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Abstract
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The recent advancements in robotics have enabled intelligent robotic systems to be
deployed in an industrial environment to automate tasks and increase productivity.
Mobile robots deployed in a warehouse are usually designed to do tasks individ-
ually and do not interact with one another. Although this increases efficiency in
the performance of tasks over time, some tasks may be too complicated for a single
robot system to accomplish. Multi-robot systems have tremendous potential in au-
tomating tasks in logistics and warehouses where robot teams can perform multiple
tasks in parallel in less time compared to working individually. The prospect of
these multi-robot systems autonomously working in the same environment allows
tackling time constraints and dependence on human labour. But, in order to carry
packages in a warehouse one of the challenges for the robots is to maintain a rigid
formation shape and perform set tasks cooperatively while keeping the whole system
safe from static and dynamic entities. In this thesis work, a real-time distributed
control algorithm based on control barrier functions for cooperative control of multi-
robot systems is presented. The main objective of the controller is to enable a team
of robots to maintain a formation while avoiding obstacles and other robot forma-
tions present in their way and reaching their goal. The proposed controller has been
verified and its performance evaluated through various scenarios in both simulations
and physical mobile robots.

Keywords: Multi-robot systems, Control Barrier Functions, Cooperative control,
Obstacle avoidance.
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1 Introduction

1.1 Motivation and Thesis Objective

In modern-day industries, there is increasing development towards automating ware-
house distribution centres and logistics [18]. The author in [15] discusses the develop-
ments and challenges in deploying large numbers of Autonomous mobile robots(AMR)
for warehouse automation

As Industry 4.0 aims to provide more flexible production systems through incor-
porating new technologies, robotics has been one of the key elements in striving
towards it. The role of AMR’s in production networks and how they can be utilized
to develop the performance was discussed in [20].

Industrial warehouses and factories around the globe remain heavily dependant on
human labour for strenuous and repetitive tasks which take quite a time to be fin-
ished. The operation of these warehouses is also limited by the time constraints of
human labour as one cannot be working all day. In particular, during challenging
times where the human workforce comes under-hit, the work in these industries
would come to stop.

An example would be the effect of the COVID-19 pandemic where the production
numbers did take quite a damage in trying to keep up with demand. Warehouses
were short in man force to cope up with the surge in demand, the article in [34]
discusses the impact of COVID on logistic systems and the food supply chain. This
further encourages the need for automating hard labour.

This is where robots come into the scene, there are already well developed robotic
systems for warehouse works such as Amazon’s KIVA robot[1], Locus robot[9] from
Locus Robotics, BOLT[11] from IAMRobotics, Vector and MAvek from Waypoint
Robotics[24] are a few of the latest mobile robots being developed and deployed in
the warehouses and distribution centres for a variety of tasks such as surveillance,
security, package displacement etc.

Warehousing and logistics mainly involve human-run vehicles to pick and place the
goods from one place to other. AMRs are being introduced in several Intralogistics
operations mainly to ease the human labour involved in transferring the goods in
an enclosed environment.

The main value in replacing manual labour is the efficiency at which the work can
be done as these autonomous robots can work longer and more precise than their
human counterparts. Intelligent warehouse systems allow us to tackle this issue of
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constant human supervision required to successfully run the day to day tasks in an
industrial warehouse and automate it.

The prospect of using multi-robot systems in such scenarios where product moving
vehicles can be replaced by a team of robots that are relatively smaller in size but
together can perform the same task with minimal human intervention would poten-
tially be one of the main features of a fully automated warehouse.

These multi-robot fleets offer more flexibility, speed and robustness in limited spaces
or in presence of dynamic obstacles compared to their bigger counterparts. The ad-
vanced hardware and control software present in these robots allow safe autonomous
operation in dynamic environments or situations i.e. avoiding obstacles and avoid-
ing other robots.

One of the main ingredients to realize such a system is a scalable control algorithm
implemented in each robot which guarantees safe operation of the multi-robot sys-
tem.

The objective of this thesis work is to develop control algorithms allowing multiple
mobile robots to cooperatively execute a task while ensuring their safe operation in
a possibly dynamic environment.

As a use case, a scenario illustrated in Figure 1.1 will be considered in which a fleet
of mobile robots move in a formation from one point to a pre-defined location while
maintaining the predefined shape of the formation (.i.e, the smooth motion of the
robots within the formation correspond to translation or rotation of the whole for-
mation) necessary to cooperatively transport a load and at the same time avoiding
collision with static/dynamic obstacles and other fleets of robots.
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Figure 1.1 A warehouse scenario of robot formations navigating through obstacles to
reach desired goal positions.

1.2 Research Questions

To achieve the previously mentioned objectives, this thesis aims at answering the
following research questions.

1. How to design a real-time algorithm for controlling the movement of a group
of mobile robots to accomplish a task with multiple and possibly conflicting
control objectives? For example, in the scenario illustrated in Figure 1.1, the
robots need to move in a formation to reach a predesignated goal location
while avoiding collision and maintaining the shape of the formation.

2. How to implement the control algorithm in a distributed manner? This means
that each robot should be able to compute its action by cooperating (i.e., ex-
changing information via a communication network) with several other robots
and in the absence (or with very limited assistance) of a control centre. Dis-
tributed control algorithm is highly desirable as it provides several potential
advantages such as scalability to the system’s size and robustness concerning
the failure of the individual system. In addition, this thesis also aims to an-
swer the question of how the communication network topology between the
robots needs to be designed to reduce the communication cost and thus allow
the high-penetration of multi-robot systems in the warehouse.
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1.3 Related Work

The following section talks about the existing work related to the objectives of this
thesis work. There has been quite some research and development being carried
out in the area of developing control schemes for a multi-robot system to perform
required tasks cooperatively.

1.3.1 Formation Control of Multi-Robot Systems

This subsection presents related work to formation control of multi-robot systems
where a formation shape is achieved by the robots by communicating with each
other.

The main goal is to maintain certain formation and be able to execute assigned tasks
such as passing through narrow passages etc. There has been extensive research on
the formation control of multi-robot systems.

General approaches for formation maintenance in multi robot s involve the use of
potential fields[38], behaviour based formation control techniques [10], Lyapunov
functions [28], virtual leader based formation control [37] and Leader follower con-
sensus [35].

The formation control problem has also been approached with different communi-
cation topology as in decentralised strategies as [3], optimal feedback with graph
theory [16] and information flow based model [17]. The main aim of these con-
trol strategies is to establish a cooperative control between the multi-robot systems
where the cost of communication is low as each other only performs communication
with neighbouring robots.

The authors in [27] give an in-depth analysis of the requirements and objectives
for formulating a set of control strategies based on the task defined constraints to
have a cooperative motion planner with required formation control for stability and
robustness.

The aforementioned methods so far neglect the discussion of rigid formations in
their formation control strategies while navigating through an environment.Several
discussions of rigid formations have been presented in [7],[22]. However, their ca-
pabilities haven’t been tested in a warehouse environment facing dynamic entities
while preserving their rigid formations.

1.3.2 Obstacle avoidance in Multi-robot Systems

This subsection presents related work to obstacle avoidance in robot systems to
enable safe operation while performing tasks where there are several dynamic entities
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in the path of the robots.

The topic of obstacle avoidance has been well researched over the years and a wide
range of methods can be used depending on the sensors deployed on the robot. The
most common methods being used are potential fields [25] and Virtual force fields
[12].

Some other methods where the constraints of the robot, both dynamic and kinematic
are considered in [19]. In [32] obstacle avoidance for a swarm of robots is presented
where a rotational potential field is applied to the mobile robots, it also discusses
maintaining formation while avoiding the obstacles, which is one of the major aims
of this thesis. The article [30] reviews several well-researched navigation methods
for robots in a dynamic environment such as modelling a controller for navigation of
swarm robots using particle swarm optimization (PSO). The authors in [2] proposed
a navigation method based on PSO where the navigation problem is considered
as an optimization problem where it searchers for a solution with the minimum
value, whereas the authors in [39] have proposed a multi-object particle swarm
optimization(MOPSO) which addresses the problem of finding the optimal path for
the robots in an uncertain dynamic environment.

Control barrier certificates are one of the popular methods to enable proof of safety
for dynamic systems. In [36] a safety feedback design is proposed using barrier
certificates and control Lyapunov functions for control tasks that might change over
time. In [13] a swarm safety control barrier certificates with an optimization-based
controller to ensure forward invariance of safe operating set and generate collision-
free operation with minimal impact on the underlying control laws is proposed and
verified on swarm robots. In [31] a safety verification for hybrid systems to prove
the trajectories of the system do not enter unsafe regions is proposed to provide
proof for system safety.

1.3.3 Multi-robot formations while ensuring safety

This subsection presents related work to multi-robot formation control while ensur-
ing the robot systems are safe.

In [26] a model is presented which tackles the problem of developing a controller for
load transporting system in an industrial environment where, the model uses flock-
ing algorithm and potential functions for formation control and obstacle avoidance
for a fleet of mobile robots respectively.

The objective for the multi-robot systems presented in the paper is a similar case to
the objective of this thesis. However, the discussion regarding robots maintaining a
rigid formation while navigating through the environment or while avoiding obsta-
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cles is missing.

The author in [23] addresses formulation for a model based on control barriers to
navigate two UAVs in the presence of obstacles. However, the formation control law
presented was limited to two UAVs navigating while avoiding static obstacles, the
discussion of multi-robot formations avoiding dynamic obstacles and other forma-
tion of robots was missing.

The control algorithms discussed above for formation control, obstacle avoidance
and robot formations avoiding obstacles, allow multi-robot systems to perform vari-
ous tasks cooperatively. But, in a warehouse to transfer packages using small robots
could be quite challenging as the robots should maintain the formation shape to not
drop the package. There can be several robots operating in the warehouse and they
need to perform their tasks coherently without interfering with one another.

1.4 Contributions of the thesis

The contributions of the thesis are summarized as follows:

• Real-time control algorithm based on control barrier function is proposed
which allows individual robots to cooperatively accomplish a given task. The
control barrier function-based approach serves as a unified framework to effi-
ciently handle tasks with multiple and possibly control objectives as illustrated
in Figure 1.1

• A method to reduce the required communication (information exchange) be-
tween the robots is proposed by the benefits offered by the control barrier
function.

• Evaluation and demonstration of the proposed control algorithm in real-world
experiments using mobile robots.

1.5 Thesis Outline

The remainder of the thesis is outlined as follows:

1. Chapter 2 provides a brief literature review of the techniques used for the coop-
erative control between multi-robot systems to perform the desired task. This
chapter focuses on graph theory to model communication topology between
the robots and the literature behind control barrier functions.

2. Chapter 3 focuses on establishing the problem statement on which the system
is modelled, it also discusses the modelling of specifications for designing the
control algorithm for cooperative control of multi robot systems.
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3. Chapter 4 discusses the designing of a safety controller for multi-robot systems
using desired specifications discussed in previous chapter.

4. In Chapter 5 the proposed controller in the previous chapter is evaluated on a
simulator and the parameters which affect the performance of the system are
analysed.

5. In Chapter 6 the implementation of the proposed controller on physical sys-
tems and the required framework to get it up and running are discussed.

6. Chapter 7 presents the conclusion of the thesis work and discusses the possible
future work.
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2 Theoretical Background
In this chapter a brief outline of graph theory and how it can be used to model
the interactions (e.g., communication) between the robots and to address formation
shape’s maintenance are discussed. Furthermore, this section also provides a brief
review of control barrier functions which will be a key ingredient in developing the
control algorithms.

2.1 Graph Theory

Graph theory is defined as the study of graphs .i.e, mathematical models to es-
tablish pairwise relations between entities involved. Graphs can be categorised as
undirected graphs and directed graphs, where undirected means there is no definite
distinction between two endpoints of an edge .i.e. one cannot pinpoint the direction
of information flow.

An undirected graph G = (V , E ,A) consists of a non empty node set V = {1, 2, ..., n},
an edge set E ⊆ V × V and a weighted adjacency matrix A ∈ RN×N with non neg-
ative entries corresponding to the weights of the edges.

The existence of a edge (i, j) ∈ E denotes that node j can directly obtain informa-
tion from node i or vice versa. Each node of a graph has neighbours, the neighbours
of node i can be defined as,

Ni = {j ∈ V : (i, j) ∈ E} (2.1)

In a multi-robot system represented by a graph the nodes represent robots and the
edges represent the communication link between them, thus graphs can be used to
model how multi-robot systems interact with one another.

In terms of formation maintenance, we opt for an undirected graph because of the
tendency of the robots as vertices of a graph edge to maintain the distance constraint
between them.

2.1.1 Rigid Graph

There has been a lot of study on the rigidity of graphs, The authors in [21] intro-
duces rigidity theory and its respective application to networks. Rigid graphs are
important to analyse the concept of rigid formations for a set of robots arranged in
a graph schema.

Let us consider the edges of a graph as bars connecting the nodes. Moreover, it
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is assumed that the nodes are free to move continuously under the constraint that
the length of the bars do not change. A graph is considered rigid if every motion
of the nodes preserves the distances of all pairs of nodes. The Figure 2.1 shows an
undirected rigid graph.

Figure 2.1 An illustration of an undirected rigid graph

In terms of the formation of mobile robots, the formation is called rigid if the
only smooth motion of the robots within the formation are those corresponding to
translation and rotation of the formation. In [8] a theory for rigid graph control for
both undirected and directed graph architecture is provided for modelling of control
formations for autonomous robots.

2.2 Control Barrier Functions

In control systems, the most important objective is to keep the system safe, mainly
in AMRs the priority to safely execute the tasks is demanded.

Control barrier functions allow us to incorporate this inherent safety priority into
the nominal controller. The authors in [4] and [6] introduces us to control barrier
functions and how they can be used to enforce safety properties on to the behaviour
of our system. These safety barrier certificates guarantee forward set invariance .i.e
the system always stays in the safe set if it starts in the safe set.

Let us consider a nonlinear affine control system assumed of form:

ẋ = f(x) + g(x)u (2.2)

with f and g locally Lipschitz, x ∈ D ⊂ Rn and u ∈ U ⊂ Rm where D and U are
open sets. As discussed in [6] stability is considered as to enforcing invariance of set,
where a set C is defined as a super level set of continuously differentiable function
h : D ⊂ Rn → R which gives us,

C = {x ∈ D ⊂ Rn : h(x) ≥ 0}
∂C = {x ∈ D ⊂ Rn : h(x) = 0}

(2.3)

For the system to be safe the forward invariance of set C is must and from [6] the
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safety is defined for any initial condition x0 ∈ D there exists a maximum interval
of existence I(x0) = [0,τmax] such x(t) is unique solution to ( 2.2) on I(x0). In this
case safety is defined by:

Definition 2.2.1 [6] The set C is forward invariant if for every x0 ∈ C, x(t) ∈ C
for x(0) = x0 and all t ∈ I(x0). The system ( 2.2) is safe with respect to the set C
if the set C is forward invariant

In order for h to be a control barrier function it should render C invariant but not
its sublevel sets as stated in [6], Let us note an extended class K∞ function is a
function γ : R → R that is strictly increasing and with γ(0) = 0;

Definition 2.2.2 [6] Let C ⊂ D ⊂ Rn be the superlevel set of a continuously
differentiable function h: D→ R, then h is a control barrier function(CBF) if there
exists an extended class K∞ function γ such that for the control system ( 2.2):

sup
u∈U

[Lfh(x) + Lgh(x)u] ≥ −γ(h(x)). (2.4)

for all x ∈ D.

Here the extended class K∞ function is used to control how fast our system ap-
proaches the perimeter of C function. This allows us to regulate it using the function
of choice. The set consisting of all control values that render C safe are given by:

KCBF(x) = {u ∈ U : Lfh(x) + Lgh(x)u+ γ(h(x)) ≥ 0}. (2.5)

As defined in [6], the existence of control barrier function implies that the control
system is safe:

Theorem 1 [6] Let C ⊂ Rn be a set defined as the superlevel set of a continuously
differentiable h : D ⊂ Rn → R. If h is a control barrier function on D and
∂h
∂x
(x) ̸= 0 for all x ∈ ∂C,then any Lipschitz continuous controller u(x) ∈ KCBF(x)

for the system ( 2.2) renders the set C safe and asymptotically stable in D.

Therefore, Let us note that control barrier functions provide maximum probability
for necessary safety as state in [5] and [6]

Theorem 2 [6] Let C be a compact set that is the superlevel set of a continuously
differentiable function h: D→ R with the property ∂h

∂x
(x) ≠ 0 for all x ∈ ∂C. If there

exists a control law u = k(x) that renders C safe, i.e., C is forward invariant with
respect to ( 2.2).
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In [29] the notion of function h that defines the safe set C explicitly on time is
considered. Let us consider the control affine form ( 2.2) and to ensure the forward
invariance of time-varying set C(t) ⊆ D ⊂ Rn defined by the superlevel set of
function h : D → R

C(t) = {x ∈ D ⊂ Rn : h(x, t) ≥ 0} (2.6)

The Time varying control barrier functions which ensure the forward invariance of
time-varying set C(t) ⊆ Rn as given in [14] as:

Definition 2.2.3 [14] Given dynamic system ( 2.2) and set C(t) in ( 2.6), function
h is time-varying control barrier function defined on D with C(t) ⊆ D ⊂ Rn, if
there exists a locally Lipschitz extended class Kfunction γ such that ∀x ∈ D and
∀t ∈ [t0, t1],

sup
u∈U

[
∂h

∂t
+ Lfh(x, t) + Lgh(x, t)u+ γ(h(x, t))

]
≥ 0. (2.7)

holds. From condition ( 2.7) the set which consists of all the control values that
render C(t) safe can be given by:

KCBF(x, t) =

{
u ∈ U :

∂h

∂t
+ Lfh(x, t) + Lgh(x, t)u+ γ(h(x, t)) ≥ 0

}
. (2.8)

Therefore, the above-reviewed concepts of control barrier functions can be utilized
such that, to achieve the desired objectives, they need to be formulated as control
barrier functions and the safe set obtained can be used as a constraint for designing
the controller.
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3 Problem Statement
The main problem considered to be solved in thesis work is to navigate a team of
mobile robots through a warehouse environment while maintaining a rigid formation
with a set tolerance and avoiding obstacles and other robot formations in their way.
In this section, we first discuss the kinematic model of the mobile robot followed by
formally formulating the problem.

For control design purpose a simple model with single integrator dynamics is con-
sidered. Let us consider a robot i with motion dynamics given by:

ṗi = ui (3.1)

where pi ∈ R2 is the planar position of robot, and ui is its input velocity.

Consider a warehouse consisting of n mobile robots and static obstacles. The robots
are divided into c groups of robots where each group consists of ci robots. For the
sake of simplicity and with no loss of generality, this thesis considers the case where
ci is either equal to two or four.

Furthermore, let us assign a rigid graph Gk ={Vk, Ek,Ak} to the kth group of robots,
where the entries of the weighted adjacency matrix Ak represent distance that needs
to be maintained between pair of robots representing an edge (i, j) ∈ Ek given by
Dfi,j.

The kinematics of each robot is given by a single integrator( 3.1). Assuming that
each robot knows its location the objective is to design cooperative control,

ui = qi(pj), j ∈ i
⋃

Ni (3.2)

where Ni(to be defined later) represents a neighbouring set of robot i from/to which
robot can receive/send information so that all the robots reach their goal position
while satisfying the following specifications:

1. The robots within each group need to maintain the designated shape. This
constraint can be mathematically formulated as the following inequality:

− ϵ2 ≤
∥∥pi − pj

∥∥2 −Df 2
ij ≤ ϵ2 ∀ (i, j) ∈ Ek (3.3)

where ϵ is the tolerance introduced to add flexibility to the system (for exam-
ple, due to the flexibility of the robot’s gripper/manipulator).

2. The robots in the warehouse need to avoid collisions with static obstacles,
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which can be mathematically formulated as the following inequality.
For O number of static obstacles with each obstacle’s centre denoted by pobsj ∈
R2. Assuming the obstacles can be approximated by a circle or sphere, at
anytime t, the robot needs to satisfy the constraint∥∥∥pi(t)− pobsj

∥∥∥ > Dsj ∀i ∈ Vk, ∀j ∈ {1, . . . , O} (3.4)

where Dsj is the distance the robot needs to maintain from the obstacle j.

3. The robots in one formation group need to avoid collisions with robots from
another formation group. This constraint can be mathematically formulated
as the following inequality.

Consider two formations m and k with ci robots, for any robot i from group
m to avoid any robot j from group k, the constraint can be given by,∥∥pi − pj

∥∥2 > DAf ∀i ∈ Vm, ∀j ∈ Vk, m ̸= k (3.5)

where DAf is the distance assumed such that each robot in formation m would
be able to avoid all the robots of the formation k.

The information regarding the obstacle’s position is available to all of the robots in
the formation. Finally, it is assumed that at the initial positions pi(0), ∀I ∈ Vk, all
the above constraints are satisfied for the robots.
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4 Design of cooperative control with safety
guarantee
In this chapter, the formulation of the control architecture is discussed. In the
following sections, a controller based on barrier certificates and formulation of the
constraints that the robots need to satisfy is presented. This optimal control input
from the safety controller for the robot systems is such that the robots always operate
in a safe region.

4.1 QP-based Controller

The objective is that the controller needs to needs to be minimally invasive and
modify the nominal controller as little as possible unless safety conditions are being
violated. In this work, a Quadratic Programming-based controller is opted.

Quadratic programming is optimizing a quadratic function based on linear equality
and inequality constraints. Since we model our specifications for the robot systems
as linear inequalities, we use a QP controller which can find minimal control input
subject to the constraints imposed, this results in the case where the controller tries
to keep both nominal and actual control command as near as possible unless safety
is under threat.

Therefore for ensuring safety the QP controller is given by,

u∗
i = argmin

u∈R2

J(ui) = ∥ui − ûi∥2

s.t. specifications ( 3.3), ( 3.4), ( 3.5) are satisfied.
(4.1)

where ûi is the control input from the nominal controller, u∗
i is the actual control

input which is fed to the robots. The control input from u∗
i would remain the same

as the nominal controller .i.e, ûi when the system is safe and only alters it when
safety is at risk.

4.1.1 Design of Nominal Controller

A nominal controller is used to drive the robots to their goal positions. A P-controller
is used as the nominal controller where the objective of the controller is to provide
control input which is proportional to the distance between the robot i’s position
and corresponding goal position.

ui = kp(Gi − pi), kp > 0 (4.2)
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where kp is the proportional gain and Gi is the desired goal position for the robot.

4.2 Formulation of constraints for QP solver using Control
barrier functions

The QP controller proposed in ( 4.1) allows the system to be safe and executes the
required objectives given to the nominal controller. This safety can be achieved by
incorporating the specifications as defined in chapter 3 into the constraints in ( 4.1).

The following section discusses how to couple defined constraints with the robot’s
kinematic model. The constraints are modelled using control barrier functions dis-
cussed in section 2.2 and are incorporated into the controller.

Maintaining Formation

Let us start formulating constraints for formation maintenance defined in earlier
chapter for the multi robot systems as control barrier functions.

The equation( 3.3) gives rise to two inequality distance formulations between two
robots in the formation. The safety barrier functions can given by

hformg
ij (pi) =

∥∥pi − pj
∥∥2 − (Dfij − ϵ)2 ≥ 0 ∀(i, j) ∈ Ek (4.3)

hforml
ij (pi) = (Dfij + ϵ)2 −

∥∥pi − pj
∥∥2 ≥ 0 ∀(i, j) ∈ Ek (4.4)

Obstacle avoidance

In a dynamic environment, for the robots to avoid collisions with O number of
obstacles in its way and keep the system(package) safe, from ( 3.4) a safety function
for robot i can be defined as an inequality as,

hobsj
i (pi) =

∥∥pi − pobsj
∥∥2 −D2

s ≥ 0 ∀i ∈ Vk, ∀j ∈ {1, . . . , O} (4.5)

Avoiding other formations with elliptical safety function

Let us consider the specification ( 3.5) defined for avoiding collision between two
formations k and m. For every robot from formation k to avoid every robot from
formation m, the robots of both formations can individually try to avoid the other
formation’s robots. However, the cost of communication and processing would be
much higher if it approached that way.

Instead, the idea is:
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• As the formation maintenance specification ensures that each formation can
only translate or rotate as a whole. Therefore, the formation’s shape can be
approximated by a circle or an ellipse.

• If information regarding the formation’s centroid, orientation and dimensions
of it’s shape are known to each robot in the opposite formation, they can avoid
the ellipse while moving and as a result of this collision between all robots in
any two formations can be avoided.

• This could be achieved with a reduced communication cost where the leaders
from each formation exchange information between them and share it with
robots in their respective group. The robot which can communicate with all
other robots in the formation is chosen as the leader. It would enable one to
model the constraint of avoiding formation of robots as a safety function.

Figure 4.1 Illustration of two four-robot rectangular formations k and m with similar
shapes trying to avoid each other. The formations are engulfed by elliptical barrier approx-
imated through information exchange between leaders. a,b are the major and minor axis
approximated from the dimensions of formation shape.

In this thesis work, this safety function is modelled to be an ellipse with its centre at
the other formation’s centroid, the major and minor axis of the ellipse are approxi-
mated from the dimensions of formation’s shape. The orientation of the formation
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is also used in formulating the ellipse. This would create a control barrier certificate
enclosing the entire formation such that robots cannot enter the barrier enclosing
opposite formation as shown in Figure 4.1.

The motivation behind choosing an ellipse safety function is that the approximation
using ellipse provides more flexibility in maneuvering compared to a circle as it has
an additional degree of freedom .i.e, rotation.

Figure 4.1 also shows an illustration of how information is exchanged between two
robot formations through leader robots k∗

i and m∗
j , these leader robots share infor-

mation regarding the opposite formations with other members in the group through
topologies given by Gk = {Vk, Ek,Ak} and Gm = {Vm, Em,Am} respectively.

A safety function for robot i from formation k to avoid robots from formation m

can be given as,

hAfc
i (pi) =

(
cos2 α

a2
+

sin2 α

b2

)
(pix − xc

m)
2 +

(
sin2 α

a2
+

cos2 α

b2

)(
piy − ycm

)2
+2 (pix − xc

m)
(
piy − ycm

)
cosα sinα

(
1

a2
− 1

b2

)
− 1 ≥ 0 ∀i ∈ Vk, m ̸= k

(4.6)

where pi = [pix, piy] is the position of robot i and pcm = [xc
m, y

c
m] is the centre of

formation m in robot i’s path. Here a and b are major and minor axis of the ellipse
whose orientation is given by α respectively.

The centroid of formation m can be formulated as,

pcm =
1

|Vm|

|Vm|∑
j=1

pj (4.7)

Complete constraints for QP Solver

As proposed in section 2.2 after defining the safety functions, the control space in
which the multi-robot system can stay safe is given by (2.2), accordingly using the
same procedure, all the constraints mentioned above are only withheld if ui is chosen
such that,

∂hobsj
i (pi)

∂pi
ui ≥ −γ(hobsj

i (pi)) ∀i ∈ Vk, ∀j ∈ {1, . . . , o} (4.8)

∂hformg
ij (pi)

∂pi
ui ≥ −γ(hformg

ij (pi)) ∀(i, j) ∈ Ek (4.9)

∂hforml
ij (pi)

∂pi
ui ≥ −γ(hforml

ij (pi)) ∀(i, j) ∈ Ek (4.10)
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∂hAfc
i (pi)

∂pi
ui ≥ −γ(hAfc

i (pi)) ∀i ∈ Vk, m ̸= k (4.11)

are held with a locally Lipschitz extended class K function γ.

Therefore QP controller with constraints which allow robots to obtain above men-
tioned objectives can be given by:

u∗
i = argmin

u∈R2

J(ui) = ∥ui − ûi∥2 (4.12a)

s.t. ∂hobsj
i (pi)

∂pi
ui ≥ −γ(hobsj

i (pi)) ∀i ∈ Vk ∀j ∈ {1, . . . , o} (4.12b)

∂hformg
ij (pi)

∂pi
ui ≥ −γ(hformg

ij (pi)) ∀(i, j) ∈ Ek (4.12c)

∂hforml
ij (pi)

∂pi
ui ≥ −γ(hforml

ij (pi)) ∀(i, j) ∈ Ek (4.12d)

∂hAfc
i (pi)

∂pi
ui ≥ −γ(hAfc

i (pi)) ∀i ∈ Vk, m ̸= k (4.12e)

Here different extended class K functions can be used for each inequality constraint
but for the sake of simplicity it’s chosen as γ, a positive gain.

Thus a cooperative controller with a safety guarantee and desired specifications is
successfully designed.
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5 Evaluation Using Numerical Simulations
In this chapter proposed algorithm from the previous section is implemented in a
simulated environment. Various scenarios described below allow extensive testing
and analysis of the performance of the algorithm on multi-robot systems.

5.1 Formation avoiding obstacles

In this section, a four robot formation is made to maneuver through static and
dynamic obstacles and reach a predefined goal position in a simulated environment.

5.1.1 Four robot formation avoiding static obstacles

Figure 5.1 Illustration of scenario for a four robot(Blue- 1,Orange- 2„Green -3, Red -
4) formation with obstacles, start and goal positions.

Table 5.1 parameter settings for four robot formation to avoid obstacles.

kp γ Ds(m) L(m) B(m)

2 1 0.3 0.5 0.25

In Figure ( 5.1) a four robot formation with a rectangular shape is considered.
The simulation is modelled out such that the controller would be thoroughly tested
to uphold the specifications defined in section ?? for formation maintenance and
obstacle avoidance. The parameters related to the control input calculation are
given in Table 5.1
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The weighted adjacency matrix used for the four robot formation shown in Figure
5.1 with dimensions considered in Table 5.1 is given by:

A =


0 0.5 0 0.25

0.5 0 0.25 0.559

0 0.25 0 0.5

0.25 0.559 0.5 0

 (5.1)

(a) t = 1s (b) t = 25s

(c) t = 40s (d) t = 65s

(e) t = 90s (f) t = 120s

Figure 5.2 Snapshots of a four robot formation avoiding two static obstacles and reaching
goal position.
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In Figure 5.2 a simulated result of formation of four robots successfully avoiding two
static obstacles and reaching its goal position is shown, here about t = 25s and t
= 65s the four robots maneuver such that they keep the formation intact and the
controller’s control input to the robots enabled them to avoid the obstacles.

The performance of the controller can be evaluated by analysing the plots of the
safety function over time. The following safety functions defined in section 4.2 need
to stay positive through out the simulation. hobsj

i (pi)

hformg
ij (pi)

hforml
ij (pi)

 ≥ 0 (5.2)

(a) t= 1s (b)

(c) (d)

Figure 5.3 Plots of safety function for formation maintenance for each robot.
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(a) t= 1s (b)

(c) (d)

Figure 5.4 Plots of safety function for obstacle avoidance for each robot.

In Figure 5.4 a plot consisting of the safety functions related to the obstacle avoid-
ance performed by the Four-robot formation. The safety functions at t = 40s to 60s
get close to zero as the formation moves closer to the obstacle, the control input
given by the controller is such that it allows the robot formation to maneuver such
that they stay positive which is desired behaviour.

The formation was able to successfully pass through the obstacles while maintaining
its formation in tact and reach the goal position as shown in the figure. 5.1.

5.1.2 Four robot formation avoiding dynamic obstacles

In this scenario a four robot formation is made to go to a goal position while avoiding
a moving obstacle as shown in the Figure. 5.5. The obstacle is moving with a velocity
of 5 × 10−2 m/sec. The four robot formation needs to maneuver such that while
maintaining the formation the robot needs to avoid the dynamic obstacle in its way.
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Figure 5.5 Illustration of the scenario of robot formation at start position, moving
obstacle and robot at goal position.

The parameters related to calculation of robot control input are given in Table 5.2
and weighted adjacency matrix for four robot formation is given in ( 5.1).

Table 5.2 parameter settings.

kp γ Ds(m) L(m) B(m)

2 0.5 0.3 0.5 0.25

If we choose a higher γ such that asking the robot formation to move as close as
possible to the obstacle it would lead to violation of the specification of obstacle
avoidance, as the robot formation may not be able to react to the moving obstacle.

This would violate the specification of obstacle avoidance ( 3.4) incorporated into
the controller, therefore a suitable γ can be tuned such that the objective of avoiding
dynamic obstacles can be achieved.
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(a) t= 1s (b) t = 10s

(c) t = 15s (d) t = 20s

(e) t= 25s (f) t = 35s

Figure 5.6 Snapshots of a four robot formation avoiding a dynamic obstacles and reaching
its goal.

In Figure 5.6 a four robot formation is shown avoiding an obstacle moving towards
it. It can be clearly seen the control input from the QP controller enables the for-
mation of robots to maneuver swiftly as the dynamic obstacle approaches around t
= 10s to t = 20s and reach the goal.

As mentioned earlier the time plots of the safety functions for the specifications
would allow one to evaluate the controllers performance in upholding them. There-
fore, in the presence of dynamic obstacles the controllers performance can be eval-
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uated by analysis of the following safety functions over time. hobsj
i (pi)

hformg
ij (pi)

hforml
ij (pi)

 ≥ 0 (5.3)

(a) (b)

(c) (d)

Figure 5.7 Plots of safety function for formation maintenance for each robot.

In the Figure 5.7 the safety functions related to formation maintenance stay positive
over time, thus stating that the robots always stay in formation while avoiding the
obstacle and navigating to their goal positions.
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(a) (b)

(c) (d)

Figure 5.8 Plots of safety function for obstacle avoidance for each robot.

In Figure 5.8 starting at t = 15s till t = 35s the robot get near to the moving obsta-
cle which results in the safety function getting closer to zero, but the control input
given by the controller to the robots allows the maneuvering of the formation such
that it’s kept positive.

In Figure 5.9 a simulated result of robot formation colliding with the dynamic obsta-
cle is shown. This result is obtained if there was no constraint of obstacle avoidance
imposed on the controller.
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Figure 5.9 illustration of robot behavior without specification of obstacle avoidance with
respect to dynamic obstacle

The scenario of formation of four robots avoiding the dynamic obstacle in its way and
reach the goal position has been successfully evaluated in a simulated environment.

5.2 Formation of robots avoiding other formations

In this section the main focus is on performing formation avoidance between two
robot formations, firstly the formation of robots are trying to reach their goal posi-
tions but are obstructed by another formation. The following sections present these
scenarios of robot formations in way of each other and how the avoidance is achieved
using the control algorithm developed in section 4.2.

5.2.1 Two robot formations avoiding each other

In Figure 5.11 the scenario of Two-Robot formations moving in the environment
come across each other while trying to reach their respective goal positions. The
Figure 5.10 shows the indented states of the robots during the start and end of the
simulation.
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Figure 5.10 Illustration of start and goal positions of the Two-robot formations.

Table 5.3 parameter setting.

kp γ L(m) a(m) b(m)
2 1 0.5 0.6 0.3

The adjacent weighted matrix for a two robot configuration as shown in figure 5.10
with dimensions considered in Table 5.3 can be given as:

A =

[
0 0.5

0.5 0

]
(5.4)
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(a) t = 1s (b) t = 4s

(c) t = 12s (d) t = 20s

(e) t = 30s (f) t = 40s

Figure 5.11 Snapshots of two Two-robot formations avoiding each other and reaching
their goal.

The ellipse enclosing the robot formations illustrates the region where robots of the
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opposite formation cannot enter, this can be seen in the Figure 5.11. The elliptical
safety function ( 4.6) incorporated into the controller for formation avoidance allows
the close maneuvering of the robot formation to avoid the other formation.

In order to successfully execute the task given to the robots must make sure the
following safety functions formulated as in section 4.2 to stay positive.

 hAfc
i (pi)

hformg
ij (pi)

hforml
ij (pi)

 ≥ 0 (5.5)

(a) (b)

(c) (d)

Figure 5.12 Plots of safety functions for (a),(b) Formation maintenance and (c),(d) for
obstacle avoidance for each robot in Formation 1.

In Figure 5.12 and 5.13 the plots of safety function for both formations are shown
where the controllers input to the robots enables them to keep the formation intact
and keep the safety functions positive through out the simulation.
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(a) (b)

(c) (d)

Figure 5.13 Plots of safety functions for (a),(b) Formation maintenance and (c),(d) for
obstacle avoidance for each robot in Formation 2

At t = 20s it can be noticed that the safety function for avoiding formation come
close to zero, but the controller’s control input allows the robots to perform close
maneuvering and avoid robots from the other formation and keep the system safe and
intact. Once the robots manage to move and avoid each other they can successfully
reach their goal positions and finish the task as shown in Figure 5.11.

5.2.2 Four-robot formations maneuvering close to each other

In this section two Four-Robot formations maneuver close to each other trying to
reach their goal positions in a simulated environment. Figure 5.14 shows the robots
initial and final configurations, where they would come across each other while
navigating in their respective formations to reach goal positions.
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Figure 5.14 An Illustration of start and intended goal positions of two 4-robot formations

Table 5.4 parameter setting.

kp γ Ds(m) L(m) B(m) a(m) b(m)
2 0.1 0.3 0.5 0.25 0.6 0.3

The parameters used in the calculation of the controller’s control input are shown
in Table 5.4. The weighted adjacency matrix used for both four robot formations
is given in ( 5.1). As discussed in section 4.2 the safety function for the formation
avoidance developed in this thesis constructs an elliptical barrier around the robot
formation such that all the robots fall under this barrier, defining the safety around
all robots.

This would compel the controller’s QP optimizer to provide control input from the
safe set values which would allow the formations to avoid each other and return to
their nominal behaviour as shown in Figure 5.15.
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(a) t = 1s (b) t = 4s

(c) t = 25s (d) t = 45s

(e) t = 65s (f) t = 90s

(g) t = 110s (h) t = 120s

Figure 5.15 Snapshots of two Four-robot formations avoiding each other and reaching
their goal.
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Figure 5.16 Snapshot of formations going to their goal without avoiding each other
under nominal control.

In the absence of the specification incorporated into the controller for avoiding other
robot formations, the behaviour of the robots can be shown in Figure 5.16 where
the robot formations are bound to collide with one another.

The following safety function values for formation maintenance and avoiding other
formations need to remain positive through out the simulation, hAfc

i (pi)

hformg
ij (pi)

hforml
ij (pi)

 ≥ 0 (5.6)

This would allow one to analyse the controller’s capability to uphold the specifi-
cations defined in chapter 3 when multi-robot formations encounter one another
during their task execution.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.17 Plots of safety function for formation maintenance and avoiding other
formation for four robots in Formation 1.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.18 Plots of safety function for formation maintenance and avoiding other
formation for four robots in Formation 2.

In Figure 5.17 and 5.18 it can clearly be seen that the safety functions are kept
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positive through the experiment for both the formations clearly indicating the con-
troller’s control input satisfied the specification of formation maintenance while
trying to avoid collisions with other formations. The safety functions for avoiding
other formations in Figure 5.17 and 5.17 can be seen getting close to zero about t =
60s as the formations get close to one another, but stay positive as the controllers
control input allows them to avoid collisions.

Thus the scenario of four robot formations avoiding each other was successfully
evaluated in a simulated environment.

Effect of γ on robots behaviour

The extended class K function γ used in the formulation of the safe set discussed
in section 2.2 affects the behaviour of the robots,i.e it controls how fast the robot
system can approach the boundary of the safe set. In Figure 5.19 the robot moves
towards the obstacle through the control input given by the controller under different
γ values.

Figure 5.19 Plot of robots motion under different γ values.

It demonstrates that one can fine-tune the values of γ to allow the robots to re-
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act early to the presence of the obstacles. This would enable the robots to keep
themselves safe in presence of dynamic obstacles sensed far away and react quickly
accordingly.

In this chapter simulated results of multi robot formations going through various
scenarios has been presented and evaluated successfully.
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6 Demonstration and Evaluation in real robotic
platform
In this chapter, the control algorithm developed in this thesis is deployed and tested
on physical systems, namely mobile robots. The following sections will discuss the
apparatus and software used in testing scenarios for evaluating the performance of
the algorithm.

6.1 Experimental Setup

The main experimental setup to implement the algorithm developed includes:

• TurtleBot3 burger robots.

• Zed2 ceiling camera for localisation of the robots moving on the ground.

• Remote Desktop with Intel i7 processor,NVIDIA Quadro P1000 and Ubuntu
20.04 LTS operating system.

• ROS noetic framework for communication between robots

Figure 6.1 shows the layout of the system architecture used to deploy the algorithm
on mobile robots.

Figure 6.1 Overview of the experimental setup for the execution of control algorithm on
physical systems.

6.1.1 Robot Operating System

Robot Operating System (ROS) is one of the most popular open-source operating
systems for robots. ROS enables low-level device control, communication messages
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between different processes, package management and other useful utilities.

To implement the algorithm developed in this thesis ROS noetic is used to establish
the communication between the multi-robot systems. The algorithm can be deployed
on each robot such that the control strategy is run as a distributed system where each
robot only requires set variables to be communicated within each other as designed
in the communication graph and execute cooperative control tasks smoothly.

6.1.2 TurtleBots

TurtleBots are one of the most popular open source mobile robot platforms used for
research and education purposes. These mobile robots are ROS-based robots which
allows the communication between the robots to be established using ROS nodes.

We establish a ssh connection between the turtlebots and the master remote PC,
the table 6.1 shows the respective turtlebot IP addresses to their color used to set
up the multi robot system.

Table 6.1 IP addresses of the turtlebots.

Robots IP Address

Turtlebot3-Red 192.168.0.201
Turtlebot3-Blue 192.168.0.137

Turtlebot3-Green 192.168.0.138
Turtlebot3-Orange 192.168.0.223

6.1.3 Image based Localisation

To perform various cooperative control algorithms there is a necessity to acquire the
positions of the robots involved. Therefore to implement the algorithm developed
on real robots, a ceiling camera is used to visualize the robots on the ground. This
ceiling camera has all the robots in its field of view. There are several ways to
implement image-based localization to obtain positions and orientations of different
robots in the camera’s view. In this thesis, a colour based object detection algorithm
is used to localize the robots, where each robot is assigned a specific colour.

This feature extraction algorithm enables the detection of a specific colour and gives
good accuracy in localization data. Both the position and orientation data acquired
from the Localization algorithm is published to ROS topics such that this informa-
tion can be used by both the robots and users.
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6.1.4 Implementation in ROS Framework

This section discusses in detail how the above-described entities have been com-
bined to implement the developed control algorithm on the mobile robots. Figure
6.1 shows the layout of the whole experimental setup working in cohesion right from
the image data acquired from the ceiling camera which is fed to the Remote PC.

The Remote PC takes in the image data and performs feature extraction to obtain
the localization data of the respective robots. Then the Remote PC publishes the
localization data into the ROS network with respective namespace for the robots to
be distinguished.

The control algorithm to perform the prescribed tasks is then run on the remote
PC(master) and ROS enables the communication between the master and the turtle-
bots. Thus specific control inputs can be sent to individual robots from the controller
running and the obtained results are discussed in the following sections.

6.2 Single integrator to Unicycle Dynamics

The Unicycle model of a turtlebot (non holonomic mobile robot) with state [x y θ]T

is given by: ẋẏ
θ̇

 =

cos θ 0

sin θ 0

0 1


[
v

w

]
(6.1)

where (x, y) ∈ R2 represents the 2D position of the robot, θ is the orientation, v and
w are the linear and angular velocity of the robot.

The kinematic model of the robot considered for the development of control algo-
rithm is a single integrator model as mentioned in chapter 3. But the objective of
developing the controller is to deploy on real physical robots which are differential
drive robots.

These differential drive robots cannot execute single integrator commands due to
the non-holonomic constrain imposed on them .i.e, differential drive robots cannot
drive sideways. Hence the single integrator control inputs need to be converted to
unicycle control commands.

In [33] the authors present a method to convert single integrator input to unicycle
input by opting for near-identity diffeomorphism (NID) between the desired single
integrator model and the unicycle model.
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Figure 6.2 A pictorial illustration of a differential drive robot, with variables used in
diffeomorphism superimposed. Center of robot is given by pi and look ahead point on the
robot at distance l given by s(pi, θ). The unicycle inputs linear and angular velocity given
by v and ω

Therefore from [33] the single integrator input generated by the control algorithm
can be mapped to corresponding unicycle input for a non holonomic robot i as shown
in Figure 6.2 is given by,[

v

ω

]
=

[
cos(θ) sin(θ)

−1
l
sin(θ) 1

l
cos(θ)

]
ṡ(pi, θ) (6.2)

where s(pi, θ) is the look ahead point on the robot i and l ∈ R is the distance of the
look ahead point from the robot centre.

By using ( 6.2) the single integrator output from the controller can be transformed
to linear and angular velocity inputs and fed to the mobile robots.

6.3 Formation Control and reaching goal

In this section a formation of four turtlebots is made to move from a start position
to goal position and orient itself while maintaining formation.
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Figure 6.3 Illustration of the intended scenario of formation of four turtlebots reaching
goal

Table 6.2 parameter settings for four robot formation to reach goal.

kp γ Ds(m) L(m) B(m)
2 1 0.3 0.5 0.25

In Figure 6.3 the desired outcome is presented where the multi robot formation
translates to the assigned goal position.

The parameters involved in the calculated of the control input are given in Table
5.1. The weighted adjacency matrix for the four robot formation is given in ( 5.1)
allowing the controller to impose the requirements for desired formation shape on
the physical robots.
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(a) t = 4s (b) t = 10s

(c) t = 24s (d) t = 28s

(e) t = 30s (f) t = 35s

Figure 6.4 Snapshots of formation of turtlebots navigation to a goal position.

In Figure 6.4 it can be clearly noticed that the formation of turtlebots maintain
their formation and navigate to the assigned goal.

The performance of the control algorithm on this scenario can be evaluated by
analysis of safety functions for formation maintenance being positive given as,[

hformg
ij (pi)

hforml
ij (pi)

]
≥ 0 (6.3)
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(a) (b)

(c) (d)

Figure 6.5 Plots of safety functions for formation maintenance for four robots.

The Figure 6.5 shows how the plots of the safety functions defined for formation
maintenance are kept positive by the controller’s control input given to the robots.

This experimental scenario Let us us evaluate the control algorithms capability of
translating and orienting the formation of actual mobile robots to desired position
while maintaining formation.
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6.4 Formation Obstacle avoidance

In this section the scenario of formation of four turtlebots moving through a pas-
sage between two obstacles and reaching the goal position is evaluated. This scenario
would allows to test the capability of the robots to avoid the obstacles while keeping
the formation intact as defined in the specifications of the controller and reach the
goal position smoothly.

Figure 6.6 Illustration of robot formation avoiding obstacle to reach its goal

Table 6.3 parameter settings for four robot formation to avoid obstacles and reach goal.

kp γ Ds(m) L(m) B(m)
2 1 0.3 0.5 0.25

The weighted adjacency matrix considered for the four robot formation is given in
( 5.1).
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(a) t = 1s (b) t = 4s

(c) t = 15s (d) t = 18s

(e) t = 20s (f) t = 25s

(g) t = 30s (h) t = 35s

Figure 6.7 Snapshots of robot formation avoiding obstacles in its way to reach goal
position. The red circle representing the obstacle, green circle is the safe area outside the
obstacle that robot can enter while maneuvering the formation to goal.

The following safety functions need to be positive in order to evaluate the controllers
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capability of navigating the formation to desired goal while avoiding the obstacles. hobsj
i (pi)

hformg
ij (pi)

hforml
ij (pi)

 ≥ 0 (6.4)

(a) (b)

(c) (d)

Figure 6.8 Plots of safety function of four robots for formation maintenance.

In Figure 6.8 the safety functions responsible for formation maintenance stay positive
throughout the experiment clearly showing that the controller was able to satisfy
the specification for formation maintenance.
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(a) (b)

(c) (d)

Figure 6.9 Plots of safety function of four robots for avoiding obstacles.

In Figure 6.9 the plots of the safety function defined for obstacle avoidance are
shown, jitters in the plots can be noticed about t = 25s which could be the noise in
robots localization that needs to be accounted for while implementing the algorithm
on real robot systems.
The results provided in this sections allows us to verify the control algorithm de-
veloped was successfully able to navigate a four robot formation of mobile robots
through the environment avoiding obstacles.

6.5 Two-robot formations maneuvering close to each other

In this section two 2-robot formations are made to come across each other, this
would trigger the specification incorporated for avoiding other robot formations.
This allows to perform analysis on how the barrier certificates with a elliptical safety
function works on physical systems.
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Figure 6.10 Illustration of two robot formations start positions and their respective goal
positions.

Table 6.4 parameter setting.

kp γ L(m) a(m) b(m)
2 1 0.5 0.6 0.3

The parameters related to the calculation of the control input are shown in Table
6.4 and the weighted adjacency matrix for the formation is given in 5.4.
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(a) t = 1s (b) t = 8s

(c) t = 15s (d) t = 20s

(e) t = 25s (f) t = 35s

(g) t = 40s

Figure 6.11 Snapshots of two-robot formations avoiding each other.

The Figure 6.11 shows two-Robot formations moving opposite to each other trying
to reach their goal positions as described in the Figure 6.10, about t = 15s it can be
seen that they maneuver close to one another and successfully reach their respective
goal positions.
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The following safety functions for avoiding formations and maintaining formation
need to be positive during the experiment to evaluate the controllers performance, hAfc

i (pi)

hformg
ij (pi)

hforml
ij (pi)

 ≥ 0 (6.5)

(a) (b)

(c) (d)

Figure 6.12 Plots of safety function of formation maintenance (a),(b) and avoiding
other formations (c),(d) for robots in formation 1.
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(a) (b)

(c) (d)

Figure 6.13 Plots of safety function of formation maintenance (a),(b) and avoiding
other formations (c),(d) for robots in formation 2.

In figure 6.13 plots of the safety functions of the four robots responsible for avoiding
other formations is shown, about t = 15s the robot formations get closer and try to
maneuver to avoid each other, the safety function gets close to zero but still remains
positive. The controller’s control input was able to satisfy the specifications for
avoiding formations.

In this chapter the main objective was to deploy the control algorithm on real
mobile robots, test and verify the algorithm execution and make sure it replicates
the simulated scenarios as closely as possible. Hence the implementation of the
control algorithm on physical systems was carried out successfully.
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7 Conclusions and Future Work
A real-time distributed control algorithm for controlling a group of mobile robots
to function cooperatively with multiple objectives is presented in this thesis.

The principle of control barrier certificates was used to model the control laws where
the main aim of the control algorithm was to generate a safe control input for the
team of mobile robots.

The algorithm developed incorporated the specifications of formation maintenance,
obstacle avoidance and avoiding other formations into the controller, allowing smooth
task execution for multi-robot systems in dynamic environment.

An effective elliptical control barrier certificate was designed to enable close maneu-
vering of multi-robot systems to avoid each other with reduced communication cost.

A thorough discussion of the algorithm’s working on simulated environment has
been presented where multi-robot formations have been tested for different scenar-
ios one would come across in a warehouse.

The control algorithm was deployed on physical systems namely turtlebots and its
performance was analysed. The algorithm was able to achieve the desired outcomes
but there was some noise recorded while analysing the time plots of safety function.
The results obtained through simulations and implementation on physical robots
have shown that the control algorithm’s effectiveness in being able to handle the
cooperative control problems in real world warehouse environment.

7.1 Future Work

There is a wide variety of scope for future research into this thesis work,

• The model developed in this thesis considers a Single integrator model for the
robots, whereas this can be extended to a double integrator model and check
for more robustness in the controller performance.

• Solve the localization problem when feature-based(image-based) localization
cannot be implemented. A further study into Multi-robot SLAM would enable
the prospect of implementing the control algorithm for different use cases.

• Another prospect would be building a custom robot for the use case of ware-
house automation, the mobile robots used in the project are more of testing
robots for the verification of the controller behaviour for set constraints. But
a custom robot could be built for a set warehouses environment and be able
to execute tasks such as product placement, surveillance etc.
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A.1 Derivation of safety function for Obstacle avoidance

ḣobsj
i (pi) =

∂hobsj
i

∂pi
ui +

∂hobsj
i

∂pobsj
ṗobsj ≥ −γhobsj

i (pi) ∀i ∈ Vk, ∀j ∈ {1, . . . , o} (1)

∂hobsj
i

∂pi
= 2(pi − pobsj) (2)

∂hobsj
i

∂pobsj
= −2(pi − pobsj) (3)

[
−2(pi − pobsj)

] [
ui

]
≤ γhobsj

i (pi) +
∂hobsj

i

∂pobsj
ṗobsj (4)

A.2 Derivation of safety function for formation maintenance

Greater case:

ḣformgij(pi) =
∂hformg

ij

∂pi
ui +

∂hformg
ij

∂pj
ṗj+ ≥ −γhformg

ij (pi) ∀(i, j) ∈ Ek (5)

∂hformg
ij

∂pi
= 2(pi − pj) (6)

∂hformg
ij

∂pj
= −2(pi − pj) (7)

[
−2(pi − pj)

] [
ui

]
≤ γhformg

ij (pi) +
∂hformg

ij

∂pj
ṗj (8)

Lesser Case:

ḣformlij(pi) =
∂hforml

ij

∂pi
ui +

∂hforml
ij

∂pj
ṗj ≥ −γhforml

ij (pi) ∀(i, j) ∈ Ek (9)

∂hforml
ij

∂pi
= −2(pi − pj) (10)

∂hforml
ij

∂pj
= 2(pi − pj) (11)

[
2(pi − pj)

] [
ui

]
≤ γhforml

ij (pi) +
∂hforml

ij

∂pj
ṗj (12)
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A.3 Derivation of safety function for avoiding other forma-
tions

ḣAfc
i (pi) =

∂hAfc
i

∂pix
ux +

∂hAfc
i

∂piy
uy +

∂hAfc
i

∂xc
m

ẋc +
∂hAfc

i

∂ycm
ẏc +

∂hAfc
i

∂α
α̇

≥ −γhAfc
i (pi) ∀i ∈ Vk, m ̸= k

(13)

∂hAfc
i

∂pix
= 2 (pix − xc

m)

(
cos2 α

a2
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sin2 α

b2

)
+2
(
piy − ycm

)
cosα sinα

(
1

a2
− 1

b2

)
(14)
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sin2 α
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