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Toward Efficient Collaboration in Autonomous Mobile Robot Fleets:
Addressing Latency and Distributed MPC
Yinsong Wang & Zihao Lu
Department of Electrical Engineering
Chalmers University of Technology

Abstract
Cloud-based multi-robot systems offer significant advantages in computation capac-
ity and coordination capabilities, but face critical challenges related to communi-
cation latency that can compromise system performance and safety. This paper
presents a latency-tolerant hierarchical control architecture for Autonomous Mobile
Robot (AMR) fleet coordination that maintains operational integrity despite net-
work delays. The proposed multi-layer framework integrates (1) a cloud component
implementing switchable distributed model predictive control (DMPC) and path
sampling for trajectory generation, (2) an AMR component featuring switchable
controllers (Pure Pursuit and hybrid LQR) for local trajectory tracking, and (3) a
comprehensive simulation environment for systematic evaluation. We introduce a
custom ROS2-based communication infrastructure with intelligent finite state ma-
chine design to manage complex system behavior and enhance resilience to varying
network communication latency conditions. Experimental results across multiple
test scenarios demonstrate that our approach maintains over 90% success rates even
under high-latency conditions (1000ms), with limited path deviation and execution
time. The findings provide quantitative insights into the latency impact of MPC
solvers based on different scenarios and offer practical solutions for robust cloud-
robotic systems design and implementation.

Keywords: Multi-robot system, Multi-layer control, Cloud robotics, Distributed
model predictive control, AMR fleet coordination, Trajectory generation, Trajectory
tracking, Latency impacts.
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Below is the list of acronyms that have been used throughout this thesis listed in
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bbd Block Definition Diagram
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CMPC Centralized Model Predictive Control
DARE Discrete Algebraic Riccati Equation
DDS Data Distribution Service
DMPC Distributed Model Predictive Control
FSM Finite State Machine
IoT Internat of Things
LAN Local Area Network
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PANOC Proximal Averaged Newton-type method for Optimal Control
QoS Quality of Service
RL Reinforcement Learning
ROS/ROS2 Robot Operating System
RViz Robot Visualization
SLAM Simultaneous Localization And Mapping
smd State Machine Diagram
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices

i, j Indices for robots in the fleet
n Index for static obstacles
m Index for half-space constraints
k Discrete time step
N Planning horizon length

Sets

F Set of mobile robots in the fleet
B Set of boundary constraints
O Set of static obstacles
D Set of dynamic obstacles
Hn Set defining the n-th obstacle (convex polygon)
I Set of all pairs of robot indices (i, j) where i 6= j

State and Control Variables

x(i)
k State vector [x(i)

k , y
(i)
k , θ

(i)
k ]> of robot i at time step k

(xk, yk) Cartesian coordinates of robot position
θk Heading angle of robot
u(i)
k Control input vector [v(i)

k , ω
(i)
k ]> of robot i at time step k

vk Linear velocity at time step k
ωk Angular velocity at time step k
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c(i) Center position of robot i
x̃k Reference state at time step k
ũk Reference control input at time step k
umin,umax Lower and upper bounds for control inputs

System Model

f(xk,uk) Discrete-time kinematic motion model
Ts Sampling time
P Number of robots in the fleet

Obstacle Modeling

r Radius of each mobile robot
d0 Safe distance threshold for collision avoidance
Hn Convex polygon representation of static obstacle n
hn,m(p) Half-space constraint function for obstacle n, inequality m
e(p) Elliptical obstacle constraint function
an,m,bn,m Coefficients of linear constraints for obstacles
No Number of static obstacles
Nd Number of dynamic obstacles
M Number of inequalities defining a polygon
E Positive definite matrix defining ellipse shape and orientation

Cost Functions and Penalties

JRi
Overall cost function for robot i

Jτ Penalty function for deviation from reference trajectory
Ju Penalty function for deviation from reference control inputs
Ja Penalty function for control smoothness
JF Penalty function for robot-to-robot collisions
JO Penalty function for static obstacle avoidance
JD Penalty function for dynamic obstacle avoidance
Qk Adaptive weighting matrix for state deviation
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α Adaptation gain that scales the sensitivity of the state deviation
weight Qk relative to the deviation magnitude

R Weighting matrix for control input deviation
S Weighting matrix for control smoothness
QF , QO, QD Weighting coefficients for penalty functions
[·]+ Function defined as max{0, ·}
[·]− Function defined as min{0, ·}

Pure Pursuit Controller

L Lookahead distance
(xL, yL) Lookahead point coordinates
(x′L, y′L) Transformed lookahead point in vehicle frame
κ Curvature for path following
vmax Maximum allowable velocity
α Tuning parameter for speed reduction in turns
di Distance from current position to waypoint i

LQR Controller

xref Reference state for LQR
uref Reference control input for LQR
δxk Error state (deviation from reference)
δuk Control error (deviation from reference control)
A,B System matrices for linearized model
Q Positive semi-definite state weighting matrix
R Positive definite control weighting matrix
K Feedback gain matrix
P Solution to discrete algebraic Riccati equation
dlookahead Lookahead distance for hybrid controller

Evaluation Metrics

Adev Deviation Area
Dnorm Normalized Deviation
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Texec Execution Time
Lp Path Length
Sl Linear Smoothness
Sa Angular Smoothness
Rconv Convergence Success Rate
Rsuccess Success Rate
Rcollision Collision Rate
Rtimeout Timeout Rate
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1
Introduction

This chapter lays the groundwork for our investigation into cloud-integrated multi-
robot systems, with an emphasis on managing communication latency. We begin
by reviewing the market trends and architectures in multi-robot systems (MRS),
followed by a discussion of our research motivation, objectives, and key questions.
A survey of related literature contextualizes our contributions, which aim to improve
coordination robustness under variable network conditions.

1.1 Background

The �eld of MRS has evolved signi�cantly over the decades, re�ecting broader ad-
vancements in robotics technology and collaborative methodologies. As discussed
in [1], multi-robot systems are characterized by the coordinated e�orts of multiple
robots working together to achieve speci�c objectives, a paradigm that has gained
substantial traction across various domains. This section provides a comprehensive
background on multi-robot systems, covering market trends, architectural classi�-
cations, application domains, and the integration of cloud computing for enhanced
coordination.

As Figure 1.1 shows, the global robotics market is projected to grow by USD 18.79
billion at a compound annual growth rate of 6.1% between 2024 and 2029. According
to the analysis in [2], this growth is driven primarily by increasing adoption of
collaborative robots and Robotics as a Service business models that eliminate the
need for substantial upfront investments.
Multi-robot systems can be classi�ed into three distinct architectural paradigms
based on their operational characteristics and scale, as shown in Table 1.1. Teams
typically consist of a small number of robots (usually fewer than 10) that optimize
individual objectives in either cooperative or competitive scenarios. In a team, the
behavior and strategies of each individual agent seek to explicitly maximize a local
objective, allowing for specialized roles while contributing to the overall mission.
Formations involve robots assigned to speci�c subtasks, roles, or placements within
a structured arrangement, commonly including tens of robots. As described in [3],
swarms, by contrast, comprise large groups of dispensable agents whose global ca-
pabilities emerge from their collective behavior rather than centralized control.

Multi-robot systems have demonstrated remarkable versatility across diverse ap-
plications. From environmental monitoring and search and rescue operations to

1



1. Introduction

Figure 1.1: Market Size Outlook for the robotics market (2019-2029). The market
showed accelerating growth momentum with 5.4% Year-over-Year in 2025 and is
projected to grow at a CAGR of 6.1% between 2024-2029 [2].

Table 1.1: Classi�cation of Multi-robot Systems

Type Scope Size
Team Typically small groups; each agent optimizes in-

dividual objectives in a cooperative or compet-
itive manner

Typically
� 10

Formation Each agent is typically assigned a speci�c sub-
task, role, or placement

Typically
� 10

Swarm Typically large groups of dispensable agents;
global capability arises from emergent behav-
ior

Large

manufacturing and logistics, these systems leverage collective behavior to achieve
objectives that would be di�cult or impossible for single robots. Particularly note-
worthy is the �eld of swarm robotics, which, as explored in [4], draws inspiration
from biological systems to create large-scale robot collectives that exhibit emergent
intelligence through relatively simple individual behaviors.

As multi-robot systems grow in complexity and scale, one of the key challenges they
face is the management of computational resources and coordination mechanisms.
Cloud robotics has emerged as a transformative approach to address these limi-
tations, enabling robots to leverage distributed computing resources for enhanced
performance and capabilities beyond what their onboard systems can provide inde-
pendently.

The integration of cloud computing with multi-robot systems o�ers several dis-

2



1. Introduction

tinct advantages for �eet coordination, particularly for AMR applications. In the
work [5], the concept of Cloud Networked Robotics was introduced, demonstrating
how distributed infrastructure can support multi-location robotic services, which is
particularly valuable in scenarios requiring coordination across physically separated
robots. This approach has signi�cant implications for large-scale logistics operations
where AMRs must operate cohesively across extensive facilities.

Building on this foundation, in [6], Wang et al. proposed a multi-robot autonomous
negotiation (MRAN) module within cloud infrastructure that facilitates co-localization
among robots. This collaborative functionality is essential for AMR �eet coordina-
tion, where precise relative positioning between robots enables e�cient path plan-
ning and collision avoidance in shared workspaces.

For computation-intensive tasks common in multi-robot coordination, such as simul-
taneous localization and mapping (SLAM), o�oading to cloud resources has proven
e�ective. The research [7] explored SLAM task o�oading to edge and fog computing
services, alleviating the computational burden on individual robots. This approach
is particularly valuable in complex warehouse environments where multiple AMRs
must maintain and share consistent environmental maps while navigating dynami-
cally changing surroundings.

Energy e�ciency represents another critical consideration in AMR �eet operations.
In [8], Rahman et al. developed a multi-layer decision-making scheme speci�cally
designed for energy-e�cient task o�oading in cloud networked multi-robot systems.
Their framework optimizes the o�oading process by considering factors such as task
selection and network access point determination, thereby extending operational du-
ration and reducing charging requirements for AMR �eets.

These studies highlight the need for robust coordination strategies in cloud-integrated
MRS environments. However, existing frameworks rarely quantify the impact of la-
tency on control performance or implement latency-tolerant development.

1.2 Motivation

Cloud robotics has emerged as a paradigm that extends traditional robotic systems
by leveraging cloud computing infrastructure. As de�ned in the work of [9], cloud
robotics enables robots to bene�t from the cloud's vast computational resources,
storage capacities, and collaborative capabilities. This integration o�ers several
signi�cant advantages for multi-robot systems. First, it facilitates complex compu-
tations that would be stressful on resource-constrained robotic platforms, enabling
advanced algorithms for perception, planning, and learning, as demonstrated in [10].
Second, cloud-based architectures promote e�cient sharing of data and experiences
among multiple robots, accelerating collective learning and adaptation according to
the research presented in [11].

Despite these compelling advantages, the integration of cloud computing with robotics

3



1. Introduction

introduces signi�cant challenges, particularly in terms of communication latency.
This issue becomes increasingly critical in cloud robot cluster systems, where timely
coordination among multiple robots is essential for e�ective operation. The impact
of latency varies substantially under di�erent optimization strategies, system archi-
tectures, and network conditions, warranting dedicated investigation.

Recent studies in [12] and [13] highlight how packet loss and high latency degrade the
quality of service (QoS), especially in cloud-IoT ecosystems. The �ndings in these
works reveal that transmission delays can render time-sensitive robotic operations
unsafe or ine�ective, creating a fundamental challenge for real-time coordination.

While the layered architecture of cloud robotics e�ectively o�oads resource-intensive
functions to the cloud�thereby minimizing resource consumption on edge nodes�as
highlighted in the research of [14], this approach inevitably introduces latency-
related challenges that can compromise system performance and reliability. This
trade-o� becomes particularly apparent in multi-robot scenarios, where coordina-
tion timing directly impacts collective behavior, leading to potential collision or
disconnection problems.

The tension between the signi�cant advantages of cloud robotics and the inherent
challenges of communication latency motivates our research.

1.3 Research Questions

This research addresses four key questions regarding latency management in cloud-
based multi-robot systems, focusing on architectural design, coordination mecha-
nisms, error handling, and performance evaluation.

ˆ RQ1: How to design cloud-based architecture for e�cient AMR �eet
coordination?

ˆ RQ2: How can DMPC be applied to coordinate robot �eets e�ec-
tively under high-latency conditions?

ˆ RQ3: What strategies can be employed on individual AMRs to man-
age outdated trajectory information when latency and computation
bottlenecks exist?

ˆ RQ4: What is the quantitative impact of varying communication
latency conditions on multi-robot system performance?

4
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1.4 Related work

The growing complexity of multi-robot systems�particularly in cloud-integrated
and latency-sensitive environments�demands robust architectural designs and com-
munication strategies capable of supporting real-time coordination and control. To
contextualize these challenges, the following reviews of related works addressing sys-
tem architecture, communication latency, trajectory coordination, and tracking are
provided. While cloud robotics enables scalable �eet management and intelligent
task allocation, it also introduces signi�cant challenges related to communication
latency and system responsiveness. The trade-o�s between centralized and dis-
tributed architectures critically in�uence how e�ciently robots can perceive, plan,
and act in dynamic environments. Moreover, reliable trajectory coordination and
tracking require both e�ective path planning algorithms and well-designed commu-
nication frameworks to ensure safe execution. As multi-robot applications expand
into mission-critical domains, addressing these interrelated challenges becomes es-
sential for achieving scalable, responsive, and dependable robotic collaboration.

1.4.1 Multi-robot System integrated Cloud Robotics

Multi-robot systems require well-designed structural frameworks to e�ciently man-
age resources and communication. In their research, [15] de�nes robot cloud as an
emerging cloud computing paradigm that leverages robot networking, big data, AI,
and edge computing technologies to manage robot resources, provide backend AI
capabilities, support edge computing orchestration, and analyze operational data
for business intelligence.

Recent research on multi-robot system architectures emphasizes the importance of
e�cient and robust architecture design. As presented in [16], contemporary stud-
ies highlight the integration of autonomous robots with advanced communication
resources as key enablers for enhanced multi-robot collaboration, with frameworks
organized around perception, planning, and coordination as fundamental pillars.
According to the classi�cation in [17], architectural approaches to multi-robot co-
ordination can be categorized into several algorithmic categories, including task al-
location, path planning, area coverage, and centralized versus distributed planning
methods. In the review by [18], it is noted that the choice between centralized ar-
chitectures�where a single control unit manages all environmental information and
coordinates subordinate robots through command issuance�and distributed archi-
tectures�where individual robots maintain greater autonomy�directly impacts a
system's ability to operate e�ectively under varying network conditions.

Meanwhile, some studies focus on task allocation strategies within cloud robotics.
For example, in works of [19] [20] proposed a sector-based hierarchical architec-
ture to coordinate tra�c heatmaps across di�erent sectors. Meanwhile, several
cloud platforms have emerged, such as the KubeEdge-based Multi-Robot Collab-
oration Framework described in [21] and the Rapyuta Cloud Robotics Platform
introduced in [22]. However, these platforms primarily address high-level aspects of

5



1. Introduction

AMR �eet coordination and management, including task assignment as discussed
in [21], scheduling, and tra�c balancing methods presented in [20].

1.4.2 Latency in Multi-robot Systems

Research has highlighted the critical importance of achieving minimal communica-
tion latency in cloud-based multi-robot systems, particularly for mission-critical ap-
plications. Traditional TCP/IP communication protocol-based synchronizing mid-
dleware that relied on ROS's master-based architecture consumed signi�cant band-
width and introduced communication delays. In the work [23], it has been demon-
strated that implementing ROS2-based architectures with masterless packet discov-
ery mechanisms can substantially reduce latency (by approximately 12% in simula-
tion and 11% in real-world deployments) while simultaneously improving reliability
through reduced packet loss (10% reduction in simulation and 15% in real envi-
ronments). The work described in [24] emphasizes that network latency is the key
point of concern in cloud robotics implementations, highlighting the critical nature
of communication e�ciency in these systems.

Further research has revealed signi�cant challenges in managing communication la-
tency for multi-robot systems in industrial environments. In [25], Kronauer et al.
demonstrated that ROS2's end-to-end latency is heavily dependent on the chosen
Data Distribution Service (DDS) middleware, with �ndings indicating that ROS2
can introduce up to 50% latency overhead compared to direct low-level DDS com-
munications, which has profound implications for time-critical robotic operations.
Similarly, studies on real-time video streaming between robots and their control
stations, as described in [26], have emphasized that control signal transmission and
video feedback impose strict requirements on network bandwidth and latency, with
measurements showing that typical video latencies in LAN environments range be-
tween 50-150 ms.

These �ndings underscore the importance of evaluating ROS2-based systems under
latency constraints�an area our research addresses the latency's impacts on multi-
robot system.

1.4.3 Trajectory Coordination in Multi-robot system

Trajectory planning for multi-agent systems has been approached from various an-
gles, including classical search-based algorithms, learning-based strategies, control-
theoretic frameworks, and hybrid methods. Each of these paradigms aims to balance
safety, scalability, and real-time feasibility while addressing the challenges posed by
dynamic and uncertain environments.

Traditional graph-based methods such asA � remain relevant due to their simplicity
and e�ectiveness in structured environments. [20] utilizedA � for trajectory genera-
tion and incorporated a tra�c heat map to balance congestion and improve �ow in
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dense multi-agent scenarios.

To handle the uncertainties of the real world and learn adaptive behaviors, Reinforce-
ment Learning (RL) has gained attention. The research [27] and [28] demonstrated
the application of RL for socially aware and collision-free navigation in dynamic,
human-populated environments.

Hybrid approaches have also emerged to combine the strengths of model-free and
model-based methods. [29] proposed a framework integrating RL with Model Pre-
dictive Control (MPC), allowing for adaptive planning with constraint handling.
Similarly, the work [30] combined RL with Control Barrier Functions (CBFs) to
enforce safety constraints during policy learning.

CBF-based methods, in particular, have been used to provide formal safety guaran-
tees in decentralized settings. As demonstrated in [31], the researchers presented a
scalable approach that ensures provably collision-free behavior by modifying nomi-
nal controllers to satisfy safety constraints in real-time.

Among the most widely adopted frameworks, optimization-based MPC has proven
especially e�ective for dynamic and multi-agent environments. The research [32] pro-
posed a decentralized MPC for navigating in dynamic scenes. In [33], the researchers
further applied DMPC to enable multi-robot coordination, while the studies con-
ducted in [34] and [35] extended similar DMPC strategies to handle dynamic obstacle
avoidance and trajectory re-planning under latency and resource constraints.

1.4.4 Trajectory Tracking

Trajectory tracking methods for autonomous vehicles are generally divided into ge-
ometric and model-based approaches, as categorized in the research presented in [36].

Geometric methods rely on the spatial relationship between the vehicle and the
reference path. They are simple, e�cient, and do not require detailed vehicle mod-
els. Among them, Pure Pursuit is widely used for its ease of implementation and
reasonable performance. However, according to the analysis in [37], its accuracy is
sensitive to the choice of look-ahead distance, especially in dynamic environments.

Model-based methods use kinematic or dynamic models to enhance tracking accu-
racy and robustness. Though computationally more demanding, they are better
suited for real-world scenarios. For example, as demonstrated in the work described
in [38], Linear Quadratic Regulator (LQR) control has shown e�ective performance
in minimizing tracking errors by optimizing control inputs.
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1.5 Contributions

In this paper, we present several contributions to the construction of cloud robotics
and multi-robot systems:

ˆ Multilayer Control Architecture: We design and implement a hierarchi-
cal control system that operates at both local robot and cluster levels. This
architecture allocates control responsibilities between local robots and cloud
infrastructure based on network conditions and computing resources.

ˆ Switchable Trajectory Generation: We provide an integrated DMPC and
path sampling method for trajectory generation.

ˆ Flexible Trajectory Tracking Strategies: We design a switchable trajec-
tory tracking approach by using hybrid LQR and pure pursuit depending on
the operational context.

ˆ Well-designed Local Decision-making: We develop multiple error-handling
process that ensures safe robot operation even during communication disrup-
tions. This approach provides fail-safe collision avoidance capabilities that
remain e�ective despite intermittent or delayed cloud connectivity.

ˆ Comprehensive Simulation Platform: We develop an integrated simu-
lation environment that combines RViz as the observer, Gazebo providing
physics simulation, and an automated testing module.

1.6 Thesis Outlines

The remainder of this thesis is structured as follows.

Chapter 2: System Architecture and Communication. Introduces the hi-
erarchical framework for distributed multi-robot coordination, detailing the Cloud,
AMR, and Simulator components. It focuses on communication design and latency
management to enable robust, multi-level decision-making.

Chapter 3: Modeling and Control. Presents the mathematical models, trajec-
tory optimization, and collision avoidance strategies. It compares centralized and
distributed control approaches, and introduces a hybrid Pure Pursuit�LQR method
for adaptable, real-time trajectory execution.

Chapter 4: Evaluation and Results. Describes the AutoTest framework and
test cases used to assess coordination performance under varying latency conditions.
Results highlight the system's robustness in terms of success rate, path accuracy,
and control stability.
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Chapter 5: Conclusion. Summarizes contributions, answers the research ques-
tions, discusses current limitations, and outlines future work directions in latency-
tolerant multi-robot coordination.
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2
System Architecture and

Communication

This chapter presents a comprehensive framework and architectural design for achiev-
ing robust coordination among multiple robots under realistic constraints. We be-
gin by discussing the limitations of traditional sequential processing paradigms in
multi-robot research and introduce our parallel decision-making approach that more
accurately re�ects real-world operating conditions. After that, we examine various
distributed system architectural paradigms before detailing our hierarchical imple-
mentation, which optimizes information �ow and computational e�ciency. We then
explore our communication design, including inter-component communication top-
ics, communication patterns, and solutions to distributed communication challenges.
The chapter concludes with a detailed examination of our three primary system com-
ponents: the Cloud Component for centralized coordination and trajectory planning,
the AMR Component for local robot control, and the Simulator Component for re-
alistic testing and validation. By adopting a hierarchical and communication-aware
design, we ensure that the system remains scalable, resilient, and capable of real-time
coordination in dynamic environments.

2.1 Distributed Multi-Robot System

For the sake of simplicity in system design, researchers often develop and test multi-
robot cluster control algorithms using sequential processing paradigms, wherein
robots are processed one after another even when there are no logical dependen-
cies between their operations, as observed in the work described in [32]. However,
such approaches fail to re�ect real-world operating conditions. Current implemen-
tations process robots serially within each time step, allowing each robot to access
the complete state information of previously processed robots when making plan-
ning decisions. According to the principles outlined in [39], this arti�cial sequential
information �ow is unrealistic due to the inherently parallel nature of distributed
systems, communication delays, and asynchronous state updates that occur in phys-
ical deployments. In real-world scenarios, each robot operates simultaneously with
others, possessing only limited sensing capabilities and requiring explicit communi-
cation mechanisms to coordinate actions.

To address these limitations of sequential processing approaches, we propose a dis-
tributed multi-agent communication framework that realizes truly parallel decision-
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making processes, wherein all robots simultaneously complete planning and control
phases based solely on locally available information. This paradigm shift from se-
quential to parallel processing more accurately re�ects the concurrent nature of real
multi-robot systems, as emphasized in [18]. At the same time, we have made cus-
tomized adjustments for di�erent modules and communication topics for explicit
information �ow. This approach not only better approximates real-world operating
conditions but also provides a more robust testbed for evaluating the resilience and
adaptability of multi-robot coordination strategies under realistic constraints.

To better understand the context of our design choices, it is essential to examine the
spectrum of available architectural approaches for distributed systems. As explored
in the research presented in [40], distributed multi-agent systems can be imple-
mented through various architectural paradigms, each with distinct characteristics
suited for di�erent operational contexts.

Figure 2.1 illustrates the fundamental topological di�erences between centralized
and decentralized architectures, highlighting how information �ows and control de-
cisions propagate di�erently across these paradigms. The centralized structures
like Master-Slave and Star con�gurations (left) concentrate all critical information
and decision-making authority in one or few central nodes, while decentralized ap-
proaches (right) distribute both information and control authority across multiple
interconnected nodes.

As further analyzed in [18], these architectural paradigms present di�erent advan-
tages and limitations for real-world multi-robot deployments, summarized in Table
2.1.

Table 2.1: Comparison of Centralized and Decentralized Architectural Paradigms

Aspect Centralized Architectures Decentralized Architectures
Pros Simpli�ed control

Strong consistency guarantees
Reduced coordination overhead

Better scalability
No single point of failure
Localized decision-making

Cons Single point of failure
Communication bottlenecks
High dependency on central node

Increased coordination complexity
Potential consistency challenges
Higher communication overhead

The choice between these architectural paradigms involves critical trade-o�s among
reliability, scalability, communication overhead, and decision-making e�ciency, with
the selection depending on speci�c application requirements and deployment con-
straints.

Our implementation speci�cally leverages a hierarchical architecture, which, as pre-
sented in the research described in [41], o�ers several critical advantages for dis-
tributed multi-agent control systems. This architectural choice enables e�ective
decomposition of control tasks into state management, trajectory planning, and
trajectory tracking through multi-level organization, where higher-level agents coor-

12




	List of Acronyms
	Nomenclature
	List of Figures
	List of Tables
	Introduction
	Background
	Motivation
	Research Questions
	Related work
	Multi-robot System integrated Cloud Robotics
	Latency in Multi-robot Systems
	Trajectory Coordination in Multi-robot system
	Trajectory Tracking

	Contributions
	Thesis Outlines

	System Architecture and Communication
	Distributed Multi-Robot System
	System Communication Design
	Inter-Component Communication Topics
	Communication Patterns
	Distributed Communication Challenges and Solutions
	ROS2 Framework and Quality of Service Advantages

	Modules Design
	Cloud Component
	Robot Manager
	Cluster Robot

	AMR Component
	Simulator Component
	Gazebo Simulation
	Robot Visualization
	Message Buffer



	Modeling and Control
	Modeling of Robot
	Trajectory Planning
	Reference Path
	Trajectory Optimization Objectives
	Collision Avoidance Formulation
	Distributed MPC for Multi-Robot Coordination
	Centralized MPC Formulation
	Distributed MPC Formulation

	Comparison of Centralized and Distributed MPC Formulations

	Trajectory Tracking
	Pure Pursuit
	Linear Quadratic Regulator (LQR)
	Hybrid LQR Control with Pure Pursuit Inspired Look-Ahead Strategy
	Tracking Method Comparison


	Evaluation and Results
	Evaluation Framework
	AutoTest Module Architecture
	Testing Methodology
	Data Collection and Analysis

	Performance Metrics and Evaluation Criteria
	Path Execution Accuracy
	Efficiency Metrics
	Motion Quality Metrics
	Control Stability Metrics
	System-Level Performance Indicators

	Evaluation Scenarios
	Results

	Conclusion
	Contributions
	Research Outcomes
	Current Limitations and Future Works

	References
	Appendix 1

