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Abstract

This thesis explores methods for pathfinding and scheduling for large fleets of mobile
robots, such as those used for material handling in factories and warehouses. The in-
tention is to be able to handle larger fleets than is currently possible by conventional
means.

A path is a sequence of segments in a directed graph representing the warehouse
layout in which the robots move, and pathfinding determines the paths from starting
points to destinations. Scheduling then determines at which time each section of a
path is travelled. For the robots not to deadlock each other, a schedule has to be
conflict free, and we also want the schedule to minimise the overall work time.

As conflicts can only occur when paths overlap, it can be hypothesized that choosing
to schedule paths that minimise overlaps could potentially lessen the computational
burden of scheduling, as well as minimising overall work time. The thesis demon-
strates that identifying paths that minimise overlaps has this effect, but is itself a
computationally challenging task.

Keywords: Autonomous Guided Vehicles (AGV), Vehicle Routing Problem (VRP),
Optimization, Satisfiability Modulo Theories (SMT), Mixed Integer Linear Program-
ming (MILP)
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1

Introduction

As industries are increasingly automated, transporting goods inside the plant must
be more flexible. This can be done using Autonomous Guided Vehicles (AGVs) to
transport goods to the right place at the right time [1]. Kollmorgen Automation
AB operates in material handling through automated vehicles and is interested in
computing the paths and schedules of these AGVs. A path is a sequence of road
segments in the plant the vehicles should travel through [2], while a schedule assigns
the time when an AGV traverse a specific segment of the path it is assigned [3].

A schedule for a few AGVs or a small area does not pose significant challenges [2].
However, computational complexity grows when more AGVs are present in the man-
ufacturing facility or the operating space expands, resulting in a complex scheduling
process that is computationally demanding.

The complexity of scheduling [3] AGVs arises from two primary factors: the number
of AGVs that must be scheduled and the number of conflicts between the AGVs.
Conflicts can arise when paths overlap, i.e., when two or more vehicles are assigned
paths that share the same nodes or are near each other. The more vehicles there
are, the more chances there are for conflicts.

In situations where there is no overlap, scheduling becomes straightforward. Under
these conditions, each AGV can operate independently without coordination. The
lengthiest task would determine the overall completion time or makespan. On the
other hand, if there is complete overlap, only one AGV can function at a given time,
simplifying the scheduling process. In this case, the makespan is equivalent to the
sum of the time durations of all tasks. Therefore, scheduling becomes trivial at both
extremes of no overlap and complete overlap.

One way to schedule the AGVs is to model the problem as a Satisfiability Modulo
Theory (SMT) problem and solve it using an SMT solver, as described in [4]. Some
SMT solvers can perform optimisation, i.e. it is possible to define an objective func-
tion of a subset of the problem variables and maximise/minimise it. The function to
maximise/minimise can include overlaps between paths, conflicts between vehicles,
the distance travelled, or battery used, but many others. For the specific problem
tackled in this project, overlaps between paths will be minimised.

It has been reported in previous research [5] that an SMT solver can find a good
enough solution regarding the cost function in a relatively short period, whereas
identifying the optimal solution and confirming it is the optimal solution requires
significantly more time.
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1.1 Research objective

As previously outlined, the scheduling process becomes considerably less complicated
in cases of no overlap or total overlap. However, such extremes are seldom the
reality. It could be assumed that selecting paths that minimise overlap might yield
better schedules, decreased computation time and a lower makespan than a standard
scenario. The natural standard scenario or base case uses shortest paths.

Therefore, this thesis explores whether general-purpose solvers can contribute to
reducing the computation time and the resulting makespan required for scheduling
by computing paths that minimises overlaps, compared to using shortest paths.
The aim is to empirically assess this strategy across various scenarios, focusing on
its performance in large-scale systems.

As a result, the research question formulated for this study is:

o Can selecting paths with minimal overlaps shorten the computation time for
scheduling, and the resulting makespan, compared to using the shortest paths?

1.2 Limitations

Since this thesis focuses on evaluating whether paths that are computed to min-
imise the number of overlaps are faster to schedule than using shortest paths, a few
limitations are put in place to narrow the scope of the thesis.

The process of assigning each vehicle’s destination, as well as their starting positions,
would, in the real system, be computed by an external system called Order Manager
(see Section 3.4 for further information about it), but during the thesis they will be
randomised. This will be done in such a way that the all pairs can be retested.

Furthermore, all vehicles are assumed to be able to reach their intended goals. This
assumption is validated in two ways. Firstly, the goals do not overlap, allowing each
vehicle to reach its destination without hindrance. If a vehicle still hinders another
vehicle from reaching its goal, they are assumed to move out of the way, clearing
the path for the other vehicle. This assumption ensures the smooth operation of the
fleet and, by extension, the validity of the scheduling process being evaluated.

While the scheduling problem in question could be modelled using Mixed Integer
Linear Programming (MILP), research [5] suggests that Satisfiability Modulo The-
ories (SMT) are more efficient in this area. As a result, MILP will not be used for
that part. Instead, it will be used to create the paths according to the minimisation
of the number of overlaps, as after a few small experiments, it was found to be much
faster than SMT for this purpose.

It is not the most optimal path or solution sought after but a solution that is good
enough and is found or calculated in a reasonable time.
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1.3 Related Work

Dijkstra’s algorithm [6], is a well-established method for finding the shortest path
between two nodes in a graph. In the context of this thesis, Dijkstra’s algorithm is
used for finding paths for one vehicle at a time, independent of others.

A* [7] is another pathfinding algorithm which uses a heuristic to guide its search.
However, finding an appropriate heuristic can be challenging. Experimental compar-
ison in the given context revealed that the time to find paths using Dijkstra’s algo-
rithm was negligible compared to using the optimisation software Gurobi. Therefore,
there was no need to attempt to speed up Dijkstra’s algorithm by replacing it with
A*

Multi-agent pathfinding (MAPF) [8] addresses the challenge of devising non-intersecting
paths for multiple vehicles. This seminal work, highlighting the intricacies of coor-
dinated movement in a shared environment, served as an essential reference at the
outset of the thesis.

Scheduling [3] is another vital component of the system. In general, scheduling is
arranging, controlling and optimising work and workloads in a production or man-
ufacturing process. In this thesis, the concept of scheduling is used and expanded
upon to consider additional factors and constraints.

The Job-Shop Scheduling Problem (JSP) [2] is a classic problem in operations re-
search and computer science. It involves scheduling a set of jobs in a machine shop,
where each job consists of tasks that need to be completed in a specific order, and
each task requires processing on a specific machine for a fixed length of time. In the
context of this thesis, the Job-Shop Scheduling Problem serves as a foundation but
is further expanded.

The Vehicle Routing Problem (VRP) [9] is a classic problem in logistics and opera-
tions research. However, it is not necessarily the classical problem addressed in the
thesis. The VRP traditionally involves determining optimal routes for vehicles to
deliver goods to customers to minimise the total distance travelled or cost but does
not consider conflicts between that vehicles.

The Conflict-Free Electric Vehicle Routing Problem (CF-EVRP) [10] is a combina-
torial optimisation problem of designing routes for vehicles to visit customers such
that a cost function, typically the number of vehicles or the total travelled distance,
is minimised. The CF-EVRP involves constraints such as time windows on the de-
livery to the customers, limited operating range of the vehicles, and limited capacity
on the number of vehicles a road segment can accommodate simultaneously. Part of
this work acted as a foundation for the scheduling but was modified to use different
constraints.

Conflict-based search (CBS) [11] is an algorithm used for solving Multi-Agent Path
Finding (MAPF) problems. CBS identifies and resolves conflicts among agents’
paths to ensure collision-free navigation. It operates on two levels: the high level,
where conflicts are detected, and the low level, where each conflict is resolved by
creating a constraint for one of the agents involved in the conflict and generating
a new path for that agent. CBS is noteworthy for its efficient performance and
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ability to provide optimal solutions for MAPF problems, considering the total sum
of agents’ path lengths. It presents a high potential in various applications, including
automated warehouses and autonomous vehicles. Conflict-based search could apply
to the problems considered in the thesis. However, it is too different from the
approach taken by Kollmorgen, and with the author’s current understanding, it
would also be challenging to implement.

1.4 Thesis Outline

This thesis is structured into four primary sections. Firstly, the Problem Definition
(Section 2) outlines the specific challenges the thesis seeks to address, setting the
scene by highlighting the existing gaps in knowledge and the importance of the prob-
lem. Next, the Problem Formulation (Section 3) delves into a detailed description of
how the problem is structured for analysis and solution, including developing appro-
priate models and techniques. The third part, Evaluation (Section 4), presents the
methodology and results of testing the proposed solutions. Lastly, the Conclusion
(Section 5) provides a conclusion of the findings, exploring their implications, com-
paring them with existing knowledge, and suggesting future avenues for research.



2

Problem Definition

This chapter offers an overview of various concepts and issues central to this thesis.
It begins with an introduction to Vehicle Routing Problems (VRPs), outlining their
general nature and importance in modern transportation and logistics.

The discussion then focuses on Automated Guided Vehicles (AGVs), explaining their
role and operational principles as integral components of contemporary warehousing
and manufacturing facilities.

The chapter also explains the concept of General Purpose solvers. These compu-
tational tools are pivotal for tackling complex optimisation problems, such as the
ones encountered in AGV scheduling. The exploration of these solvers provides
an understanding of their strengths and limitations, preparing the ground for their
application in this thesis.

Lastly, this chapter delves into some specific challenges this thesis addresses. These
include the complexities of real-time computation, the difficulties posed by large-
scale problems, and the intricacies of managing and negotiating complex constraints.
These challenges represent a significant hurdle in efficiently implementing AGVs and
VRPs. Thus, this chapter provides an understanding of these hurdles.

2.1 Vehicle Routing Problem

The Vehicle Routing Problem (VRP) is a well-known optimisation problem in op-
erations research and logistics of finding the most efficient way to deliver goods or
services to customers using a fleet of vehicles. The problem can be stated as follows:
given a set of customers with known demands and locations, a set of vehicles with
limited capacity, and a depot from which the vehicles start and return, the goal is to
determine the optimal set of routes for the vehicles to serve all the customers while
minimising the total distance travelled or the total cost of transportation.

The VRP is a complex problem that can take many forms depending on the specific
constraints and objectives of the application. Some common variations of the VRP
include the Capacitated Vehicle Routing Problem (CVRP) [12], which assumes that
each vehicle has a maximum capacity, and the Vehicle Routing Problem with Time
Windows (VRPTW) [13], which adds the constraint that each customer can only
be served within a specific time.

Solving the VRP to optimality can be challenging due to the ample search space and
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the many routes the vehicles can take. Many different algorithms and techniques can
be used to solve the VRP, including exact methods such as branch and bound [9],
heuristic methods such as tabu search [14] or simulated annealing, and metaheuristic
methods such as genetic algorithms [15] or ant colony optimisation [16].

The problem tackled in this work is not strictly a classical vehicle routing problem.
It is more appropriately characterised as planning and scheduling paths for a fleet of
mobile robots, such as AGVs. This problem is often called Multi-agent pathfinding
(MAPF) [8]. This process involves computing paths and managing vehicle interac-
tions to prevent collisions or conflicts.

To accurately represent the operational environment and facilitate efficient path
planning and execution, the facility’s layout is modelled as a directed weighted graph.
Importantly, this study utilises real-world layouts provided by Kollmorgen. These
layouts include information about where overlaps may occur and, thus, potential
conflicts.

2.2 Automated Guided Vehicles

Automated Guided Vehicles (AGVs) are robotic vehicles designed to transport ma-
terials, goods or products in manufacturing plants, warehouses, distribution cen-
tres, and other industrial or commercial facilities [1]. AGVs are typically equipped
with sensors, cameras, and other navigational equipment that allow them to move
autonomously and safely through their environment without human intervention.
AGVs can also be integrated with other systems, such as automated storage and
retrieval systems (AS/RS), conveyor systems, or robotic work cells, to create a fully
automated manufacturing or distribution system.

AGVs can take many different forms, including wheeled or tracked vehicles, carts,
pallet jacks, or even drones, depending on the specific application and require-
ments [17], see Figure 2.1. AGVs are typically controlled by a central computer
system that receives information about the location and status of each vehicle and
can adjust their routes and schedules to optimise productivity and efficiency [18].

AGVs can offer many benefits to companies that use them, including increased
productivity, improved safety, and reduced labour costs. They can also help to
optimise material flow and reduce inventory levels, resulting in lower prices and
improved customer service.

6
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[KOLLVORGEN |
Mobile Robot ,—Piggyback—‘ Forklift High Reach Forklift Tugger
Lift Table Roller Table

Figure 2.1: Different kinds of AGVs

2.3 General Purpose Solvers

General-purpose solvers are computational tools designed to find solutions to a wide
range of problems, often those that can be formulated mathematically or logically.
They are typically used in operations research, artificial intelligence, and mathemat-
ical optimisation. The general aspect refers to their versatility in handling various
problem types instead of being specialised for a specific problem.

A class of mathematical problems is Linear Programming (LP) problems. LP prob-
lems are a mathematical model that seeks to maximise or minimise a linear function
subject to a set of linear constraints. Here is an example of a simple LP-problem:

Maximize Z = 3z + 2y
Subject to
r+2y <14
3r—y <6
x>0
y=>0

This LP problem seeks to find the values of x and y that maximize the objective
function Z while still satisfying all the constraints. The constraints here express limi-
tations on the variables. In this case, they are both inequality constraints (restricting
the values that x and y can take on) and non-negativity constraints (specifying that
x and y cannot be negative). This problem can be solved graphically in this simple
case but not when the number of variables increases.
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Figure 2.2 is a graphical representation of the problem, the blue line is the upper
bound of x + 2y < 14, the orange line is the upper bound of 3x —y < 6. The area
between the X-axis, the Y-axis, the blue line and the orange line is the feasible
region.

Figure 2.2: Plot of the simple LP example above

A common logic problem is the Satisfiability Problem (SAT) problem. In its sim-
plest form, the Boolean satisfiability problem (also called propositional satisfiability
problem and abbreviated SATISFIABILITY or SAT) determines if an interpretation
exists that satisfies a given Boolean formula. Here is an example of a simple SAT
problem:

Given the Boolean formula (expressed in Conjunctive Normal Form, or CNF):
Satisfy: (mxVy)A(—yVz)A(-z Vo) (2.1)

find an assignment of truth values to z, y, and z such that all the clauses of the
formula are satisfied. For example, one solution to this problem is x = True, y =
True, z = True.

General-purpose solvers include many algorithms to solve these problems,

However, the general nature of these solvers can also be a limitation. While versatile,
they may not be as efficient or effective as specific solvers or algorithms designed for
a particular class of problems. For instance, a solver built specifically for Finding
the shortest paths can be efficiently addressed within polynomial time using the
A* algorithm. However, if the same problem is formulated as a Mixed Integer
Linear Programming (MILP) problem and addressed by a MILP solver, it could
take exponential time in the worst-case scenario. Two well-known general-purpose
solvers are Gurobi and Z3.

Gurobi [19] is a commercial optimisation solver that provides high-performance so-
lutions for mathematical programming. It supports a variety of problem types,

8
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including but not limited to linear programming (LP) where the variables are con-
tinuous, integer programming (IP) where the variables are integer, and mixed integer
linear programming (MILP) where the variables can be continuous or integer mixed
in the same problem. The strengths of Gurobi include its robustness, efficiency, and
speed, often outperforming other commercial solvers in benchmark tests. It also
provides a user-friendly interface and supports various programming languages like
Python, C++, and Java. However, its main weakness lies in its commercial nature,
which means it is not freely available for all users, and its cost can be prohibitive
for some applications.

Z3 [20], on the other hand, is a high-performance Satisfiability Modulo Theories
(SMT) solver developed by Microsoft Research. It is used in various fields, including
software verification, testing, abstract interpretation, program synthesis, and more.
73 supports a range of theories, such as propositional logic, first-order logic, and
theories of arithmetic, and more. Z3’s strengths lie in its wide-ranging logic support,
high performance in many applications, and its open-source nature, which allows for
wide accessibility and no cost. However, it can be more complex and challenging to
use compared to more specialised or user-friendly solvers.

In conclusion, both general-purpose and specific solvers have their strengths and
weaknesses. The choice between them depends on the particular requirements of
the problem, such as the problem type, required efficiency, available resources, and
the level of user expertise.

2.4 Challenges

Navigating the landscape of this study entails confronting a multitude of challenges.
Among these, several stand out as particularly significant due to their direct impact
on the core objectives of this thesis. These crucial challenges, which form the pri-
mary focus of our exploration and analysis, are discussed in the following sections.
Each issue presents unique hurdles and implications, demanding distinct strategies
and solutions for effective mitigation. Understanding these challenges is crucial for
comprehending the intricacies of our problem domain and is pivotal in crafting effi-
cient and effective solutions. Therefore, in the context of this thesis, the following
challenges assume heightened importance.

2.4.1 Real-time Computation

Real-time computation presents numerous challenges, including the need for fast
processing, efficient algorithms, and low-latency communication [21]. Tt requires
systems to process and analyse data as it is generated, often within strict time con-
straints. Examples of real-time applications include stock trading [22], autonomous
vehicles [23], and air traffic control [24]. Specialised hardware and software solutions
are often employed to meet these challenges. However, the unpredictability of real-
time tasks and the potential for high-stakes consequences when errors occur make
real-time computation a complex and demanding field.



2. Problem Definition

2.4.2 Large-scale Problems

Large-scale problems involve a significant amount of data or numerous variables
and constraints, requiring considerable computational resources and advanced algo-
rithms. Examples include simulating global climate models [25], managing large-
scale transportation networks [26], and analysing big data sets in genomics [27].
These problems can be computationally expensive, and solving them often necessi-
tates parallel processing, distributed systems, and sophisticated optimisation tech-
niques. Additionally, large-scale problems may suffer from scalability issues, as
increasing problem size can lead to exponential growth in required resources.

2.4.3 Complex Constraints

Complex constraints refer to the multiple, often competing requirements and limi-
tations that must be satisfied when solving a problem or designing a system. Ex-
amples include optimising energy consumption while maintaining performance in an
electric vehicle [28] or scheduling airline flights while considering airport capacity,
maintenance, and crew availability [29]. Dealing with complex constraints can be
challenging, as it often requires finding a balance between conflicting objectives,
managing uncertainty, and navigating an ample search space of potential solutions.
Techniques such as multi-objective optimisation, constraint programming, and ma-
chine learning can help address these challenges.

Wrap up

This chapter has provided an overview of various critical concepts and challenges
that form the foundation of this thesis. At first, it was a discussion introducing the
concept of VRPs, highlighting their significance in today’s transportation and logis-
tics landscapes and describing some differences between the classical VRP problem
and the problem considered in the thesis.

Subsequently, the focus was shifted to AGVs, elaborating on their roles and func-
tional principles within modern warehousing and manufacturing environments.

Much of this chapter was dedicated to understanding General Purpose solvers, com-
putational tools essential for solving complex optimization problems often associated
with AGV scheduling. It included insights into these solvers’ capabilities and po-
tential limitations, setting the stage for their use in this thesis.

Finally, some specific challenges this thesis aims to address were discussed, such as
the complexity of real-time computation, large-scale problem management, and nav-
igating complex constraints. These challenges pose a formidable barrier to deploying
AGVs and VRPs effectively. In this regard, this chapter has shed light on these com-
plexities, ensuring a solid grounding for the investigations in the subsequent sections
of this thesis.
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Problem Formulation

This chapter offers a broad-ranging overview of various foundational concepts and
components that underpin this study. It begins with a look at the overarching Archi-
tecture Overview, providing insights into the structure and interactions of different
elements within our system.

Following this, the chapter delves into the System Initialization process. This section
sheds light on how the system is set up and readied for operation, describing the
preparatory steps and actions needed to launch and operationalise the system.

A thorough examination of Graph theory is then undertaken. As graphs form the
basis for understanding and modelling routing problems, this section elucidates their
structure, properties, and role in our context.

Then the Order Manager is explored, an essential component responsible for manag-
ing and coordinating various tasks within our system. Its functions, responsibilities,
and importance in the grand scheme of the system are elaborated.

The concept of Conflicts and Overlaps is explained next. These critical issues can
significantly impact the performance and efficiency of the system, and understanding
them is vital to practical problem-solving.

A detailed discussion on Paths follows this and how they are computed within the
thesis. Path computation is a core process in the study, and this section explores
the methods and strategies used to calculate and optimise these paths.

Next, the chapter tackles how Scheduling is used in the thesis. This vital process of
coordinating and timing the activities of AGVs is dissected and explained, providing
insights into the methods used and the challenges encountered.

Finally, the chapter concludes with a comprehensive description of the Mathemat-
ical Models for the Pathing Problem and the Scheduling Problem. These models
provide the theoretical foundations for the exploration and problem-solving efforts,
and understanding them is crucial for tackling the issues at hand.

3.1 Architecture Overview
The system initiates its process upon receiving two critical pieces of information:
the layout of the environment and the locations for the vehicles to be scheduled.

Each vehicle’s assignment is determined by an order provided by an Order Man-
agement System (OMS). The OMS, over which the system has no control, defines
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each vehicle’s start and goal positions. These start and goal positions can also be
randomly assigned for testing purposes.

Once the initial setup is complete, the system begins its primary operations. The
system first computes paths for all vehicles. This computation can be based on two
strategies: finding shortest paths or paths that minimise overlaps.

Following the path computation, the system schedules the vehicles’ movements along
the paths that were computed in the last step. This scheduling process aims to ensure
a smooth flow of vehicles by avoiding conflicts. This scheduling step is crucial in
ensuring efficient vehicle movement. These steps are summarised in Figure 3.1 below.
The primary operation is inside the blue box.

Initialise with layout and the numbers of vehicles with their respective position.

Given goals for
each vehicles from
the order manager

A 4

Compute the
paths to schedule

{ Schedule the vehicles }

‘ Return the schedule for the paths }—

Figure 3.1: Flow of the problem, each box represent a different step.

3.2 System Initialization

The system initialisation begins with two primary inputs:

The first input is a file containing information about the nodes, edges, blockings, and
stations. This file serves as a foundation to create a directed and weighted graph,
symbolising the physical layout where the vehicles navigate. The nodes represent
various locations, the edges depict the possible routes between these locations, block-
ings indicate places where overlaps can occur, and stations mark particular points
of interest.

The second input is a list of (start, goal) positions. Each pair in the list corresponds
to a specific vehicle, with the start and goal positions representing the initial location
and the vehicle’s final destination, respectively. Alternatively, the system can also
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provide just the starting positions for the vehicles, with the goal positions being
determined by an order manager.

3.3 Graph

A mathematical graph is a fundamental structure used in various branches of math-
ematics, computer science, and other disciplines to represent relationships between
objects [30]. It consists of two main components: nodes and edges. Nodes (or
vertices) are the basic units in a graph, representing individual objects or enti-
ties. Depending on the graph’s context, these can be anything from numbers, peo-
ple, cities, or even abstract concepts. Edges are the connections or links between
these nodes. They represent relationships, interactions, or dependencies between
the nodes. Edges can be directed or undirected, and they can have weights assigned
to them to quantify the strength of the relationship or the cost associated with the
connection.

Graphs can be visualised as a collection of points (nodes) connected by lines (edges).
In a directed graph, also known as a digraph, edges have a direction, typically
represented by arrows. In an undirected graph, edges have no direction and can be
traversed in any order.

3.3.1 Example: Undirected and unweighted graph

Consider a simple undirected graph with four nodes (A, B, C, and D) and the
following edges:

.« A-B
. B-C
. C-D
e« D-A

This can be drawn in two different ways as seen in Figure 3.2a and Figure 3.2b.

(a) One way to represent an undi- (b) Another way to represent an undi-
rected graph rected graph

Figure 3.2: Two ways to draw a undirected and unweighted graph

This graph connects nodes A, B, C, and D by the specified edges, forming a square.
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3.3.2 Example: Directed and unweighted graph

Consider a simple directed graph with four nodes (A, B, C, and D) and the following
edges:

« A—B
« B—>C
« C—D
e D= A

This can be drawn as seen in Figure 3.3.

Figure 3.3: Directed and unweighted graph

This graph connects nodes A, B, C, and D by the specified edges, forming a square
that can only be traversed in one direction.

3.3.3 Example: Directed and weighted graph

Consider a simple directed graph with four nodes (A, B, C, and D) and the following
edges:

Figure 3.4: Directed and weighted graph
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3.3.4 Example: Test layout

Figure 3.5 is the layout used for testing the algorithms and its simplicity helped
ensure that the programs worked as intended.

1428 59+ 1428 58. 142,

®— 1000
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@—— 1000
%, >
%
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>
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+\e
%, ¥ 5 E g
e g > S 945 —— @

Figure 3.5: Example layout of a weighted, directed graph.

3.4 Order manager

An Order Management System (OMS) is a comprehensive system used in various
industries to manage and fulfil sales orders [31]. This digital system tracks orders
from inception to delivery and manages the related processes to ensure a smooth
operation. The primary functions of an OMS include processing and fulfilling orders,
inventory management, and tracking orders’ progress.

In the context of AGVs, an OMS assigns tasks or orders to vehicles. For example, an
order might involve moving an item from one location to another within a warehouse
or manufacturing facility. The OMS considers each vehicle’s current status and
position and other factors such as task priority, distance to the target, and battery
level to determine which vehicle should fulfil which order.

The system continually receives and processes new orders, adjusting vehicle assign-
ments as necessary. It communicates with each vehicle, providing instructions on
where and what task to perform. By doing so, the OMS coordinates the movement
and activities of multiple vehicles within a facility, ensuring efficient use of resources
and minimising conflicts or bottlenecks.

In a real system, the position of each vehicle would be known, and only the goals
would be provided, but while testing, all pairs of (start, goal) nodes for each vehicle
were randomly chosen such that all vehicles can reach their destinations and that the
goal node is different from the starting node. The pairs affect the system’s overall
performance, and as such multiple different pairs were chosen to avoid bias and
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ensure that the results represent the system’s behaviour under different conditions.
To ensure that the pairs are chosen consistently, a specific seed can be used to retest
the same pairs, allowing for a way to redo the same tests again.

3.5 Conflicts and Overlaps

Conflicts can only occur when paths overlap. An overlap occurs when parts of two
or more paths overlap. There are three primary ways overlaps can occur that are
considered in this report. The first way is that the overlaps can originate from the
fact that the nodes are the same in different paths, see Figure 3.6a, or that they are
close enough that if two vehicles tried to be on one node each, they would collide,
as can be seen in Figure 3.6b.

(D ®)

© O

(a) Two vehicles trying to access the
same node at the same time (b) Two nodes being too close

Figure 3.6: Two ways a node and a node overlap can occur

The same can happen for edges, either they cross at some point, see Figure 3.7a, or
that they are too close to each other, see Figure 3.7b.
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(®) O

(a) Two edges crossing (b) Two edges being too close

Figure 3.7: Two ways an edge and an edge overlap can occur

Another way overlaps can occur is when an edge is too close to a node
(©) (»)

Figure 3.8: One way a node and an edge can overlap

Managing vehicle routing and scheduling conflicts is critical to ensuring efficient and
cost-effective operations. By carefully considering the potential sources of conflict
and implementing appropriate techniques to mitigate them, vehicle routing systems
can achieve better performance and deliver higher customer satisfaction.

Various techniques and algorithms can address these conflicts and overlaps in vehicle
routing and scheduling. For example, optimisation algorithms can compute paths
that minimise the likelihood of overlaps so that the scheduling can more easily avoid
conflicts, this will be discussed in Section 3.6, and the mathematical model for it will
be presented in Section 3.8. The conflicts will be dealt with during the scheduling
in Section 3.7, and the mathematical model for it will be presented in Section 3.9.

3.6 Pathing

In graph analysis, the shortest path problem is a fundamental concept that involves
finding the path with the minimum distance between two nodes in a graph. One
common way to solve this problem is to use Dijkstra’s algorithm [6], which finds
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the shortest path between two nodes in a weighted graph. Another is to use A*
[7], an algorithm that, much like Dijkstra’s, aims to find the shortest path in a
weighted graph. However, A* incorporates a heuristic method to estimate the cost
(or distance) from a given node to the goal, thereby guiding its search towards the
goal and often solving the problem more efficiently.

Both algorithms, Dijkstra’s and A*, operate by exploring the most promising nodes
first, based on the accumulated cost from the start node to the current node. This
cost is the sum of the weights of the edges traversed. Dijkstra’s algorithm system-
atically explores all paths starting from the source node and extending outwards,
always selecting the node with the smallest accumulated cost for expansion.

A* on the other hand, considers both the accumulated cost and the estimated cost
to the goal (the heuristic) when deciding which node to expand next. The heuristic
is often the distance from the current node to the goal node, either the euclidean
distance or the Manhattan distance depending on how the problem is formulated.
This combined cost is denoted as f(n) = g(n)+h(n), where g(n) is the accumulated
cost from the start node to the current node, and h(n) is the estimated cost from the
current node to the goal. Dijkstra’s algorithm can be seen as the special case where
the estimated cost h(n) = 0. This heuristic-driven approach often allows A* to find
the shortest path more quickly while also expanding fewer nodes than Dijkstra’s
algorithm, especially in larger graphs or when a clear path towards the goal exists.

While Dijkstra’s algorithm ensures the shortest path in any graph given non-negative
edge weights, A* also guarantees this under the condition that the heuristic function
h(n) is admissible — meaning it never overestimates the actual cost to reach the goal
— and consistent or monotonic.

NetworkX [32, 33], a Python package for creating, manipulating, and studying com-
plex networks, implements Dijkstra’s algorithm to compute shortest paths between
pairs of node pairs in a graph. In order to speed up the computation of shortest
paths, NetworkX uses Bidirectional Dijkstra’s algorithm [34, 35, 36].

Implementing Bidirectional Dijkstra’s algorithm will often lead to significant speed
improvement, commonly more than double, compared to the standard unidirec-
tional Dijkstra’s algorithm [36]. The unidirectional Dijkstra’s algorithm operates
by expanding nodes outward from the source in a pattern similar to a sphere. This
metaphorical sphere’s radius eventually matches the shortest path’s length. In con-
trast, the Bidirectional Dijkstra’s algorithm simultaneously expands nodes from both
the source and the target, resulting in two spheres, each with half the radius of the
original sphere. By considering the volumes of these spheres, it becomes evident that
the combined volume of the two smaller spheres is half that of the larger sphere,
leading to efficiency improvements in the bidirectional approach.

In specific applications, simply finding the shortest path between two nodes in a
graph may not be sufficient. For example, if the goal is to schedule vehicles to travel
through a layout to serve customers, one must ensure that these vehicles do not
simultaneously occupy the same point in space. Therefore, when computing paths
for them, one way to reduce the chances of conflicts is to ensure that their paths as
little as possible, preferably not at all.
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Formulating the path computation problem as an optimisation problem and using
Gurobi to solve it, ensures that the computed paths satisfy all constraints and
overlaps are minimised, which should result in fewer overlaps than only using the
shortest paths. However, compared to NetworkX, using Gurobi requires specialised
optimisation knowledge and more computational resources to find a solution.

3.7 Scheduling

In this system, the scheduling output is fundamentally a timeline, indicating when
vehicles will occupy and vacate each node, assuming that the transit time between
two nodes is equivalent to one time step, this is done by assuming the weights of
the edges are one. Each vehicle will advance to the next node in its path as soon as
possible if it is not obstructed. The mathematical model used for the scheduling in
this thesis will be presented in Section 3.9.

This operational framework can be interpreted in terms of precedence constraints.
For a given path, each node’s occupation and subsequent vacating essentially set a
precedence order, dictating the sequence of movements of the vehicle assigned to such
path across the network. A node must be vacated before the subsequent node can
be occupied, establishing a chronological order of node access for the vehicles. This
mechanism of precedence constraints is integral to the system’s efficient functioning,
guiding the vehicles” movements and defining constraints to avoid conflicts.

3.8 Mathematical model for the Pathing Problem

In this section, a description of the mathematical model for the Pathing Problem
is detailed, with a specific focus on minimizing overlaps. The discussion unfolds
by listing the required information, explaining the specific functions used within
the model, and outlining their significance. Additionally, the section illustrates the
variables used in the model’s operation, detailing their roles, potential values, and
how they interact within the system. This section explains the mathematical model’s
structure and functionality in addressing the Pathing Problem.

Sets:
o N set of nodes
o &: set of edges

P: set of pairs (start, goal) for each vehicle
o NB,: set of nodes that block edge e
o EB.: set of edges that block edge e

Functions:
e P(p): function that returns the pair of nodes associated with index p € P
o EO(n): function that returns the set of edges originating from node n € N/
o EE(n): function that returns the set of edges ending at node n € A/
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Variables:

o M: Is a large number used to indicate if there are more than one conflict
Decision Variables:

e ,,: Boolean variable if a node n is used by a vehicle p

e Yp.: Boolean variable if an edge e is used by a vehicle p

e u,: Boolean variable if a node n is used by a multiple vehicles (not strictly
necessary)

o nb.: Boolean variable if nodes are used that block edge e (not strictly neces-
sary)

o ¢b.: Boolean variable if edges are used that block edge e (not strictly necessary)
Model:

min Z Uy + Z Tpn + Z nbe + Z eb, (3.1)

neN pEP, neN ecE eck
st. Tpn=1 Vp e P, n € P(p) (3.2)
S ype=1 Vp € P, (n1,ns) € P(p) (3.3)
e€EO(n)
Z Ype =0 Vp € P, (n1,n2) € P(p) (3.4)
e€EO(n2)
Z Yp,e = 1 \V/p € 7)7 (nbn?) € P(p) (35)
e€EE(ng2)
Z Ype =0 Vp € P, (n1,n2) € P(p) (3.6)
e€EE(n1)
Tpn =D Upe Vpe P,ne N\ P(p) (3.7)
e€EO(n)
Tpn = Z Yp,e vp € Pan € N\ P(p) (38)
ecEE(n)
Uy - M>D p,—1 VneN (3.9)
peEP
nbe-M> Y z,, Ve e € (3.10)
peP, neNB,
ebe - M> > Y., Vee & (3.11)
PEP, e2€EBe
zpn € {0,1} Vpe P, VneN (3.12)
Ype € {0,1} VpeP, Vee& (3.13)
u, € {0,1} Vn e N (3.14)
nb. € {0,1} Vee & (3.15)
eb. € {0,1} Vee & (3.16)

The objective function (3.1) is to minimise the number of potential overlaps and the
length of the paths.
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Constraint (3.2) states that all starting nodes and goal nodes are set to 1. Constraint
(3.3) states that the number of outgoing edges is set to 1 for the start node, and
constraint (3.4) states that they are set to 0 for the goal node. Constraint (3.5) states
that the number of incoming edges is set to 0 for the start node, and constraint (3.6)
states that they are set to 1 for the goal node. Constraint (3.7) states that for the
rest of the nodes, if a node is used, set the number of outgoing edges to 1 and
constraint (3.8) states that if a node is used set the number of incoming edges to 1.
If an incoming edge is one, the node has to be used, and one outgoing edge has to be
used. Constraint (3.9) says if a particular node is used more than once. Constrains
(3.10) and (3.11) are not strictly necessary, but they say if some nodes and edges
could conflict with edge e. The constraints (3.12), (3.13), (3.14), (3.15), (3.16) set
the bounds on the decision variables to be binary.

3.9 Mathematical model for the Scheduling Prob-
lem

In this section, a description of the mathematical model for the Scheduling Problem
is detailed. The discussion unfolds by listing the required information, explaining
the specific functions used within the model, and outlining their significance. Addi-
tionally, the section illustrates the variables used in the model’s operation, detailing
their roles, potential values, and how they interact within the system. This sec-
tion explains the mathematical model’s structure and functionality in addressing
the Scheduling Problem.

Sets:
o P: set of paths

» N,: set of nodes in path p (accessed as n for the node n and ¢ for the index of
node at place i)

o &, set of edges in path p (accessed as e for the edge e and i for the index of
edge at place i)

e NB,.: set of nodes that block edge e
o FEB.: set of edges that block edge e
Decision Variables:
e v, ,: represents the time when the vehicle p visits node n
e [, represents the time when the vehicle p leaves node n
e w,.: represents the time when the vehicle p visits edge e
Variables:
o |N,|: The index of the last node in path p

e |&]: The index of the last edge in path p
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Model:
min MAX Uy, (3.17)
st vpn >0 Vp e P, YneN, (3.18)
lpn >0 Vp e P, VneN, (3.19)
Wpe > 0 Vpe P, Ve €&, (3.20)
Wy = lpi Vpe P, Vie{l,2,...,|&|} (3.21)
Vpit1 = Wp,; + 1 VpeP, Vie{l,2,...,|&|} (3.22)
Vpn < lpn Vp e P, YneN, (3.23)
Vpyn > lpyn NV Upy > Ly Vpi,p2 € P, VneN, (3.24)
Wpye > lpyn V Wy e > Upy Vp1,p2 € P, Ve &, Yne NB,  (3.25)
Wpyer < Wpyeo V Wpy ey > Wpyeo, Vp1,p2 € P, Ve € E,, Ves € EB., (3.26)

The objective function (3.17) is to minimise the time when the last vehicle is done
with its path.

The constraints (3.18), (3.19), (3.20) set the bounds on the decision variables to
being greater than or equal to 0.

Constraint (3.21) states that the outgoing edge is entered immediately when a node
is left. Constraint (3.22) states the node is entered one time step after the incoming
edge is entered (it takes one time step to traverse an edge). Constraint (3.23) states
that leaving a node has to happen after (or at the same time) as entering the node.

Constraint (3.24) states that a node cannot be used by two vehicles simultaneously.
One of them has to leave before another enter. Constraint (3.25) states that an edge
cannot be used if the nodes that block it are used simultaneously. One has to leave
the node or edge before the other enters the node or edge. Constraint (3.26) states
that an edge cannot be used if the edges that block it are used simultaneously. One
of them has to leave the edge before the other enters the edge.

Wrap up

This chapter overviewed the integral concepts and components pivotal to this re-
search study. It started with examining the Architecture Overview, offering a de-
tailed understanding of the system’s structure and the interactions between its var-
ious elements.

After this was an analysis of the System Initialization process, explaining the prepara-
tory steps necessary for setting up, launching, and operationalizing the system.

Next, Graph theory was thoroughly explored, given that graphs are foundational for
understanding and modelling routing issues. This section illuminated their struc-
ture, properties, and role in this context.

Subsequently, the Order Manager was examined, highlighting its crucial role in
managing and coordinating tasks within the system. Its responsibilities and its
overall significance within the system were discussed.
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Following this, the concept of Conflicts and Overlaps was explained, emphasizing
their potential to significantly affect the system’s performance and efficiency, thereby
underscoring the importance of their understanding of practical problem-solving.

After this was a discussion of Paths and the methods employed within the study to
compute them. As path computation represents a central process, the techniques
and strategies for calculating and optimizing these paths were explored.

Furthermore, the chapter addressed Scheduling within the study, dissecting this
critical process of coordinating and timing the activities of AGVs and providing
insights into the methodologies used and challenges faced.

To conclude, the chapter offered a detailed description of the Mathematical Models
for the Pathing Problem and the Scheduling Problem. These models, which form the
theoretical foundation of the research, are essential for understanding and addressing
the challenges presented in this study.
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Evaluation

This chapter presents the various test cases used in this study. Each of these cases
represents a unique scenario or set of conditions designed to evaluate the system’s
performance and the effectiveness of the investigated strategies. Each test case’s
characteristics, parameters, and relevance are elaborated upon, providing a clear
understanding of the diversity of scenarios used for evaluation.

Following this, the chapter shows the result by a series of plots. These graphical
representations offer a visual interpretation of the outcomes, allowing an intuitive
understanding of the system’s behaviour under different conditions.

4.1 Test Definition

Each test commenced with reading in the layout. Following this, the selection
process for the start and goal node pairs was attributed to all vehicles. Subsequently,
the paths computed that each vehicle would undertake. This path calculation is
based on one of two criteria - either focusing on the shortest path or opting for
a path that minimises conflicts. Once these paths were computed, the final step
involved creating the schedule to have the vehicles avoid conflicts.

In this work, three actual layouts provided by Kollmorgen were utilised. The layouts
have been designated small, medium, and large to maintain confidentiality. These
layouts are abstracted into the graphs in which the vehicles moved. The number of
vehicles selected for each layout was 5, 10, 15, and 20. The number of vehicles is the
same as the number of starting and ending points that were randomly yet feasibly
selected. The small layout is a graph with 508 nodes and 1038 edges, providing a
relatively simple network for the vehicles to navigate. The medium layout, on the
other hand, presents a more complex structure, comprising 1591 nodes and 3132
edges. The large layout is the most intricate of the three, with a network of 3308
nodes and 7255 edges, providing the most challenging environment for the pathing
and scheduling algorithms. Three distinct methods were employed to determine the
best paths for the vehicles. The first method considered the weights of the edges
to calculate the shortest paths, while the other used the fewest number of nodes
to calculate the shortest paths. All edges were set to a weight of one. The third
method diverged from the conventional shortest-path strategy, focusing instead on
minimising the number of overlaps between paths. Each layout and path calculation
method was tested using five seeds to ensure that any favourable or unfavourable
outcomes that might skew the findings were averaged out. The time to find a solution
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was measured to evaluate the efficiency of the different methods. It was done under
two conditions: optimising and finding the first feasible solution. These two allowed
for a comparison between the computation speed and the makespan of the different
paths in optimised and non-optimised scheduling scenarios. This was done to see
how fast a solution can be found and how good that solution is compared to when
the system has time to find a better solution. If the first solution found is good
enough but much faster, that could be more beneficial overall. The design of this
experiment resulted in a total of 360 unique combinations of different parameters:
three different layouts, four numbers of vehicles, three pathing methods, solving for
optimality vs solving for feasibility, and five seeds. Each of these combinations was
tested, providing a comprehensive dataset for analysis. This high level of variation
ensures the robustness of the results. It allows for examining the performance of
the different path calculation methods under a wide range of conditions. To further
enhance the reliability of the results, each unique combination was run 20 times with
the same seed so that statistics could be gathered from the runs. This repetition
smooths out any random variations and provides a more accurate estimate of the
performance of the different methods. Given these parameters, the study involved
a total of 7200 individual runs. Each run was limited to 10 minutes for each part:
creating the paths and scheduling the vehicles. There is an exception for the large
layout with 20 vehicles where the time limit was set to 30 minutes for the scheduling,
but it only ran until it found the first feasible solution. This time constraint ensured
the process was not too impractical regarding computational resources and time.
The tests were conducted on a computer with an Intel i7-1165G7 CPU operating at
2.80 GHz and 32 GB of RAM.

4.2 Results

The following figures are cactus plots representing the cumulative run time distri-
bution over the set of problem instances. The X-axis represents sorted problem
instances, and the Y-axis represents the run time. Each point on the plot stands
for a single problem instance. Problem instances are sorted by increasing time and
plotted, making the X-coordinate indicate the number of problem instances and the
Y -coordinate indicate the total time it took for the first X tests to run. The data in
used for the cactus plots are the time when the scheduler is optimising the schedule.

Looking at Figure 4.1, finding shortest unweighted paths, also known as fewest
nodes (SP in blue), is the fastest. In contrast, paths computed to minimise overlaps
is slightly slower for the most complex layouts but worst for the more simple layouts
(PC in purple) and using weighted shortest paths is the slowest (W__SP in red).
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Cactus plot of Scheduling time (s)
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Number of solved problem instances

Figure 4.1: Cactus plot of the cumulative scheduling time of running all test, split

between the three different variants

Looking at Figure 4.2, the fact that there was a time limit of 10 minutes explains why
PC is linear. Using NetworkX to find shortest paths is so fast that, in comparison
to Gurobi it is negligible.

Cactus plot of Pathing time (s)
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Number of solved problem instances

Figure 4.2: Cactus plot of the cumulative pathing time of running all test, split
between the three different variants
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Looking at the total time, both the time for computing the paths and the schedule
in Figure 4.3, it is clear that, while the scheduling using the computation of paths
that minimises overlaps might only be slightly worse in the scheduling, it takes so
long to compute the paths that in the end it is much faster to use shortest paths.

Cactus plot of Total time (s)

— W.SP
— SP
— PC

600000 -
500000 -
400000 -
300000 -
200000 -

100000 A /
/

0 -

Cumulative (total) solving time

0 200 400 600 800 1000 1200
Number of solved problem instances

Figure 4.3: Cactus plot of the cumulative (total) time of running all test, split
between the three different variants

All data is summarised in Appendix A. There are three tables, one for each layout.

The data shows an inherent correlation between the number of nodes, the objective
score, and the scheduling speed. It is observed that a reduced number of nodes
yields a lower makespan and a faster scheduling process.

Another result is how good the first solution is compared to the optimal solution.
Both in terms how quickly the first solution was found and how much worse the
scheduling objective is. Figure 4.4 shows the data as a scatter plot where the x-
coordinate is how long the scheduling took and the y-coordinate is the objective
for that instance. The colour is used to differentiate between the different way to
compute the paths while the shape says if it is the first solution or the optimal
solution. When the scheduling time is short, the optimal solution could be as fast
or faster in some cases. All figures are in Appendix B.
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Objective
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Figure 4.4: Small layout, 5 vehicles, seed 5

Wrap up

Wrapping up this chapter, it provided a presentation of the test cases employed

in this research study.

Each test case characterizes a distinct scenario or set of

conditions to assess the system’s performance and the efficacy of the strategies un-
der investigation. Each test case’s characteristics, parameters, and relevance were
discussed.

After this, the chapter unveils the results via plots and comments. These graphical
depictions facilitate a visual comprehension of the data, thereby fostering an intuitive
grasp of the system’s response and performance under various conditions.
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Conclusion

This thesis concludes that identifying paths with fewer overlaps presents a possible
avenue for improving scheduling efficiency. However, this approach comes with its
own set of challenges, including a significantly high computational cost. Further-
more, since this method does not account for conflicts, the resulting performance
may be even less satisfactory than initial evaluations suggest.

In the scheduling model used for this study, each edge within the network is pre-
sumed equal in length. Consequently, reducing the number of nodes results in a
lower scheduling objective. This assumption provides a simplified yet effective way
of optimising the scheduling process. However, it is important to remember that
this abstraction might overlook some real-world complexities when edge lengths vary.
As such, while this approach proves beneficial for this study, exploring models that
consider varied edge lengths in future research could be beneficial.

5.1 Further Research and Development

There are multiple ways to continue this study. The first is that the outcomes might
differ significantly if the actual weights of the edges were considered instead of as-
suming all weights are one (using timesteps) in the scheduling. This approach could
reflect more accurately the real-world constraints and complexities encountered dur-
ing the scheduling process. Consequently, it could enhance the overall efficiency and
optimisation of the scheduling system.

The second is that multiple paths could have the same length or number of overlaps.
If these paths were chosen, the outcome might have varied. As Dijkstra’s algorithm
returns the first solution, it is not easy to find multiple paths that are as good, and
as Gurobi is a black box, it is challenging to investigate. However, since there could
be paths that would be better, it could be attractive to investigate further.

The third is that the method employed for computing overlaps in Gurobi does not
result in fewer conflicts, as the current method does not track when the overlaps
occur. For the moment, the calculation of overlaps checks if the same node or edge
is used in more than one path. Having ten potential overlaps, which do not cause
conflicts, is preferable to having a single overlap that would cause an actual conflict.
Currently, Gurobi would return the paths with one conflicts as it does not know
about this and only minimises the number of overlaps. If an improved method of
calculating overlaps that would reduce the conflicts were devised and implemented,
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5. Conclusion

it could yield superior results. This enhancement could further reduce the scheduling
time and makespan of the scheduling.

The fourth is that this study evaluated the first solution, and the solution was derived
after ten minutes. However, examining the rate at which the solution improves over
time might be attractive. As previously said, an SMT solver can find a good enough
solution regarding the cost function in a relatively short period. This analysis could
provide valuable insights into the performance and progression of the optimisation
process, offering a more comprehensive understanding of the system’s dynamics.

5.2 Ethics and Sustainability

One ethical concern is the potential impact on employment. While AGVs can im-
prove efficiency and reduce labour costs, they can also lead to job displacement or
the need for workers to be retrained in new roles. It is essential to consider the
potential impacts on workers and take steps to minimise any adverse effects, for
instance, by setting up job retraining programs or other forms of support.

Another ethical issue is the potential for AGVs to pose a safety risk to workers and
other individuals in the facility. Proper safety protocols and training should be in
place to minimise the risk of accidents or injuries.

Regarding sustainability, AGVs can help reduce energy consumption and emissions
by streamlining logistics and minimising human transportation needs. However, the
production and disposal of AGVs can also have an environmental impact, so it is es-
sential to consider the entire life cycle of the vehicles and take steps to minimise their
environmental footprint. This could include using energy-efficient AGVs, designing
for recyclability, and implementing proper disposal procedures.
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Appendix 1

Each cell has (min, mean, max) over five different (start/goal) nodes for each vehicle,
where each test was run 20 times.

The ID column keeps track of which variables are used in the tests.
 First digit is the size of the layout (1: Small, 2: Medium, 3: Large)
o Second digit is the number of vehicles (1: 5, 2: 10, 3: 15, 4: 20)
o Third digit is if Z3 is optimising or taking the first solution (1: Optimise, 2:
First)

o Fourth digit is which method was used for computing the paths (1: Weighted
Dijkstra, 2: Unweighted Dijkstra, 3: Gurobi)

The Path time (s) is the time it took to compute the paths using Dijkstra or Gurobi,
specified in seconds.

The Overlaps is the objective function for Gurobi, it is the number of overlaps as
calculated by Gurobi. The same calculation was done for the Dijkstra paths to see
what they would have had for the score. This calculation is done by checking, for
each value in all paths, does it have any overlap in the other following paths.

The #Nodes is the total number of nodes in the paths.

The #Conlflicts is the total number of conflicts. This is done by looking at the first
value in all paths and checking if they conflict, then looking at the second value and
SO on.

The Z3 time (s) is the time it took to set up and compute the schedule using 73,
specified in seconds.

The Objective Z3 is the makespan from the Z3 calculation, which means the step
when the latest vehicle is at its destination.

The Total time (s) is the Path time (s) 4+ Z3 time (s) + the time to do all other
calculations.
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Appendix 2

Each figure in this chapter is a scatter plot where the x-coordinate is how long the
scheduling took and the y-coordinate is the objective for that instance. The colour
is used to differentiate between the different ways to compute the paths while the
shape says if it is the first solution or the optimal solution.
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Figure B.1: Small layout, 5 vehicles, seed 1
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Figure B.3: Small layout, 5 vehicles, seed 3
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Figure B.5: Small layout, 5 vehicles, seed 5
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Figure B.6: Small layout, 10 vehicles, seed 1
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Figure B.7: Small layout, 10 vehicles, seed 2
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Figure B.8: Small layout, 10 vehicles, seed 3
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Figure B.9: Small layout, 10 vehicles, seed 4
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Figure B.11: Small layout, 15 vehicles, seed 1
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Figure B.13: Small layout, 15 vehicles, seed 3
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Figure B.15: Small layout, 15 vehicles, seed 5
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Figure B.17: Small layout, 20 vehicles, seed 2
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Figure B.19: Small layout, 20 vehicles, seed 4
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Figure B.20: Small layout, 20 vehicles, seed 5
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Figure B.21: Medium layout, 5 vehicles, seed 1
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Figure B.23: Medium layout, 5 vehicles, seed 3
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Figure B.24: Medium layout, 5 vehicles, seed 4
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Figure B.25: Medium layout, 5 vehicles, seed 5
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Figure B.26: Medium layout, 10 vehicles, seed 1
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Figure B.27: Medium layout, 10 vehicles, seed 2
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Figure B.28: Medium layout, 10 vehicles, seed 3
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Figure B.29: Medium layout, 10 vehicles, seed 4
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Figure B.30: Medium layout, 10 vehicles, seed 5
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Figure B.31: Medium layout, 15 vehicles, seed 1
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Figure B.32: Medium layout, 15 vehicles, seed 2
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Figure B.33: Medium layout, 15 vehicles, seed 3
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Figure B.35: Medium layout, 15 vehicles, seed 5
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Figure B.36: Medium layout, 20 vehicles, seed 1
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Figure B.37: Medium layout, 20 vehicles, seed 2
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Figure B.38: Medium layout, 20 vehicles, seed 3
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Figure B.39: Medium layout, 20 vehicles, seed 4
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Figure B.40: Medium layout, 20 vehicles, seed 5
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Figure B.41: Large layout, 5 vehicles, seed 1
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Figure B.42: Large layout, 5 vehicles, seed 2
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Figure B.43: Large layout, 5 vehicles, seed 3
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Figure B.44: Large layout, 5 vehicles, seed 4
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Figure B.45: Large layout, 5 vehicles, seed 5
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Figure B.46: Large layout, 10 vehicles, seed 1
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Figure B.47: Large layout, 10 vehicles, seed 2
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Figure B.48: Large layout, 10 vehicles, seed 3
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Figure B.49: Large layout, 10 vehicles, seed 4
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Figure B.50: Large layout, 10 vehicles, seed 5
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Figure B.51: Large layout, 15 vehicles, seed 1
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Figure B.52: Large layout, 15 vehicles, seed 2
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Figure B.53: Large layout, 15 vehicles, seed 3
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Figure B.54: Large layout, 15 vehicles, seed 4
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Figure B.55: Large layout, 15 vehicles, seed 5
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Figure B.56: Large layout, 20 vehicles, seed 1
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Figure B.57: Large layout, 20 vehicles, seed 2
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Figure B.58: Large layout, 20 vehicles, seed 3
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Figure B.59: Large layout, 20 vehicles, seed 4
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Figure B.60: Large layout, 20 vehicles, seed 5

XXXV



DEPARTMENT OF ELECTRICAL ENGINEERING

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden
www.chalmers.se

CHALMERS

UNIVERSITY OF TECHNOLOGY


www.chalmers.se

	List of Acronyms
	List of Figures
	List of Tables
	Introduction
	Research objective
	Limitations
	Related Work 
	Thesis Outline

	Problem Definition
	Vehicle Routing Problem
	Automated Guided Vehicles
	General Purpose Solvers
	Challenges
	Real-time Computation
	Large-scale Problems
	Complex Constraints


	Problem Formulation
	Architecture Overview
	System Initialization
	Graph
	Example: Undirected and unweighted graph
	Example: Directed and unweighted graph
	Example: Directed and weighted graph
	Example: Test layout

	Order manager
	Conflicts and Overlaps
	Pathing
	Scheduling
	Mathematical model for the Pathing Problem
	Mathematical model for the Scheduling Problem

	Evaluation
	Test Definition
	Results

	Conclusion
	Further Research and Development
	Ethics and Sustainability

	Bibliography
	Appendix 1
	Appendix 2

