 presents the simulation experiment’s data that was collected per

robot.

Table 4.2 showing the data was collected from the simulated experiment per swarm run.
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(a) The average distance-travelled per robot for clearing the arena compared with the swarm
size.

(b) The average energy-expended per robot for clearing the arena compared with the swarm
size.

Figure 4.2: Box plots showing the comparison between the performance ob-
tained from the swarm sizes per robot. Each run was repeated ten times. The
box represents the skewness in the data. Stars represent the mean, the top line
represents the longest running time and the bottom line represents the shortest
running time during this experiment.
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(a) The total distance travelled per swarm run for clearing the arena compared with the swarm
size.

(b) The total energy-expended per swarm run for clearing the arena compared with the swarm
size.

Figure 4.3: Box plots showing the comparison between the performance ob-
tained from the swarm sizes per swarm run. Each run was repeated ten times.
The box represents the skewness in the data. Stars represent the mean, the
top line represents the longest running time and the bottom line represents the
shortest running time during this experiment.
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Table 4.1: The mean of the simulated time, distance-travelled and energy-
expended for the simulated swarm sizes: 1, 6, 7, 10, 14, 15, 16 and 20 robots to
clear the arena.

Swarm Size
(Number of Robots)

Time From Simulation
(Seconds)

Distance-Travelled
Per Robot (Meter)

Energy-Expended
Per Robot (Joules)

1 344.95 35.53 381.00
6 85.59 8.58 94.52
7 78.35 8.50 86.53
10 55.01 5.67 60.75
14 48.09 4.87 53.10
15 36.27 4.22 40.12
16 32.58 3.21 35.98
20 32.97 3.23 36.41

Table 4.2: The total of distance-travelled and energy-expended, in addition to
the simulation time, for the simulated swarm sizes: 1, 6, 7, 10, 14, 15, 16 and
20 robots to clear the arena.

Swarm Size
(Number of Robots)

Time From Simulation
(Seconds)

Distance-Travelled
Per Swarm (Meter)

Energy-Expended
Per SWARM (Joules)

1 344.95 35.53 381.00
6 85.59 51.50 527.15
7 78.35 59.48 605.68
10 55.01 56.71 607.45
14 48.09 68.12 743.45
15 36.27 53.31 600.84
16 32.58 51.32 575.62
20 32.97 32.97 728.20

4.2.3 Discussion

After obtaining the simulation experiment results with di↵erent swarm sizes, it is time

to investigate the performance of the swarm simulation experiment based on the results

observed in Section 4.2.2.

From Figure 4.1 and Figure 4.2, it is probable that the simulated swarm performance

will improve as the swarm size increases. The simulated swarm robots get significantly

better with a swarm size from 10 to 20 robots. The simulated time (Figure 4.1) for swarm

sizes between 10 and 20 robots is relatively flat. This means that swarm sizes between

10 and 20 robots are likely to show only a slight change in the overall simulated swarm

performance. Figure 4.2(a) and Figure 4.2(b) show similar observations for distance-

travelled and energy-expended.

However, increasing the number of robots in the simulation swarm causes the simulation

experiment to take a long time to simulate one complete task. Therefore, as the di↵erence

in the performance between swarm sizes of 10 and 20 robots is rather small, 10 robots

is the suggested size for providing a good evaluation for the next experiments.
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After determining the best swarm size to use during the next experiments, it is necessary

to analyse the combinations of metrics, simulation time, distance-travelled and energy-

expended together, Figure 4.4.

The statistical represented in Figure 4.4 was used to measure how close the data are

to the fitted regression line of the related experiments for swarm task completion with

ten robots. These statistical measurements are a new metric method for verifying the

importance of applying the proposed exogenous failure detection and recovery model to

the swarm robotics after implementing failures. The collected data in Figure 4.4 later

will be compared with the collected data from a swarm with failed individual robots.

These data will show that in the presence of failed individuals the regression line will

change as long as the swarm behaviour is distracted with the faulty robots while the

operational robots are working to finish the task.

The optimum combination is where the energy is proportional to the simulation time,

where the measurement of R-squared indicates that energy-expended and simulation

time are a perfect fit. This is clear from in Figure 4.4(c), where the trend-lines in both

diagrams are similar.

In Figure 4.4(a), the relationship between the simulated time and the distance-travelled

are linear in each run, which means that the speed observed in each run is linearly when

compared to the other runs. A couple of runs are perfectly compatible with each other.

This relationship would be a↵ected if there existed any failures in any swarm run.

However, these metrics will be taken into consideration and compared with the results

obtained from the next experiments to determine whether any changes could be observed

in the future experiments.

4.3 Summary

The evaluation performance of swarm robotics experiments requires a number of metrics.

The time from the simulation, the distance-travelled and the energy-expended were the

three metrics chosen to be carried out for the experiments in the entire theses.

Swarm foraging task was deployed during the research simulation experiment, were

robots have to collect a number of objects to the collection location in the arena. The

swarm task would be considered accomplished whenever all objects are collected in short

time.

The observation from the swarm size evaluation experiments shows that a number of

ten robots is an acceptable number for the experiments in the next chapter.
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(a) The compatibility of time and distance-travelled with 10
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(b) The compatibility of time and energy-expended with 10
robots to clear the arena from objects.
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(c) The compatibility of distance-travelled and energy-
expended with 10 robots to clear the arena from objects.

Figure 4.4: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 10 robots.





Chapter 5

Failures Impact on the Swarm

Foraging Task

Swarm robots can exhibit a number of failures that could a↵ect individual robots at

the software or the hardware level. Failed individuals are capable of threatening the

entire swarm robotics performance. It is therefore considered important that the swarm

robots are able to deal with di↵erent types of failures that could constitute a threat to

the swarm robotics task. The swarm task encountered during simulation experiments is

the swarm foraging. The foraging task requires swarm robots to search for objects and

transport them to a specific location (Winfield, 2009; Lau et al., 2011).

The simulation experiment of this research will thoroughly investigate associated failure

symptoms, at the hardware-level, then introduce a unique form of failure detection

technique.

To draw attention to the reliability of the swarm robotics, it is important to evaluate the

robustness of the swarm robots through a simulation environment. This will eventually

lead to the evaluation of the new technique for detecting faults and mitigating their

impact on the swarm.

5.1 The Proposed Approach for Exogenous Failure Detec-

tion

After examining the two approaches, fireflies (Christensen et al., 2009) and the Robot

Internal Simulator (Millard et al., 2013), it is possible to observe several gaps in both

approaches, including the lack of direct communication between robots and the space

limitation between each attempt at simulator diagnosis where a fault could occur during

the analysis period.
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In this research, the exogenous fault detection approach combines several techniques

drawn from other researches, including those of Christensen et al. (2009) and Millard

et al. (2013).

In this approach, each robot in the swarm works to diagnose the health status of its

neighbouring robots. The achievement of this approach requires robots to cooperate

together to ensure the reliability of the swarm robotics. Then they are compared against

the values possessed by other robots’ controllers. The values possessed by the other

robots’ controllers are renewable, which means that each robot acquires fresh values

but does not hold them unless a robot is suspected of having a fault. After the robot

confirms that there is no suspicion, these values are overwritten with other values, or

released if there is nothing suspicious at all.

Figure 5.1 represents the exogenous fault detection model used during these research

experiments. It involves all the input and output values through the robot controller.

Communication is necessary between the robots during the exogenous fault diagnosis

step. As a robot has the ability to receive broadcast messages from multiple robots, this

feature will allow the robot to diagnose even multiple robots while they are also being

diagnosed by others.

5.2 Exogenous Fault Diagnosis Concept

The computational procedure shown in Figure 5.1 plays an important part in the robot’s

controller. As a robot has the ability to diagnose itself, it also uses the same procedure

to diagnose other robots within the communication range. This makes the swarm eval-

uation simple, as there is no need to involve a third-party agent from outside the swarm

of robots to resolve issues.

With the communication available between robots, each robot broadcasts a set of data

as a packet including its own co-ordinates on the arena: orientation, motors values and

sensors values. It also includes its computed diagnosis results in the same packet after it

receives a response. This allows the receiving robot to diagnose and compute individual

data that is received from the broadcaster robot among the swarm, then to compare the

outcome results against the received computed results from the same robot.

Distance is the common concept that could be computed from the two devices onboard

a swarm robot, the communication device and the navigation device. Based on the

possessed robots’ co-ordinates that were broadcasted among individual robots within

their communication range, robots will be able to compute the distance between them.

On the other hand, individual robots compute the distance based on the signal strength

of the received message from the partner robot.
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Figure 5.1: The exogenous diagnosis approach for failure detection. In this
approach, robots diagnose each other through a direct communication between
them. Each robot broadcasts its health status signal to its neighbours. The
controller of robot A receives the sensors, coordination, and motors values.
Then, the controller computes these values, together with values received from
robot B. At the same time, the controller of robot A broadcasts individual values
along with the diagnosed information to the nearest robot in its communication
range. When robot B receives these values and information, it starts to diagnose
the values and computes the movement of robot A based on the values of the
communication module, including the signal direction and the distance between
robots’ A and B. If none of these values match, then both robot A and robot B
broadcast a suspicious report on each other. At this stage, robot A and robot
B need to confirm which one has the failure. They follow the same procedure to
check if the suspicion exists with another robot in the swarm. The faulty robot
will be acknowledged whenever a healthy robot confirms which suspicious robot
has the fault. The faulty robot will be reported to the entire swarm of robots.
This will allow the swarm to take an action toward recovering/mitigating the
faulty robot.

While robots are within the same communication range, they also use signal strength

to diagnose any failures in neighbours. Signal strength helps to compute the distance

between the emitter and the receiver robots. Distance is a measurement parameter

that can be used to assure the healthiness of individual robots based on the data given.

If the computed distance in one robot does not match with the received computed

distance from a partner, and so if the distance computed from the co-ordinates does not

match with the distance computed from signal strength, then these robots will become

suspicious.
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Realistically, the distances computed from di↵erent devices could not be totally accurate.

However, a ratio value were considered for measuring the two distance values that where

computed in robots’ controller. Depending on the system developer and the type of the

swarm robot model used, the ratio value could be vary. In the experiments with the

E-Puck robot, the contrast rate value was set to 80 per cent accuracy matching. This

contrast rate value was tested only on the E-Puck robot, but it could work with other

swarm robot models as well.

Figure 5.2 shows how robots A, B and C diagnose each other, based on the data provided.

When robots A and C are within each other’s communication range, robot A is assumed

to receive robot C’s health packet including identification and co-ordination. X
C

and

Z
C

are the co-ordinates of robot C, and so on with robots A and B. The time represents

the time of the simulation where all the robots are initiated together. Robot A computes

the distance d
navigation

(a,c), as in Equation 5.1. At the same time, robot A computes

the distance d
signal

with the use of the communication signal strength, as in Equation

5.2. Robot A includes robot C’s identification along with its coordination and both

computed d
navigation

and d
signal

in one packet, then broadcasts it to the swarm. Both

robot B and robot C are going to receive robot A’s packet, but it will be accepted by

robot C and rejected by robot B because it has robot C’s identification. Robot C then

computes its d
navigation

and d
signal

and includes robot A’s identification, then broadcasts

it to the swarm. Robots are considered healthy whenever d
navigation

= d
signal

.

Figure 5.2: A case scenario where 3 robots are analysing the data received
from their partners while they are travelling in the arena. This figure shows
the orientation of robots A, B and C with arrows. Robot C have a fault in its
navigation device.

d
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C
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A
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)2 (5.1)

d
signal

= f(SignalStrength2) (5.2)
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However, during this simulation experiment, the navigation device in robot C has been

injected with a fault, where at �t time if robots’ A and C compute that d
navigation

6=
d
signal

, then they store their current computed values and check with a third robot

by following the previous procedures. Whenever robot A computes that d
navigation

=

d
signal

, or robot C computes d
navigation

6= d
signal

, they both now check each other’s

computed values to identify the cause of the failure in robot C. Based on the data

computed in robots’ A and C, the cause of the failure is in the navigation device in

robot C.

5.3 Injecting Multiple Failures into a Simulated Swarm

The previous experiment concluded that the best swarm size to observe the next ex-

periments was 10 robots. A number of 3 robots were injected with faults (noise) in

their navigation device. The e↵ect of the fault initiates with the start of the simulation

experiment.

The remaining robots were fully operational. The exogenous failure detection technique

was applied to all the robots’ controllers.

The simulated swarm robots’ task is foraging (as described in Section 4.2.1), where

the robots have to bring all six objects to the destination area. Whenever a robot

was detected as faulty, the controller stops the robot’s movement, then shuts it down to

avoid causing any further impact on the simulated swarm robots. The reason for shutting

down faulty robots is to prevent continual broadcasting of false values to healthy robots.

Over time, if faulty robots are not shutdown, the suspicious robot is going to continually

determine if it has a fault or not, which will cause the suspicious robot to be stuck in the

exogenous fault detection technique loop, therefore, impacting the entire swarm robotic

task. A further experiment demonstrates the reason for the shutdown of faulty robots

is represented in Section C.1.

When the arena is cleared of all objects, the results are then logged before the simulation

recalls for the next run, until the results of all 10 runs have been collected.

The evaluation of this experiment will be based on the comparison between the reaction

of the simulated swarm’s behaviour before and after it was injected with a fault.

Note that during this experiment there was no reaction toward recovering or mitigating

the simulated swarm robotics after the fault was detected.
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5.3.1 Results

In this experiment, the presence of the fault was successfully detected in all the simulated

swarm robotics experiments. Table 5.1 shows the reaction simulation time of the 3

faulty robots after detection and shutdown. The collected experiment results include

the simulation time required by the robots to detect the suspicious robot, checking with

another healthy robot, identifying which device has the fault, and then shut itself down.

Table 5.1: Reaction time from the simulation experiment of the 3 faulty robots
from first detection of the 3 failures until the shutdown of all 3 faulty robots.

Shortest Time 0.16 Sec
Mean Time 0.2 Sec
Longest Time 0.22 Sec

Meanwhile, the operational robots continue towards finishing the simulated swarm task

until the task is accomplished.

The box plots in Figure 5.3 show the di↵erences between the simulated swarm robots

before and after they are injected with a failure.

The diagram indicates the significant increases in the simulation time, distance-travelled

and energy-expended when the simulated swarm is injected with a failure. These in-

creases are compared to the simulated swarm without the existence of the fault. Ta-

ble 5.2 shows the mean of the three metrics: simulation time, distance-travelled and

energy-expended, of the simulated swarm robots.

Table 5.2: Average time, distance-travelled and energy-expended for 10 runs
before and after the simulated swarm was injected with 3 failures. In addition
to a comparison to a simulated swarm with 7 operational robots.

Metric
10 Robots
No Failures

10 Robots
3 Failures

7 Robots
No Failures

Time from Simulation (Seconds) 55.01 175.34 78.35

Distance-Travelled (Meter) 5.67 15.93 8.50

Energy-Expended (Joules) 60.75 135.64 86.52

5.3.2 Discussion

After the robots become suspicious of the existence of a fault in another, they need to

confirm and identify this fault. Identifying the fault requires at least a third healthy

robot. If the third robot comes under suspicion too, then they all carry on finding a

healthy one for confirmation. However, when the robot is confirmed to be faulty, it
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(a) The impact of failures on the simulation time to clear the
arena of objects.

(b) The impact of failures on the distance-travelled to clear
the arena of objects.

(c) The impact of failures on the energy-expended to clear the
arena of objects.

Figure 5.3: Box plots showing a comparison of the performance of the sim-
ulated 10 swarm robots before and after injection of a failure. The data in
these diagrams correspond to the simulation time, distance-travelled and energy-
expended.
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immediately shuts itself down to avoid causing any harm/interference to the operational

robots, and thus to the entire simulated swarm task.

The existence of the failure causes the simulated swarm robots to take longer to finish

the task than a swarm with no fault. The fault also negatively a↵ects the simulated

swarm’s distance-travelled, which forces robots to travel longer distances. This would

reduce the actuators’ performance over time on real robots. Furthermore, the existence

of the fault causes wasteful expenditure of the robot’s energy, whether it is simulated or

a real robot.

In Figure 5.4, the combination between the simulation time and the energy-expended

still shows a proportional relationship in both Figure 5.4(b) and Figure 5.4(e), which

means that using either one of these two metrics during the evaluation provides the same

results. The proportional relationship between the simulated time and energy-expended

is totally clear in Figure 5.4(f) and Figure 5.4(d), where the trend-lines are comparable

in both diagrams.

However, as claimed in the previous experiment, the relationship between simulation

time and distance-travelled changes after the injection of a failure (Figure 5.4(d)). This

means that the speeds in each swarm run are no longer linear as they were in the

simulated swarm experiment with no failure (Figure 5.4(a)).

The next simulation experiment will observe the simulated swarm robots after mitigating

the fault. This requires the nearest robots to locate the nearest faulty robot, then

approach it in order to push it away from the arena.

5.4 Mitigating the Impact of Failures on the Simulated

Swarm Robotics

This particular simulation experiment will focus on evaluating the simulated swarm

robotics after mitigating the cause of hardware failure. A comparison between results

obtained from applying the mitigation to the simulated swarm and results from the

previous experiment will be discussed in this section.

In the previous simulated experiment, faulty robots shut themselves down after they

were confirmed to be faulty, based on the exogenous fault detection model.

The procedures for mitigating the impact of the faulty robot depend on the last values

received by the healthy robot. During this stage, the healthy robot starts to analyse the

cause of the fault. If the fault occurs in the navigation device, then the healthy robot

locates the faulty robot based on the orientation and distance as computed from the

signal strength (Section 5.2).
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(a) The compatibility of time and distance-travelled with
10 robots, with no failures, to clear the arena from ob-
jects.
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(b) The compatibility of time and energy-expended with
10 robots, with no failures, to clear the arena from ob-
jects.
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(c) The compatibility of distance-travelled and energy-
expended with 10 robots, with no failures, to clear the
arena from objects.
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(d) The compatibility of time and distance-travelled
with 10 robots, of which 3 are failed, to clear the arena
from objects.
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(e) The compatibility of time and energy-expended with
10 robots, of which 3 are failed, to clear the arena from
objects.
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(f) The compatibility of distance-travelled and energy-
expended with 10 robots, of which 3 are failed, to clear
the arena from objects.

Figure 5.4: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 10 robots. Diagrams (a), (b) and (c) represents a
swarm with 10 operational robots having no failures. Diagrams (d), (e) and (f)
represents a swarm with 10 robots of which 3 have failures.

After getting the distance and orientation, the healthy robot can now move in a straight

line until it reaches the faulty robot. When the healthy robot approaches the faulty

robot, the healthy robot pushes the faulty robot to the nearest side of the arena. This will

keep the faulty robot away from the operational robots while they finish the simulated

task.
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5.4.1 Results

In this experiment, all the faulty robots have been successfully moved to the side of the

arena. Figure 5.5 shows the decreases in the simulation time, distance-travelled and the

energy-expended compared with the previous experiment, where the robots have a fault,

and after mitigating the impact of the faulty robots.

All three metrics were a↵ected after applying the mitigation procedure to the faulty

simulated swarm robots. Table 5.3 shows a comparison of the mean of simulated time,

distance-travelled and energy-expended between the simulated swarm robots after the

faulty robots have been shutdown, and after the mitigation procedure has been applied.

Table 5.3: The average time, from the simulation experiment, the distance-
travelled and the energy-expended before and after detecting the 3 failures then
mitigate them. In addition to the results from a simulation swarm with 7
operational robots (with not failures) shows how the simulated swarm behaviour
has been improved before and after mitigating the faulty robots.

Metric
10 Robots
No Failures

No Mitigation

10 Robots
3 Failures

No Mitigation

10 Robots
3 Failures
3 Mitigated

7 Robots
No Failures

No Mitigation
Time from

simulation (Seconds)
55.01 175.34 115.85 78.35

Distance-Travelled
(Meter)

5.67 15.93 12.65 8.50

Energy-Expended
(Joules)

60.75 135.64 89.61 86.52

5.4.2 Discussion

In Figure 5.5(a), after applying the mitigation procedure, the simulation time has sig-

nificantly decreased. This means that the simulated swarm robots managed to finish

their task in less time, even with the existence of the faulty robots. The mitigation

allows operational robots to travel freely without being blocked by faulty robots. The

mitigation procedure also allows the simulated robots to accomplish their task with less

travelling (Figure 5.5(b)).

Apart from the energy-expended after the mitigation procedure takes place, Figure 5.6(b)

and Figure 5.6(e) show that the trend-line of the energy-expended is proportional to the

simulation time, where the measurement of the trend-line, R-squared, indicates that

both energy-expended and simulation time are still perfectly fitted during all three ex-

periments.
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(a) The e↵ect on the simulation time to clear the arena of
objects.

(b) The e↵ect on the distance-ravelled to clear the arena of
objects.

(c) The e↵ect on energy-expended to clear the arena of ob-
jects.

Figure 5.5: The observed performance of i) 10 operational robots; ii) 10 op-
erational robots of which 3 robots failed (become stationary); iii) 10 robots of
which the 3 failed are pushed to the side of the arena; iv) 7 operational robots.
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From Figure 5.6(d) it is observed that the relationship between the simulation time and

the distance-travelled has improved after the mitigation, compared to the relationship

between the simulation time and distance-travelled with the existence of a failure (Fig-

ure 5.6(a)). This is because the speed has been enhanced after mitigating the failure in

the simulated swarm.

As there is no di↵erence in the simulation time and energy-expended (discussed previ-

ously), the relationships between them are shown in Figure 5.6(e) and Figure 5.6(b).
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(a) The compatibility of time and distance-travelled
with 10 robots, of which 3 are failed, to clear the arena
from objects.
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(b) The compatibility of time and energy-expended with
10 robots, of which 3 are failed, to clear the arena from
objects.
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(c) The compatibility of distance-travelled and energy-
expended with 10 robots, of which 3 are failed, to clear
the arena from objects.
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(d) The compatibility of time and distance-travelled
with 10 robots, of which 3 failures are mitigated, to clear
the arena from objects.
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(e) The compatibility of time and energy-expended with
10 robots, of which 3 failures are mitigated, to clear the
arena from objects.
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(f) The compatibility of distance-travelled and energy-
expended with 10 robots, of which 3 failures are miti-
gated, to clear the arena from objects.

Figure 5.6: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 10 robots. Diagrams (a), (b) and (c) represents
a swarm with 10 robots of which 3 have failures. Diagrams (d), (e) and (f)
represents a swarm with 10 robots of which 3 failures are mitigated.
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5.5 Summary

It is considered necessary for swarm robotics to be able to deal with di↵erent types of

failures that could constitute a threat to the swarm robotics task. Achieving reliability

requires identification and addressing the di↵erent failures and their e↵ects on individual

robots, as well as the entire robot swarm. The objective of this achievement lies in

detection mechanisms that can identify and address the fault in the swarm and then

mitigate it.

The proposed model in Figure 5.1 was used to provide reliability to the simulated swarm

robotics during this research.

Figure 5.5 shows the variation in the simulation time, distance-travelled and expended-

energy of the simulated swarm experiments without failure, after failure had been in-

jected, and after mitigating the failure. It is clear that the use of the exogenous fault

detection model enhanced the simulation time, distance-travelled and expended-energy.

Therefore, it is good to use the exogenous fault detection model in order to save time,

distance-travelled and expended-energy.

More investigation of this model will be conducted in order to accommodate more fea-

tures for the mitigation and recovery level.



Chapter 6

The Swarm Size Evaluation for

Loading and Collecting Task

Brutschy et al. (2014) claim that researchers often consider task abstraction in their

experiments, rather than focusing on the details of task execution. They focus on how

robots interact and cooperate to perform tasks (such as foraging) without direct interac-

tion between robots and objects. The retrieval of an object from a source to a destination

is usually abstracted into a trip between the two locations in the arena. However, the

task execution can take a di↵erent dimension, such as in complex swarm tasks, espe-

cially in the physical interaction form. Considering partition/division of the swarm task

between multiple robots may require more observation and details to understand the

reliable task execution.

A swarm robotics task could be subdivided into several subtasks to be handled by a

group of robots. So that, each robot can perform a subtask together, or individually

with each member in the group.

Task partitioning is the general term referring to subdividing the swarm robotic task

into subtasks. Task partitioning was defined by Jeanne (1986) and Pini et al. (2014)

as a technique to organise work that consists of decomposing a task into a number of

subtasks. The concept of this is to allow di↵erent groups of swarm robots to perform

each of the subtasks, either in parallel, or in a defined order and di↵erent moments in

time.

The observation of the case study during this chapter will help to improve the industrial

robots at warehouses to keep on cooperating while transporting containers.

The simulation experiment, during this chapter, will be deployed without injecting the

swarm with failures. The result from the this simulation experiment will be used as a

base measurement to be compared and evaluated with the executed results after injecting

73
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the simulated swarm with failures. The behaviour of swarm robotics with injected

failures will be demonstrated later in Chapters 7 and 8.

The reason for implementing subtasks in swarm robotics is to observe the performance

of swarm robotics while handling a complex task.

6.1 Simulation Experiment

The discussion regarding the previous simulated experiments (given in Section 4.1),

focuses on the simulated swarm robotic performance from the perspective of how the

simulated swarm will be a↵ected whenever changes occur to the swarm robots. This was

performed when each swarm member handles one simple task by itself (with no cooper-

ation). The results collected from the simulated swarm experiment also have provided

details about the possible number of simulated swarm members that are needed to ac-

complish the task in an e�cient time. However, for the case study that will be discussed

during this chapter, the simulation swarm robotics will perform a cooperation behaviour

between multiple members. In this case, cooperation will require robot members to par-

tition and share their resource capabilities with each other. For instance, cooperative

robots will have to share their proximity sensors reading over communication for the

purpose of accomplishing the swarm task. This will improve the ability of the robots to

transport large and heavy objects if the e↵ect of one robot is not enough to achieve the

swarm task.

In order to achieve the e�ciency of swarm robotics cooperation, a mean of communica-

tion between robots is required to achieve the swarm task. However, still there will be no

leader or stationary base communication to control the swarm members. So that, within

the communication range, whenever a robot encounters the container, the robot should

broadcast its information to the nearest neighbouring robot in request for cooperation,

in order to accomplish the task.

The communication range is limited to a short range (0.4m). That is due to the specifi-

cation of the communication module unit installed in the E-Puck robot. Although the

E-Puck has the ability for a handle long distance communication (a range over 0.4m),

short range can guarantees the delivery of packets completely with no lost. Thus, the

cooperation between robots might be a↵ected depending on the arena size. Therefore,

the right number of E-Puck robots are required for the provided task during experiments

in this case study.

6.1.1 The Arena Structure

The simulated swarm robotics in this chapter will be performing in a 5⇥5 meter square

arena size. A number of eight containers are placed in the middle of the arena. Each
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container is surrounded with a black collar that can be detected by the ground sensors

that are installed under the robot’s body.

Regarding the swarm task during this experiment, the arena will have a loading location

and a collecting location. The simulated swarm’s task is to transport all containers, first,

to the loading location, then to the collecting location. The collecting location will hold

all the containers after been loaded and transported until the accomplish of the swarm

task, Figure 3.6.

6.1.2 The E-Puck Robot Controller Structure with the Embedded Co-

operation Attribute

Particularly, the controller of the E-Puck robot, in this case study, was designed es-

pecially to accommodate the cooperation feature between two robots, by sharing each

other’s data, Figure 6.1. When the first robot detects the container, it starts to position

itself at the rear side from the container and facing the loading location. At this point,

the robot waits for assistance from the nearest partner, within the communication range,

in order to transport the container. When the second robot detects the container, or

when it receives an assistance message, the second robot positions itself at the front side

of the container and facing the loading location. At this moment, both robots inform

each other that they are ready to transport the container, then start moving together.

Figure 6.1: The structure of the E-Puck controller that shows how robots co-
operate together in order to transport the container.

The mechanism of the cooperation will allow two robots to perform as one independent

robot by partially sharing the ability of their resources. For instance, the rear robot,

from the container, would be fully aware of the front robot sensing, especially when the

front robot encounters an obstacle, so that they can take action to avoid this obstacle.
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Figure 6.2 explains the mechanism of how robots sharing each other sensors in order to

avoid obstacles, while they are transporting containers.

Figure 6.2: The cooperation between two robots allows them to collect data
and share it to undertake action decisions, such as avoiding obstacles. The
red cylinder, surrounded with a black circle, is the container that has to be
transported. The blue dashed lines show the direction of the active proximity
sensors on each robot and shared with the partner. So, both robots in this
figure work as one single unit.

6.2 Task Description: Loading and Collecting Containers

The swarm behaviour for the simulated experiment could be represented as an applica-

tion for the industrial zone or warehouses. Although industrial robotic systems do not

represent swarm robotics, the swarm robotics principles still apply during these next

simulated experiments.

During the simulation experiments in this chapter, the arena will be obstacle-free, where

robots will be wandering freely with no collisions with obstacles (except the collisions

with each other). All containers, in this case, will be gathered at the centre of the arena.

Before the simulation run, all robots are placed at the corner of the arena on the other

side from the loading and collecting locations.

The behaviour of the cooperative swarm robots consists of a number of steps as follows:
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1. At the beginning of the simulation, robots begin wandering within the arena.

2. Robots use ground sensors for searching and detecting the black-coloured collar at

the bottom of the container, therefore the container will be considered detected.

3. When the robot detects the container, it starts computing the coordination and

orientation to the loading location, then moves and positions itself at the rear side

of the container.

4. At this moment, the robot broadcasts its information, including its position and

waits for assistance from another robot.

5. Whenever another robot receives the broadcasted message within the communica-

tion range, it orientates itself and starts to move to position itself at the front side

of the container and near the first robot.

6. Now, both robots send a ready signal to inform each other that they are ready to

transport the container to the loading location on the arena.

7. While they are in transporting mode, both robots share their sensing capability in

order to avoid obstacles.

8. At the loading location, robots reposition and orientate themselves with the col-

lection location.

9. Then, they continue transporting the container to the collection location.

10. Whenever all containers are collected, the swarm task is considered accomplished.

Step 7 may not be considered as a requirement step because the arena is obstacle-free,

but this step is still required as robots may have a collision with each other during this

particular simulated experiment.

The data flow diagram in Figure 6.3 presents the behaviour of two robots cooperating

together to transport the container to the loading zone, then to the collecting zone.

6.3 The Performance of the Complex Swarm Task

The simulation experiment in this section will observe and evaluate the e�ciency of the

simulated swarm robotic size in the large arena size (5⇥ 5) meter square. Because there

is a need for cooperation between at least two robots, the observation of the simulation

experiment will start with 4 robots. Then the size will increase with every even number.

The simulated swarm robotic sizes are: 4, 6, 8, 10, 12, 14, 16 and 20 E-Puck robots

respectively.
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Figure 6.3: The E-Puck controller behaviour for the cooperation between two
robots while cooperating to each other for transporting the container.

The evaluation will determine the possible number of robots needed to accomplish

the swarm task within the least time t and distance-travelled. Although the energy-

consumption is proportional to the simulated time, it will still be considered and repre-

sented in this chapter.
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6.3.1 Results

The simulation experiment was repeated ten times for each swarm size. The results were

collected and demonstrated as box plots in Figure 6.4, Figure 6.5 and Figure 6.6.

Figure 6.4: Box plots showing the time from the simulated experiment for
clearing the arena compared with the swarm size. Each was repeated ten times.
The box represents the skewness in the data. Stars represent the mean, the
top line represents the longest running time and the bottom line represents the
shortest running time during this experiment.

Table 6.1 summarises the results collected after running the experiment ten times for

each swarm size. These results represent the average time from the simulation, the

distance-travelled per robot, and energy-expanded per robot, for each swarm size, for

loading and collecting containers at their specific locations in the arena.

Table 6.1: The average time, distance-travelled per robot and the energy-
expended per robot for the simulated swarm sizes: 4, 6, 8, 10, 12, 14, 16 and 20
robots to load and collect containers at the specific locations on the arena.

Swarm Size Simulation Time Distance-Travelled Energy-Expended
4 4314.42 217.51 4841.08
6 2486.56 126.05 2768.27
8 1241.92 64.09 1412.58
10 1247.11 61.74 1373.38
12 1174.24 59.59 1300.09
14 1259.35 60.44 1372.04
16 1336.61 64.93 1482.19
20 1686.08 82.42 1955.55
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(a) The average distance-travelled per robot for loading and collected containers compared with
the swarm size.

(b) The average energy-expended per robot for loading and collected the containers compared
with the swarm size.

Figure 6.5: Box plots showing the comparison between the performance ob-
tained from the simulated swarm sizes over ten runs. The box represents the
skewness in the data. Stars represent the mean, the top line represents the
longest running time and the bottom line represents the shortest running time
during the experiment.
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(a) The average distance-travelled per swarm run for loading and collected the containers com-
pared with the swarm size.

(b) The average energy-expended per swarm run for loading and collected the containers com-
pared with the swarm size.

Figure 6.6: Box plots showing the comparison between the performance ob-
tained from the simulated swarm sizes over ten runs. The box represents the
skewness in the data. Stars represent the mean, the top line represents the
longest running time and the bottom line represents the shortest running time
during the experiment.
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Table 6.2 summarises the results collected after running the experiment ten times for

each swarm size. These results represent the average time for the simulation, the

distance-travelled per swarm run, and the energy-expanded per swarm run, for each

swarm size, to load and collect containers at their specific zones in the arena.

Table 6.2: The average time, distance-travelled per swarm run and the energy-
expended per swarm run for the simulated swarm sizes: 4, 6, 8, 10, 12, 14, 16
and 20 robots to load and collect containers at the specific zones on the arena.

Swarm Size Simulation Time Distance-Travelled Energy-Expended
4 4314.42 870.02 19364.33
6 2486.56 756.33 16609.62
8 1241.92 512.76 11300.66
10 1247.11 617.42 13733.83
12 1174.24 715.03 15601.06
14 1259.35 846.12 19208.61
16 1336.61 1038.86 23714.99
20 1686.08 1648.47 39110.98

6.3.2 Discussion

Regarding the simulated swarm task, which were described in Section 6.2, individual

robots require partners to achieve the simulated swarm task. The overall observation

from the collected results shows that the simulated swarm robotic system performance

increases whenever the swarm size increases until the performance reaches a peak with

12 robots in the simulated swarm. The performance starts to decrease again when the

simulated swarm size gets larger.

The results are demonstrated in Figure 6.6(a) and Figure 6.6(b) shows that 8 robots,

with the given arena and swarm task specification, are enough to achieve the simulated

swarm task for transporting containers to the loading and collecting locations. By con-

sidering the measurement of e�ciency and performance of the simulated swarm, 8 robots

show a great e�ciency in distance-travelled and energy-expended. That means 8 robots

could do the simulated swarm task in less simulation time, less distance-travelled and

energy-expended. But, for the sake of evaluating the exogenous failure detection model

in the forthcoming experiments, it is necessarily to have a large sample of simulated

swarm robotics. That is due to the need for operational robots while there are multiple

failed ones. Therefore, Figure 6.5, Figure 6.5(a) and Figure 6.5(b) show the simulated

swarm performance for each swarm size. The time from the simulation, the distance-

travelled and the energy-expended shows great overall performance when the swarm size

is increasing. However, when the swarm size reaches 8 robots, the performance almost

remains constant until it reaches 20 robots. The performance of the distance-travelled

and the energy-expended per robot (Figure 6.5(a) and Figure 6.5(b)) are proportional

to the time for the simulation (Figure 6.4). Although 12 robots can finish the simulated
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swarm task in less time, the performance with 12 robots remains acceptable with a time

e�ciency simulation.

The reason for choosing 12 robots instead of 8 robots is lie on two factors. Firstly,

as was defined by Şahin (2005) in Section 1.1.2, a swarm robotics is consist of a large

number of individuals and with local interaction among them. This was one reason for

choosing the largest of the best size. In addition, the experiment in this Chapter consists

of detecting and recovering failures of individual robots, therefor the shortest time was

noted for individuals to finish the swarm task was with 12 robots. By considering the

distance-travelled and the energy-expended between 12 and 8 robots in Table 6.1, a

swarm with 12 robots managed to accomplish the task with less distance-travelled while

consuming less energy than the experiment with 8 robots.

After determining the best swarm size to use during the next experiments, it is necessary

to analyse the combinations of metrics, simulation time, distance-travelled and energy-

expended together, Figure 6.7.

For the forthcoming experiments, including evaluating the simulated swarm with a num-

ber of faulty robots compared to a simulated swarm after detection and mitigation the

failures, 12 robots will be chosen for analysing the swarm performance.

6.4 Summary

The simulation experiments in this chapter have taken part in a larger sized arena,

compared to the arena size in the previous chapter. In addition, the task became more

complex as individual robots were required to cooperate in pairs in order to achieve the

swarm task.

The task used during the experiments required the pair of robots to transport the con-

tainer first to a loading zone then to the collection zone.

Based on the statistical analysis and the performance, 12 robots was the right swarm size

are going to be undertaken for the forthcoming experiments when there will be failures

injected to multiple robots while they are wandering and/or achieving the swarm task.
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(b) The compatibility of time and energy-expended with 12
robots to load then collect all containers in the arena.
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(c) The compatibility of distance-travelled and energy-
expended with 12 robots to load then collect all containers
in the arena.

Figure 6.7: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 12 robots.



Chapter 7

Failures Impact on the Swarm

Loading and Collecting Task

Result from the simulation experiment in Chapter 6 will be used as a base measurement

to be compared and evaluated with the executed results after injecting the simulated

swarm with failures. This will be used to investigate the e↵ectiveness of the proposed

exogenous fault detection model after applying it to the following experiments in this

chapter.

Failures will be injected to multiple robots at the hardware level, precisely the failure

will a↵ect the robot’s navigation. The failure in the navigation device will causes error

reading of the robot’s positions and so computational process such as distance-travelled.

Also, failed robots will be shutdown after they are confirmed having the failure. There-

fore, the overall energy-expended of the simulation swarm will be a↵ected.

As part of evaluating the e�ciency of the exogenous fault detection model and the

mitigation procedure, it is important to observe the behaviour of swarm robotics af-

ter encountering failures in individuals while individual robots are handling subtasks.

The objective of this case study is to determine whether the proposed exogenous fault

detection model can still detect failures even with the existence of complex swarm tasks.

7.1 Simulation Experiment

The same configuration of the simulation experiment was set in Chapter 6 will be used

for experiments in this chapter.

Additionally, the exogenous failure detection and the mitigation procedure will be ap-

plied, for handling failures in the simulation swarm robotics experiments.

85
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The arena has a loading location and a collecting location. The simulated swarm task

is to transport 8 containers, per pair of robots, first to the loading location then to the

collecting location. The collecting location will hold all the containers after been loaded

and transported, Figure 3.6.

The controller of the E-Puck robot, in this case study, was designed to consider the

cooperation between two robots, Figure 6.1. When the first robot detects the container,

it starts to position itself at the rear side from the container and facing the loading

location. At this point, the robot waits for assistance from the nearest partner, within

the communication range, in order to transport the container. When the second robot

detects the container, or when it receives an assistance message indicating the location

of the container, the second robot positions itself at the front side of the container and

facing the loading location. At this moment, both robots inform each other that they

are ready to transport the container, then start moving together.

The mechanism of the cooperation will allow two robots to perform as one independent

robot by partially sharing the ability of some of their resources. For instance, the rear

robot, from the container, would be fully aware of the front robot sensing, especially

when the front robot encounters an obstacle, so that they can take action to avoid this

obstacle.

7.2 Task Description: Loading and Collecting Containers

While Handling Failures

During the simulation experiments in this chapter, the arena will be obstacle-free, where

robots will be wandering freely with no collisions with obstacles (except the collisions

with each other and failed robots). All containers, in this case, will be gathered at the

centre of the arena. Before the simulation run, robots are placed at the corner of the

arena on the other side from the loading and collecting locations. The location of robots

and containers are set to relocated back to their initial location after the simulation

swarm task was accomplished for each swarm run.

The data flow diagram in Figure 6.3 presents the behaviour of two robots cooperat-

ing together to transport the container to the loading location, then to the collecting

location.

7.3 The Impact Failures During the Swarm Complex Task

In the next simulation experiment, failures were injected at random times after the

running of the simulation. The e↵ect of the randomness in time could impact the robots



Chapter 7 Failures Impact on the Swarm Loading and Collecting Task 87

at any time, either while the robot is wandering and searching for the container, or

during the robot task (when the robot is cooperating with another robot and both are

transporting the container to the loading and collecting zones).

Failures in the simulated swarm also a↵ects either a total of four or six robots, re-

spectively, of the 12 robots. These faulty robots have been randomly chosen by the

simulation supervisor-controller. The supervisor-controller in Webots is used to monitor

and observe the entire simulated swarm behaviour, including the robots and containers

positions. However, each time the simulation run, the failure a↵ects di↵erent robots at

di↵erent times. For each simulation run, the supervisor-controller randomly selects four

and six robots out of the total number of robots in the arena, then the supervisor assigns

a random time, between the starting time of the simulation to the average time been

collected from Section 6.3 with 12 operational robots.

7.3.1 Results

The collected results from the simulated swarm robotic experiment with four failures out

of 12 robots are represented in Figure 7.1. These collected results are compared against

the collected results from the previous simulation experiment, in Chapter 6, with 12 and

8 operational robots.

Table 7.1 summarises the results of the time from the simulation, the distance-travelled

and the energy-expended for loading and collecting containers on the arena with four

failures out of 12 robots.

Table 7.1: Average time, distance-travelled and energy-expanded for ten runs
before and after the simulated swarm was injected with four failures. In addition
to a comparison to a simulated swarm with 8 operational robots.

Metric
12 Robots
No Failures

12 Robots
4 Failures

8 Robots
No Failures

Time from simulation (Seconds) 1174.24 2002.30 1241.92

Distance-Travelled (Meter) 59.59 77.15 64.09

Energy-Expended (Joules) 1300.09 2227.34 1412.58

Figure 7.2 shows the collected results after increasing the number of faulty robots to

become six failures, which represents the e↵ect on the behaviour of the simulated swarm

with half number of operational robots.

A failure of half the number of simulated swarm robots even shows how the overall

performance is even getting worse than the simulation swarm with four failures. Results
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(a) The impact of four faulty robots on the simulation time
to load and collect the containers.

(b) The impact of four faulty robots on the simulation swarm
distance-traveled for loading and collecting the containers.

(c) The impact of four faulty robots on the simulation swarm
energy-expanded for loading and collecting the containers.

Figure 7.1: Box plots showing a comparison of the performance of the simulated
12 swarm robots before and after injection of failures in four robots. The data
in these diagrams correspond to the simulation time, distance-travelled and
energy-expended.



Chapter 7 Failures Impact on the Swarm Loading and Collecting Task 89

(a) The impact of six faulty robots on the simulation time to
load and collect the containers.

(b) The impact of six faulty robots on the simulation swarm
distance-traveled for loading and collecting the containers.

(c) The impact of six faulty robots on the simulation swarm
energy-expanded for loading and collecting the containers.

Figure 7.2: Box plots showing a comparison of the performance of the simulated
12 swarm robots before and after injection of failures in six robots. The data
in these diagrams correspond to the simulation time, distance-travelled and
energy-expended.
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collected from the time from the simulation, the distance-travelled and the energy-

expended for loading and collecting containers on the arena, with six failures out of 12

robots, are summarised in Table 7.2.

Table 7.2: Average time, distance-travelled and energy-expanded for ten runs
before and after the simulated swarm was injected with six failures. In addition
to a comparison to a simulated swarm with six operational robots.

Metric
12 Robots
No Failures

12 Robots
6 Failures

6 Robots
No Failures

Time from simulation (Seconds) 1174.24 2814.19 2486.56

Distance-Travelled (Meter) 59.59 87.61 126.05

Energy-Expended (Joules) 1300.09 3043.13 2768.27

7.3.2 Discussion

After collecting results, with four and six failures out of 12 robots, failures have a great

impact on the time from the simulation, the distance-travelled and the energy expended

for the robots to load and collect all containers.

The failure in the simulation has been randomly injected into robots at random time

after the start of the simulation. The failure e↵ect caused the robots to terminate

immediately. At this stage, the operational robots struggled to continue finishing the

simulation swarm task while avoiding the faulty robots that are stationary in their way.

With the presence of four failures out of 12 robots, the behaviour of the simulation

time, the distance-travelled and the energy-expended, for loading and collecting the

containers, has jumped more than the behaviour was noted in the experiment with 12

fully operational robots, and so as with 8 operational robots (Figure 7.1).

Failures in the simulated swarm show a major impact to the simulation time and the

energy-expended (Figure 7.2(a) and Figure 7.2(c)) with six faulty robots out of 12 robots.

On the other hand, the distance-travelled linearly increased, compared with 12 and six

robots. That is due to the period of time before the impact of failures in the robots,

where the robots showed participation toward collecting a few containers before they

failed.

Still the behaviour of the simulated swarm with the existence of failures devastated the

overall performance, Figure 7.3 and Figure 7.4. Therefore, the need for mitigating the

failures could enhance the performance. The next experiment evaluates the e�ciency of

the proposed exogenous failure detection model.
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(a) The compatibility of time and distance-travelled
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(b) The compatibility of time and energy-expended with
12 robots to load then collect all containers in the arena.
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(c) The compatibility of distance-travelled and energy-
expended with 12 robots to load then collect all contain-
ers in the arena.
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(d) The compatibility of time and distance-travelled
with 12 robots, of which four are failed, to load then
collect all containers.
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(e) The compatibility of time and energy-expended with
12 robots, of which four are failed, to load then collect
all containers.

R²#=#0.35917#

0.00#

500.00#

1000.00#

1500.00#

2000.00#

2500.00#

3000.00#

0.00# 10.00# 20.00# 30.00# 40.00# 50.00# 60.00# 70.00# 80.00# 90.00#

En
er
gy
#(j
ou

le
s)
#

Distance#(m)#

Distance#Travelled#B#Energy#Expended#

(f) The compatibility of distance-travelled and energy-
expended with 12 robots, of which four are failed, to load
then collect all containers.

Figure 7.3: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 12 robots. Diagrams (a), (b) and (c) represents a
swarm with 12 operational robots having no failures. Diagrams (d), (e) and (f)
represents a swarm with 12 robots of which four have failures.

7.4 The E�ciency of Detecting and Mitigating Failures

During the Swarm Complex Tasks

The proposed exogenous fault detection model, which was described in Section 5.1,

shows a significant e↵ective for detecting the faulty robots in shot time. In the previous

simulated experiments, Section 5.3, the failure was injected into the E-Puck robots
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(a) The compatibility of time and distance-travelled
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(b) The compatibility of time and energy-expended with
12 robots to load then collect all containers in the arena.
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(c) The compatibility of distance-travelled and energy-
expended with 12 robots to load then collect all contain-
ers in the arena.
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(d) The compatibility of time and distance-travelled
with 12 robots, of which six are failed, to load then col-
lect all containers.
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(e) The compatibility of time and energy-expended with
12 robots, of which six are failed, to load then collect all
containers.
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(f) The compatibility of distance-travelled and energy-
expended with 12 robots, of which six are failed, to load
then collect all containers.

Figure 7.4: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 12 robots. Diagrams (a), (b) and (c) represents a
swarm with 12 operational robots having no failures. Diagrams (d), (e) and (f)
represents a swarm with 12 robots of which six have failures.

during the initialisation of the simulation run. This means that those faulty robots did

not have enough time for wandering in the arena, therefore to participate with the rest

of the operational simulated swarm robots.

The complexity in the next simulated experiment will lie in the steps required to overtake

the swarm robotics stagnation.
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Observing the e�ciency for detecting failures during complex tasks requires understand-

ing the behaviour of the controller of the E-Puck robot. Additional to the data flow

diagram that was reprinted in Figure ??, the following data flow diagram (Figure 7.5)

presents how operational robots react towards those with failures. It shows a typical

controller behaviour, for the loading and collecting task, after adding the exogenous fail-

ure detection sections. During every controller cycle, the robot’s controller diagnose all

I/O data that are shared between cooperating robots and with other wandering robots

within the communication range. So that, during each control cycle, robots are required

to analyse other robots’ operations while they are achieving their own operation without

a↵ecting the overall task.

The diagnosis process in the exogenous failure detection sections (Figure 7.5) is detailed

is Figure 7.6. The diagnosis procedure works for detecting up-normal behaviour in

E-Puck robot. If the robot is suspicious, then, it has to be diagnosis by another robot

within the communication range. The diagnosis work as computing the distance between

the two robot through the exchanged data, including the coordinates X and Z and the

signal strength. Based on these collected data, both robots diagnosis each other then

broadcast the statues of each other to the swarm. If both robots are suspicious in each

other, then a third robot can confirm the one with failure.

During the simulation, as part of the mitigation procedure, operational robots push

faulty ones to the side of the arena, and away from the location of containers, after they

detect the failure.

7.4.1 Results

The collected results shows e↵ectiveness after implementing the exogenous failure de-

tection feature in the simulated swarm robotics.

The failures in all the ten repeated experiment runs were detected successfully by all

the operational robots. Figure 7.7 shows the performance of the simulated swarm with

four faulty robots before and after been mitigated in a swarm with 12 robots. These

data are compared against the collected results of the simulated swarm with 8 and 12

operational robots. Table 7.3 summarises the results of the time from the simulation

the distance-travelled and the energy-expended for loading and collecting the containers

on the arena with four recovered failures out of 12 robots.

7.4.2 Discussion

It is clearly obvious that the exogenous failure detection and the mitigation procedure

have a noticeable impact on the results between a swarm with faulty robots, that impedes

other operational robots, and after mitigating these failures.
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Figure 7.5: The E-Puck controller behaviour for the cooperation between robots
while Exogenous Failure Detection is applied. The Exogenous Failure Detection
sections are highlighted in grey colour.

The mitigation procedure even shows the enhancement in the distance-travelled (Fig-

ure 7.7(b)) with four failures out of 12 robots. Also Figure 7.8, shows how a simulation
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Figure 7.6: The E-Puck controller behaviour for the cooperation between robots
while the specific failure diagnosis part from the exogenous failure detection
model. The symbol D represents the computed distance from the position of
two E-Puck robots. The symbol E represents the computed distance from the
signal strength of the receiver E-Puck robot. The black circle refer back to the
rest of the E-Puck controller including the robot task.

swarm robotics with six mitigated failures has improved the simulation time, distance-

travelled and the energy-expended performance to become even better than a simulated

swarm with six operational robots. That is due to the faulty robots had achieved part

of the swarm task before they become faulty. In addition to that, the mitigation played

a role to save time for the remaining operational robots to finish the task with free

obstacles (after the faulty robots are terminated and were pushed away to the side of

the arena).

The exogenous failure detection model and the mitigation procedure has shown how the

impact of failures can make a di↵erence to the simulated swarm robotics performance.

Therefore, the existence of such a model could enhance the performance.
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Table 7.3: Average time, distance-travelled and energy-expanded for ten runs
before and after the simulated swarm was injected with six failures and then
mitigated. In addition to a comparison to a simulated swarm with six opera-
tional robots.

Metric
12 Robots
No Failures

No Mitigation

12 Robots
4 Failures

No Mitigation

12 Robots
4 Failures
4 Mitigated

8 Robots
No Failures

No Mitigation
Time from

simulation (Seconds)
1174.24 2002.30 1299.15 1241.92

Distance-Travelled
(Meter)

59.59 77.15 61.65 64.09

Energy-Expended
(Joules)

1300.09 2227.34 1676.38 1412.58

Table 7.4: Average time, distance-travelled and energy-expanded for ten runs
before and after the simulated swarm was injected with six failures and then
mitigated. In addition to a comparison to a simulated swarm with six opera-
tional robots.

Metric
12 Robots
No Failures

No Mitigation

12 Robots
6 Failures

No Mitigation

12 Robots
6 Failures
6 Mitigated

6 Robots
No Failures

No Mitigation
Time from

simulation (Seconds)
1174.24 2814.19 1722.37 2486.56

Distance-Travelled
(Meter)

59.59 87.61 61.39 126.05

Energy-Expended
(Joules)

1300.09 3043.13 1897.23 2768.27
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(a) The recovery e↵ects of four faulty robots on the simulation
time to load and collect the containers.

(b) The recovery e↵ects of four faulty robots on the simu-
lation swarm distance-traveled for loading and collecting the
containers.

(c) The recovery e↵ects of four faulty robots on the simu-
lation swarm energy-expanded for loading and collecting the
containers.

Figure 7.7: Box plots showing a comparison of the performance of the simulated
12 swarm robots before and after mitigating four faulty robots. The data in
these diagrams correspond to the simulation time, distance-travelled and energy-
expended.
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(a) The recovery e↵ects of six faulty robots on the simulation
time to load and collect the containers.

(b) The recovery e↵ects of six faulty robots on the simula-
tion swarm distance-traveled for loading and collecting the
containers.

(c) The recovery e↵ects of six faulty robots on the simula-
tion swarm energy-expanded for loading and collecting the
containers.

Figure 7.8: Box plots showing a comparison of the performance of the simulated
twelve swarm robots before and after recovering six faulty robots. The data
in these diagrams correspond to the simulation time, distance-travelled and
energy-expended.
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(a) The compatibility of time and distance-travelled
with 12 robots, of which four are failed, to load then
collect all containers.
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(b) The compatibility of time and energy-expended with
12 robots, of which four are failed, to load then collect
all containers.
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(c) The compatibility of distance-travelled and energy-
expended with 12 robots, of which four are failed, to load
then collect all containers.
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(d) The compatibility of time and distance-travelled
with 12 robots, of which four failures are mitigated, to
load then collect all containers.
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(e) The compatibility of time and energy-expended with
12 robots, of which four failures are mitigated, to load
then collect all containers.
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(f) The compatibility of distance-travelled and energy-
expended with 12 robots, of which four failures are mit-
igated, to load then collect all containers.

Figure 7.9: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 12 robots. Diagrams (a), (b) and (c) represents
a swarm with 12 robots of which four have failures. Diagrams (d), (e) and (f)
represents a swarm with 12 robots of which four failures are mitigated.
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(a) The compatibility of time and distance-travelled
with 12 robots, of which six are failed, to load then col-
lect all containers.
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(b) The compatibility of time and energy-expended with
12 robots, of which six are failed, to load then collect all
containers.
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(c) The compatibility of distance-travelled and energy-
expended with 12 robots, of which six are failed, to load
then collect all containers.
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(d) The compatibility of time and distance-travelled
with 12 robots, of which six failures are mitigated, to
load then collect all containers.
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(e) The compatibility of time and energy-expended with
12 robots, of which six failures are mitigated, to load
then collect all containers.
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(f) The compatibility of distance-travelled and energy-
expended with 12 robots, of which six failures are miti-
gated, to load then collect all containers.

Figure 7.10: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 12 robots. Diagrams (a), (b) and (c) represents
a swarm with 12 robots of which six have failures. Diagrams (d), (e) and (f)
represents a swarm with 12 robots of which six failures are mitigated.
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7.5 Summary

The simulated swarm task for loading and collecting containers was identified complex,

as individual robots were required to cooperate in pairs in order to achieve the swarm

task.

The task used during the experiments required the pair of robots to transport the con-

tainer first to a loading location then to the collection location. While robots are on their

task, some individual robots may encounter a failure. The failure prevents the robots

from moving. This could cause operational robots to travel further and for longer time

in order to avoid faulty robots (i.e., obstacles).

The exogenous failure detection was implemented on the simulated swarm robotics with

a number of failures: four and six failures out of 12 robots. The results show how the

simulated swarm performance has been enhanced after mitigating these faulty robots by

terminating failures and pushing them to the side of the arena.





Chapter 8

Reusing the Faulty Robots as

Communication Bridges

Failures in the swarm robotics could occur at any time from the beginning of the task.

The collected results from experiments in Chapters 5 and 7 does not include the remain-

ing energy was left in the failed robots. The mitigation procedure used for handling

failures was by shutdown faulty robots then push them away to the side of the arena.

The mitigation procedure helped to clear the arena from obstacles caused from faulty

robots.

A fair amount of unused resources in the faulty robots, including the communication

device, could be reused for the benefits of the swarm task. Reusing the leftover resources

will depend on how much energy is left in the faulty robot that can be reused to operate

a certain device.

However, the suggested solution could provide a swarm robotics to reuse and count

on faulty robots to become a communication bridge between operational robots. This

solution could mitigate the swarm robotics and it could save the time and the distance-

travelled to achieve the swarm task.

8.1 Failure Recovery and Mitigation

Understanding failure modes requires identifying all the e↵ects that failures may en-

counter in swarm robotics to build up a general overview of the swarm’s reliability.

The proposed exogenous failure detection model in this thesis (Section 5.1) shows an

enhancement in the reliability simulated experiments. Also, the suggested solution to

mitigate the faulty robots have shown an enhancement to the time and distance-travelled

103



104 Chapter 8 Reusing the Faulty Robots as Communication Bridges

after shutting down and transporting faulty robots to the side of the arena, so that they

do not become obstacles to the operational robots.

The mitigation for reusing the faulty robot’s resources requires an observation of the

required amount of energy to run the communication device while the robot is stationary.

8.1.1 The Proposed Approach for Mitigating Energy in Swarm Robotics

The main concept of failure mitigation, regarding swarm robotics throughout the pre-

vious simulation experiments, was applied to the E-Puck robot model in the Webots

simulation platform.

Figure 8.1 shows a scenario of four robots communicating with each other. Assuming

that two robots are faulty, robots 1 and 2 are operating as communication repeaters.

From the scenario, robot 3 has detected the container and is in the waiting stage for co-

operation from an operational robot to transport the container. The closest operational

robot that can undertake the task is robot 0. Since both robots, 0 and 3, are not within

communication range of each other, support from the communication units in the faulty

robots, 1 and 2, will associate to rebroadcast a message packet to robot 3, through robot

1 then robot 2, to be received by robot 0.

The message packet from robot 3 contains useful information (including the identification

of the location of robot 3). Therefore, robot 0 can travel to the location of robot 3 for

assistance.

8.1.2 Observing the Required Energy for Communication Operation

The computation of the energy-expended of the E-Puck model in the Webots simulation

is dependent on the consumption of the total amount of joules (with fully charged

battery) and the consumption value of each device in the E-Puck model.

As part of the mitigation procedure, which was provided in previous experiments (Sec-

tion 5.4 and Section 7.4), E-Puck robots have to respond to an immediate shutdown

whenever the failure is detected. This means that the E-Puck robot will no longer need

to fully operate, with the exception of the LED indicators (LEDs indicators in E-Puck

uses for observation purposes for informing the developer of the swarm system which

robot is failed) Figure 8.2. That means the robot’s controller should be operating at a

low level to control LEDs only.

Of course if the robot failed at the beginning of the simulation, then the robot should

have almost a fully charged battery that could be of use to the operational robots in

the swarm. Therefore, the robot’s controller, the LEDs and the communication unit,
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Figure 8.1: A simulated swarm robotic with four E-Puck robots, of which two
robots are operational and two are failed. Robots 0 and 3 are operational and
robots 1 and 2 have failed. The small dot on top of the robot number represents
the front of the robot. The communication range of each robot is represented
with the large grey circle around the robot. The cylinder-shaped object with
the black collar represents the container.

Figure 8.2: The E-Puck’s electronics structure at the hardware level. Adopted
from Mondada and Michael (2007); Cianci et al. (2007).

except for the actuators, can be used to guide and assist the operational robots that are

faraway from each other in the arena, as was represented in Figure 8.1.

The provided information by the E-Puck developers was not enough for observing the

consumption amount of the actuator motors in the E-Puck. This required a deeper

investigation to understand the way an E-Puck robot consumes energy in regards to
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each device. The aim of this investigation is to apply the right variables to the energy-

expended function of the E-Puck in the Webots simulation.

Mondada and Michael (2007); Cianci et al. (2007) provided a few data of how much

each E-Puck device could consume. The power consumption data provided by the

manufacturer is the following:

• The E-Puck is equipped with a 3.6v (1.4Ah) battery, 5Wh capacity, which is

su�cient for about 2-3 hours of intensive use.

• When the E-Puck is not in use it draws less than 1.5W, with the radio on (ready

to receive).

• When the E-Puck is in use, and the processor is under heavy load, it consumes

about 3.5W.

From the provided data, it is possible to calculate the time needed for the E-Puck’s

controller to run while the actuator motors are inactive, which is 2.9W. This produces

the capacity that an E-Puck can operate for approximately 7 minutes in addition to

operating the communication unit without the actuator motors.

In addition to the previous calculation, a simple simulation experiment was performed

in Webots using two E-Puck robots, where one has a failure and another one is fully

operational.

The failure of the first robot started from the beginning of the simulation experiment,

while the operational robot was allowed to wonder within the arena until both ran out

of energy.

The results have been collected after the total swarm energy was ran out, Table 8.1. On

average, it was noticed that faulty E-Puck robots hold enough energy that the robot

can run for approximately 12 minutes.

Table 8.1: Reaction time from the simulation experiment of two robots, where
one has a failure and the another one is fully operational. The results were
collected after each individual robot ran out of energy.

Metric
Operational

E-Puck
Faulty
E-Puck

Time from Simulation (hours) 3.16 3.67

The remaining energy in faulty robots, can be reused by the entire swarm robots in

many ways. As it was proposed by Ismail et al. (2015), this extra remaining energy

can be transferred from faulty robots to operational robots during the swarm task.

Sharing the remaining energy, from faulty robots to operational robots, may not be a

required recovery procedure. Alternatively, the energy-expended in swarm robotics will
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be further observed, empirically after applying the exogenous failure detection model

and the mitigation procedure.

It should be noted that the remaining energy (after shutting down the actuator motors

only) is in E-Puck robots are di↵erent from one to another. That is due to the time

the failure occur in the specific E-Puck. Also, this does a↵ect the total time in the

simulation.

The experiments in the next sections will show a way of recovering the remaining energy

in the faulty robots in order to assist operational robots while they are stationary. Also,

this will be another proposed recovery and mitigation procedure for swarm robotics.

8.2 Failure Mitigation of the Reused Energy in Swarm

Robotics

The particular interest of work in this research was the proposed exogenous failure

detection model and its recovery and mitigation procedures. The recovery/mitigation

procedure that was applied to the previous simulation experiments is terminating and

pushing the faulty robots to the side of the arena, so that they do not become obstacles

to the operational robots while it continues towards accomplishing the swarm task. The

results, after applying the recovery/mitigation procedure, did show an improvement in

the total time and the distance-travelled of the simulated swarm robotics.

The configuration of the simulation experiment in this chapter will be slightly typical of

the configuration of the previous experiments. The use of the extended energy, that is

left in the faulty robots, will be taken into consideration as another form of recovery/mit-

igation in swarm robotics. The approach of the new recovery/mitigation procedure will

be explained more in the next sections.

8.2.1 Task Description: Stationary Communication Bridge Through

Faulty Robots

The arena was structured as obstacle-free, where there are no precisely placed obstacles,

in the way of wandering robots, except for the interferences with the faulty robots and

with each other.

A number of eight containers are placed in the centre of the arena. At the beginning of

the simulation, all robots were located at the corner of the arena, on the opposite corner

from the loading location, Figure 3.6.

The simulated swarm robotic task was to transport the container, with support from

another robot, to the loading location, and then to the collection location in the arena.
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The swarm robotic task will be considered accomplished whenever all containers were

collected.

It is worthy to mention that the main purpose from this simulation experiment is the

reuse of resources from faulty robot. Where the faulty robots will be extending the

remaining energy to provide assistance to the operational robots to accomplish the

simulated swarm robotic task. The specific approach for recovering the swarm robots,

by applying a communication bridge from the faulty robots, was explained in Section

8.1.1.

8.2.2 The E-Puck Robot Controller

The robot model used for this experiment was the E-Puck. A typical E-Puck robot

controller for the provided swarm robotic task was designed to achieve cooperation

between individuals.

The only change in the E-Puck robot controller was produced by the faulty E-Puck

robots, Figure 8.3. That is related to the special way in which E-Puck robots with

failures could be useful for the operational robots.

Figure 8.3: The structure of the E-Puck controller that shows how robots coop-
erate together in order to transport the container, in addition to the communi-
cation bridge feature for transferring broadcasted messages between operational
E-Puck robots through faulty ones.

The exogenous failure detection approach was implemented in all E-Puck robot con-

trollers. That means, when a failure is provoked in an individual, all robots within the

communication range will be notified of the failure.
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8.3 The Performance of the Swarm Robotics with the Com-

munication Bridge Feature

The approach of the recovery and mitigation procedure in the previous simulation ex-

periments was described as terminating the faulty robots so that they do not become ob-

stacles to the operational robots. Even the distance-travelled and the energy-expended

amounts have been considered until the failure occurred, along with the operational

robots. That means, these two metrics, especially the energy-expended, were no longer

computed as the faulty robot will no longer need to wander anymore.

The simulation experiments in this chapter were built upon the remaining energy in the

faulty robots. So that, the faulty robots could be useful and not a waste to the entire

simulation swarm robotic.

The results collected from the next simulation experiment were dependent on the faulty

robots, but instead of shutting them down, the faulty robots would continue operating

while they were stationary. The reason behind that is to allow these faulty robots to

work as a communication bridge to transfer broadcasted signals from one faraway robot

to another one.

8.3.1 Results

Two simulation experiments were undertaken with a di↵erent number of faulty robots,

out of a total of 12 robots. Each simulation experiment was repeated for ten times.

The results collected from the first simulation experiment with 12 robots, of which four

robots were faulty, is demonstrated in Figure 8.4. Table 8.2 shows a comparison between

a swarm with 12 operational robots, four of which are faulty, after mitigating the four

faulty robots and a swarm with eight operational robots.

The second simulation experiment used a swarm with 12 robots, of which six are faulty,

Figure 8.5. Also the comparison of the results is demonstrated in Table 8.3.

In each case the results of the mitigated swarm is compared with (i) no failures, (ii) no

mitigation and (iii) after applying the mitigation were discussed in Section 7.4 and (iv)

a swarm is equal in size to the number of operational robots (i.e. eight robots for the

swam with four failures).

8.3.2 Discussion

The collected results show an overall enhancement to the simulated swarm robotics

after applying together both the proposed exogenous failure detection approach and the

proposed mitigation.
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(a) The impact of four failed robots on the simulation time
to load and collect the containers.

(b) The impact of four failed robots on the simulation
swarm distance-travelled for loading and collecting the
containers.

(c) The impact of four failed robots on the simulation
swarm energy-expended for loading and collecting the con-
tainers.

Figure 8.4: Box plots showing a comparison of the performance of the simulated
twelve swarm robots before and after recovering from the four robots failures.
The data in these diagrams correspond to the simulation time, distance-travelled
and energy-expended.
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Table 8.2: Average time, distance-travelled and energy-expended for ten runs
before and after the simulated swarm was injected with four failures and then
mitigated. In addition to a comparison to a simulated swarm with four opera-
tional robots.

Metric
12 Robots
0 Failures

12 Robots
4 Failures
0 Mitigated

12 Robots
4 Failures
4 Isolated

12 Robots
4 Failures
4 Bridges

8 Robots
0 Failures

Time from
simulation (Seconds)

1174 2002 1299 1493 1242

Distance-Traveled
(Meter)

60 77 62 62 64

Energy-Expended
(Joules)

1300 2227 1676 1677 1413

Table 8.3: Average time, distance-travelled and energy-expended for ten runs
before and after the simulated swarm was injected with six failures and then
mitigated. In addition to a comparison to a simulated swarm with six opera-
tional robots.

Metric
12 Robots
0 Failures

12 Robots
6 Failures
0 Mitigated

12 Robots
6 Failures
6 Isolated

12 Robots
6 Failures
6 Bridges

6 Robots
0 Failures

Time from
simulation (Seconds)

1174 2814 1722 1727 2487

Distance-Travelled
(Meter)

60 88 61 61 126

Energy-Expended
(Joules)

1300 3043 1897 1885 2768

Instead of being obstacles to operational robots, faulty robots, now, can cooperate to-

gether with operational robots towards finishing the swarm task. That is, through

passing messages between operational robots across various distances.

It is obvious that the time to finish the swarm task in the simulation tends to be in-

creasing whenever there are failures, four and six failures out of 12 operational robots

(Figure 8.4(a) and 8.5(a)), respectively. In addition, while failures persisted, the simu-

lated swarm robots tended to travel for a long distance (Figure 8.4(b) and Figure 8.5(b))

and consume more energy (Figure 8.4(c) and Figure 8.5(c)). That is due to the fact that

operational robots get busy avoiding the faulty robots while still achieving the swarm

task.

Also, swarm robots, in the simulation experiment, normally perform to cooperate with

other robots before failing. While transporting the container, with existing cooperation

between two robots, the task operation could be distracted in the middle between the

loading and collecting locations on the arena should one of these cooperated robots fail.
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(a) The impact of six failed robots on the simulation time
to load and collect the containers.

(b) The impact of six failed robots on the simulation
swarm distance-travelled for loading and collecting the
containers.

(c) The impact of six failed robots on the simulation
swarm energy-expended for loading and collecting the con-
tainers.

Figure 8.5: Box plots showing a comparison of the performance of the simulated
twelve swarm robots before and after recovering from the six robots failures. The
data in these diagrams correspond to the simulation time, distance-travelled and
energy-expended.
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In this type of situation, the operational robot will wait for another operational robot

within the communication range to take over the task of the faulty robot, thus, carrying

on the swarm task. This procedure might take a long time which causes a delay to

finish the swarm task. Especially, if the operational robot has to wait for a long time

for another operational robot to take over the position of the faulty one.

However, the proposed mitigation, in this chapter, shows an e↵ective improvement in

the total time, distance-travelled and the energy-expended from the simulation when

faulty robots fail in the middle of the simulation swarm task.

It has to be mentioned that the proposed mitigation procedure in this chapter may not be

quite as good as the proposed mitigation in Section 7.4. Where previously, robots with

failures are pushed to the side of the arena so they don’t become obstacles, whereas

in the current simulation experiment, robots become obstacles in the middle of the

arena. But the benefit is that the faulty robots assist operational robots by transferring

their broadcasted messages over the large arena. So, at least the outcome shows an

improvement after applying the mitigation procedure. Based on this concept, it could

be assumed that the more the robots failed and becoming communication bridges the

more the operational robots cooperates over long distances and so finishing the task

faster.

Figure 8.6 and Figure 8.7 shows the comparisons in time from the simulation, the

distance-travelled and the energy-expended before and after implementing failures (four

and six failures) in the simulated swarm robotics.

Results in Figure 8.8 and Figure 8.9 do not show a perfect fit, this is due to the di↵erent

times at which failures occurs to each experiment run. So, this may not be a perfect way

to measure the e�ciency of the applied mitigation in this chapter, of which reusing failed

robots as communication bridges. That is due to the fact these faulty robots are still

operational and consuming energy compared to the previous experiment where faulty

robots are shut down immediately after the failure was detected. In another words, the

energy-expended in these faulty robots are still observed during the entire swarm task,

even in case they were becoming communication bridge and they does not help with the

swarm task. In that case, it would be di�cult, as a system developer, to determine if

all or most failed robots became useful to the operational swarm robots, otherwise they

should be shut down and pushed to the side of the arena as they are not needed any

more.

On the other hand, mitigation procedures are important to swarm robotics. This proves

that the e�ciency of the total time and the energy-expended with a swarm of 12 robots

and a swarm of four out of 12 robots is approximately 78 per cent. Even comparing

this with a swarm of only eight robots gives an e�ciency over 80 per cent of time and

energy-expended.
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(b) The compatibility of time and energy-expended with
12 robots to load then collect all containers in the arena.

R²#=#0.94071#

0"
200"
400"
600"
800"

1000"
1200"
1400"
1600"

0" 10" 20" 30" 40" 50" 60" 70" 80"

En
er
gy
#(j
ou

le
s)
#

Distance#(m)#

Distance#Travelled#A#Energy#Expended#

(c) The compatibility of distance-travelled and energy-
expended with 12 robots to load then collect all contain-
ers in the arena.
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(d) The compatibility of time and distance-travelled
with 12 robots, of which four are failed, to load then
collect all containers.
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(e) The compatibility of time and energy-expended with
12 robots, of which four are failed, to load then collect
all containers.
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(f) The compatibility of distance-travelled and energy-
expended with 12 robots, of which four are failed, to load
then collect all containers.

Figure 8.6: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 12 robots. Diagrams (a), (b) and (c) represents a
swarm with 12 operational robots having no failures. Diagrams (d), (e) and (f)
represents a swarm with 12 robots of which four have failures.
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(a) The compatibility of time and distance-travelled
with 12 robots to load then collect all containers in the
arena.
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(b) The compatibility of time and energy-expended with
12 robots to load then collect all containers in the arena.

R²#=#0.94071#

0"
200"
400"
600"
800"
1000"
1200"
1400"
1600"

0" 10" 20" 30" 40" 50" 60" 70" 80"

En
er
gy
#(j
ou

le
s)
#

Distance#(m)#

Distance#Travelled#A#Energy#Expended#

(c) The compatibility of distance-travelled and energy-
expended with 12 robots to load then collect all contain-
ers in the arena.
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(d) The compatibility of time and distance-travelled
with 12 robots, of which six are failed, to load then col-
lect all containers.
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(e) The compatibility of time and energy-expended with
12 robots, of which six are failed, to load then collect all
containers.
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(f) The compatibility of distance-travelled and energy-
expended with 12 robots, of which six are failed, to load
then collect all containers.

Figure 8.7: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 12 robots. Diagrams (a), (b) and (c) represents a
swarm with 12 operational robots having no failures. Diagrams (d), (e) and (f)
represents a swarm with 12 robots of which six have failures.
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(a) The compatibility of time and distance-travelled
with 12 robots, of which four are failed, to load then
collect all containers.
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(b) The compatibility of time and energy-expended with
12 robots, of which four are failed, to load then collect
all containers.
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(c) The compatibility of distance-travelled and energy-
expended with 12 robots, of which four are failed, to load
then collect all containers.
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(d) The compatibility of time and distance-travelled
with 12 robots, of which four failures are mitigated, to
load then collect all containers.
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(e) The compatibility of time and energy-expended with
12 robots, of which four failures are mitigated, to load
then collect all containers.
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(f) The compatibility of distance-travelled and energy-
expended with 12 robots, of which four failures are mit-
igated, to load then collect all containers.

Figure 8.8: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 12 robots. Diagrams (a), (b) and (c) represents
a swarm with 12 robots of which four have failures. Diagrams (d), (e) and (f)
represents a swarm with 12 robots of which four failures are mitigated.
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(a) The compatibility of time and distance-travelled
with 12 robots, of which six are failed, to load then col-
lect all containers.
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(b) The compatibility of time and energy-expended with
12 robots, of which six are failed, to load then collect all
containers.
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(c) The compatibility of distance-travelled and energy-
expended with 12 robots, of which six are failed, to load
then collect all containers.
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(d) The compatibility of time and distance-travelled
with 12 robots, of which six failures are mitigated, to
load then collect all containers.
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(e) The compatibility of time and energy-expended with
12 robots, of which six failures are mitigated, to load
then collect all containers.
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(f) The compatibility of distance-travelled and energy-
expended with 12 robots, of which six failures are miti-
gated, to load then collect all containers.

Figure 8.9: The correlation between the time, distance-travelled and energy-
expended for a swarm size of 12 robots. Diagrams (a), (b) and (c) represents
a swarm with 12 robots of which six have failures. Diagrams (d), (e) and (f)
represents a swarm with 12 robots of which six failures are mitigated.
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8.4 Summary

The methodology and the structure of the arena used during the observation in this

chapter are exactly the same as in the previous case study was discussed in Chapter 6.

An experiment was undertaken, at the beginning of this chapter, which shows even when

robots fail in the arena, there is still usable resources that could be useful to the entire

simulation swarm robotics. One of these usable resources is the remaining energy in

the faulty robots. The use of the remaining amount of resources was defined as the

mitigation solution to the operational robots.

However, in this chapter, the proposed solution for the use of the remaining energy was

expressed as building up a communication bridge based on these faulty robots, as they

still have remaining energy. Therefore, there is no need for this additional energy to be

transferred to operational robots.

The results show that the proposed mitigation solution has an e↵ect for enhancing the

performance of the simulated robotic swarm with stationary failures.



Chapter 9

Research Discussion

The work represented in this thesis discusses the importance of applying a reliability

approach to swarm robotics; an approach for better failures detection and solutions in

distributed robotic systems.

By implementing the proposed exogenous failure detection and diagnosis approach,

robots are able to share and diagnose their processing data and mitigating complex

problems while they are still independent.

The proposed exogenous failure detection model was inspired by the concepts from

fireflies, (Christensen et al., 2009) and the robot internal simulation approach, (Millard

et al., 2013).

The discussion in the thesis has been supported with case studies with the collection of

containers, once by an individual robot then through collaboration with a partner robot.

9.1 Research Contributions

The reviewed literature shows that the majority of researcher agree that swarm robots

hardware failures are quite common. Although failures can exist in swarm robotics,

researchers claim that swarm robotics is still scalable. That means, whenever there is

failure exist it is possible to add more robots to cover up the failure gap. However,

adding more robots to cover up the failures will discard an important property which is

the robustness property of swarm robotics, because the failed robots remain in the task

area and will interfere with the operational robots.

Referring to RQ1, due to the limited reliability, particularly in the robot’s hardware

level, a number of failure detection methods and algorithms have been listed throughout

the literature review in this thesis.

119
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The main principles required for diagnosis the swarm failures lies on the identity of

communicated robots in the swarm. These principles will build up the idea of which

robot is operational and which has the failure. Then comes the importance of transferred

data, including the location, the sensor readings and the actuators values.

The proposed exogenous failure detection model have the ability of not just detect the

failed robot, but also can trace down the exact location and type of failures in a failed

robot. Another principle has been covered in the proposed exogenous failure detection

model for identifying an exact failure within the failed robot was inspired from Fault Tree

Analysis (FTA) technique. The concept of Tree Analysis (FTA) was analysing failures

attempts to identify all of the potential causes of the event and the logical sequence of

secondary events that were leading up to the failure.

Moreover, the exogenous failure detection model works by identifying the type of failures

immediately, despite techniques that have been reviewed previously. The failure analysis

and diagnosis in the proposed model of this research are explained through the next

sections of this Chapter.

Following up to the concept of the algorithm of the immune systems in the Granuloma

Formation, the principles from the two failure detection approaches have been com-

bined to come up with the proposed exogenous failure detection model in this thesis.

The fireflies approach requires an existence-communication between individual robots

by monitoring and synchronising a flashing LED of two robots. On the other hand, the

internal simulator approaches which require an individual robot to predict the health

status of its partner, then compare its computational values with the real received values

from the partner.

Again, principles from the reviewed approaches have been combined and customised to

form the proposed exogenous failure detection model to be applied to swarm robotics

and it could also be implemented to multi-robot systems.

The work resolved the issues discussed in RQ2. The capability of the proposed exoge-

nous fault detection model was designed to repeatedly diagnose swarm robot’s health

statuses and undertake an action towards mitigating the faulty robots. Although the

structure of the exogenous failure detection model makes it capable of dealing with sev-

eral di↵erent failures, further simulated experimentation is needed to be investigated.

From the collected results, after applying the exogenous failure detection model to the

simulation swarm robotics, the simulation swarm robotics shows noticeable di↵erences in

the behaviour of robots especially after using the mitigation procedures. The exogenous

failure detection model was implemented within the E-Puck robot’s controller. Along

with the part that is responsible for doing the swarm task, the exogenous failure detection

part in the controller did not make a big di↵erent. The exogenous failure detection and
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the mitigation process plays a job for bringing down the cause of failures to make the

swarm robotics as close in the behaviour as to a swarm robotics with no failures.

As the robot’s controller plays both parts, achieving the swarm task and diagnosis other

robot’s health status, the controller did not show a noticeable defective. The mean time

for the proposed exogenous failure detection model to immediate react toward detecting

the failure was 0.2 seconds. This reaction result may not be compared to other fault

detection models as it was not mentioned, and so there was no particular model for

detecting the response time for detecting the failure. Moreover, the approaches from

other failure detection models depend mostly on a present of list of failures of which

requires a robot’s controller to go through a list of possible failures every controller

cycle, or the failure detection model need a prediction of failures in the future which

may take time for detecting the failures.

With the existence of failures, swarm robotics tend to spend more time for finishing their

task. That is due to the dynamic obstacle that is generated from faulty robots when

they suddenly become faulty and shutdown. These faulty robots become stationary

in the way of operational robots in the arena, which forces operational robots to take

extra iteration and turn around these faulty ones to avoid them. Also, it becomes more

di�cult for the operational robots while they are cooperating with another operational

robot and performing a task. That causes cooperative robots to take extra moves to

turn around obstacles by keeping on transporting the container.

Therefore, by applying mitigation to the swarm robotics, the simulation shows a tremen-

dous enhancement to the overall performance and e�ciency, and hence addresses RQ3

During the represented work in this thesis, mitigation procedures moved from mitigating

a swarm with failures while achieving a simple task. When one robot was required to

transport the container to the destination location, and mitigation the swarm while

cooperating with a partner and achieving a complex task, by transporting the container

to the collecting location after passing the loading location in the arena. The collected

results show how the time, the distance-travelled and the energy expended from the

simulation has been enhanced compared to the collected results for a swarm with non-

mitigated failures.

Without applying the mitigation procedures, the swarm could tend to run for a long

time, that could a↵ect the entire swarm task when all the robot’s battery ran out of

energy. Also, this might end up the simulation with an uncompleted task.

Another form of mitigation was represented which allow the swarm to reuse faulty robots

to become a communication bridge to handle communications over the long distance

between operational robots. Throughout the simulation experiments in this thesis, this

particular mitigation procedure did show quite the same performance of swarm with

failures compared to the behaviour of swarm after pushing faulty robots to the side of
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the arena. But at least, failed robots did help to bring operational robot over a far

distance to cooperate with another operational robot that was waiting for assistance.

Achieve the mitigation and determine which mitigation would be required for a particular

swarm task by diagnosing and identifying the failure. As failures could a↵ect the swarm

robots at the hardware, a brief discussion in this Chapter (9) explains how a particular

hardware failure could be diagnosis and defined, also the provided discussions answers

to RQ4. The software failure will require another research e↵ort that could be justified

by more experiments. The failure diagnosis in the robots’ hardware requires diagnosing

each device individually. The confirmation of the validity of one device helps to diagnose

the other device in the E-Puck robot. This step is needed to diagnosis the failure and

in which device exists, are going to be explained more during this Chapter. The swarm

robotics software failure requires further investigation. Therefore, the software failures

have been moved to the future work in this thesis.

9.2 Identifying Threats to Swarm Robotics

The failures could threaten the robot at the hardware and/or software level. Also the

swarm task could be threatened by an environment disturbance. Figure 2.4 illustrates

a number of threats that could harm the swarm robotics.

During the work in this thesis, the failure a↵ected the swarm robot at the hardware

level. Most importantly, noise was implemented at the navigation unit, to simulate the

failure, in the E-Puck robots at di↵erent times during the simulation experiments.

The idea behind selecting the navigation unit to be determined whither it has been

manipulated with a failure is to trace down any cause of failure in di↵erent devices in

case the navigation unit is operational. The mechanism for diagnosis of all devices on

E-Puck robots would require a deep investigation and more experiments. Therefore,

the experiments for all devices’ failures was proposed to be for future work. Also, that

includes an investigation into the failures at the software level.

The E-Puck robot is equipped with a number of devices including proximity sensors,

ground sensors, actuators and a communication unit. Based on the proposed exogenous

failure detection model, the validity of one of these devices leads toward diagnosis of the

next device and check if it has a failure or not. If all devices are validated, then the

E-Puck robot will be considered operational.

However, this chapter will deliver details about how the proposed exogenous failure

detector could identify hardware failures, not just failures in the navigation unit, but

also it will extend that to the rest of most common E-Puck robot devices, including the

compass and the actuator motors. Apart from the navigation device, detecting failures

in the detail algorithms provided in the next subsections are based on logical concepts.
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Never the less, these algorithms were built at the same time along side with the proposed

exogenous failure detection model but have never tested. Running experiments to test

these algorithms will requires more time to justify its functionality. That is due to the

fact a failure detection for more other devices is required, like the proximity sensors and

the ground sensors and the LEDs in case the onboard camera is required for the swarm

task. The outcome of the provided algorithms for detecting failures in the compass

and actuator motors could be rather similar to the outcome from the proposed failure

detection in the navigation device in the thesis.

9.2.1 Diagnosis Failures in the E-Puck Navigation Device

The diagnosis of failures that were previously represented in Section 7.4 will be extended

to explain more details of how the proposed exogenous failure detection model was

structured in order to detect failures occurring in the E-Puck robot devices. Diagnosis

and identifying the exact device that has the failure could help with mitigation and

recovering the swarm robotics and enhance its reliability.

During the use of the proposed exogenous failure detection model, the communication

unit is assumed be fully operational with no failure at any time. This assumption helps

to diagnose and track down any existing failures in the other devices. The diagnosis

of the E-Puck robot devices needs to apply to each device, step by step. That will be

explained later in this section.

Following the description that is related to Figure 7.6, the extension of the diagnosis to

identifying the location of the failure is demonstrated in Figure 9.1. As the communica-

tion unit is assumed operational, the simulation experiments in Section 7.3 experience

a failure in the navigation device only. By ensuring that the navigation device is valid

and operational, the diagnosis process then moves on to check and validate the other

devices in the E-Puck robots.

To diagnose the navigation device, at the beginning, the robot broadcasts a message

to the swarm. The message includes the ID from of the robots, the position (X and

Z) and the rest of the input and output data. Then, the robot listens to the received

data. Whenever the robots receive data from another robot, the controller on the robot

computes the distance, D
navigation

, between the two robots based on calculating the dif-

ference of both robot’s locations. As the robots’ locations are shared and it has not been

generated by one robot, Equation 5.1 is applied to the robot. Also, the robot computes

the distance based on the signal strength, E
signal

, of the received data, Equation 5.2. If

the result from D
navigation

is matched with the result from E
signal

, then both robots are

considered operational. Of course this procedure is counterproductive, that means both

robots have to diagnose and analyse its own received data.
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Figure 9.1: The E-Puck controller behaviour for the cooperation between robots
with the extra feature for diagnosis of the navigation device from the exogenous
failure detection model. The symbol D represents the computed distance from
the position of two E-Puck robots. The symbol E represents the computed
distance from the signal strength of the receiver. The black circle refers back to
the rest of the E-Puck controller including the robot task part.

However, if the results from D
navigation

and E
signal

are not matching, then both robots

will suspect a failure in the navigation device. At this moment, they temporarily store

the data after diagnosis to be used later for identifying the failed device and which robot.

Next, one or both suspicious robots follow the same previous steps of diagnosis with

a third robot. If the suspicious behaviour is still present even after diagnosis with the
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third robot, they then check with a fourth robot. However, if the third or fourth robot

is operational, then this robot will be announced faulty by broadcasting its information

to the rest of the swarm robots. The mitigation procedure is then applied and the faulty

robot is pushed to the side of the arena.

Both, the operational and the faulty robot, are able to identify the faulty device in the

robot. Yet the robot with the failure is trustable anymore, so one should announce

the identity of the failed device is the operational robot. The operational robot first

compute the distance E
signal

from the signal strength, and uses the E
signal

that was

received from the faulty robot at the beginning. Then, the operational robot checks

whether both E
signal

are matched. If so, that means the navigation device in the faulty

robot is generating false data. Therefore, the failure was identified as the navigation

device.

Depending on the swarm robotics task, robots can decide if this failure needs to be

mitigated or should the faulty robot be left with no action taken. The part regard-

ing undertaking a decision by the swarm members could be part of another research

contribution and needs more investigation.

After the failure diagnosis, if there is no suspicious behaviour in the computed data,

D
navigation

and E
signal

, then it is time for the controller to move on and diagnose the

next device.

9.2.2 Diagnosis Failures in the E-Puck Compass

The E-Puck robot is equipped with a compass device that is used to determine the

robot’s absolute orientation from the north.

The deployed experiments in this thesis relied on the compass device, which was used

as part of the navigation purposes.

Since the compass is not an integrated unit with the navigation device in the E-Puck

robot, there is still a need to diagnose and analyse the generated values from the compass

device. Validating the compass in the E-Puck will lead to diagnoses of other devices and

check if one has a failure that could lead to harm the swarm robotics.

As far the navigation device is diagnosed and validated as operational, the next step is

to diagnose the compass device. In this step, diagnosis of the compass device may not

need another robot to diagnose it, but the reason there is a need to collaborate with

another partner is to reduce the doubts that the robot itself had another failure at the

software level, or the robot could be categorised as suspicious because it did not yet find

an operational robot. Also, even if the robot itself is operational, still other robots have

suspicions and need assistance from operational robots.



126 Chapter 9 Research Discussion

Figure 9.2 addresses the compass diagnosis procedure. At the beginning, the E-Puck

robot needs to diagnose itself to confirm it can diagnose the received data from the other

robots. The diagnosis procedure starts after the controller computes the orientation from

the confirmed validated navigation device (coordinates �X and �Z) and compares the

results with the values from the compass. The coordinates are defined as the di↵erence

between a previous location of the robot and the current location after a period of

time, T , �X = (X2 �X1) and �Z = (Z2 � Z1). Equation 9.1 is applied to compute

the direction, ⇥. If both values are matched, then the robot is operational, and can

diagnose partner robots in the field.

⇥ = tan�1

✓
�Z

�X

◆
(9.1)

The operational robot diagnoses the suspicious partner robots, based on two measure-

ments. It firstly diagnoses the exact received computed values from the suspicious part-

ner to confirm the suspiciousness in that robot. If the suspicious behaviour is precise in

the partner robot, then the operational robot runs its own diagnosis procedure based on

the received data, that includes the coordinates, X and Z, and the direction from the

suspicious robots. If the new computed ⇥ results of the suspicious partner is matched

with the received direction from the compass, then the suspicious partner is announced

as not failed, and a confirmation message is circulated and broadcasted to be received

by the suspicious robot.

Depending on the swarm robotics task, the robots can decide if this failure needs to be

mitigated or should the faulty robot be left with no action taken.

9.2.3 Diagnosis Failures in the E-Puck Actuator Motors

The E-Puck model is a di↵erential wheeled robot. The travel speed of the E-Puck

is 13cm/s, (Cyberbotics, 2013; Mondada and Michael, 2007). Based on the fact that

the navigation device is operational along with its compass, it is possible to diagnose

the predicted coordinates of the E-Puck robot from the current time, T and the time

in the future, �T . The computation for this diagnosis lies in the calculation of the

distance-travelled too, by applying Equation ??. The outcome is then compared to the

coordinates that were first predicted at �T .

Figure 9.3 covers the idea of actuator motors diagnosis. As part of the diagnosis process

of the compass, the E-Puck robot first diagnoses its own actuator motors. The diagnosis

computation function in the robot controller gets the values that were sent to the actu-

ator motors while the robot is wandering. If the robot’s actuator motors are confirmed

operational, then this robot will be susceptive to diagnosis other robots in the swarm.

When an operational robot receives data from a partner robot, the controller in the
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Figure 9.2: The E-Puck controller behaviour for the cooperation between robots
with the extra feature for diagnosing the compass device from the exogenous
failure detection model. The ⇥ is computed from the coordinates, �X and
�Z after T seconds. The coordinates are defined as the di↵erence between a
previous location of the robot and the current location after a period of time,
T , �X = (X2 �X1) and �Z = (Z2 � Z1). The black circle refers back to the
rest of the E-Puck controller including the robot task part.

operational robot runs the same process by applying the received data and diagnoses it.

Whenever the diagnosis data are not matched with the predicted data, the suspicious

robot will be announced as having a failure in the actuators, therefore, the robot failed.

As far as the E-Puck robot diagnoses partner robots, still it keeps a diagnosis of itself
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Figure 9.3: The E-Puck controller behaviour for the cooperation between robots
with the extra feature for diagnosing the actuator motors from the exogenous
failure detection model. The coordinates, �X and �Z are the predicted cim-
puted values at �T . The current time is represented as T The black circle refers
back to the rest of the E-Puck controller including the robot task part.

at all times. However, the decision to undertake the mitigation procedure depends on

the swarm robotics task whether the mitigation is required for the task or not.
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9.3 Summary

The failure diagnosis in the proposed exogenous failure detection model was inspired

by the concepts from fireflies and the robot internal simulation approach. The idea of

having quite a realistic way of interacting between individual robots is similar to that

observed with a real life consultation between the doctor and the patient at the hospital.

When a patient consults a doctor with a question and answer session at the end that

may lead to a proper solution(s).

Diagnosing devices in E-Puck robots requires analysing each device individually. The

diagnosis process works sequentially, starting with diagnosis of the navigation device and

ending with the actuator motors. Therefore, the diagnosis of a certain device requires

diagnosis of the previous device in that sequence.

It is worth mentioning that the diagnosis provided in this chapter is logically correct

and achievable. The observation can be extended to cover the diagnosis of devices of

other types of swarm robot models and hence other large scale multi-agent systems.





Chapter 10

Conclusions

Swarm robotics depends on cooperation between robots, so the failure of an individual

robot may have an impact on the performance of the entire swarm behaviour.

It is considered necessary for swarm robotics to be able to deal with di↵erent types of

failures that could constitute a threat to the swarm robotics task. Achieving reliability

requires the identification and addressing of di↵erent failures and their e↵ects on indi-

vidual robots, as well as the entire swarm. The objective of this achievement lies in

detection mechanisms that identify and address the fault in the swarm.

The fault detection approach is based on relevant exogenous fault diagnosis systems.

There are two relevant approaches that deal with detecting swarm robotics failures,

namely the Fireflies approach and the Robot Internal Simulator. The investigation of

these two approaches revealed a number of issues including the unsynchronized diagnosis

between robots. However, with a combination of both approaches, with an applied

modification to one model, and by allowing robots to analyse their neighbours’ data,

the resulting exogenous fault detection model was perfectly convincing, especially using

direct communication amongst the simulated swarm robots. The proposed exogenous

fault detection model allows the robots to broadcast their own health status to each

other for consultation and feedback.

Simulated experiments were set in the Webots simulation tool. The measurement metrics

used for the evaluation were the time, distance-travelled and energy-expended by all the

robots in the simulated swarm.

The first experiment was run to evaluate the best swarm size to use for the research

experiments. This experiment showed that when the swarm size increased, then the

simulated swarm performance got better. The results showed a slight decrease in the

overall simulated swarm robotic performance between swarm size 10 and 20 robots,

where the significant decrease was observed between 1 and 10 robots. Although the real
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time to finish the simulated swarm task is better with the swarm size of 10 robots, 10

robots was chosen as the perfect swarm size.

The next experiments conducted were intended to evaluate the exogenous fault detection

model and mitigate the impact of failure on the simulated swarm. The results of the

experiments with the exogenous fault detection model were fairly successful.

Another level of the simulation experiment was provoked to observe the exogenous failure

detection model and a couple of proposed mitigation procedures with a complex swarm

task. The complex task required two E-Puck robots to cooperate, in order to transport

the container to the loading location, then to the collection location. This required an

increase in the arena size to 5⇥ 5 meter square. This time, failures occurred during the

mid-time after the starting of the simulation, but not applied at the very beginning.

Even implementing the complex task, the exogenous failure detection model approves

to be remarkably success for detecting the failures in a short time. In addition, the

proposed mitigation procedures have shown an enhancement to the total time from the

simulation, the distance-travelled and the energy-expended.

The simulated experiments with the proposed exogenous fault detection model were

based on the evaluation of one hardware failure in the navigation device. There is

still a need for testing of more hardware failures, including compass, actuator motors

and proximity sensors. An elaborated observation were undertaken toward diagnosis

di↵erent types of devices failure in the E-Puck robot. The observation can be extended

to cover the diagnosis of devices of other types of swarm robot models and hence other

large scale multi-agent systems.

In addition, there is a need for more investigation at the swarm robotics software level.

This will be added to the current exogenous fault detection model in the future.

10.1 Future Work

Fault detection and recovery mechanisms will be investigated further in this research.

Moreover, examining a wide variety of swarm robotics failures through the simulation

system is very important. This is because there is a need to explore the e↵ects of

di↵erent failures in order to observe the swarm system entities, then to bring them to

the next level where recovery and mitigation take place in the swarm. The success

of the simulation experiment and the convincing results in this research will lead the

investigation towards more recovery solutions.

The next step now is to diagnose more failures in di↵erent devices including the proximity

sensors and actuators. With the same diagnosis concept, swarm robots are able to
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detect a fault in one of these devices after making sure that the navigation and the

communication devices are operational.

In the current experiments, the navigation device’s validity was investigated along with

the assumption of the validity of communication between robots. Now, after ensuring

that the navigation device has no fault, the values provided could be compared against

other hardware devices to check their validity too.

The robot controller sends the moving values to the actuators according to the present

obstacle. At the same time, the controller receives a navigation value based on the move-

ment of the robot. If the computed values do not match, then the robot acknowledges

a fault in its actuators.

The validity of the actuators will require another device to check this. Proximity sensor

values are important for robot movement. The robot controller will continually check

with both the navigation device and actuator values to determine if the robot is moving

as claimed. If the proximity sensors do not receive any signal indicating an obstacle, but

the navigation values are acknowledging that the robot is static, and if the controller

knows that both navigation device and actuators are operational, then a failure will be

acknowledged in the proximity sensors.

Future work will include investigating the impact of the probability of failures in actu-

ators and proximity sensors.

There is still a need to consider the limited comparability between the configurability of

simulation tools and real world robots. This is due to the hardware capabilities, which

cannot be compared with those in real robots. The consequence could be demonstrated

with the navigation device, because in real world robots, the GPS will have an overset

accuracy which is di↵erent from the simulation tool. If it was required to have an accu-

rate navigation device during this simulated research experiment, there are alternative

devices that could be used for robot navigation.

There are two types of robot navigation concepts: indoor and outdoor. The outdoor

systems need to be navigated through a GPS device, while indoor systems use a variety

of devices for navigation, including WiFi localisation, vision-based navigation and pre-

set guide maps. SLAM technology, Simultaneous Localisation and Mapping (Choset and

Nagatani, 2001), is another method for robot navigation. SLAM could be determined

for both indoor and outdoor swarm robotics applications.

In this research, the navigation device used was set to a hundred percent accuracy which

means the values obtained are totally accurate. Therefore, the next experiments could

be undertaken with alternative ways to guarantee swarm robots navigation having a

realistic accuracy.





Appendix A

Experiments for E-Puck Validity

in Webots

An additional experiments and details related to the validity of E-Puck in Webots that

were undertaken during the work in Chapter 3.

A.1 Initial E-Puck Robots Positions in the Simulated Arena

In addition to initial positions of the 10 E-Puck robots were represented in Figure 3.8

for most of the research simulated experiments were undertaken in Chapters 4 and 5,

Figure A.1 presents the initial positions of all the 20 E-Puck robots. Table A.1 shows a

descriptive initial positions and orientations of all the 20 E-Puck robots.

Additionally, the initial positions of E-Puck robots in experiments undertaken in Chap-

ters 6, 7 and 8 are represented in Figure A.2, with E-Puck robots position details illus-

trated in Table A.2.

A.2 Initial Containers Positions in the Simulated Arena

Table A.3 illustrates the positions on containers from the loading and collecting task in

Chapters 6, 7 and 8, Figure A.2.

A.3 Validating the Energy-Expended Sensor

The energy expended has been discussed about through the previous three simulated

experiments. The main goal of this section is to validate the energy expended in E-Puck

robot and check wither the robot is expending energy as the robot supposed to do.
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Figure A.1: The 20 E-Puck robots location in the arena for foraging task.
The circle represent the robot and the arrow represents the orientation. The
measurement is in meter. The grey area at the bottom represents the destination
to which the objects must be moved. The X, Y and Z axes at the top left corner
represent the orientation of the arena in the VRML standard. This digram is
set to scale.

It has been observed from the previous experiments that the energy are not expending

as it should be. Briefly, while robot is not distracted by any obstacle or force that add-

on more torque to its devices (e.g. the actuators), the energy is linearly consumption.

On another hand, when the robot’s devices are overload forced to a di↵erent limit, the

energy expended must be dropped down quicker. However, the Webots is not measuring

the energy expended correctly. For this reason, it is necessarily to implement a function

tool to simulate the real behaviour of the energy consumption. Otherwise, contraction

with the Webots team support to fix this as soon as possible in order to carry on the

coming experiments where it is necessarily to detect any failure in the battery sensor

that check the energy level.

In the E-Puck prototype file, the Webots developer claimed that the energy should

consumed based on the use of the robot’s CPU and motors. Figure A.3 shows an extra

experiment for testing the energy expended in one E-Puck robot. The experiment was

set to rune for ten seconds. In the first testing, all devices has been terminated except

the CPU, Figure A.3(a). The second test were taking while the CPU and motors are all

operational, Figure A.3(b). The last test were taking while all devices on the robot are

operational, that includes the CPU, motors, proximity sensors, LEDs and the navigation

device.
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Table A.1: The 20 E-Puck robots positions in the arena for foraging task. The
orientation relative to the -Z direction.

Robot Name X-Axis(m) Z-Axis(m) Orientation(degree)

E-Puck 0 0.87 1.09 226
E-Puck 1 0.77 0.56 339
E-Puck 2 0.37 1.03 110
E-Puck 3 0.43 1.20 226
E-Puck 4 0.21 0.28 144
E-Puck 5 1.30 0.28 110
E-Puck 6 1.19 1.23 6
E-Puck 7 0.93 0.74 184
E-Puck 8 0.68 0.78 11
E-Puck 9 0.69 0.14 92
E-Puck 10 0.94 0.58 98
E-Puck 11 0.89 0.34 323
E-Puck 12 0.58 0.54 68
E-Puck 13 0.81 0.88 248
E-Puck 14 1.14 0.47 278
E-Puck 15 1.27 0.83 8
E-Puck 16 0.45 0.29 128
E-Puck 17 0.48 0.63 83
E-Puck 18 0.46 0.84 8
E-Puck 19 0.16 0.86 23

Results are expressed in these experiments explain that the energy expended are totally

linear with the time. This confirms what has been previously reported during the above

experiments that either counting on time or energy are providing the same concept.

A.4 Checking Validity of the E-Puck Proximity Sensors

One E-Puck robot and one obstacle were tested and evaluated in Webots in order to

observe the behaviour of the E-Puck avoidance sensors. An E-Puck and a cylinder

obstacle were placed at the same axis (z-axis), but away from each other (Figure A.4).

While the E-Puck was facing the obstacle, and when the simulation was running, the

individual value of each simulated experiment run was recorded (Table A.4).

Through this simulation experiment, it was observed that E-Puck tends to randomly

avoid the obstacle whenever the robot gets close to the obstacle, i.e., the E- Puck tends

to turn to either the right or the left in no particular order. This is due to the detected

noise caused by the sensors. More clearly, the motors rely on avoidance sensors through

the Braitenberg algorithm. In this algorithm, the controller computes the summation

values of the proximity sensor on the right side of the E-Puck,
P

PS
Right

✏ {0, 1}, and
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Table A.2: The 20 E-Puck robots positions in the arena for the loading and
collecting task. The orientation of all E-Puck robots initiated facing the north,
which is the -Z direction.

Robot Name X-Axis(m) Z-Axis(m)

E-Puck 0 0.2 4.8
E-Puck 1 0.35 4.8
E-Puck 2 0.5 4.8
E-Puck 3 0.65 4.8
E-Puck 4 0.8 4.8
E-Puck 5 0.2 4.6
E-Puck 6 0.35 4.6
E-Puck 7 0.5 4.6
E-Puck 8 0.65 4.6
E-Puck 9 0.8 4.6
E-Puck 10 0.2 4.4
E-Puck 11 0.35 4.4
E-Puck 12 0.5 4.4
E-Puck 13 0.65 4.4
E-Puck 14 0.8 4.4
E-Puck 15 0.2 4.2
E-Puck 16 0.35 4.2
E-Puck 17 0.5 4.2
E-Puck 18 0.65 4.2
E-Puck 19 0.8 4.2

Table A.3: The 8 containers positions in the arena for the loading and collecting
task.

Robot Name X-Axis(m) Z-Axis(m)

Container 0 2.8 2.8
Container 1 2.8 2.2
Container 2 2.2 2.8
Container 3 2.2 2.2
Container 4 2.5 2.9
Container 5 2.5 2.1
Container 6 2.9 2.5
Container 7 2.1 2.5
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Figure A.2: The 20 E-Puck robots location in the arena for the loading and
collecting task. The two circles at the top and bottom right corners represents
the loading and collecting location for the swarm task. Containers are located
in the middle of the arena. The measurement is in meter. The X, Y and Z
axes at the top left corner represent the orientation of the arena in the VRML
standard. From the Webots simulation platform.

Table A.4: E-Puck proximity sensor simulation experiment. This shows how
many times the E-Puck avoids the obstacle to either the right or left side. The
simulation experiment sample was based on 100 running times.

Side Times

Right Side 44 times out of 100
Left Side 56 times out of 100

the left side,
P

PS
Left

✏ {0, 1}. Then they are multiplied with the motor MaxSpeed

(1000 units). As the output is going to be less than the max speed, an Offset value will

be added to each side. This o↵set value is measured as 500 units that balance the robot

speed before and after detecting an obstacle and keep the robot at max speed as long as

possible. The output values are then passed on to the corresponding motor on the other

side of the robot, M
Right

and M
Left

, ,as shown in Equation A.1 and Equation A.2.

M
Right

= Offset+
⇣X

PS
Left

⇥MaxSpeed
⌘

(A.1)

M
Left

= Offset+
⇣X

PS
Right

⇥MaxSpeed
⌘

(A.2)
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(a) The energy expended of the robot’s CPU over ten
seconds time.
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(b) The energy expended while the CPU and motors are
powered-on over ten seconds time.
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(c) The energy expended while all devices are powered-
on over ten seconds time.

Figure A.3: Validating robot’s energy expended while the CPU, motors and all
devices are powered-on Respectively.

Figure A.4: E-Puck robot placed at the same orientation as the cylindrical
obstacle. Red lines represent the sensors’ orientation. The X, Y and Z axis
at the top right corner represent the orientation of the arena in the VRML
standard, as described above.

With the existence of such noise in each sensor (Figure A.5), each motor receives a di↵er-

ent value. This causes the robot to demonstrate a sort of randomness which persistently

manoeuvres the movement of the robot slightly to the left and right. This is what causes

the robot to randomly decide which side it has to turn to in order to avoid the obstacle

when it reaches it.
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Figure A.5: The E-Puck sensor responses against wall/obstacles with respect
to the noise. The response value is scaled between 0.0 and 1.0, where 1.0
represents something to avoid and 0.0 represents nothing to avoid. Adapted
from Cyberbotics (2013).

A.5 Checking Validity of the Navigation Device

This experiment was set to check the validity of the navigation device accuracy. A couple

of tests were observed, each consisting of one stationary E-Puck robot. The simulation

was set to run for ten seconds and then the results were observed, and showed that, in this

test, ten seconds were enough to give convincing results. Otherwise, more observations

will be considered in the future.

During the first test, the navigation device was set to hundred percent accuracy (no

o↵set), which means that the navigation readings are totally accurate. For the duration

of ten seconds, the results observed that the navigation device readings for the x-axis and

z-axis are compatible with the time, where the coordinations of the robot are indicating

to a stationary location as it supposed to be during this test.

In the second test, the accuracy of the navigation device was set to one metre noise.

The choice of the noise is due to the simulated size of the arena, 1.5⇥ 1.5 meter square,

where that distinguish wither the robot is in the centare or the side of the arena. The

outcome of the robot’s controller reading of axis-x and axis-z after the noise was injected

are represented in Figure A.6.

The existence of this noise on the robot’s x and z locations, while the robot is stationary,

causes error in the controller while computing the robot’s coordination. That means the

robot could be within a radius of one meter away from its exact position, Figure A.7.

By considering the size of the arena, robots will have a problem while implementing

the exogenous fault detection technique for validating their health status, therefore a

problem for undertake their task.
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Figure A.6: The second test for checking the validity of the navigation device
in the E-Puck robot. It shows that while the robot is stationary, the navigation
device readings for the x-axis and z-axis are providing noises. This is due to the
injected noise to the navigation device. The back line represents the navigation
reading of x-axis and the front line represents the navigation reading of z-axis.

Figure A.7: The possible location of the robot after the noise was injected in
the navigation device. The small circle with arrow represents the robot and
its orientation. The dot circle shows the robot’s noise range. Axes x and z
represents the expected position of the robot in the arena. The �x and �z
represents a possible location within one meter radius away from the exact
position. The location of the navigation device was set in the middle of the
robot’s body, therefore the position was measured from the centre of the robot.

During the research simulation experiments, a simulation failure in the navigation device

will be considered as changing the accuracy of the navigation reading by injecting a noise

to the navigation device in some robots.
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Swarm Size Evaluation

Experiments for Forging Task

Additional results are summarised here from the simulated experiments, for evaluating

swarm size, that has been collected during experiments in Chapter 4.

B.1 Results from Swarm Size Evaluation for Forging Task

This section shows detailed results from the simulation experiments in Chapter 4 that

are related to the swarm size evaluation experiment. Table B.1, Table B.2, Table B.3,

Table C.2, Table B.5, Table B.6, Table B.7, Table B.8, Table B.9, Table B.10, Table B.11,

Table B.12 and Table B.13 summarises results of the time, distance-travelled and energy-

expended with di↵erent swarm sizes, once per robot then followed with per swarm run,

in the simulation experiments.

B.2 Results from a Previous Work an Earlier Version of

Webots

These results has been observed from the first evaluation simulated experiment of swarm

sizes on a previous Webots version released (v7.4.1). The di↵erent is that they enhanced

the multi-threading in their software that causes a quick processing, therefore, a fast

robots movement.

It was noted from the first run that the total time spent by the swarm robotic took

around five minutes to finish the task. During this period, swarm robotic have consumed

over two thousands joules, in addition to that, they have travelled about eighty meters

143



144 Appendix B Swarm Size Evaluation Experiments for Forging Task

Table B.1: Results from the swarm with one robot for foraging task per robot.
The simulation time is in seconds, the distance-travelled is in meters and the
energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 417.33 45.30 460.89
2 332.65 33.88 367.42
3 371.96 38.46 410.82
4 187.50 16.57 207.22
5 431.43 44.88 476.47
6 367.93 38.23 406.36
7 405.22 42.47 447.53
8 431.43 45.55 476.45
9 238.90 22.82 263.95
10 265.12 27.13 292.88

Table B.2: Results from the swarm with 6 robots for foraging task per robot.
The simulation time is in seconds, the distance-travelled is in meters and the
energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 80.65 8.14 89.07
2 54.44 5.42 60.13
3 135.08 12.91 149.18
4 66.54 6.84 73.49
5 149.19 16.15 164.73
6 49.40 4.90 54.57
7 47.38 4.66 52.35
8 125.00 12.05 138.06
9 67.54 6.86 74.60
10 80.65 7.92 89.07

in total. Table B.14 shows all the results from di↵erent runs with the swarm sizes of 6,

10 and 20 robots.

However, during multiple runs with di↵erent swarm size, it was observed that whenever

the swarm size get larger, the swarm task finish faster.
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Table B.3: Results from the swarm with 6 robots for foraging task per swarm
run. The simulation time is in seconds, the distance-travelled is in meters and
the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 80.65 48.83 534.40
2 54.44 32.49 360.78
3 135.08 77.47 895.09
4 66.54 41.04 41.04
5 149.19 96.90 988.36
6 49.40 29.38 327.42
7 47.38 27.95 314.07
8 125.00 72.30 828.34
9 67.54 41.14 447.60
10 80.65 47.53 534.44

Table B.4: Results from the swarm with 10 robots for foraging task per robot.
The simulation time is in seconds, the distance-travelled is in meters and the
energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 44.05 4.49 48.65
2 39.95 3.84 44.13
3 87.06 9.31 96.13
4 39.95 3.84 44.13
5 56.34 5.97 62.21
6 71.70 7.68 79.17
7 53.26 5.44 58.83
8 50.19 5.23 55.43
9 39.95 3.87 44.13
10 67.60 7.03 74.65

Table B.5: Results from the swarm with 10 robots for foraging task per swarm
run. The simulation time is in seconds, the distance-travelled is in meters and
the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 44.05 44.90 486.49
2 39.95 38.39 441.31
3 87.06 93.12 961.26
4 39.95 38.39 441.31
5 56.34 59.71 622.11
6 71.70 76.77 791.68
7 53.26 54.42 588.26
8 50.19 52.31 554.29
9 39.95 38.73 441.31
10 67.60 70.32 746.52
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Table B.6: Results from the swarm with 14 robots for foraging task per robot.
The simulation time is in seconds, the distance-travelled is in meters and the
energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 30.25 2.82 33.41
2 53.43 5.38 9.00
3 47.38 4.84 52.33
4 34.28 3.51 37.86
5 61.50 6.16 67.91
6 65.53 6.70 72.35
7 59.48 6.18 65.68
8 43.35 4.31 47.87
9 43.35 4.42 47.87
10 42.34 4.34 46.76

Table B.7: Results from the swarm with 14 robots for foraging task per swarm
run. The simulation time is in seconds, the distance-travelled is in meters and
the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 30.25 39.42 467.75
2 53.43 75.33 826.01
3 47.38 67.72 732.56
4 34.28 49.10 530.02
5 61.50 86.28 950.69
6 65.53 93.81 1012.95
7 59.48 86.57 919.49
8 43.35 60.33 670.21
9 43.35 61.86 670.23
10 42.34 60.80 654.63

Table B.8: Results from the swarm with 15 robots for foraging task per robot.
The simulation time is in seconds, the distance-travelled is in meters and the
energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 26.64 2.53 29.43
2 27.66 2.74 30.56
3 40.98 3.82 45.26
4 33.81 3.36 37.34
5 44.05 4.42 48.65
6 45.07 4.30 49.78
7 35.86 3.54 39.60
8 45.07 4.59 49.78
9 36.88 3.74 40.73
10 26.64 2.50 29.43
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Table B.9: Results from the swarm with 15 robots for foraging task per swarm
run. The simulation time is in seconds, the distance-travelled is in meters and
the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 26.64 38.00 441.41
2 27.66 41.10 458.37
3 40.98 57.28 678.97
4 33.81 50.35 560.06
5 44.05 66.32 729.75
6 45.07 64.44 746.77
7 35.86 53.12 594.02
8 45.07 68.85 746.67
9 36.88 56.17 610.95
10 26.64 37.48 441.43

Table B.10: Results from the swarm with 16 robots for foraging task per robot.
The simulation time is in seconds, the distance-travelled is in meters and the
energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 35.86 3.60 39.60
2 30.74 3.11 33.95
3 31.76 3.11 35.08
4 35.86 3.62 39.53
5 31.76 3.11 35.08
6 30.74 3.04 33.95
7 32.78 3.03 36.21
8 27.66 2.63 30.56
9 30.74 3.09 33.95
10 37.90 3.74 41.86

Table B.11: Results from the swarm with 16 robots for foraging task per swarm
run. The simulation time is in seconds, the distance-travelled is in meters and
the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 35.86 57.63 633.58
2 30.74 49.82 543.15
3 31.76 49.74 561.25
4 35.86 57.93 632.47
5 31.76 49.74 561.25
6 30.74 48.63 543.15
7 32.78 48.51 579.41
8 27.66 42.00 488.98
9 30.74 49.40 543.16
10 37.90 59.78 669.77
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Table B.12: Results from the swarm with 20 robots for foraging task per robot.
The simulation time is in seconds, the distance-travelled is in meters and the
energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 36.30 3.52 40.08
2 31.26 3.06 34.52
3 34.28 3.42 37.86
4 31.26 3.07 34.52
5 34.28 3.41 37.86
6 31.26 3.16 34.52
7 34.28 3.47 37.85
8 37.30 3.64 41.19
9 30.25 2.97 33.41
10 29.24 2.56 32.30

Table B.13: Results from the swarm with 20 robots for foraging task per swarm
run. The simulation time is in seconds, the distance-travelled is in meters and
the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 36.30 70.44 801.66
2 31.26 61.13 690.34
3 34.28 68.31 757.14
4 31.26 58.39 690.40
5 34.28 68.20 757.13
6 31.26 63.14 690.36
7 34.28 69.42 757.09
8 37.30 72.83 823.85
9 30.25 59.35 668.10
10 29.24 51.10 645.94
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Table B.14: Results shows the total time (seconds), total energy-expended
(joules) and total distance-travelled (meters) to clear the arena of 6 objects.
In all runs objects were located at identical position.

Swarm
Size

Run
Simulation

Time
Energy

Expended
Distance
Travelled

6 1 304.22 2022.12 79.35
2 305.89 2033.3 77.22
3 175.9 1169.34 42.82
4 466.77 3102.32 125.45
5 367.7 2444.57 84.38
6 293.57 1951.28 76.58
7 343.2 2281.16 89.83
8 547.58 3639.43 147.79
9 276.5 1837.81 71.98
10 222.61 1479.7 56.5

10 1 228.34 2529.57 97.63
2 221.66 2455.65 94.85
3 392.51 4348.09 173.58
4 136.29 1509.82 58.43
5 152.86 1693.52 64.32
6 238.32 2640.26 100.27
7 133.87 1483.11 56.35
8 173.36 1920.61 72.48
9 182.85 2025.62 78.66
10 119.42 1323.11 49.11

20 1 135.71 3007.63 101.43
2 103.86 2301.51 79.99
3 97.36 2157.28 80.49
4 119.36 2644.99 94.19
5 129.6 2872.15 94.79
6 111.25 2465.14 88.5
7 209.68 4646.3 168.11
8 135.71 3007.63 101.43
9 103.86 2301.51 79.99
10 97.36 2157.28 80.49





Appendix C

Swarm Foraging Task with

Failures

Additional results are summarised here from the simulated experiments, after imple-

menting failures to individual robots, and after applying the exogenous failure detection

model and mitigation procedures, that has been collected during experiments in Chapter

5.

C.1 Results Collected Before and After Shutdown Faulty

Robots

The demonstrated experiments in Section 5.3 and Section 5.4 experienced the simulation

swarm before and after injecting multiple swarm robots with failures, then shutdown the

faulty robots. However, although leaving these faulty robots operational (without shut

them down) could cause a farther harm to the swarm system, the observed results shows

a significant increases in the distance-travelled results, Figure C.1. The collected results

is summarised in Table C.1. The distance-travelled was computed based on the robot’s

position from the navigation device (not a modulator sensor). Therefore, the distance-

travelled that was collected was to high.

Table C.2 summarises results for a swarm with 10 operational robots with no failures.

Table C.3 summarises the results after 3 robots been injected with failures but they are

still moving (no failure was shutdown). Table C.4 summarises results after the 3 failed

robots are shutdown and become stationary in the arena. Finally, Table C.5 summarises

results after mitigating the 3 faulty robots by shut them down and push them to the

side of the arena.
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Table C.1: The performance of the simulation time, distance-travelled and
energy-expended of the simulation swarm after with 3 failures. The collected
results represents purpose for shutdown failed robots, compared to the swarm
behaviour with wandering faulty robots. In addition to the behaviour of the
swarm after mitigating failures by pushing faulty robots to the side of the arena.
The simulation experiment was set to run for 10 times.

Metric
10 Robots
No Failures

No Mitigation

10 Robots
3 Failures

No Shutdown

10 Robots
3 Failures
3 Shutdown

10 Robots
3 Failures
3 Mitigated

Time from
simulation (Seconds)

55.01 78.35 175.34 115.85

Distance-Travelled
(Meter)

5.67 1540.92 15.93 12.65

Energy-Expended
(Joules)

60.75 86.52 135.64 89.61
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(a) The impact of failures on the simulation time.

(b) The impact of failures on the distance-travelled.

(c) The impact of failures on the energy-expended.

Figure C.1: Box plots showing a comparison in the performance of the simulated
swarm without failure, before shutdown the faulty robots, after shutdown faulty
robots and after mitigating failures. The data represented in these diagrams
correspond to the simulation time, distance-travelled and energy-expended. The
box represents the degree of dispersion (spread) and skewness in the data. Stars
represent the mean, the top line represents the longest running time and the
bottom line represents the shortest running time during this experiment.
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Table C.2: Results from the swarm with 10 robots for foraging task per robot.
The simulation time is in seconds, the distance-travelled is in meters and the
energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 44.05 4.49 48.65
2 39.95 3.84 44.13
3 87.06 9.31 96.13
4 39.95 3.84 44.13
5 56.34 5.97 62.21
6 71.70 7.68 79.17
7 53.26 5.44 58.83
8 50.19 5.23 55.43
9 39.95 3.87 44.13
10 67.60 7.03 74.65

Table C.3: Results from the swarm with 10 robots for foraging task per robot.
A number of 3 robots has failures in the navigation device, and they are not
shutdown. The simulation time is in seconds, the distance-travelled is in meters
and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 61.46 1206.46 67.86
2 61.46 1206.46 67.86
3 63.50 1255.56 70.13
4 79.89 1575.09 88.21
5 105.49 2063.33 116.47
6 61.46 1206.46 67.86
7 123.92 2444.50 136.82
8 87.06 1709.01 96.12
9 61.46 1206.46 67.86
10 77.84 1535.84 85.96
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Table C.4: Results from the swarm with 10 robots for foraging task per robot.
A number of 3 robots has failures in the navigation device, and they been
shutdown. The simulation time is in seconds, the distance-travelled is in meters
and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 159.78 12.04 123.63
2 176.16 18.31 136.25
3 217.12 21.39 167.88
4 124.96 13.44 96.67
5 250.91 18.33 194.13
6 193.57 15.29 149.76
7 191.52 17.88 148.11
8 143.39 15.20 110.92
9 93.22 10.00 72.15
10 202.78 17.47 156.89

Table C.5: Results from the swarm with 10 robots for foraging task per robot.
A number of 3 robots has failures in the navigation device, and they been
mitigated. The simulation time is in seconds, the distance-travelled is in meters
and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 72.74 9.91 56.30
2 85.02 10.61 65.80
3 137.25 14.29 106.15
4 240.67 20.71 186.09
5 109.60 11.93 84.79
6 69.66 9.33 53.93
7 121.89 12.91 94.28
8 92.19 11.36 71.33
9 113.70 12.33 87.95
10 115.74 13.08 89.53





Appendix D

Swarm Size Evaluation for

Loading and Collecting Task

Additional results are summarised here from the simulated experiments, for evaluating

swarm size, that has been collected during experiments in Chapter 6.

D.1 Results from Swarm Size Evaluation for Loading and

Collecting Task

This section shows detailed results from the simulation experiments in Chapter 6 that

are related to the swarm size evaluation experiment for loading and collecting containers

task. Table D.1, Table D.2, Table D.3, Table D.4, Table D.5, Table D.6, Table D.7,

Table D.8, Table D.9, Table D.10, Table D.11, Table D.12, Table D.13, Table D.14,

Table D.15, Table D.16. summarises results of the time, distance-travelled and energy-

expended with di↵erent swarm sizes, once per robot then followed with per swarm run,

in the simulation experiments.
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Table D.1: Results from the swarm with 4 robots for transporting containers to
loading then collecting locations per robot.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 3828 189 4238
2 4155 209 4601
3 3192 167 3534
4 4019 203 4450
5 5504 278 6094
6 5210 217 5521
7 4707 218 4803
8 3737 233 4705
9 3690 225 5228
10 5103 237 5238

Table D.2: Results from the swarm with 4 robots for transporting containers to
loading then collecting locations per swarm run.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 3828 757 16953
2 4155 835 18404
3 3192 668 14135
4 4019 811 17800
5 5504 1111 24377
6 5210 866 22083
7 4707 872 19212
8 3737 933 18819
9 3690 898 20910
10 5103 949 20950

Table D.3: Results from the swarm with 6 robots for transporting containers to
loading then collecting locations per robot.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 2377 112 2632
2 2395 118 2652
3 2625 134 2906
4 2442 123 2704
5 2333 117 2583
6 2524 131 2862
7 2417 125 2772
8 2608 136 2912
9 2589 134 2826
10 2557 132 2835
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Table D.4: Results from the swarm with 6 robots for transporting containers to
loading then collecting locations per swarm run.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 2377 673 15792
2 2395 708 15912
3 2625 802 17436
4 2442 737 16221
5 2333 701 15497
6 2524 783 17169
7 2417 748 16630
8 2608 815 17474
9 2589 804 16954
10 2557 792 17011

Table D.5: Results from the swarm with 8 robots for transporting containers to
loading then collecting locations per robot.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1044 57 1155
2 1228 60 1360
3 1516 76 1678
4 1278 68 1415
5 1401 70 1551
6 1104 62 1461
7 1063 57 1159
8 1181 60 1352
9 1152 60 1342
10 1453 71 1653

Table D.6: Results from the swarm with 8 robots for transporting containers to
loading then collecting locations per swarm run.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1044 454 9242
2 1228 480 10882
3 1516 604 13425
4 1278 548 11317
5 1401 564 12411
6 1104 496 11686
7 1063 452 9270
8 1181 481 10814
9 1152 480 10736
10 1453 569 13224
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Table D.7: Results from the swarm with 10 robots for transporting containers
to loading then collecting locations per robot.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1250 62 1384
2 1240 65 1373
3 1451 69 1606
4 1438 71 1593
5 979 49 1084
6 980 57 1312
7 1195 63 1377
8 1331 62 1371
9 1417 60 1237
10 1190 60 1397

Table D.8: Results from the swarm with 10 robots for transporting containers
to loading then collecting locations per swarm run.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1250 616 13843
2 1240 647 13729
3 1451 695 16063
4 1438 710 15926
5 979 492 10839
6 980 572 13122
7 1195 633 13767
8 1331 618 13710
9 1417 596 12367
10 1190 596 13972

Table D.9: Results from the swarm with 12 robots for transporting containers
to loading then collecting locations per robot.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1107 58 1225
2 1009 53 1117
3 1372 68 1519
4 1063 54 1177
5 1150 57 1273
6 1234 62 1408
7 1162 61 1302
8 1249 62 1337
9 1245 61 1315
10 1152 60 1327
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Table D.10: Results from the swarm with 12 robots for transporting containers
to loading then collecting locations per swarm run.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1107 692 14705
2 1009 632 13409
3 1372 817 18226
4 1063 651 14118
5 1150 678 15281
6 1234 749 16898
7 1162 732 15629
8 1249 742 16043
9 1245 733 15783
10 1152 724 15919

Table D.11: Results from the swarm with 14 robots for transporting containers
to loading then collecting locations per robot.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1337 64 1481
2 1162 56 1287
3 1138 56 1260
4 1253 62 1388
5 1311 63 1452
6 1241 60 1397
7 1287 63 1375
8 1301 60 1343
9 1335 60 1357
10 1228 61 1380

Table D.12: Results from the swarm with 14 robots for transporting containers
to loading then collecting locations per swarm run.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1337 902 20732
2 1162 787 18013
3 1138 785 17641
4 1253 866 19431
5 1311 886 20324
6 1241 835 19562
7 1287 876 19256
8 1301 834 18803
9 1335 842 19000
10 1228 847 19325
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Table D.13: Results from the swarm with 16 robots for transporting containers
to loading then collecting locations per robot.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1346 66 1491
2 867 43 960
3 1443 71 1597
4 1745 82 1932
5 1447 71 1602
6 1337 65 1452
7 1009 68 1426
8 1522 62 1348
9 1643 63 1414
10 1008 60 1601

Table D.14: Results from the swarm with 16 robots for transporting containers
to loading then collecting locations per swarm run.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1346 1048 23850
2 867 686 15357
3 1443 1130 25558
4 1745 1312 30916
5 1447 1131 25632
6 1337 1036 23228
7 1009 1095 22812
8 1522 985 21562
9 1643 1000 22621
10 1008 965 25615

Table D.15: Results from the swarm with 20 robots for transporting containers
to loading then collecting locations per robot.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 2032 88 2250
2 1759 81 1948
3 1359 62 1504
4 2126 100 2355
5 1581 75 1751
6 1736 79 2033
7 1793 84 1885
8 1447 86 1987
9 1626 82 1911
10 1402 87 1931
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Table D.16: Results from the swarm with 20 robots for transporting containers
to loading then collecting locations per swarm run.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 2032 1764 44997
2 1759 1625 38964
3 1359 1250 30086
4 2126 2001 47094
5 1581 1505 35020
6 1736 1575 40662
7 1793 1679 37705
8 1447 1715 39737
9 1626 1639 38219
10 1402 1732 38626





Appendix E

Swarm Experiment for Loading

and Collecting Task with Failures

Additional results are summarised here from the simulated experiments, for loading and

collecting containers, that has been collected during experiments in Chapter 7.

E.1 Results from Swarm with Loading and Collecting Task

without Failures

This section shows detailed results from the simulation experiments in Chapter 7 that

are related to the swarm behaviour without failures for loading and collecting containers

task. These results are evaluated and compared to the results that has been collected

and demonstrated in the next section after the simulation swarm was injected with

failures.

Table E.1 summarises results of the time, distance-travelled and energy-expended for a

swarm with 12 operational robots for loading and collecting containers, in the simulation

experiments.

Table E.2 summarises results of the time, distance-travelled and energy-expended for a

swarm with 8 operational robots for loading and collecting containers, in the simulation

experiments.

Table E.3 summarises results of the time, distance-travelled and energy-expended for a

swarm with 6 operational robots for loading and collecting containers, in the simulation

experiments.
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Table E.1: Results from the swarm with 12 operational robots for loading and
collecting containers task (per robot). The simulation time is in seconds, the
distance-travelled is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1107 58 1225
2 1009 53 1117
3 1372 68 1519
4 1063 54 1177
5 1150 57 1273
6 1234 62 1408
7 1162 61 1302
8 1249 62 1337
9 1245 61 1315
10 1152 60 1327

Table E.2: Results from the swarm with 8 operational robots for loading and
collecting containers task (per robot). The simulation time is in seconds, the
distance-travelled is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1044 57 1155
2 1228 60 1360
3 1516 76 1678
4 1278 69 1415
5 1401 70 1551
6 1104 62 1461
7 1063 57 1159
8 1181 60 1352
9 1152 60 1342
10 1453 71 1653

E.2 Results from Swarm with Loading and Collecting Task

with Failures

This section shows detailed results from the simulation experiments in Chapter 7 that

are related to the swarm behaviour with the existence failures for loading and collecting

containers task. The swarm behaviour represented in the following results are corre-

sponding to the changed of the number of failures. Where the swarm once was injected

with 4 failures and with 6 failures respectively.

Table E.4 summarises results of the time, distance-travelled and energy-expended for a

swarm with 12 robots of which 4 robots have failure in the navigation device, for loading

and collecting containers task in the simulation experiments.
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Table E.3: Results from the swarm with 6 operational robots for loading and
collecting containers task (per robot). The simulation time is in seconds, the
distance-travelled is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 2377 112 2632
2 2395 118 2652
3 2625 134 2906
4 2442 123 2704
5 2333 117 2583
6 2524 131 2862
7 2417 125 2772
8 2608 136 2912
9 2589 134 2826
10 2557 132 2835

Table E.5 summarises results of the time, distance-travelled and energy-expended for a

swarm with 12 robots of which 6 robots have failure in the navigation device, for loading

and collecting containers task in the simulation experiments.

Table E.4: Results from the swarm with 12 robots for loading and collecting
containers task. A number of 4 robots have failures in the navigation device, and
they been shutdown. The simulation time is in seconds, the distance-travelled
is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

Average Time
Before Failures

1 1720 69 1905 721
2 2020 80 2238 823
3 2431 83 2694 728
4 1901 66 2106 395
5 1795 80 1988 846
6 2006 82 2299 931
7 2151 73 2232 809
8 2298 80 2226 889
9 1808 80 2265 634
10 1893 81 2320 977

E.3 Results from Swarm with Loading and Collecting Task

with Failure Mitigation

This section shows detailed results from the simulation experiments in Chapter 7 that

are related to the swarm behaviour with the existence failures for loading and collecting

containers task. The swarm behaviour represented in the following results are corre-

sponding to the changes in the swarm after mitigating faulty robots.
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Table E.5: Results from the swarm with 12 robots for loading and collecting
containers task. A number of 6 robots have failures in the navigation device, and
they been shutdown. The simulation time is in seconds, the distance-travelled
is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

Average Time
Before Failures

1 3364 89 3729 770
2 1938 68 2147 770
3 2757 87 3055 889
4 2984 82 3307 736
5 3023 95 3350 879
6 2847 86 3155 925
7 3323 93 2867 919
8 2763 100 2940 965
9 2905 101 2913 977
10 2239 76 2967 785

Table E.6 summarises results of the time, distance-travelled and energy-expended for a

swarm with 12 robots of which 4 faulty robots are mitigated, for loading and collecting

containers task in the simulation experiments.

Table E.7 summarises results of the time, distance-travelled and energy-expended for a

swarm with 12 robots of which 6 faulty robots are mitigated, for loading and collecting

containers task in the simulation experiments.

Table E.6: Results from the swarm with 12 robots for loading and collecting
containers task. A number of 4 faulty robots have been mitigated and pushed
down to the side of the arena. The simulation time is in seconds, the distance-
travelled is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1306 61 1672
2 1295 63 1664
3 1176 57 1576
4 1416 66 1828
5 1465 64 1846
6 1188 58 1567
7 1347 63 1685
8 1303 61 1643
9 1278 63 1645
10 1219 61 1636
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Table E.7: Results from the swarm with 12 robots for loading and collecting
containers task. A number of 6 faulty robots have been mitigated and pushed
down to the side of the arena. The simulation time is in seconds, the distance-
travelled is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1985 66 2171
2 1978 70 2136
3 1445 57 1633
4 1561 54 1711
5 1758 67 1926
6 1681 58 1807
7 1532 54 1692
8 1902 65 2136
9 1908 67 2156
10 1473 58 1604





Appendix F

Swarm Experiment from Reusing

Faulty robots

Additional results are summarised here from the simulated experiments, for loading and

collecting containers, that has been collected during experiments in Chapter 8.

F.1 Results from Swarm with Loading and Collecting Task

without Failures

This section shows detailed results from the simulation experiments in Chapter 7 that

are related to the swarm behaviour without failures for loading and collecting containers

task. These results are evaluated and compared to the results that has been collected

and demonstrated in the next section after the simulation swarm was injected with

failures.

Table F.1 summarises results of the time, distance-travelled and energy-expended for a

swarm with 12 operational robots for loading and collecting containers, in the simulation

experiments.

Table F.2 summarises results of the time, distance-travelled and energy-expended for a

swarm with 8 operational robots for loading and collecting containers, in the simulation

experiments.

Table F.3 summarises results of the time, distance-travelled and energy-expended for a

swarm with 6 operational robots for loading and collecting containers, in the simulation

experiments.
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Table F.1: Results from the swarm with 12 operational robots for loading and
collecting containers task (per robot). The simulation time is in seconds, the
distance-travelled is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1107 58 1225
2 1009 53 1117
3 1372 68 1519
4 1063 54 1177
5 1150 57 1273
6 1234 62 1408
7 1162 61 1302
8 1249 62 1337
9 1245 61 1315
10 1152 60 1327

Table F.2: Results from the swarm with 8 operational robots for loading and
collecting containers task (per robot). The simulation time is in seconds, the
distance-travelled is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1044 57 1155
2 1228 60 1360
3 1516 76 1678
4 1278 69 1415
5 1401 70 1551
6 1104 62 1461
7 1063 57 1159
8 1181 60 1352
9 1152 60 1342
10 1453 71 1653

F.2 Results from Swarm with Loading and Collecting Task

with Failures

This section shows detailed results from the simulation experiments in Chapter 7 that

are related to the swarm behaviour with the existence failures for loading and collecting

containers task. The swarm behaviour represented in the following results are corre-

sponding to the changed of the number of failures. Where the swarm once was injected

with 4 failures and with 6 failures respectively.

Table F.4 summarises results of the time, distance-travelled and energy-expended for a

swarm with 12 robots of which 4 robots have failure in the navigation device, for loading

and collecting containers task in the simulation experiments.
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Table F.3: Results from the swarm with 6 operational robots for loading and
collecting containers task (per robot). The simulation time is in seconds, the
distance-travelled is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 2377 112 2632
2 2395 118 2652
3 2625 134 2906
4 2442 123 2704
5 2333 117 2583
6 2524 131 2863
7 2417 125 2772
8 2608 136 2912
9 2589 134 2826
10 2557 132 2835

Table F.5 summarises results of the time, distance-travelled and energy-expended for a

swarm with 12 robots of which 6 robots have failure in the navigation device, for loading

and collecting containers task in the simulation experiments.

Table F.4: Results from the swarm with 12 robots for loading and collecting
containers task. A number of 4 robots have failures in the navigation device, and
they been shutdown. The simulation time is in seconds, the distance-travelled
is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

Average Time
Before Failures

1 1720 69 1905 721
2 2020 80 2238 823
3 2431 83 2694 728
4 1901 66 2106 395
5 1795 80 1988 846
6 2006 82 2299 931
7 2151 73 2232 809
8 2298 80 2226 889
9 1808 80 2265 634
10 1893 81 2320 977

F.3 Results from Swarm with Loading and Collecting Task

with Failure Mitigation

This section shows detailed results from the simulation experiments in Chapter 7 that

are related to the swarm behaviour with the existence failures for loading and collecting

containers task. The swarm behaviour represented in the following results are corre-

sponding to the changes in the swarm after mitigating faulty robots.
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Table F.5: Results from the swarm with 12 robots for loading and collecting
containers task. A number of 6 robots have failures in the navigation device, and
they been shutdown. The simulation time is in seconds, the distance-travelled
is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

Average Time
Before Failures

1 3364 89 3729 770
2 1938 68 2147 770
3 2757 87 3055 889
4 2984 82 3307 736
5 3023 95 3350 879
6 2847 86 3155 925
7 3323 93 2867 919
8 2763 100 2940 965
9 2905 101 2913 977
10 2239 76 2967 785

Table F.6 summarises results of the time, distance-travelled and energy-expended for a

swarm with 12 robots of which 4 faulty robots are mitigated, for loading and collecting

containers task in the simulation experiments.

Table F.7 summarises results of the time, distance-travelled and energy-expended for a

swarm with 12 robots of which 6 faulty robots are mitigated, for loading and collecting

containers task in the simulation experiments.

Table F.6: Results from the swarm with 12 robots for loading and collecting
containers task. A number of 4 faulty robots have been mitigated and used as
communication bridge. The simulation time is in seconds, the distance-travelled
is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1434 59 1633
2 1377 58 1552
3 1570 64 1747
4 1585 62 1762
5 1536 62 1763
6 1448 62 1622
7 1585 66 1705
8 1435 59 1627
9 1423 60 1645
10 1540 65 1714
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Table F.7: Results from the swarm with 12 robots for loading and collecting
containers task. A number of 6 faulty robots have been mitigated and used as
communication bridge. The simulation time is in seconds, the distance-travelled
is in meters and the energy-expended is in joules.

Run
Simulation

Time
Distance
Travelled

Energy
Expended

1 1966 72 2139
2 1909 68 2083
3 1784 64 1938
4 1745 51 1908
5 1430 53 1573
6 1738 62 1908
7 1816 66 1907
8 1708 61 1896
9 1589 60 1646
10 1588 59 1852





Appendix G

A Contribution to Solving Issues

In Webots

This is the authors contribution for solving and helping detecting a couple of problems

in Webots through previous releases, that been discussed in Section 3.4.

Figure G.1: A contribution for solving an issue in Webots v7.3.0. From the
ChangeLog page in Cyberbotics (2013).

Figure G.2: A contribution for solving an issue in Webots v7.4.0. From the
ChangeLog page in Cyberbotics (2013).
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