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Abstract

This thesis investigates multi-robot cooperation in multi-robot systems (MRS) for
simultaneous multi-object transportation in unknown, dynamic, and unstructured environments.
Two distinct control frameworks are developed for MRS to achieve its global goal while
resolving conflicts in the system.
An autonomous and distributed algorithm that uses artificial immune system (AIS) is
developed for multi-robot cooperation and it is validated using experimental work carried out on
a team of real physical robots in the Industrial Automation Laboratory (IAL).
Two deadlock handling approaches are considered to avoid shared resource conflicts in the
system. One method prevents the system from getting into a deadlock situation and is so-called
the prevention-based method. The other method autonomously detects the deadlocks and then
recovers system from that situation, and is known as the detection-based method.
Two separate deadlock resolution algorithms are developed for MRS; one based on the
prevention method and the other based on the detection method. Either of these two deadlock
handling algorithms is then combined with the multi-robot cooperation algorithm to generate two
integrated task execution algorithms for the control frameworks of MRS.
Feasibility and effectiveness of the developed control frameworks are demonstrated and
evaluated through simulation of the MRS on the Webots simulation platform. Finally, using the
simulation results, a comparative evaluation of the two control frameworks developed in this
research is carried out with respect to task completion time, communication overhead, and the
number of tasks executed.
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Preface

This dissertation is an original intellectual property of the author, Pegah Maghsoud, working
under supervision of Prof. Clarence W. de Silva. This work addresses multi-robot cooperation in
multi-robot systems for multi-object transportation in unknown, dynamic, and unstructured
environments. All of the work presented in this thesis was conducted at the Industrial
Automation Laboratory, Department of Mechanical Engineering, the University of British
Columbia, Vancouver campus.
A version of Chapter 3 has been published in The 9th IEEE International Conference on
Computer Science and Education, 2014. A version of the work and results presented in Chapter
5 will be submitted for publication.
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Chapter 1
Introduction
Multi-robot systems (MRS) have become of great interest in the past decades and have been
the subject of active research for years now. Instead of having a single powerful robot to execute
a complex task, in an MRS, the task is decomposed into sub-tasks that are executed by a team of
multiple robots, which through interaction with environment and cooperation with one another,
accomplish an overall goal of the system.
Multi-robot systems best serve in applications that are inherently distributed, cooperative,
and complex. Distributed in the sense that the tasks arise at geographically different locations, at
different times, and require different functionalities to be executed. Cooperative means more
than one robot is needed to effectively carry out the task. Complex in the sense that the
application is too extensive with multiple actions to be executed by a single robot or a centralized
system and doing so would be time consuming and costly. If capable, MRS can benefit from
asynchronous and simultaneous task executions, which could increase the overall speed of the
system and could result in increased efficiency in the system. MRS are more robust and reliable
as they benefit from the inherent redundancy of the agents in the system in the sense that failure
of a robotic agent would not result in the failure of the entire system. Distributed systems are
generally more scalable and have greater flexibility. Examples of their applications are search
and rescue operations, automated homecare, planetary explorations, military operations, object
transportation and payload deliveries.
The problem of task allocation among robots has gained importance in recent years and is a
key research topic in the field of MRS. Even more prominent is the challenge of allocating the
1

best-fit robot among the heterogeneous robots to increase the efficiency of the system. In cases
where a robot team is in charge of executing one task at a time, no shared resource conflicts
arise; however, if multiple tasks are executed simultaneously, then it is necessary to incorporate a
conflict resolution policy into the resource allocation algorithm in order to avoid or resolve
system conflicts and deadlocks.
In the present work, a cooperative multi-robot system is developed for simultaneous multiobject transportation in an unknown, unstructured and dynamic environment.
1.1

Research Objectives
The overall objective of the present research is to develop an autonomous and cooperative

multi-robot system for multi-object transportation. In this pursuit, specific inspiration is gained
from biological immune systems, for the use of artificial immune systems (AIS).
In the proposed system framework, the primary objective is to develop an autonomous and
fully distributed multi-robot cooperation algorithm that allows for simultaneous execution of
multiple tasks in a multi-robot system. Once the algorithm is developed, a related objective of
the thesis is to demonstrate the feasibility of the developed system through computer simulation
and by experimenting using a team of real physical robots in our laboratory (Industrial
Automation Laboratory—IAL).
The secondary objective of the research is to increase the robustness of a multi-robot system
by incorporating an autonomous conflict resolution algorithm within the developed primary
algorithm of multi-robot cooperation, to avoid deadlocks in the system.
Two separate conflict resolution algorithms are developed for MRS. One is based on
deadlock prevention and the other one is based on deadlock detection and recovery. Each
2

deadlock resolution algorithm is incorporated into the developed primary algorithm for multirobot cooperation to generate two separate overall algorithms for task execution using the control
framework of MRS. A subsequent objective is to validate the feasibility of each developed
control framework through simulation using the Webots simulation platform and compare their
performances with regard to such aspects as completion time, communication burden, and
number of tasks completed.
1.2

Problem Definition
This thesis develops and evaluates an MRS for cooperative multiple object transportation.

The work is inspired by human biological immune system and uses an AIS model. The
considered MRS comprises multiple heterogeneous robots that cooperatively transport multiple
heterogeneous objects to a designated goal location. The system is autonomous and fully
distributed. The robots work in an unknown, dynamic, and unstructured environment where they
have to wander around for objects while avoiding static and dynamic obstacles.
The robots communicate, coordinate and cooperate with each other to achieve a global goal
while autonomously resolving conflicts in the system. For a robotic system, simultaneous multiobject transportation is a design requirement to reduce task completion time and increase system
efficiency.
The number of objects in each task is unknown to the system and objects are introduced into
the system in a random manner in time and space. Objects might require a single robot for their
transportation or might require multiple robots. But the number of robots required to transport
each object is unknown to the system and has to be identified autonomously by the system itself.
Objects introduced to the system may differ in their size and weight and may require the
3

executing robots to have different sensing and actuating capabilities to transport them. The
specific types of object transportation that are considered in the present experiments are box
pushing and box carrying. Robots equipped with bumpers would perform box pushing and robots
equipped with grippers would carry out box carrying.
The robots in the system are heterogeneous and have different sensing and actuating
capabilities. Each robot is equipped with a unique set of sensors and actuators. The objects are
identified through color stickers that are attached to them. The partial sensing and actuating
capabilities of the robots that are required to transport an object are identified through color
decoding of the stickers. Robots do not have a global view of the environment and all objects and
obstacles are detected through local sensing by the robots. The inter-robot communication is
wireless and uses the TCP/IP communication protocol. A schematic diagram of the MRS
considered in the present work is shown in Figure 1.

Figure 1 - Schematic Diagram of the MRS.
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1.3

Related Work
Many different approaches have been proposed for multi- robot cooperation and task

allocation in MRS. Among them behavior-based methods, market-based approaches, methods
based on swarm intelligence, and approaches that use artificial immune system (AIS) are widely
discussed in the literature.
Gerkey (2004) classified MRS as either comprising single-task (ST) or multi-task (MT)
robots executing either single-robot (SR) or multi-robot (MR) tasks. MR tasks, also known as
tightly coupled tasks, require more than one robot to be executed and thus some form of robotic
coalition is needed for their execution. Gerkey also classified task allocation in MRS as being
either instantaneous assignments (IA) or time-extended assignments (TA). In instantaneous task
allocation, unlike TA, there is no planning for future allocation and tasks are introduced
randomly to the system with no prior knowledge of it coming up. In an MRS where task
assignment is instantaneous (IA), the system may employ iterated assignment or online
assignment. If upon task detection, previously assigned robots cannot be reassigned, then what
results is an instance of online assignment.
Some relevant work in the literature is classified and presented next.
1.3.1

Multi-Robot Cooperation

An example of a behavior-based system is ALLIANCE, which uses motivational behaviors
to achieve a fault tolerant adaptive action selection based on the robot’s internal state, state of
other robots in the system, and the robots’ environment (Parker, 1998). Using Gerkey’s
terminology as given in his taxonomy (2004), ALLIANCE may be classified into ST-SR-IAiterated (single-task robots, single-robot tasks, instantaneous assignment-iterated) group of the
5

MRS. Broadcast of local eligibility (BLE) is yet another behavior-based system, and was
developed by Werger and Mataric (2000). BLE is based on the broadcasting of local task
eligibility and selecting the robot with the best eligibility to execute the task. In this case, task
allocation is done through the cross inhabitation of behaviors between robots. BLE is also an
instance of ST-SR-IA-iterated.
Another multi-robot task allocation (MRTA) architecture is the market-based approach. In
this approach, the tasks are auctioned within the system and when the auctioneer gathers
information about the team, it determines the winner and assigns the task to be executed by the
winner. MURDOCH is an auction-based system based on the control net protocol (Gerkey,
2002). It benefits from distributed negotiation mechanisms; however, it still has elements of a
centralized system as the auctioneer determines the winner. MURDOCH is an instance of STMR- IA-online class of MRSs. M+ is another decentralized auction-based system (Botelho &
Alamin, 1999). M+ is an ST-SR-IA-iterated system based on the control net protocol. In M+, it is
assumed that the tasks and the order in which they should be executed are known. This
information is sent out to the robots at the start of the system. This limits the system to domains
where these are known. ASyMTRe-D (Parker & Tang, 2007) is yet another market-based
system. It combines a high-level auction-based task allocation mechanism with the previously
developed low-level ASyMTRe-D coalition mechanism (Parker & Tang, 2006) resulting in a
distributed MRS. ASyMTRe-D is an instance of ST-MR-IA-iterated MRS.
A third class of MRTA mechanism is swarm intelligence, which is inspired by the behavior
of insects. Swarm-based methods use an ant system (AS) algorithm. These approaches best suit
applications in which the tasks are spread over a relatively large area and their execution requires
repetitive activities. Swarm-type systems typically comprise teams of large number of
6

homogeneous robots. Kube and Bonabeau (2000) modeled the cooperative transport of ants and
developed a decentralized AS-based MRS. Zhang et al. (2007) developed a hierarchical
algorithm for their task execution algorithm. In an upper hierarchical layer, a self-reinforcement
learning algorithm is incorporated to differentiate the initially identical robots into “specialists”
for task execution. In a lower hierarchical layrer, a distributed AS-based task allocation
algorithm is utilized to deal with task assignment. Both these systems belong to the class of STMR-IA-online assignment.
1.3.2

MRS Using AIS

Artificial Immune System is another method for MRTA, which is inspired by human
biological immune system.
Gao and Wei (2005) proposed a self-determination method for multi-robot cooperation
based on the immune system model in which agents interact with each other and with the
environment to produce a strategy to destroy non-self agents. In such a system, proper stimulated
agents are selected based on the stimulus values, and during the whole process, several agents
cooperate to achieve their global goal. After eliminating the antigens by self-determined
cooperation, the system memorizes the different properties of each antigen in the knowledge
library for use in the second immune response. The task allocation algorithm that is proposed in
the present thesis is limited to a homogeneous group of robots. The system is an instance of STMR-IA-online assignment.
Gao and Wei (2006) proposed a new multi-robot task allocation algorithm for a multi-robot
system that used an artificial immune network (AIN). In the present work, an event triggered
task allocation mechanism is integrated into their task allocation algorithm to reallocate tasks to
7

realize dynamic task allocation in the system. Three different methods are developed in the thesis
to implement autonomous cooperation among robots based on the committed/opportunistic
attribute of the robots. The developed system belongs to the class of ST-MR-IA-iterated
assignment. The limitation of this system is that it only considers different robot speeds as the
heterogeneity of the robots.
Khan and de Silva (2008, 2009) developed a self-regulated fault tolerant multi- robot
cooperation system based on the principles of artificial immune system (AIS). In the approach,
cooperation of the agents rely on the broadcast of capabilities and the cost functions of the robots
in the system. The system is able to accommodate partial and full failure of a robot during
communication and cooperation. Nevertheless, the system does not address simultaneous object
transportation in the workspace. This system also belongs to the category of ST-MR-IA-online
assignment.
1.3.3

Deadlock Resolution in MRS

The following related work in the literature address deadlocks in multi-robot systems.
Ballal et al. (2006) proposed a new approach for task allocation in cooperative multi-mission
robot teams. The system utilizes a matrix-based discrete event controller (DEC) as the
framework to combine together greedy dynamic resource assignment and deadlock avoidance.
At the occurrence of each event, the greedy algorithm is first implemented to update the resource
assignment based on the resource requirement matrix. Then the new resource allocation is
accepted if it is compatible with a certain deadlock avoidance policy called MAXWIP. Their
proposed system comprises heterogeneous robots and is an instance of ST-MR-IA-iterated
assignment.
8

Xu et al. (2007) developed a decentralized and cooperative market-based multi-robot system.
To resolve deadlocks in the system, a global monitoring machine is designed to frequently access
a blackboard and monitor the status of the tasks. If a deadlocked task is recognized, the so-called
harmonize strategy is carried out at the superior level of human-computer interaction to resolve
the deadlock. Like previous work, this system is also classified as ST-MR-IA-iterated
assignment.
Gao and Luo (2008) designed an MRS based on the artificial immune network (AIN). A
static task allocation algorithm is developed based on the principles of antigen stimulus and
inter-antibody interactions. Self-reinforcement learning of the antigen stimulus is introduced to
accommodate dynamic task assignment and to avoid deadlock situation in the system. The
waiting time of the robots is used as another source of the reinforcement signals. As a robot’s
waiting time passes the threshold time and gets larger, the antigen stimulus of robot for the task
decreases to a point where the robot may choose other tasks. In this manner, deadlocks are
avoided in the system. This work belongs to the category of ST-MR-IA-iterated assignment
according to Gerkey’s classification (Gerkey, 2004).
1.4

Contributions and Organization of the Thesis
In this thesis, two separate control frameworks, which are based on AIS, are developed and

comparatively evaluated. They are intended for a multi-robot system to cooperatively transport
multiple objects in an unknown, dynamic, and unstructured environment. The main contributions
of this thesis are as follows:
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•

An autonomous multi-robot cooperation algorithm is developed for an MRS to
execute multiple simultaneous tasks in the work environment. The multi-robot
cooperation uses AIS and is based on Jerne’s idiotypic network theory.

•

The feasibility of the developed schema is demonstrated through implementing the
developed algorithms on a team of real physical robots and carrying out experiments
of cooperative and simultaneous transport of multiple objects in the work
environment.

•

Two novel conflict resolution algorithms are developed to avoid/resolve deadlocks in
an MRS. Each deadlock resolution algorithm is combined with the developed multirobot cooperation algorithm to generate two separate task execution algorithms for
the control framework of the MRS.

•

The feasibility of each of the developed control frameworks is validated by
implementing each of the developed task execution algorithms on a simulated MRS
for multi-object transportation in the Webots simulation platform.

•

Finally, using the simulation results, the two developed control frameworks are
comparatively assessed with regard to task completion time, communication
overhead, and number of completed tasks.

The organization of the thesis is as follows:
In Chapter 1, the background on MRS is presented followed by the objectives of the present
research. Then the problem addressed in this thesis and the characteristics of the multi-robot
system that is studied are stated. After the problem definition, some relevant existing work in the
field of MRS is discussed.

10

In Chapter 2, first some background on human biological immune systems is given and then
Jerne’s idiotypic network theory on dynamic behavior of immune system is presented. This is
followed by an introduction to the concept of AIS. Finally, the chapter is concluded by
presenting a model to estimate the idiotypic immune network, which is later used for developing
the multi-robot cooperation algorithm.
In chapter 3, the multi-robot cooperation algorithm that is based on AIS is developed for
simultaneous multi-object transportation. First characteristics of the considered MRS and the
pertaining assumptions are stated. Then, the development of the multi-robot cooperation
algorithm based on Jerne’s idiotypic immune network is presented. After that, a flowchart of the
task allocation algorithm is given. This is followed by implementing the algorithm on a team of
real physical robots in IAL and carrying out experimentation. Subsequently, the experimental
results are presented.
Chapter 4 addresses deadlocks in a distributed multi-processing system like MRS. Initially
the conditions for deadlock occurrence in the system are stated. Then, methods for avoiding
deadlocks in a distributed system are discussed. Two of the deadlock resolution approaches – the
prevention method and the detection & recovery method –are then explained in greater detail, as
they are later used in the developed system.
Chapter 5 begins with the development of the prevention-based deadlock resolution
algorithm for MRS. Then the developed algorithm is combined with the multi-robot cooperation
algorithm that is developed in Chapter 3 to generate the first control framework for an
autonomous deadlock free MRS. Section 5.3.1 presents the simulation results of the feasibility
verification of the so-called prevention-based control framework for MRS. The second section of
the chapter lays out the development of the second deadlock resolution algorithm, which is based
11

on the deadlock detection and recovery method. Similar to the development of the first
framework, the deadlock detection and recovery algorithm is incorporated into the cooperation
algorithm that is developed in Chapter 3 to generate the second control framework for an
autonomous conflict free MRS. The simulation results for feasibility verification of the so-called
detection -based control framework for MRS is presented in section 5.3.2 of the chapter. Finally,
based on the simulation results, the two control frameworks are compared, and the results are
presented in section 5.4.
Chapter 6 summarizes the contributions of the thesis and presents the conclusions obtained
from the comparison results. Also, it presents some major strengths and limitations of the
developed multi-robot systems. The chapter ends by stating suggestion for possible future work.
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Chapter 2
Modeling of Artificial Immune System
2.1

Biological Immune System
An immune system is a system of biological structures and processes within an organism

that protects against disease by identifying and killing pathogens and tumor cells. It detects a
wide variety of agents, from viruses to parasitic worms, and distinguishes them from the body’s
own healthy cells and tissues in order to function properly. The fundamental constituents of the
immune system are lymphocytes. On the surface of each lymphatic cell are receptors that enable
them to recognize foreign substances. There are two main types of lymphocytes: B-cells and Tcells. T-cells come in two different types, helper cells and killer cells. Helper T-cells are the
major driving force and the main regulators of the immune defense. Their primary task is to
activate B-cells and killer T-cells. However T-cells themselves have to be activated.
Once an antigen is introduced into the body, the so-called Antigen Presenting Cell (APC)
‘eats’ the invader and presents information about the captured antigen by displaying an antigen
fragment from the invader on its own surface. When the receptor of the helper T-cell recognizes
the antigen, the T-cell is activated. This process is illustrated in figure 2.

Figure 2 - Killer T-cells Activation Process.
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Once the helper T-cells are activated, they start to produce proteins that activate the B-cells
and the killer T-cells. A B-cell searches for an antigen matching its receptors and if it finds such
an antigen it connects to it. But the B-cell triggering signal is still off. Now the helper T-cells
help the B-cell to become fully activated. Once activated, the B-cells start to divide and create
new cell types, plasma cells and memory cells.
A plasma cell is specialized in producing a specific protein-called an antibody-that will
respond to the same antigen that matched the B-cell receptor. The antibodies that are produced
by the B-cells recognize non-self antigens and ambush them within the body’s blood stream.
However, if they are unable to fight the antigen, they will coordinate with other antibodies to
cooperatively destroy the existing antigen.
The memory cells that are produced by a B-cell are responsible for “remembering” specific
intruders so that the next time when the same intruder enters the blood stream, the immune
system activates much faster. Figure 3 shows the activation of B-cells in response to antigen
existence in the body.

Figure 3 - B-Cell Activation.

14

2.1.1

Antigen Elimination by Immune System

An antibody is a large Y-shaped protein that is used by the immune system to identify and
neutralize antigens. Each tip of the “Y” of an antibody contains a paratope that is specific for
one particular epitope on an antigen. In such a structure, a paratope is analogous to a lock and an
epitope is analogous to a key. They can bind together with precision. An antibody consists of two
chains, called light chain and heavy chain. The light and heavy chains are each divided into two
sections, variable and constant, as illustrated in Figure 4. The variable region serves as an
antigen-binding site and is called a paratope. There are several different types of antibody heavy
chains (resulting in different types of antibodies). They are grouped into different isotypes and
help direct the appropriate immune response for each different type of a foreign invader.

Figure 4 – Antibody Structure.

As mentioned, once an antigen intrudes the human body, B-cells are activated and they start
producing an antibody whose paratope is complementary to the epitope of the antigen. These
antibodies will then attach to the antigen and try to eliminate it. However, if they are unable to do

15

so, they coordinate with other antibodies and cooperatively destroy the invader. Figure 5
represents the antibody-antigen binding.
When an antibody recognizes an antigen, the paratope of and the epitope bind together with
certain strength proportional to the binding affinity between them. A paratope may not be an
exact match of the epitope and this results in a week binding affinity, in which case there is less
possibility of killing the antigen. The recognition of an antigen will stimulate the proliferation
and differentiation of the immune cells that produce matching clones or antibodies specific to the
antigen. This process is called clonal expansion.

Figure 5 - Antibody-Antigen Binding Mechanism.

2.1.2

Idiotypic Network Theory

In 1974, N. K. Jerne suggested that the immune system has a dynamic behavior, and the
immune cells also recognize each other even in the absence of external stimuli. For this, he
formulated the Idiotypic Network Theory, which is based on the fact that in addition to paratope,
an antibody also possesses a set of epitopes. Consequently they are recognizable by other
antibodies. The epitopes that are unique to an antibody type are termed idiotopes. The network
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theory implies that B-cells are not isolated, rather they communicate with each other via dynamic
network interaction.
When idiotope of an antibody or epitope of an antigen is recognized by paratope of the
antibody, the antibody is stimulated. However, if idiotope of the antibody is recognized by
paratope of another antibody, the antibody is suppressed. Immune system balances diversity and
removes useless antibodies in the system and this is modeled as suppression in Jerne’s Idiotypic
Network Theory.
As Figure 6 illustrates, in the following immune network, the Antigen stimulates both
Antibody 1 and 2. Also it indicates that Antibody 2 is stimulated by Antibody 3 while, Antibody
3 is suppressed by Antibody 2.

Figure 6 – Antibody Stimulation.

2.2

Artificial Immune System (AIS)
Artificial immune systems are adaptive systems that simulate a biological immune system

and uses theoretical immunology and immune principles. In the present work, an AIS is
established upon the idiotypic network theory developed by Jerne. It is a distributed autonomous
system in which multiple agents cooperatively perform a common task.
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Key properties of an AIS are listed below:
•

Distributed: The system is distributed. Unlike a centralized system where it is necessary
to have a supervisory computer to allocate the tasks and to control the agents in the
system, in a distributed system, each agent has its own controller in which each computer
executes its own activities while the system behaves in harmony as a whole.

•

Autonomous: Agents have the unique capability to determine responses to achieve
common tasks through independent decision-making and communication.

•

Dynamic Network Interaction: In order to cooperate with each other, B-cells in the
immune system communicate with each other via collective dynamic interaction.

•

Self-non-self Recognition: Through pattern recognition, B-cells and T-cells are capable of
differentiating self and non-self agents that are introduced into the body. Furthermore, if
the pattern corresponds to a non-self agent, depending on the pattern that is recognized,
they will take proper action to ambush it.

•

Property Recognition: In the immune system, antibodies of B-cells are capable of
recognizing the features of the antigens that they find and the properties of the other
antibodies as well in the system with which they interact.

2.3

Modeling the Idiotypic Immune Network
In 1986 Farmer et al. formulated the idiotypic network theory for computer simulation. In

their work, the rate of proliferation of antibodies is modeled by a differential equation
representing the antibody’s stimulation and suppression in response to antigens and other
antibodies in the system.
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In this model, each antibody is represented as a pair of strings, one denoting the paratope and
the other indicating the epitope or the so-called idiotope of the antibody. Each antigen is also
represented with a string illustrating its epitope. The degree of match between a paratope and an
epitope/idiotope mimics the biding affinity between the two agents. To evaluate the binding
affinity, the antibody’s paratope string is compared with the antigen’s epitope string. If the
degree of match equates or exceeds the threshold value S, the antibody is considered to be
stimulated. The strength of the binding affinity ℱ is a function of the number of matches between
paratope and epitope strings.
The developed model proposes that in a system with N antibodies 𝑥! , 𝑥! , … , 𝑥! and M
antigens 𝑦! , 𝑦! , … , 𝑦! , the rate of change in concentration C of antibody 𝑥! is governed by the
differential equation:
𝐶 𝑥! =   𝑏

!
!!! ℱ!" 𝐶

𝑥! 𝐶 𝑦! +

!
!!! ℱ!" 𝐶

The first summation in the brackets -

𝑥! 𝐶 𝑥! − 𝑘!

!
!!! ℱ!" 𝐶

!
!!! ℱ!" 𝐶

𝑥! 𝐶 𝑥!

− 𝑘 ! 𝐶 𝑥!

(2.1)

𝑥! 𝐶 𝑦! - represents the stimulation of

antibody 𝑥! in response to all antigens 𝑦!   in the system. ℱ!" is the matching function that
represents the degree of the binding affinity between antibodies and antigens. The term
𝐶 𝑥! 𝐶 𝑦! expresses the probability of collision/stimulation between antibodies and antigens.
The second sum -

!
!!! ℱ!" 𝐶

𝑥! 𝐶 𝑥! - represents the stimulation of antibody 𝑥! in

response to all antibodies 𝑥! . In this term, ℱ!" denotes the degree of recognition for stimulation.
The term 𝐶 𝑥! 𝐶 𝑥! models collisions among the antibodies.
The third term in the brackets - 𝑘!

!
!!! ℱ!" 𝐶

𝑥! 𝐶 𝑥! – is responsible for the suppression

in the system. In this term, ℱ!" models the degree of recognition for suppression and 𝐶 𝑥! 𝐶 𝑥!
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is the collision factor. Also, k! is a constant that allows possible inequalities between antibody
stimulation and suppression. If k! = 1 these forces are equal.
In equation (2.1), variable b is a rate constant that simulates the number of collisions per unit
time.
The last term - k ! C x! - denotes the tendency of the antibodies to die out in the absence of
interaction. In this expression, k ! is a constant representing the damping factor.
The artificial immune network presented in this chapter is used in the next chapter to
develop an algorithm for the cooperation of robots in a multi-robot system for simultaneous
object transportation in a work environment.
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Chapter 3
Multi-Robot Cooperation Algorithm Using AIS
3.1

System Development
In the first part of this chapter, a multi-robot system that uses AIS is developed to address the

challenges of simultaneous cooperative task execution. Similar to a biological immune system,
MRS is composed of multiple autonomous robots that make independent decisions while
cooperating with each other to execute a common task.
The coordination among the robots uses the principles of Jerne’s idiotypic network theory as
presented in the previous chapter. Robots in a multi-robot system resemble antibodies in the
immune system. Each robot has its unique capabilities and properties, which are represented in a
chain-like configuration corresponding to a paratope in an AIS. Similarly each task in the multirobot system corresponds to an antigen in a biological immune system. Task properties and the
required capabilities for the task execution are also represented in a chain configuration similar
to the epitope string in an AIS. A binding affinity function is developed to resolve the conflicts
among the robots and to assure that the most suitable robots are chosen to cooperate in the task
execution.
3.1.1

Assumptions

In developing a framework for multi-robot cooperation that uses an AIS, some assumptions
are made to properly characterize the work. These assumptions are as follows:
•

The robots in the system are heterogeneous. In other words, each robot has its own
properties and its own unique set of sensing and actuating capabilities.
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•

The framework is developed for object transportation in an unknown, dynamic, and
unstructured environment comprising of static and dynamic obstacles.

•

The workspace is comprised of both single-robot objects and multi-robot objects.

•

The objects are heterogeneous and color-coded. Each object has a unique set of properties
and certain required abilities for transportation. Partial required capabilities, physical
parameters, and the global position of these objects are identifiable through color
decoding.

•

Robots do not have a global view of the system and the environment. All the sensing is
local.

•

Each robot makes independent decisions but is capable of coordinating and
communicating with other robots in the system.

•

The system is fully distributed; therefore, there is neither a central supervisor to control
the robots nor a central database for the robots to access global information.

3.1.2

Multi-Robot System and Immune System

In the present work, the structural framework of the multi-robot system is founded upon the
principles of AIS. In such a system, each robot is analogous to an antibody and the robot
capabilities correspond to paratopes. Furthermore, in the case of cooperative task execution, the
required capabilities that are sent from the initiating robot to other robots are analogous to
idiotopes of antibodies. The job of object transportation is analogous to an antigen and
correspondingly the properties of the task are analogous to the epitopes of the antigens.
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Figure 7 represents the mapping of MRS onto an immune system.

Figure 7 – (a) Antibody/Robot (b) Antigen/Task.

As stated in section 2.1.1 of Chapter 2, an antibody consists of two light chains and two
heavy chains. The upper part of the light and heavy chains forms a variable region, which serves
as the antigen’s binding site called paratope.
The constant light chain CL represents the sensory data including obstacle existence, and the
robot’s position, velocity, and orientation. The constant heavy chain CH stores the
communication data such as the IP addresses, the degree of binding affinity known as the cost
value, coordinates of the object, and the required capabilities if help is needed.
The variable region or the paratope is also divided into a variable light chain VL and a
variable heavy chain VH. VL denotes the state of the robot, which for example might be
Wander, Wait, or Stimulate. The variable heavy VH chain represents the capabilities of the
robot, which include the payload capacity, push/lift capabilities, and whether it is equipped with
a camera, bumpers, and sonar sensors.
Next, the idiotope of an antibody is responsible for inter-antibody stimulation (multi-robot
coordination). It represents the required capabilities that the assisting robot should possess if it is
to help the initiating robot.
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The epitope of an antigen (task) represents the capabilities that are required to transport the
object. This is indicated in figure 8.

Figure 8 – (a) Antibody/Robot (b) Antigen/Task.

3.2

Idiotypic Immune Network and Multi-Robot Cooperation
The idiotypic immune network developed by Jerne suggested that both antigens and other

antibodies could stimulate an antibody. When an antigen (task) stimulates an antibody (robot),
the antibody compares the epitope of the antigen with its own paratope. If the degree of matching
between them is strong, the antibody starts to proliferate and destroy the antigen (execute the
task/transport the object) itself. However, if the degree of matching is weak, the antibody starts
to stimulate other antibodies to cooperatively ambush the antigen. At this stage, the antibody
compares its own idiotope with the paratope of the other antibodies and if the degree of matching
is strong, it stimulates these antibodies. Among the stimulated antibodies, the one with the
highest binding affinity is selected to cooperate with the initiating antibody, and all the other
stimulated antibodies will be suppressed.
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Similar to the idiotypic network that was formulated by Farmer et al., the multi-robot
cooperation can be represented by the following formula.
𝑥 = ℱ!" 𝑥! 𝑦! +

!
!!! ℱ!" 𝑥! 𝑥!

−

!
!!! 𝐺!" 𝑥! 𝑥!

(3.1)

The first term of equation (3.1) - ℱ!" 𝑥! 𝑦! - represents stimulation of an antibody by an
antigen. In the framework of multi-robot system this term represents object detection by a robot.
Once an object (antigen) is detected, the object properties and the required capabilities 𝑦!
(epitope) are compared with the robot capabilities 𝑥! (paratope). Here ℱ!" is the matching
function for finding the degree of matching between epitope and paratope.
The second term of equation (3.1) -

!
!!! ℱ!" 𝑥! 𝑥!

- represents the stimulation of other

antibodies by the initiating antibody. In other words, when the initiating robot 𝑥! (antibody) is
not capable of executing the task on its own, it sends a help signal to all the other robots in the
wandering state 𝑥! (stimulated antibodies). In the help signal, the initiating robot sends the
required capabilities (idiotope) that the assisting robot should have for cooperation. Also, ℱ!" is
the function that matches the idiotope of the initiating robot with the paratope of the other free
robots. In other words, it compares the required capabilities with the capabilities of the other
robots.
The last term of equation (3.1)-

!
!!! 𝐺!" 𝑥! 𝑥! -

denotes suppression of the stimulated

antibodies. Among the robots that possess the required capabilities 𝑥! to cooperate with
initiating robot 𝑥! , the most suitable robot is chosen to help. To select the most suitable robot,
𝐺!" compares the costs (binding affinity) of the robots that are eligible and for cooperation picks
the robot with the lowest cost.
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Besides the required capabilities, the help signal sent by the initiating robot contains
information about the coordinates of the detected object. For the purpose of the present research,
the cost is a function of the distance to the object and the distance is measured giving the robots
own position and the position of the object. Embedded encoders in the robot give the global
position of the robot at each instance. As denoted in the assumptions of section 3.1.1, the global
position of the object is assumed to be known and identifiable through color decoding.
In the following sections the matching functions between epitope and paratope, and idiotope
and paratope are modeled.
3.2.1

Matching Function Between Antibody and Antigen

As discussed in section 3.1.2, robot capabilities are represented as a chain of properties
similar to the antibody’s paratope. Denoting by“𝑝! ” the paratope of the initiating robot, let
𝑝! = 𝑏𝑢𝑚𝑝𝑒𝑟, 𝑐𝑎𝑚𝑒𝑟𝑎, 𝑝𝑢𝑠ℎ
The required capabilities and properties of the object are given as a chain similar to the antigen
epitope:
𝑒 = 𝑏𝑢𝑚𝑝𝑒𝑟, 𝑝𝑢𝑠ℎ
Once a robot detects an object, it compares its own paratope with the epitope of the object. If
it has all the required capabilities, it will attempt to transport the object on its own. If the robot’s
attempt becomes unsuccessful, it will record the object’s required capabilities on the robot
idiotope "𝑖" and will send out a help signal.
The idiotope indicates the capabilities that the assisting robot should possess to be eligible
for cooperation.
𝑖 = e =    𝑏𝑢𝑚𝑝𝑒𝑟, 𝑝𝑢𝑠ℎ
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3.2.2

Matching Function for Stimulation Degree of Recognition

After the initiating robot broadcasts the help signal that carries information about the
required capabilities (idiotope, i), other robots in the wandering state compare their capabilities
(paratope, 𝑝! ) with idiotope i. If the idiotope and the paratope match, the antibody is stimulated.
Denoting by 𝑝! the paratope chain of a robot in the wandering state that receives the help signal,
let
𝑝! = 𝑝𝑢𝑠ℎ, 𝑏𝑢𝑚𝑝𝑒𝑟, 𝑐𝑎𝑚𝑒𝑟𝑎
If the antibody’s (robot’s) paratope chain 𝑝! has all the required capabilities in the initiating
antibody’s (robot’s) idiotope, the antibody is stimulated and is qualified to help.
3.2.3

Matching Function for Suppression Degree of Recognition

Among all the stimulated antibodies (qualified robots), the most suitable one is chosen to
help in the task, and the rest are suppressed. The most suitable robot is the one with the minimum
cost. The cost of each robot is inversely proportional to the distance of the robot to the object.
Once it is determined which robot will cooperate, the other stimulated robots will return to the
wandering state and will search for other objects.
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3.3

Flowchart of the Developed Multi-Robot Cooperation Algorithm
The task execution algorithm for multi-robot cooperation that is developed in the present

work is shown in the flowchart of figure 9.

Figure 9 – Task Execution Algorithm.
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3.4

Experimental Results
To demonstrate the feasibility of the developed multi-robot cooperation algorithm, the multi-

robot system is implemented and experimented on a team of real physical robots in our
laboratory. The team is comprised of two pioneer P3DXs and a P3AT robots. Boxes shown in
figure 10a are the objects that have to be detected and transported. It is assumed that the robots
would identify some of the properties and partially required capabilities of each object through
decoding the colored stickers attached to the objects. Although the technology for a robot to
autonomously identify properties like the object pose and size exists, the focus of the present
work is on task allocation; therefore, less emphasis is given to identifying object properties.
Instead it is assumed that such information would be readily available to the robot upon object
detection. The experimental results are presented in figure 10.

(a) –Wander in the environment

(c) – Cooperative attempt

(b) – Concurrent individual attempts

(d) – All boxes are transported
Figure 10 – Experiment Results with Physical Robots.
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In figure 10a, the robots start to wander about in the workspace. While wandering, the robots
search for objects and avoid obstacles in the work environment. Each of robots 1 and 2 detects an
object and approaches that object to attempt pushing it individually, as shown in figure 10b.
Before approaching the boxes however, each robot first checks if it has the partial required
capabilities to transport the box. For the purpose of this experiment the designated goal location
is set to be the far end of the workspace. As figure 10c illustrates, robot 1 is successful in
individually pushing the box to the goal location while robot 2 is unsuccessful in its individual
attempt and has asked for a cooperating robot to help. Since robot 3 is available in the system
and has the partial required capabilities to help robot 2, it will respond to the request of robot 2’
and will approach box 2 for cooperation. Then, robots 2 and 3 cooperatively push box 2 to the
goal location and return to the wandering state to search for more objects in the environment, as
illustrated in figure 10d.
Through experimental results, it was observed that as the number of objects in the
environment increased, the system faced shared resource conflicts (i.e., deadlocks) a number of
times; therefore, the number of times the system failed to accomplish its task increased
correspondingly. It was also observed that the number of deadlocks increased as the number of
robots required to cooperate in each task increased. When the system would fall into a deadlock
state, the system had to be restarted. This would lower the efficiency of the system. Therefore, to
avoid system failures due to system deadlocks, two deadlock resolution algorithms are developed
and incorporated into the multi-robot cooperation algorithm developed in this chapter. This
would allow the multi-robot system to autonomously detect and resolve conflicts in the system
effectively, without having to restart the system.
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Chapter 4
Resolving System Deadlocks in Distributed Systems
4.1

System Deadlocks
A recent challenge in the development of fully distributed MRS has been the efficient

utilization of system resources by properly distributing them among concurrent tasks. In any
system of this type, conflicts in the usage of shared resources can arise. They must be addressed
and resolved. In particular, system deadlocks should be avoided or resolved. If the timing
resource requests by different tasks results in a state that two tasks wait for the resources
acquired by one another to complete the tasks, neither of the task could be carried out, and hence
system operation could not proceed further. Then, the system is said to be in a deadlock.
As a simplified example, assume that there are two processes p1 and p2 and there are two
resources R1 and R2. Suppose that p1 has acquired R1 and also needs R2 to accomplish its task.
Simultaneously, p2, has acquired R2 and requires R1 to complete its task. Then, both p1 and p2
have to wait for a resource that is needed by the other. In this situation there is a mutual
dependency between the two processes and neither of them can proceed to execute its task. In
such case if a proper deadlock resolution policy is not incorporated into the system, processes
have to be restarted.
In a system with possible deadlocks a concurrency control algorithm is required to handle
them. As is the case with many other aspects of a distributed system, deadlock handling is more
difficult because there is no central agent to manage resource allocations and each agent has to
have its own “local” concurrency control.
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For a deadlock situation to arise, all the following conditions must exist in a system
(Coffman JR. et al., 1971):
A. There exist resources that can only be used by one task at any one time – “Mutual
Exclusion.”
B. Until a task is completed, its acquired resources cannot be forcibly removed from it –
“No Preemption.”
C. Resources are requested in a circular sequence such that process pi is waiting for a
resource held by pj which is in turn waiting for a resource held by pi. – “Circular Wait.”
D. Tasks hold on to the acquired resources while waiting for the required additional
resources – “Hold and Wait.”
If all these conditions co-exist, the system is in a deadlock situation.
4.2

Methods for Handling Deadlocks
Next, four existing approaches for resolving deadlocks are discussed.

4.2.1

Ignorance

This is the simplest approach and is common in applications where the probability of
deadlock occurrences is low. When a deadlock occurs, the system is rebooted and starts over
from the initiating state.
4.2.2

Avoidance

Deadlock avoidance algorithms are applicable if some advance information on resource
requests is available. With this approach, deadlocks may occur, but there are resource allocation
algorithms to avoid them.
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In 1968, Dijkstra came up with the Banker’s Algorithm to avoid system deadlocks. In this
algorithm the resource request would be denied even if that resource is free, if granting the
resource could potentially result in a deadlock at some time in the future. The system always
maintains itself in a so-called “safe state.” Then, at any one time there are sufficient free
resources left in the system so that each process can acquire all the required resources in a
special sequence to complete its task. Furthermore, when a task is completed, the acquired
resources are released so that other processes can use them and proceed with their task
executions (Dijkstra, 1968).
4.2.3

Prevention

For the cases where no advance information on resource requests is available, one or more of
the four necessary deadlock occurrence conditions discussed in section 4.1 can be removed in
order to prevent deadlocks. This approach is discussed in detail in section 4.3.
4.2.4

Detection and Recovery

In this approach, unlike the avoidance and prevention methods, deadlocks may occur in the
system but there are detection and recovery algorithms that are incorporated to resolve them.
This approach is discussed in detail in section 4.4.
In conclusion, among the stated four approaches, the approaches of deadlock “prevention”
and “detection and recovery” are considered for incorporation into the multi-robot cooperation
algorithm developed in the present thesis. Although “Ignorance” is the simplest approach of
deadlock resolution, it is only practical when there is low possibility of deadlock occurrence in
the system. Typically, this not the case in a distributed MRS as developed in the present work.
“Avoidance” approaches are suitable if advance information on resource usage is available. In
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the proposed multi-robot system, it is assumed that tasks are introduced into the system
randomly and there is no a-priori knowledge on the type and number of resources required for
execution of each task. Therefore, the “avoidance” method would not be applicable to the
proposed system.
4.3

Deadlock Prevention Method
Deadlocks could be prevented if a least one of the following four necessary deadlock

conditions is removed:
A. Mutual Exclusion
Mutual Exclusions can only be denied if resources are sharable as when multiple
processes can acquire a resource at the same time. For instance, in an MRS where
resources are the robots in the system and sharing of the resources is not possible, mutual
exclusion removal is not applicable.
B. No Preemption
To remove the No Preemption condition, it must be possible to take away resources
acquired by a process and to give them to other waiting processes. If a process is holding
some resources and requests a resource that cannot be granted to it, it has to release all its
acquired resources to prevent possible deadlocks. This approach; however, has a high
cost of preemption because tasks might be preempted even when there is no deadlock.
C. Circular Wait
Resources are granted in a special order to prevent Circular Wait. However, imposition
of linear ordering of resources only applies to static allocation of resources, which in turn
reduces concurrency in the system.
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D. Hold and Wait
To remove the Hold and Wait condition, each process must request all of its required
resources at once and should only proceed when it has acquired them all. This method is
not applicable to systems where the number of required resources is not initially known.
Furthermore, removing the Hold and Wait condition may cause starvation in the system.
Starvation happens when a process is indefinitely postponed because its required
resources are not allocated to it and are given to another process, although those
resources are available in the system.
In summary, one or more of the listed conditions could be removed to prevent deadlocks in a
system. However, removal of each of these four conditions has its own requirements and
limitations. For instance, removal of Mutual Exclusion is limited to systems where resources are
sharable or removal while Circular Wait or Hold and Wait is only applicable if a-priori
knowledge of system resource usage is available to the system. Furthermore, in the latter two
approaches, resource allocation has to be done off line and this reduces system concurrency and
drops the efficiency. Removal of the No Preemption condition is limited to systems where tasks
can be preempted and the state of the system can be saved and restored later.
4.4

Deadlock Detection and Recovery Method
Another approach to deadlock resolution is deadlock detection and recovery where an

algorithm is incorporated into the system to automatically detect and recover from the deadlock
state.
In 1971, Coffman came up with an algorithm to detect deadlocks in a system comprising
more than one resource of a type (Coffman, 1971).
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In Coffman’ approach, 𝑟!   represents the resource types and 𝑤! represents the number of
resources of each type. Matrix 𝑷 represents the number of allocated resources to each task 𝑇! ;
therefore, element 𝑝!" represents the number of the resources of type 𝑗 that are allocated to 𝑇! .
Matrix 𝑸 represents the number of resources of each type being requested by 𝑇!   that are not yet
allocated to it. At any time the number of available resources is presented by vector 𝑽:
𝑣! = 𝑤! −

!
!!! 𝑝!"

(4.1)

Assuming that at any time instant (t), 𝑽 is given and the matrices 𝑷 and 𝑸 are available, the
following algorithm as presented by Coffman may be used to detect deadlocks in the system.
4.4.1
•

Coffman’s Deadlock Detection Algorithm
Step 1: Initialize the number of resources of each type 𝑊 with the number of resources
of each type available 𝑉 𝑡 .

•

Step 2: Mark all the tasks that have not been allocated any resources yet. In other words,
mark rows in the P matrix in which all the row elements are zeroes. Leave the rest
unmarked.

•

Step 3: Search among the unmarked rows; if there exists a row 𝑖 for which 𝑄! 𝑡 ≤ 𝑊,
move to step 4. Otherwise, terminate the algorithm and go to step 5.

•

Step 4: For the  𝑖!! row in step 3, add the number of resources allocated (𝑝! 𝑡 ) to 𝑊 and
return to step 3. Mark the 𝑖!! row.
𝑊 + 𝑝! 𝑡 →   𝑊

•

Step 5: System would be in a deadlock, if and only if upon termination, there remain
unmarked rows.
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4.4.2

Coffman’s Deadlock Recovery Algorithm

Once a deadlock is detected, a mechanism is required to recover the system from the
deadlock. One solution for this is to abort the deadlocked tasks in a special sequence until
sufficient resources are released so that the blocked tasks can deploy them and proceed with their
execution. Coffman suggested to release resources in an ascending order of task sizes, and came
up with the following cost function to represent the cost of taking back resources from a task 𝑇!
(Coffman, 1971):
!

𝑐! . 𝑔 𝑞!" − 𝑣!
!!!

𝑤ℎ𝑒𝑟𝑒  𝑓𝑜𝑟  𝑞!" > 𝑣! :    𝑔 𝑞!" − 𝑣! = 𝑞!" − 𝑣!   
𝑎𝑛𝑑  𝑓𝑜𝑟    𝑞!" ≤ 𝑣! :    𝑔 𝑞!" − 𝑣! = 0

(4.2)

In equation (4.2), 𝑐! is a fixed cost of taking back a resource of type 𝑟! from task 𝑇! . If for
any resource 𝑟! , 𝑞!" > 𝑣! it illustrates that this resource is not currently available in the system
and hence preempting it would add to the total preemption cost of 𝑇! . In the approach proposed
in the present thesis, tasks are aborted in the ascending order of preemption costs until the system
is out of the deadlock state.
To summarize, in this chapter, four existing approaches to handle system deadlocks were
discussed. Out of the four methods, two approaches were chosen - deadlock prevention and
deadlock detection and recovery - that best suited for incorporation into the multi-robot
cooperation algorithm of the present work. These two approaches were discussed in detail. In the
next chapter, each of these two approaches is incorporated into the multi-robot cooperation
algorithm developed in chapter 3 to generate two separate control frameworks for an MRS.
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Chapter 5
Deadlock Resolution in Multi-Robot Systems
To resolve deadlocks in the multi-robot cooperation algorithm as presented in the thesis, two
approaches are developed and incorporated. In the first approach, the deadlock prevention
method prevents the system from getting into a deadlock situation. In the second approach, the
deadlock detection and recovery method detects a deadlock and autonomously recovers from it.
The overall cooperative task execution algorithms are developed by incorporating the two
deadlock resolution algorithms. Next, to evaluate the performance, the developed multi-robot
systems are simulated on the Webots simulation platform. Lastly, in this chapter, the overall
performance of the two deadlock handling approaches is comparatively assessed.
5.1

Approach 1: Deadlock Prevention in Multi-Robot System
As elaborated in chapter 4, system deadlocks can be prevented if at least one of the four

necessary deadlock conditions is removed. The four conditions are Mutual Exclusion, No
Preemption, Circular Wait, and Hold & Wait. For the multi-robot system that is developed in the
present thesis, the only applicable approach to prevent the system deadlocks is the removal of the
No Preemption condition and thereby letting the system to forcibly take back the acquired
resources from a task when necessary. In an MRS, the resources are the robotic capabilities
(camera, bumper, gripper, etc.), which are not sharable. Hence, removal of the Mutual Exclusion
does not apply. As discussed before, in order to avoid Circular Wait and Hold &Wait situation,
an advance model of resource allocation is required and the resource allocation has to be done
statically. In contrast, in the multi-robot system that is developed in the present work, tasks are
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randomly introduced into the system and the resource allocation is dynamic. Therefore,
removing the Circular Wait and Hold & Wait condition from the system does not apply to the
developed multi-robot system.
5.1.1

Incorporating Prevention Method into the Cooperation Algorithm

In the multi-robot cooperation algorithm that is developed in chapter 3, system deadlocks are
not addressed. If the system gets into deadlock state, it has to be restarted manually. If an
initiating robot signals for additional help but no robot with the required capabilities is available
to help, the initiating robot will continue broadcasting the help signal regardless of the possibility
of the system being in a deadlock state.
With the proposed deadlock prevention algorithm, however, if a robot with the required
capabilities is not available in the system, the initiating robot and its other cooperating robots
leave their task and return to the wandering state. Then, if there is a circular wait in the system,
the second task that is holding on to the requested resources and is waiting for the released
resources, will acquire the released resources and will continue with the task execution. In this
manner, the system is prevented from getting into a deadlock state. A drawback of this approach,
however, is that resources might be released even when there is no mutual wait for the resources
and the system is not in a deadlock state.
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5.1.2

Prevention-Based Control Framework for MRS – Approach 1

This prevention-based algorithm is combined with the multi-robot cooperation algorithm and
the overall control framework for MRS task execution is developed. This scheme is presented in
the flowchart of figure 11.

Figure 11 – Prevention-Based Task Execution Algorithm for MRS.
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5.2

Approach 2: Including Deadlock Detection and Recovery into Multi-Robot

Cooperation Algorithm
Deadlock is defined as the state in the system where tasks mutually wait for the resources
acquired by one another. In other words, a circular wait exists between tasks that wait to acquire
their resources. Figure 12 illustrates a sample deadlock situation in an MRS. In the shown
scenario, robot 2 and 3, which are correspondingly the initiating robots to handle object 1and 2 –
both have broadcasted help signals and are in the wait state. A robot is said to be in the wait
state, when it sends help signal but it does not receive any help because there is no robot with the
required capabilities available in the system. In the shown scenario both robot 2 and 3 are
waiting for a robot with bumper to become free to cooperate with them. However, since they are
mutually waiting for the resource acquired by one another, the system is essentially in a
deadlock. Notice that robot 1 is free but because it does not have a bumper, it is unable to help
either of the initiating robots to push the boxes.

Figure 12 – Multi-Robot System in Deadlock State.
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5.2.1

Deadlock Detection in MRS

Since the considered MRS is fully distributed, each robot individually checks if the system is
in a deadlock. But before the robots that are in the wait state start checking for deadlocks in the
system, they have to identify each other and share the required information with one another.
Following are the steps taken by each initiating robot in a wait state to detect deadlocks in the
system:
•

Step 1: Besides sending a help signal, a robot in the wait state, starts broadcasting a new
signal called wait signal, which encompasses local information about the task, resources
allocated and resources requested.

•

Step 2: If the robot gets a response for its help signal, it will exit the wait state and will
proceed with the task execution. However, if the robot receives a wait signal from
another robot in the wait state, it will go to step 3 and will check for system deadlocks.

•

Step 3: Using Coffman’s algorithm, the robot checks if the system is in a deadlock or not.
A detailed explanation on implementing the Coffman’s algorithm on MRS is given in the
next section.

•

Step 4: If it is detected that system is in a deadlock, an initiating robot proceeds to the
recovery stage, in which one of the initiating robots (and its cooperating robots) will
eventually leave its task.

•

Step 5: If through Coffman’s method, the robot detects that the system is not in a
deadlock, it returns to Step 1.
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5.2.2

Applying Coffman’s Deadlock Detection Algorithm to MRS

In Coffman’s deadlock detection approach, it is assumed that at any time in the system, the
number of the resources allocated and requested is known. The multi-robot system that is
developed in the present thesis, however, is fully distributed and there is no central unit for the
robots to access the global information on the number of resources requested or acquired by the
other tasks. Instead, in the proposed algorithm, upon identifying each other, the robots in the wait
state share the local information by broadcasting them in the distributed network.
The mapping of MRS on to the Coffman’s system is presented now.
𝒓𝒋 → resource types ~ types of sensors and actuators that the robots in the system own;
including camera, bumper, gripper, and sonar sensors.
𝒘𝒋 → number of resources of each type ~ total number of a specific sensor or actuator in the
system; for instance, total number of cameras in the system.
𝑻𝒊 → task i ~ objects in the wait state.  𝑇! directly corresponds to the initiating robot in the
wait state that is leading the cooperative transportation of the object i.
𝒗𝒋 → number of available resources of each type ~ total number of sensors or actuators of a
specific type that are readily available in the MRS; essentially it is the total number of robots
having a specific type of sensor or actuator that are readily available.
𝑀𝑎𝑡𝑟𝑖𝑥  𝑷 → number of resources allocated to each task
•

𝑝!" → number of resources of type j allocated to task i ~ total number of sensors or
actuators of a specific type involved in handling object i.

𝑀𝑎𝑡𝑟𝑖𝑥  𝑸 → number of resources requested but not allocated to each task
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•

𝑞!" → number of resources of type j requested by task i that are not yet allocated ~ total
number of sensors or actuators of a specific type requested by the initiating robot
handling object i that are not yet allocated

Upon identifying other robots in the wait state and acquiring information about the tasks they
are handling, every initiating robot uses Coffman’s algorithm to detect if the system is in a
deadlock.
As in Coffman’s approach, for every resource of type j, 𝑣! is calculated as follows
𝑣! = 𝑤! −

!
!!! 𝑝!"

= 𝑤! − 𝑝!" +

!
!!!,!!! 𝑝!"

(5.1)

Here, 𝑤! is available to all robots upon starting the system start; 𝑝!" = total number of resources
of type j acquired by object k, which is the object that the robot itself is involved in handling it;
!
!!!,!!! 𝑝!"

= total number of resources of type j acquired by all other objects in the wait state

except object k. This is calculated using information received from other robots in the wait state.
If for none of the objects i, 𝒗𝒋 ≥ 𝒒𝒊𝒋 , the system is in a deadlock. In other words, if the
number of available resources left in the system is not adequate to fulfill the request of any of the
objects, the system is stuck in a deadlock situation.
If the system is in a deadlock, each of the initiating robots in the wait state, autonomously
and individually detects it and will proceed with the recovery plan. In the recovery stage, each
robot calculates and broadcasts its cost of leaving its object. Each robot then compares its cost
with others costs and ultimately the robot with the minimum cost will leave its task and will
signal its cooperating robots to leave the task as well. This cost of leaving is a function of the
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object’s distance to the goal location. Once robots leave the object, they return to the wandering
state and are available to help transporting other objects in the system.
The proposed MRS featuring deadlock detection and recovery method is verified through
simulation. The simulation result is presented in section 5.3.2.
5.2.3

Detection-Based Control Framework for MRS – Approach 2

The detection-based algorithm is combined with the multi-robot cooperation algorithm. This
second control framework for task execution by an MRS is presented in the flowchart of figure
13.

Figure 13 - Detection-Based Task Execution Algorithm for MRS.
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5.3

Simulation Results
To verify the developed two control frameworks, both systems – prevention-based and

detection-based systems – are simulated on the Webots simulation platform. The simulated
system is composed of multiple heterogeneous robots and objects. However, simulating the
system allows for extending the number of robots and objects in the system and hence provides
much greater flexibility for system evaluation. Like the real physical pioneer robots, each
simulated robot is equipped with a different set of sensors and has a certain payload capacity.
These robotic capabilities, which constitute the system resources, include cameras, sonar sensors,
bumpers and grippers.
Similar to the real physical experiments, the goal of the developed MRS is to cooperatively
transport multiple objects to a specific goal location as determined in advance for the system.
The developed algorithms that are simulated on MRS comprise of a team of up to five pioneer
robots.
Figure 14 represents the multi-robot system simulation environment.

Object 2

Object 3

Object 1
Obstacle
Robot 1

Robot 2

Robot 4

Obstacle
Robot 3

Robot 5

Figure 14 - Multi-Robot System Simulation Environment.
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The coordinates of the goal location are pre-specified to the system. For simulation purposes
the far end of the workspace is set as the goal location. To visualize, the designated goal location
is shown as the hatched area in figure 14. The robots are required to cooperatively transport all
the objects in the environment to the goal location. As indicated in Figure 14, the boxes with
color stickers on them are the objects to be transported and the cone shaped objects are the
obstacles to be avoided by the robots.
The five simulated pioneer robots and their unique sets of sensing and actuating capabilities
and maximum payload capacities are presented in table 5.1. Like the real physical experiments, it
is assumed that the robots would identify some properties and partially required capabilities for
each object through the color stickers attached to them.
Table 1 – Simulated Pioneer Robots.
Robot Capabilities

Pioneer Robots

Simulated

Type

Camera

Bumper
(Push)

Gripper
(Pick)

Sonar

GPS &
Compass

Payload

P3DX

✓

✗

✓

✓

✓

17 Kg

P3AT

✓

✓

✗

✓

✓

12 Kg

P3DX

✓

✓

✗

✓

✓

17 Kg

P3DX

✗

✓

✗

✓

✓

17 Kg

P3DX

✓

✓

✗

✓

✓

17 Kg

Both multi-robot cooperation algorithms developed in the previous sections have been
verified on various different multi-robot systems comprising number and types of objects.
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5.3.1

MRS Featuring Deadlock Prevention

A sample simulation result of a multi-robot system featuring deadlock prevention approach
is presented now. The system is comprised of five robots and three objects labeled with red,
green and blue stickers. Initially the robots start wandering and searching for the objects in the
environment. Once an object with the color blob is detected, the robot identifies the partial
required capabilities and if it acquires them, the robot will approach the object to attempt to
transport the object individually. In figure 15, robots 1, 2, and 3 concurrently detect an object and
start attempting to individually transport their objects to the goal location.

Figure 15 - Individual Attempts.

If the initial attempt is successful, the robot transports the object to the goal location and then
it returns to the wandering state to search for more objects in the workspace. However, if the
attempt fails, the initiating robot will broadcast a help signal to get another robot for cooperation.
Among the robots in the wandering state, the robot that best fits the task will approach the initial
robot for the cooperative attempt.
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In figure 16, object 1 is successfully transported while robots 4 and 5 have come to
cooperate with robots 2 and 3.

Figure 16 – Cooperative Attempts.

If the cooperative attempt is also failed, the initiating robot will again broadcast a help signal
to acquire further assistance. If upon broadcasting the help signal, the initiating robot determines
that there is no robot with the required partial capabilities available to cooperate, it will leave its
object and release its cooperative robots to avoid potential system deadlock. In figure 17, robot 2
and 4 leave object 2 and return to wandering state to prevent the system from getting into a
deadlock.

Figure 17 - Robots Leave the Object to Prevent System Deadlock.
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Now if any other cooperative attempt fails, these robots in the wandering state are available
to help in object transportation.
In figure 18, robots 1 and 2 are wandering in the workspace while robot 4 has joined robots 3
and 5 and together they successfully transport object 3 to the goal location.

Figure 18 - Cooperative Object Transportation.

Robots in the wandering state search for objects in the environment and if an object is
detected again, the robot will begin with its individual attempt for task execution. If the
individual attempt fails, the robot will request help. This will continue until the robots are
successful and can cooperatively transport the object to the goal location.
Figures 19 through 22 illustrate the step-by-step progress in handling object 2 from the
moment robot 2 detects it. It starts with the initial and individual attempt of robot 2 and then
shows the successive cooperation failures until eventually the object is successfully transported
by four robots.
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Figure 19 - Unsuccessful Individual Attempt.

Figure 20 – First Unsuccessful Cooperation Attempt.

Figure 21 – Second Unsuccessful Cooperation Attempt.
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Figure 22 – Successful Cooperative Object Transportation.

Once the object is transported, all the cooperating robots return to the wandering state and
start searching the work environment for more objects.
The multi-robot cooperation algorithm developed in section 5.1 is run multiple times on
various work environments - comprising different number of objects. The simulation results
verify that in the developed MRS deadlocks are successfully prevented. A drawback of this
approach, however, is that the efficiency of the system decreases because the robots may leave
their objects even when the system is not in a deadlock state. Once the robot(s) leave an object,
that object has to be re-detected and handled later in the system.
5.3.2

MRS Featuring Deadlock Detection and Recovery

In this section a sample simulation run of the multi-robot system incorporating deadlock
detection and recovery is presented. The workspace is set exactly the same as the simulation run
of the prevention method in the previous section. This is to illustrate how the two approaches
resolve the same deadlock scenario in an MRS. The system comprises of five robots and three
objects. The robots start by searching the environment and upon object detection each robot
makes its individual attempt to transport the object. This is illustrated in figure 23.
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Figure 23 – Robots Individual Attempts.

If an individual attempt is unsuccessful, the robot broadcasts a help signal. If a robot with the
required capabilities is available to help, the original robot waits for the cooperating robot to
reach the object to begin the second attempt. If the cooperation attempt is also unsuccessful, the
robots request for additional help. In figure 24, robot 2 is waiting for robot 5 to reach object 2
while robots 3 and 4 have asked for additional help. However, since no robot is available to help,
robot 3 enters the wait state in which it begins broadcasting a wait signal along with a help
signal.

Figure 24 – Robots Cooperation Attempt.
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In figure 25, cooperation attempt to push object 2 also fails and because still no robot is
available to help, robot 2 also enters the wait state. Once the two robots in the wait state identify
each other through the wait signals, they start to examine if the system is in a deadlock.

Figure 25 – System Stuck in a Deadlock Situation.

If it is detected that the system is in a deadlock, one of the robots 2 or 3 that has the
minimum cost and its cooperating robots will leave their object and thus will be available to join
another robot coalition to transport the object. In the current example, robots 3 and 4 leave their
object (3) and return to wandering state. While wandering about, robot 3 receives the help signal
of robot 2 and approaches object 2 to cooperate, as illustrated in figure 26.

Figure 26 – Deadlock Resolved.
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The initiating robot continues to request for additional help until the cooperation attempt is
successful and object 2 is transported, as shown in figure 27.

Figure 27 – Cooperative Object Transportation.

Once object 2 is pushed to the goal location, the robots return to the wandering state.
While searching, robot 2 detects object 3. As figures 28 through 30 illustrate, initially robot 2
is unsuccessful in its individual attempt and twice asks for an additional robot to help until
eventually the three robots cooperatively transport object 3.

Figure 28 – Individual Attempt.
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Figure 29 – First Cooperation Attempt.

Figure 30 – Transporting the Last Object.

Eventually, all the objects are transported to the designated location. In the simulation results
given above, the system was once stuck in a deadlock state, which was autonomously resolved
through the detection and recovery method.
In summary, in the present section the feasibility of the deadlock resolution approaches
developed in this chapter was verified through simulating the developed MRS control
frameworks on various unknown, unstructured, and dynamic multi-robot setups. An example
simulation result of each of the developed approaches was presented to show the results of
incorporating the deadlock resolution approaches into the multi-robot cooperation algorithm
developed in chapter 3. Each of the developed approaches was tested on about fifty different
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multi-robot simulation setups. These results are used in the next section to compare the two
deadlock resolution methods in the context of multi-robot systems. See appendix A for
simulation results.
5.4

Comparison of the Two Approaches
The developed systems have been simulated on various mutli-robot setups. The results are

presented in this section. The various setups established different environments for robots to
operate in and resulted in a wide range of scenrios to evaluate the developed algorithms. The
simulation environments or the setups comprised different number and types of objects that
were randomly placed in the environment. Heterogenous objects introduced to the system were
different in the partial capabilities that each required, in their sizes, and in their wieghts. The
object weights are unkonw to the sysetm but essentially define the sizes of the robotic coalitions
that are formed for object transportation. The coalition size of an object refers to the number of
robots that are eventaully required to transport that object. To generate results for a fair
comparison of the two systems, they have been simualted on exactly the same simulation setups.
Over fifity different setups have been designed and each system has been simulated multiple
times on each setup. The criteria for comparison of the two methods are the task completion time
and the communication burden due to inter-robot communication. The total number of messages
sent by the robots in each run are counted and used as the communication burden on the system.
The task completion time is considered as the time it takes to tranport all the ojbects in the sytem
to the designated goal location.
From physical experiments it was recognized that as the number of objects and the coalition
sizes were increased in the system, the number of deadlocks inceased correspondingly. This is
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confirmed by the simulation data presented in figure 31. The x-axis repressents the number of
objects in a task, y-axis represents the sum of the sizes of the robotic coalitions for the objects in
each task, and the z-axis indicates the number system deadlocks in each task. It is observed that
as the number of objects and the total coalition sizes get larger, the number of deadlocks in the
sytstem increases correspondingly.

Figure 31 – The Effect of Coalition Sizes and Number of Objects on the Number of System Deadlocks.

In figure 31, each data point represents the number of system deadlocks in a single task as a
function of the number of objects and the sum of coalition sizes for the task.
Figure 32 presents the average task completion times as a function of the number of objects
transported. It indicates that for both deadlock detection- and deadlock prevention-based
systems, the task completion time grows as the number of objects increases. However, it
indicates that it takes longer for the prevention-based MRS to complete its task as compared to
detection-based systems. But the key point in the graph is that the gap between the completion
times gets larger as the number of objects in the system is increased. This is due the fact that the
probability of system deadlocks increases as the number of objects is increased. For the
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prevention-based approach this directly corresponds to the number of times initiating robots
leave their objects to avoid deadlocks in the system. The same argument is valid for the coalition
sizes because as the objects in a task require a larger number of robots for cooperation, the
chances of system deadlocks are greater. As discussed earlier, the drawback of the prevention
method is that the robots may leave the object even when the system is not necessarily in a
deadlock state, and when the robots leave the object, it has to be re-detected and re-handled later.
That would result in a longer completion time. This is illustrated in figures 32 and 33.

Figure 32 –The Effect of Number of Objects on Average Task Completion Time.
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Figure 33 –The Effect f Coalition Sizes on Average Task Completion Time.

Another criterion considered for the comparison of the two approaches is the communication
burden on the system due to the signals and messages broadcasted in the system. The
communication burden is measured as the total number of messages broadcasted by all the robots
in the system. As the simulation results in figure 34 suggest, for both detection and prevention
methods the number of messages sent increases as the number of objects in a task increases;
however, the growth is more significant in the detection approach compared to the prevention
approach. As the graphs in figure 34 indicate, for a task with a single object, the average number
of messages sent is the same in both approaches; however, when the number of objects increases,
the gap between them grows. This is due to the fact that in the detection approach, when the
system is in a deadlock, extra messages carrying wait signals and leaving costs are broadcasted
to detect and recover from the deadlock state. Figure 35 presents the increased communication
burden due to the increased coalition sizes of the objects in the system. From both figures it can
be concluded that detection-based systems generally have a larger communication burden
compared to prevention-based systems.
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Figure 34 – Communication Burden Due to the Number of Objects in the Task.

Figure 35 – Communication Burden Due to the Coalition Sizes.

In summary, from the simulation results it can be concluded that for small numbers of
objects and for objects where small robotic coalitions are required, the deadlock detection and
recovery approach dominates as it takes less time to complete the task and only slightly adds to
the communication burden. Notice that the coalition size of an object is directly proportional to
the weight of the object, and a smaller coalition size corresponds to a lighter object. However, as
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the number of objects or object weights gets larger, the communication burden of the detection
method becomes significantly larger than that of the prevention method, and if the design
requirements allow for larger task completion times, the prevention method would be the
preferred approach.
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Chapter 6
Conclusion
Robotic systems can replace humans in hazardous applications like search and rescue
operations, in applications where humans cannot perform the tasks by themselves like space
explorations, applications where robots are preferred as in round-the-clock homecare
applications, and in applications where robots have better performance than humans as in some
industrial applications. In such applications, utilizing a cooperative multi-robot system (MRS)
could increase the efficiency and quality of the solution. Therefore, MRS are of great importance
in the field of robotics and a significant amount of research has been done in the field of MRS.
Research in this thesis was focused on developing an MRS for multiple object transportation in
an unknown, dynamic and unstructured environment. The main contributions of this thesis work
are summarized next.
6.1

Primary Contributions
In this thesis, two control frameworks that use AIS have been developed for an autonomous

and cooperative MRS. Multi-robot cooperation in these system frameworks are based on Jerne’s
Idiotypic Network Theory. Both systems are designed for simultaneous multi-object
transportation and are also designed to autonomously resolve conflicts of shared resources that
arise due to concurrent task executions.
One system framework is developed based on the principles of deadlock prevention.
Simulation results suggest that this approach is suitable for applications where the number of
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objects and their weights are relatively large. Prevention-based approaches best suit applications
where the number of objects is approximately more than five.
The second control framework known as the detection-based MRS utilizes Coffman’s
deadlock detection and recovery policy to identify system deadlocks and further recover from
them to resolve conflicts of shared resources in the system. From the simulation results, it is
concluded that detection-based MRS is suitable for applications where there are fewer objects in
the environment and the objects do not require large number of robots to be transported.
6.2

Strengths and Limitations

Strengths of the developed MRS are summarized in the following:
•

System is flexible to changes in the environment and in the composition of robots in the
system. It operates in unknown, dynamic, unstructured environments where random
objects and obstacles are introduced into the system. Also if robots composition is
changed due to introduction of a new robot to the system or removal of a malfunctioned
robot, system will adapt to the changes and robots will proceed with their operations.

•

System takes advantages of a fully distributed. There is no central controller or leader to
coordinate actions of the robots in the system and failure of a robot would not cripple the
system, rather the system will adapt without noticeable degradation in its performance.
Robots only have local knowledge and if required they share it with each other through
dynamic network communications.

•

System’s robustness is increased by taking advantage of parallelism and redundancy of
multiple robots in the system and by incorporating autonomous deadlock resolution
algorithms to resolve conflicts in distribution of shared resources in the system.
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Limitations of the MRS developed are as follows:
•

System best suits small to medium size MRS because as the number of robots increases,
they become as obstacles for one another and make it more challenging for themselves to
detect and transport objects in the environment. Furthermore, as the number of robots
increases, the communication burden on the system grows exponentially and surpassing
certain number of robots in the system would degrade the overall performance of the
system substantially.

•

Although the developed system is robust and adapts to robot failures, system does not
have the ability to detect robot failures autonomously and if any robot fails it does not
communicate its failure with others. Furthermore, system is not capable of detecting the
malfunctions neither at the robot level nor team level.

6.3

Suggested Future Work
As stated, a major limitation of the developed system is the lack of a fault detection

mechanism in the system. In future, a fault detection mechanism may be implemented to let the
system autonomously detect failures at both robot level and team level and to communicate the
failure with other robots in the system.
Furthermore, the system performance can be improved by incorporating a learning
mechanism so that the robots can remember and learn from their past experiences and use it to
improve their future task executions in the system.
Finally, it was assumed that some prosperities and partial required capabilities of the objects
were obtained through color-blob detection. These include object position, object dimensions,
and some sensing and actuating capabilities required to handle the object. Methods exist in the
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real world to actually detect these properties and these mechanisms can be incorporated into the
developed system to make it better suit real life applications.
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Appendices
Appendix A Simulation Data
Data collected from simulation runs are presented in this appendix. Graphs presented
in Chapter 5 are based on this data.
A.1

Prevention-based MRS Simulation Data

In table 2, simulation results for the prevention-based control framework are summarized.
Exp Scenario column represents the coalition sizes of the objects that are required for the
objects introduced to the system. For instance, (1, 2, 4) represents that the first, second
and the third object correspondingly required 1, 2, and 4 robots to be transported. The #
of messages is the total number of messages broadcasted in the system in each run. # of
coalitions is the sum of coalitions in each run; for example, for (1, 2, 4) total coalition
would be 7. For each scenario the MRS has been run multiple times and the average data
is presented in table 2 in the next page.
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Table 2 - Simulation Results of Prevention-Based MRS.

In the next set of tables, the results from the simulation runs of 1, 2, 3, and 4 objects
are presented. Simulation results are for the scenario where three objects are introduced
to the system. The coalition sizes have been varied as shown in the Exp Scenario column
of the table. The time the system takes to finish the tasks and the number of messages that
are broadcasted are collected for further analysis. For each coalition scenario, the
positions of the objects have been changed to test the developed system on as many
various environments as possible.
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Table 3 - Prevention-Based System Runs for One Object.

Table 4 - Prevention-Based System Runs for Two Objects.
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Table 5 - Prevention-Based System Runs for Three Objects.

Table 6 - Prevention-Based System Runs for Four Objects.
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A.2

Detection-based MRS Simulation Data
Table 7 is similar to table 2 except that it has a column that represents the number of

times system gets into the deadlock in run.
Table 7 - Simulation Results of Detection-Based MRS.

Similarly data for simulation results of different number of objects for detectionbased system is presented in the tables 8 through 11.
Table 8 - Detection-Based System Runs for One Object.
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Table 9 – Detection-Based System Runs for Two Objects.

Table 10 – Detection-Based System Runs for Four Objects.
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Table 11 – Detection-Based System Runs for Three Objects.
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Appendix B Effect of Increasing the Number of Robots on the MRS
As Khan (2010) indicated in his dissertation, as the number of robots in the
environment exceeds 13 robots the average task complete time and the number of
messages broadcasted increase greatly. The following figures have been acquired from
Khan’s dissertation (Khan, 2010).

Figure 36 – Effect of Number of Robots on Task Completion Time.

Figure 37 – Effect of Number of Robots on Task Completion Time.

78

Appendix C Pioneer Robot Sensors and Actuators
C.1

Real Physical Robots in IAL

Figure 38 – Real Simulated P3DX and P3AT.

C.2

Simulated Robots in Webots Simulation Platform

Figure 39 - Simulated P3DX and P3AT.
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