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Abstract

This graduation project focuses on the use of logical time in a grid-based Automated Guided
Vehicle (AGV) system. In AGV systems delay, congestion or deadlock can occur which stops the
system from processing pieces of baggage or parcels. To prevent these conflicts from happening,
the current AgvSorter system of Vanderlande uses traffic control which includes, among other
things, a deadlock avoidance strategy. In this research, a routing strategy with the use of logical
time is introduced which excludes the need for a deadlock avoidance strategy. The goal of this
research is to control the AGV system in a conflict-free manner with the use of logical time.

The logical time algorithm of Lamport [1] defines how a “happened before” relation can be
defined between events of parallel processes. Timestamps are introduced for the communication
between these processes. Seibold [2] used the logical time algorithm to develop reservation rela-
tions for the control of material handling systems. In the grid-based AGV system of this research,
logical clocks are assigned to each tile of the grid layout and every AGV in the system. With
the use of the reservation relations of Seibold [2] a reservation algorithm for the grid-based AGV
systems is developed. The reservations of each AGV are scheduled to infinity and therefore it is
guaranteed by reservation that the AGVs will not result in deadlock.

For the first reservation algorithm, this research used a shortest-distance path search algorithm
and a first come, first served approach. The algorithm aims to find a shortened path for AGVs
with multiple jobs, but it was found by simulation that the algorithm barely succeeded in combin-
ing the paths of these jobs. To improve the AGV system performance, this research investigated
the use of a time-window based routing algorithm.

Literature study resulted in the decision to implement the context-aware routing algorithm of
Ter Mors et al. [3] in the AGV system. The context-aware routing algorithm finds the optimal
shortest-time path by searching through all reachable free time windows of the tiles of the grid
layout. In this way, the algorithm takes into account all reservations of other AGVs and is able
to find a conflict-free path. With the use of logical time, which excludes the impact of delays
and congestion, these found paths are guaranteed deadlock free. In this research, a new design of
the context-aware routing algorithm is proposed. It uses a three staged path search to find the
shortest-time path for paths with two intermediate destinations, the pick-up and drop-off location
of a piece of baggage or a parcel. Besides, an A* heuristic is implemented to reduce the compu-
tational complexity of the path search.

Both path planning and reservation approaches are simulated for different layouts, in addition,
these layouts are used both unidirectional and bidirectional. For the layouts with a high variety
of path options, where AGVs have the possibility to pass each other, the context-aware routing
A* shows a significant improvement of the AGV system performance in terms of the maximum
reserved timestamp and the number of reservations. The algorithm performs even better if these
layouts have bidirectional edges compared to unidirectional edges. For grid layouts with fewer
path options, the layout with unidirectional edges is likely to result in a lower maximum reserved
timestamp and with bidirectional edges in a lower number of reservations.

This research concludes that the logical time can be used to route grid-based AGV systems in
a conflict-free manner. The proposed algorithms guarantee a deadlock free system by reservation
and with the use of logical time, the AGV system is insensitive for delays or congestion. As a
result, the algorithm has eliminated the need for a deadlock strategy, and offers the possibility
to limit the functionalities of the Traffic Control. It is recommended to implement the proposed
context-aware routing A* algorithm in a real-time grid-based AGV system to validate conflict-free
execution of the paths and to find a relation between the logical time and real-time. This research
was conducted entirely in the logical time domain.

The use of Logical Time in a Grid-Based Automated Guided Vehicles System v





CONTENTS

Contents

1 Introduction 1
1.1 Automated Guided Vehicle systems . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Control of AGVs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Research question . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Background 5
2.1 Logical Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Transferring logical time to material handling systems . . . . . . . . . . . . . . . . 6

2.2.1 Deadlock handling and system liveness . . . . . . . . . . . . . . . . . . . . . 7
2.2.2 Routing algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.3 System description GridSorter . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.4 Reservation of resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.5 Grid example scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Absence of deadlocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 Logical Time Algorithm for grid-based AGV systems 15
3.1 System description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.1.1 Centralized control and deadlock exclusion . . . . . . . . . . . . . . . . . . 15
3.2 Path planning approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2.1 Different path planning algorithms . . . . . . . . . . . . . . . . . . . . . . . 17
3.2.2 Shortest-distance path planning . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2.3 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3 Reservations in logical time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.1 Logical time relations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.2 Reservation procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.3 Bidirectional grid example . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3.4 Limit number of reserved jobs per AGV . . . . . . . . . . . . . . . . . . . . 22

4 Logical time-window based routing 25
4.1 Existing time-window based routing algorithms . . . . . . . . . . . . . . . . . . . . 25

4.1.1 Context-Aware Routing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.1.2 Comparison path search result with Dijkstra’s algorithm . . . . . . . . . . . 28

4.2 Context-aware routing for an AGV system with logical time . . . . . . . . . . . . . 28
4.2.1 Three-staged path planning . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.2.2 Element selection based on path length . . . . . . . . . . . . . . . . . . . . 35
4.2.3 Exclusion from driving back and forth . . . . . . . . . . . . . . . . . . . . . 36
4.2.4 Implementation of an A* heuristic . . . . . . . . . . . . . . . . . . . . . . . 37

4.3 Context-aware routing A* algorithm for grid-based AGV systems . . . . . . . . . . 37
4.3.1 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3.2 Computational complexity reduction . . . . . . . . . . . . . . . . . . . . . . 39

5 Path planning performance 41
5.1 Simulation layouts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.1.1 Grid layouts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.2 Performance analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.2.1 Unidirectional grid layouts . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.2.2 Bidirectional grid layouts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2.3 Bidirectional vs. Unidirectional . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.3 Context-aware routing: computational complexity performance . . . . . . . . . . . 50
5.3.1 Unidirectional grid layouts . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.3.2 Bidirectional layouts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

The use of Logical Time in a Grid-Based Automated Guided Vehicles System vii



CONTENTS

6 Conclusions and recommendations 55
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

viii The use of Logical Time in a Grid-Based Automated Guided Vehicles System



1 INTRODUCTION

1 Introduction

Vanderlande, established in 1949, is the global market leader for value-added logistic process auto-
mation at airports and in the parcel market. The company is also a leading supplier of process
automation solutions for warehouses. Vanderlande’s head office is located in Veghel and the com-
pany has more than 6,500 employees. In 2017, Vanderlande was acquired by Toyota Industries
Corporation [4].

Vanderlande’s systems are active in 600 airports and are capable of moving over 4 billion pieces
of baggage over the world per year. Most of the current automation solutions use large conveyor
systems which can transport baggage at a high throughput rate. These systems perform less in
terms of robustness, scalability and flexibility. If a component breaks down, this could influence
the performance of the components in line or could even lead to major congestion. The scalabil-
ity is affected by the low degree of adaptability; in order to increase for example the number of
pick-up points, a reordering of the factory floor is required. The same holds for flexibility since
the systems are not able to pick up or deliver baggage at new, undefined locations. Vanderlande
is developing new technologies to handle baggages, products and parcels with higher robustness,
scalability and flexibility. For baggage handling at airports this is called BAGFLOW [5].

BAGFLOW is a future-proof end-to-end baggage logistics solution. It is a scalable, modular
and innovative concept that integrates the complete journey of a bag. To transport individual
bags in the baggage hall, one of the possible solutions within BAGFLOW is the use of Automated
Guided Vehicles (AGVs). This solution is called FLEET [6] and Figure 2 shows the AGV design of
FLEET. These AGVs are used to transport individual bags or ’batches’ of bags from the check-in
area to the apron.

Figure 2: Automated Guided Vehicle of the FLEET baggage system [6].

AGVs have advantages in terms of robustness, scalability and flexibility compared to existing
conveyor systems. If one of the AGVs in the system has a breakdown, the other AGVs can still
continue processing bags. Therefore, the AGV system is more robust than a conveyor system
where a breakdown of one conveyor element forces the entire line to stop processing bags. If the
system needs to up- or downscale the transport of bags, AGVs can be added or removed from
the work floor easily which results in a scalable system. Besides, the use of AGVs comes with
a high flexiblity because for example a new introduced pick-up point requires no adjustments to
the AGVs except for the controls. Because of these advantages, among others, Vanderlande is
researching the use of AGVs and has developed FLEET [6].

The use of Logical Time in a Grid-Based Automated Guided Vehicles System 1



1 INTRODUCTION

1.1 Automated Guided Vehicle systems

The use of automated guided vehicles is introduced in various market segments like airports,
warehousing and parcel. For these market segments different types of AGVs are developed; for
example automated pallet trucks or shuttle systems. In this research the term AGV refers to the
automated guided vehicles that transport an individual piece of goods like the AGV in Figure 2
which is used by FLEET [6].

The FLEET [6] system that is currently used in the field, uses so-called segment-based con-
trol. This means that the floor space on which the AGVs operate, is subdivided into predefined
segments. These segments are lines over which AGVs can drive. The segment-based layout of the
floor space is defined in such a way that every source or destination is reachable by at least one
line segment. The line segments are used in one direction and may overlap with other segments.
Furthermore, segments must be connected with other segments and interruptions of the segments
must not appear in the layout.

A couple of years ago, Vanderlande started research and development into the use of so-called
grid-based control. For grid-based control the floor space is divided into grid elements which are
connected with their neighbouring grid elements. Grid elements can have different shapes and
sizes; in this research, only grid layouts with squared equally sized grid elements are taken into
account which are called tiles. The tile size in this research is large enough for one AGV to stand
still on and to rotate on without interfering with any other tile or AGV. If driving between neigh-
bouring tiles is possible, this is indicated with edges and these edge all have a certain length and
direction. In this research grid layouts can have unidirectional or bidirectional edges.

In the grid layout it can be the case that not all tiles are driveable, some tiles can be an obstacle
which AGVs need to drive around. Furthermore, tiles can be assigned as a pick-up or drop-off
location of baggage or parcels and a tile can be assigned as parking tile. In Figure 3 an example
of a unidirectional grid layout is given where an AGV is located on the parking tile.

Legend:

Pick-up tile

Drop-off tile

Obstacle

Drivable tile

Parking tile

AGV

Figure 3: Example layout of a grid-based AGV system.

Vanderlande developed the AgvSorter system, which is a simulation model of a grid-based
AGV system which is able to sort all different kinds of objects like baggage and parcels. The
simulation model is developed in MATLAB and is used to compare the performances of different
control models for various grid layouts. The grid layouts used in this research are taken from the
AgvSorter system and used in a stand-alone model which operates in the logical time domain. The
implementation of the developed logical time algorithms in the AgvSorter system is considered
out of scope for this research.

2 The use of Logical Time in a Grid-Based Automated Guided Vehicles System



1 INTRODUCTION

1.1.1 Control of AGVs

Automated guided vehicle systems include a lot of controls like job assignment, path planning
and routing. In this section the different control systems used in the AgvSorter will shortly be
explained, after which the link with this research is clarified.

In AGV systems, jobs arrive and need to be processed by an individual AGV. In this research,
jobs require a pick-up and drop-off of a piece of baggage or a parcel. The jobs have an unknown
arrival time and need to be assigned to an individual AGV. For the AgvSorter system, a Job
Assignment Strategy was developed by Jacobs [7]. This assignment strategy is able to assign jobs
to AGVs under certain constraints such as deadlines, priorities, etc. Therefore, the job assignment
strategy also includes the process of defining the order in which jobs are planned. In this research,
the job assignment is considered out of scope and it is assumed that for every job the arrival time
and assigned AGV are known.

Path planning of AGVs is the search for a path in the grid layout that leads from the source
to the destination. Each path of an AGV corresponds to a job that needs to be executed and the
path is built up of tiles of the grid layout. There are many different path planning approaches and
Chapter 3 will describe some of them. In the AgvSorter system, the Updated Weight Algorithm
developed by Fransen [8] is used for the path planning. Execution of these paths needs to happen
conflict free and without any deadlock occurrence. Deadlocks are situations in which two or more
AGVs are waiting for each other and therefore, none of these waiting AGVs can move forward.
To avoid conflicts and deadlocks, the AgvSorter uses traffic control. Traffic control assigns tiles to
the AGV three steps ahead and releases tiles after the AGV used the tile. The traffic control uses
the Deadlock Avoidance and Detection algorithm of Van Weert [9].

The AgvSorter uses a separate path planning and traffic control strategy which operate inde-
pendent of each other. This means that the path planning only delivers a path and traffic control
takes care of the execution of the path. Traffic control claims the tiles of the path a couple of steps
ahead for the AGV corresponding to the path. Separate path planning and traffic control almost
always leads to the need for a deadlock avoidance strategy. The process of finding a path and
taking care of the execution of the path can also be combined, which is called routing. Routing
includes path planning and reservation, reservations are the act of setting apart a tile to be used by
the AGV corresponding to the path. Routing algorithms have the advantage that crossing paths
are known beforehand and the corresponding paths can be reserved deadlock free, this excludes
the need for a deadlock avoidance strategy.

A disadvantage of routing, is the computational complexity involved in planning and reserving
paths for a grid-based AGV system with multiple AGVs and a larger grid layout. Delays and other
unforeseen congestion require an updated planning, which requires computing power and thereby
increases the computational complexity. With the aim of reducing computational complexity, one
can argue to switch from real time to logical time as previous research of Seibold [2] did. In her
research, the Logical Time algorithm of Lamport [1] was implemented into a Material Handling
System. In the Logical Time algorithm, the order in which AGVs have reserved a tile is leading
and this order remains unchanged after unforeseen congestion. Besides, the logical time algorithm
does not require an updated planning since the logical time only increases with the happening
of an event. For these reasons, the use of logical time can handle the computational complexity
problem of routing algorithms in grid-based AGV systems. No previous research has been applied
to the implementation of the logical time algorithm for AGV systems. Therefore, this research
dives into this research gap and uses the principle of logical time for the control of a grid-based
AGV system. In this research the term “time” refers to the logical time domain in which the
algorithms and AGV system of this research operate.

The use of Logical Time in a Grid-Based Automated Guided Vehicles System 3



1 INTRODUCTION

1.2 Research question

The goal of this research is to use the Logical Time algorithm of Lamport [1] in a grid-based AGV
system. The design of the Logical Time algorithm should be able to reserve the paths of AGVs
in logical time and should thereby exclude deadlocks and the impact of delays and congestion. To
improve the system performance in logical time, a time-dependent routing algorithm with the use
of logical time is developed. The main research question for this thesis is as follows:

How can the principle of Logical Time be used to control a grid-based AGV
system in a conflict-free manner?

To give an answer to the research question, the following objectives are defined.

• Design the logical time algorithm for a grid-based AGV system.

• Improve the AGV system performance in logical time by implementing a time-dependent
routing algorithm with the use of logical time.

• Compare the performance of the implemented algorithms.

1.3 Outline of the thesis

To answer the research question and to cover the previously mentioned objectives, some steps are
taken. These steps are discussed in this thesis in different chapters. An overview of the contents
of these chapters is shown below.

Chapter 2: Background The logical time algorithm of Lamport [1] is described. Furthermore,
the previous research of Seibold [2] on the use of logical time in material handling systems is
described in detail.

Chapter 3: Logical time algorithm for grid-based AGV systems A reservation algorithm
is designed for the use of logical time in a grid-based AGV system. This chapter describes the
designed algorithm and its functionalities, it uses a first-come, first-served strategy and a shortest-
distance path search.

Chapter 4: Logical time-window based routing To optimize the grid-based AGV system
performance in logical time, the context-aware routing algorithm is introduced. This chapter ex-
plains the algorithm, the implementation in logical time and the optimization.

Chapter 5: Path planning performance The path planning and reservation procedure of the
AGV system is simulated with the use of both algorithms. The performances of both algorithms
is measured for various grid layouts and the results are presented in this chapter. Besides, the
computational complexity reduction of the context-aware routing algorithm is measured and the
results are presented in this chapter.

Chapter 6: Conclusions and Recommendations: In this chapter the conclusions on the
research question are presented and the recommendations for further research are described.

4 The use of Logical Time in a Grid-Based Automated Guided Vehicles System



2 BACKGROUND

2 Background

In 2016, Zäzilia Seibold of the “Karlsruhe Institute of Technology (KIT)” published her doctoral
thesis Logical Time for Decentralized Control of Material Handling Systems [2]. In this doctoral
thesis she introduces the logical time algorithm of Leslie Lamport [1] in material handling systems,
in particular the GridSorter system of GEBHART [10].

In this chapter, first the logical time algorithm of Lamport [1] is explained after which the use
of logical time in material handling systems by Seibold [2] is explained. Because both algorithms
do not use an AGV system, the terms processes and resources are used which correspond to the
jobs and tiles of an AGV system. Besides, the term “event” is used which corresponds to the
movement of an AGV. For example, the transport of a parcel from source to destination is called
a process and the path of this process contains resources which can be tiles or conveyor modules.
The movement from one resource to another is called an event.

2.1 Logical Time

The ordering of events in distributed systems brings a high degree of complexity, therefore Leslie
Lamport developed the Logical Time algorithm in 1978. Lamport introduces the “happened be-
fore” relation for the partial ordering of events and gives a distributed algorithm for the total
ordering of all events. Logical clocks are introduced and timestamps are used to express the rela-
tion between the logical clock values of interfering processes.

The “happened before” relation, denoted by “→ ,” describes the relation between the occurence
of events. Lamport defines the following three conditions for the “happened before” relation:

1. If a and b are events in the same process, and a comes before b, then a→ b.

2. If a is the sending of a message by one process and b is the receipt of the same message by
another process, then a→ b.

3. If a → b and b → c then a → c. Two distinct events a and b are said to be concurrent if
a9 b and b9 a.

In Figure 4, a distributed system with parallel processes P, Q and R is given. Each process
consists of various events which are ordered over time; in Figure 4 time is shown on the vertical
axis. Each vertical line defines a different process and the time increases from the bottom to
the top. The events of these processes are ordered and between each event of the same process
the ”happened before” relation holds. Causal relations between the processes are defined by the
sending of a message and its reception, this is shown by the wavy arrows. It can be found that the
event p1 happens before q3 because they are connected by a set of causal relations: a “happened
before” relation between the events p1 and q2 and between the events q2 and q3. The events p3 and
q3 are found to be concurrent since there is no causal relation defined between these two events.

The use of Logical Time in a Grid-Based Automated Guided Vehicles System 5



2 BACKGROUND

Figure 4: Distributed system: parallel processes with multiple events and causal relations from
[1].

Logical clocks Ci are introduced for each process Pi and these logical clocks keep track of the
logical time value of the process. A logical time value Ci〈a〉 is added to any event a of process Pi

and with the occurrence of any event a the logical clock Ci takes over the value Ci〈a〉. The logical
clocks are independent and keep track of their own value; their value can only increase and has
no relation with the real-time. For these logical clocks, the following condition needs to hold:

For any events a, b: if a→ b then C〈a〉 < C〈b〉.

Lamport introduces timestamps Tm to express the relation between the logical clocks of two
processes. If event a is the sending of a message m by process Pi, then the message m contains
a timestamp Tm = Ci〈a〉. If event b is the reception of that message m by process Pj , then the
logical clock value Cj〈b〉 ≥ Tm. Besides these timestamps, Lamport introduces for each process a
request queue which is never seen by any other process. This means that these queues are only
seen by the process itself, communication between the processes only happens using a timestamp.
In his paper Lamport [1] defines an algorithm for the use of resources by various processes with
the use of request queues.

2.2 Transferring logical time to material handling systems

Seibold [2] combines the logical time algorithm of Lamport [1] and the time-window based routing
algorithm into new control algorithms for the path reservation and transport of parcels in the
GridSorter system [10]. In this section the principle of routing, various routing strategies and
time-window based routing are explained. A system description of the GridSorter system [10] is
given, after which the implementation of the logical time algorithm by Seibold is explained. The
reservation method is explained and an example case is shown, finally the exclusion of deadlocks in
the system is explained. But first, the deadlock handling and system liveness for material handling
systems is described.
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2.2.1 Deadlock handling and system liveness

To have a functioning system, the system should have liveness guarantees. System liveness defines
that in material handling systems each moving object, for example a parcel or AGV, should be able
to reach their destination at some point in time. Deadlock handling is an important requirement
to ensure this liveness, therefore it has been widely studied in the field of resource allocation.
Tanenbaum and Bos [11] define a deadlock as follows:

A set of processes is deadlocked when every process in the set is waiting for a resource
that must be released by another process in the set.

For a deadlock to occur, there are four conditions that must coexist according to Coffman et al.
[12]. If one of these four conditions can be excluded, the risk of a deadlock occurrence is barred.
The four conditions and their definition are as follows:

• Mutual Exclusion Each resource is either currently occupied by exactly one process or is
available.

• Hold and Wait Processes currently holding resources that were granted earlier can request
new resources.

• No Preemption Resources previously granted cannot be forcibly taken away from the
process. They must be explicitly released by the process holding them.

• Circular Wait There must be a circular chain of two or more processes, each of which is
waiting for a resource held by the next member of the chain.

Only if all four conditions hold, a deadlock occurs in the material handling system. The Mutual
Exclusion condition is true because every resource can only process one object at the time. The
object occupies the resource until it can transport to the next resource, this happens when the
next resource is released. Therefore, the Hold and Wait condition is true because the object holds
the resource and waits on the resource until the next resource becomes available for transport. The
third condition is true because the previously granted resource can only become available if the
object drives to the next resource and releases the previous resource. Therefore, the only condition
that can be taken care of to avoid deadlocks is the circular wait; the other three conditions are
always present for material handling systems like the GridSorter [10] or AgvSorter. In Figure 5
two deadlock situations are shown with circular wait. Figure 5a shows two objects with opposing
paths that are waiting on each other. Figure 5b shows four objects waiting in a loop for the next
resource of their path to become available.

(a) Opposing paths. (b) Circular wait.

Figure 5: Two deadlock situations.

Livelock and starvation are related problems which might occur in the system and impede
the processes of their termination as deadlocks do. A livelock occurs when several processes re-
peatedly switch between resources without progressing. Starvation is the situation in which a
certain process tries to use a resource, but repeatedly fails to reserve the resource. For example,
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because other processes have a higher priority and therefore the resources are used by these higher
prioritized processes. In this way, no resource is reserved by the process and therefore the process
will never terminate since it is not able to use any resource.

Now, the challenge arises to prevent deadlock from occurring. In the current grid-based AGV
system, AgvSorter, traffic control handles the deadlock occurrence and system liveness. In Sec-
tion 1.1.1 it is mentioned that the path planning and reservation algorithm can be combined into
a routing algorithm which has advantages in terms of deadlock handling. In her research, Seibold
[2] uses a routing algorithm and excludes the occurrence of any deadlock in the material handling
system. Therefore, the next section will dive into the principle of routing and different routing
strategies.

2.2.2 Routing algorithms

The term routing can have different definitions depending on the field of application. In this
research the term routing is referred to as defined by Qiu et al. [13] which is as follows:

Routing is the mission to find a suitable path for every object from its source to a
destination based on the current traffic situation; and control the execution of the
found path.

The routing decision involves two issues: It should detect whether there exists a path from origin to
destination and the found path should be feasible. This means that the path must be congestion-,
conflict- and deadlock-free according to Taghaboni and Tachoco [14].

There are different types of routing algorithms that can be used for material handling systems,
these differences can be explained based on three criteria. These three criteria are as follows:

• Path planning can be done for every individual object or for a group of objects moving
to the same destination. The path planning for a group of objects corresponds to the
principle of forwarding packages in virtual circuits in communication networks as described
by Tanenbaum [15].

• Path planning can be done before and during the execution of the path. This distinction
is called static and dynamic routing according to Qiu et al. [13]. Static routing plans and
reserves the complete path before execution, while dynamic routing means that during the
execution of the path, the remaining path is planned and reserved.

• Path planning can be performed depending on the time and regardless of the time. This
distinction is called different names by many authors, in this research it is referred to as
time-independent and time-window-based routing.

The three routing criteria lead to various routing algorithms and some of them are shown in
Figure 6. If the routing criteria “Routing for a group of objects” and “Routing for each individual
object: Dynamic” were also further broken down, this would result in a total of 8 routing strategies.
Within these routing strategies, various routing algorithms are developed by previous researches
which can have for example, different path planning approaches.
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Figure 6: Criteria for routing and four resulting routing strategies.

For material handling systems, like the grid-based AGV system, the routing of each individual
object is preferred because of the sorting function of the system. Thereby, the use of predefined
paths can lead to deadlocks because of crossing paths where two AGVs with an equal priority level
wait for each other to use the resource. This requires deadlock handling during the execution of
the paths.

Control systems with dynamic routing take routing decisions during the execution of the path.
Taghaboni and Tanchoco [14] proposed a dynamic routing algorithm with the aim of using a path
which results in the shortest travel time. The algorithm selects the next resource for the object
to move to, based on the status of neighbouring resources and information of the overarching
control system. After each move, the algorithm selects the next resource until the object reached
the destination resource. For systems with long bidirectional lanes, this approach could result in
deadlocks where two opposing objects wait for each other. In other systems, the dynamic routing
strategy gives the possibility for objects to give way to each other. Therefore, the deadlock occur-
rence is system layout dependent. All systems with dynamic routing require deadlock handling
strategies for the control algorithms. These strategies should detect deadlocks and solve them by
prioritizing one of the objects.

Time-independent routing finds a path from source to destination and reserves the entire path
time-independent. This means that the resources of the path are set apart to be used by the
moving object until the object passed the resource. In the meantime, no other object can use the
reserved resources. Since the entire path is reserved before execution, the path can be reserved
deadlock free. It is known upfront if the reservations of the path result in the object reaching
its destination or not. For system with multiple moving objects and crossing paths, the time-
independent routing is undesirable since the resources are reserved indefinitely while they cannot
be used by another object.

Time-window based routing, reserves the path of the object from source to destination in
advance for the required amount of time to execute the path. This means that for every resource
of the path, only the time window in which the transport of the object takes place is reserved.
This negates deadlocks because for each object the path is known upfront and by reservation it
is known at what time the object arrives at the destination resource. Issues can still occur in
the system when transport of the object is delayed and therefore the planning of the reservations
is no longer correct. This can be remedied by increasing the size of the reserved time windows
or by adhering to the order of reservation regardless of the delay. In the research of Seibold [2],
time-window based routing is used and the system adheres to the order of reservations in logical
time.
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2.2.3 System description GridSorter

The GridSorter system [10] is a material handling system that sorts parcels with the use of con-
veyor modules. Each parcel has its own specific destination to which it needs to be transported.
In Figure 7 the GridSorter system is shown, each conveyor module is able to transport the parcel
in four directions. Each conveyor module is defined as a resource and is assigned their own Logical
Clock Ci. Every parcel in the system that needs to be transported is defined as a Process Pi

with i being the set of events in the process. A process consists of the complete transport of the
parcel from the source to the destination and every movement of this transport is defined as an
event. For example, the entrance of the parcel to a conveyor module is an event and the parcel
leaving this conveyor module is another event. Timestamps will be created for all events of the
processes. The two timestamps corresponding to a process leaving one resource and entering the
neighbouring resource, are set equal. These two events happen at the same time and therefore
their timestamps need to be equal. The logical clock values of the two associated resources take
the value of this timestamp and thereby synchronize their logical clock values. The GridSorter
[10] system uses timestamps to request, reserve and release the resources of the processes. Various
relations are defined for the timestamps of events and these relations are described in Section 2.2.4.

Figure 7: The GridSorter system [10] with one parcel.

For material handling systems, Seibold [2] chose to let the resources send messages to other
resources and let the resource take decisions; in contrast to the logical time algorithm of Lamport
[1] where processes send messages and take decisions. Since the resources take decisions, Seibold
was able to introduce decentralized control which means that each resource has their own control
system instead of the system having an overarching control system. For the GridSorter [10] this
means that each conveyor module has their own control and makes their own decisions. For
example, conveyor modules communicate with their neighbouring conveyor modules before the
transport event of a parcel because for each transport, two conveyor modules are needed. In this
way, the conveyor modules are able to decide whether the transport of the parcel can start or not.

2.2.4 Reservation of resources

The reservation decisions are taken locally by the resources, which means that the control of the
resource decides whether a process can reserve the resource for a certain time window or not. The
reservation of resources happens with the use of logical timestamps and this will be explained
based on the timestamp relations of Seibold [2].
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The reservation of a resource is defined by two timestamps. One timestamp for the incoming
event of the process and one timestamp for the outgoing event. The reservation is defined by
the pair of these two timestamps. Equation 1 defines the reservation of resource Ri for process
Pa by the incoming timestamp Tin and outgoing timestamp Tout. It is defined that the outgoing
timestamp should always be larger then the incoming timestamp, this ensures that events only
happen on increased clock times. Figure 8 visualizes the incoming and outgoing timestamp of
process Pa.

Figure 8: Timestamps corresponding to an reservation [2].

[Tin(Pa, Ri), Tout(Pa, Ri)] with

Tin(Pa, Ri) < Tout(Pa, Ri)
(1)

The transport of process Pa from resource Ri to resource Rj has to take place on a synchronized
timestamp. Each resource has its own logical clock and the values of these logical clocks can vary
from each other depending on how many events have taken place at the resource. To make
transport possible the logical clocks of the resources should align. For process Pa this means that
the outgoing event at resource Ri should take place at the same time as the incoming event at
resource Rj , this is shown in Figure 9 and Equation 2 gives the corresponding equation.

Figure 9: Timestamps corresponding to a transport step[2].

Tout(Pa, Ri) = Tin(Pa, Rj) (2)

For two processes which both want to use resource Ri it should be defined that the outgoing
event of one process should take place before the incoming event of another process. This means
that the timestamp of the outgoing event should have a lower value then the timestamp of the
incoming event. For process Pa, Pb and resource Ri this is shown in Figure 10 and defined in
Equation 3.
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Figure 10: Timestamps for two processes using the same grid element[2].

Tout(Pa, Ri) < Tin(Pb, Ri) (3)

Finally it is defined that the logical clock value Ci of the resource Ri is less than or equal to
the timestamp of the incoming event Tin. This means that the incoming event of process Pa in
Equation 4 can only take place at a higher logical clock value. In this way, it is never possible
to reserve a resource in the past which is in line with the property that logical clocks can only
increase there value.

Ci ≤ Tin(Pa, Ri) (4)

The above described timestamp and logical clock relations define the reservation method of
resources by various processes. After a parcel is transported successfully to the next resource, the
following actions take place:

1. The resource Ri is released.

2. Ri deletes the reservation of process Pb from its reservation register because all related
transport steps of process Pb on resource Ri have been performed.

3. Process Pb requests the next resource Rk.

4. Rj sets its logical clock to the timestamp of the outgoing transport, see Equation 5.

Cj := Tout(Pb, Rj) (5)

2.2.5 Grid example scenario

It might happen that some resources are used more often compared to others, an example is shown
in Figure 11 from Seibold [2]. In Figure 11 a lot of boxes have been transported from East to
West, therefore the logical clock values of these tiles have increased. The other tiles have not been
used and therefore still have a logical clock value of 0. This scenario is shown in the left side of the
figure where the reservation of the process Pa is shown. All timestamps of the reservation lie in
the future logical time and therefore the reservation is valid. The right side of the figure shows the
situation after completion of the transport of process Pa. It can be found that after transport, the
clock values of the tiles have been updated by synchronizing with their neighbouring tiles. Some
logical clocks have skipped time steps to synchronize with neighbouring tiles with higher logical
clock values. If the timestamp of the incoming event and the outgoing event differ, the time steps
in between are skipped and the highest logical clock value is taken because clock values may only
increase.
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Figure 11: A conveying network before (left) and after (right) the transport process of box a. [2]

2.3 Absence of deadlocks

The use of logical time in material handling systems prevents the occurrence of any deadlocks. In
this section, it is explained why the system does not have any deadlocks according to the research
of Seibold [2]. Seibold proved a material handling system to be deadlock free if the system follows
the reservation conditions of Section 2.2.4. For this proof, Seibold introduced three granting
conditions which are as follows:

1. Resource Rj is requested by process Pb before transport. This condition guarantees that the
sending resource is ready for the transport to be started.

2. Resource Rj has performed all transport steps with lower timestamps and deleted the rel-
evant reservations. Therefore, resource Rj can be granted to process Pb if it does not keep
a precedent reservation for any process Pa with Tout(Pa, Rj) < Tin(Pb, Rj). Like this, the
resource only performs the transport step with the lowest timestamp. This guarantees that
the transport steps of the accepted reservations are performed in the previously defined
order.

3. Resource Rj needs to be free, i.e. not held by any other process. This condition is related
to the physical feasibility of a transport and guarantees that no collisions occur.

The clock values in the system can only increase as defined by Equation 1 because every out-
going event should always have a higher timestamp than the incoming event. This means that for
every event that happens, the logical clock value of the corresponding resources increases. In case
of a deadlock, no event takes place and therefore the clock values of the system would remain its
current value indefinitely. If it can be proven that the clock values will eventually increase, this
means that no deadlock has occurred. In this way, it can be proven that the system is deadlock
free. First it will be explained how the three granting conditions for the resources are met if the
processes are in a wait position on one of the resources.

In Section 2.2.2 it is mentioned that the system uses a time-window based routing algorithm.
This routing algorithm reserves each resource of the found path for the time window in which the
resource is used. These reservations are made for the entire path before it is executed. This means
that for each resource of the path, a specific time window is reserved for the object to pass the
resource. Because the entire path is reserved before execution, this means that all resources of the
path are already requested. Therefore, the granting condition 1 is fulfilled.
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Granting condition 2 is met because the reservation conditions of Equation 3 defines that for
any resource Rj and processes Pa and Pb it holds that Tout(Pa, Rj) < Tin(Pb, Rj). The logical
clock value can never decrease and therefore the resource Rj of granting condition 2 will never
hold any process Pa with Tout(Pa, Rj) < Cj .

Finally, granting condition 3 prescribes that process Pa cannot be transported to the next
resource if it is not available. Therefore, the process Pa can only hold the resource if the requested
resource Rj is not ready for transport. This means that the requested resource is not released by
the previous process as could happen in the circular wait scenario of Figure 5.

In the system a process can only hold a resource if the next requested resource is not released
by the previous process. The path of a process is reserved in advance from entering the system up
to and including leaving the system. Therefore it is guaranteed by reservation that the previous
process will release the resource at some point in the future if it transports to the next resource.
In the circular wait scenario of Figure 5 the processes wait for each other to release their resource.
Time-window based routing reserves all processes before execution and therefore it is known in
advance when the resource will be released. This property of the routing algorithm ensures that
granting condition 3 can ultimately always be met. Finally it is proven that the three granting
conditions are met and therefore the system is deadlock free.
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3 Logical Time Algorithm for grid-based AGV systems

To control the grid-based AGV system in a conflict-free manner, without any congestion or dead-
lock occurrence, this research designed a logical time algorithm. The algorithm reserves paths in
the logical time domain. In this chapter, the path planning approach and reservation algorithm
are presented and described in detail.

3.1 System description

The logical time reservation algorithm is designed for a grid-based AGV system. This means
that the AGVs operate on a predefined grid. The floor space of the system is called the grid
and this grid is subdivided into tiles, this research only uses equally sized squared tiles which
are large enough for 1 AGV to pass or turn in. In Figure 3, a 3 by 3 grid layout example with 8
driveable tiles is shown. This is an unidirectional grid layout and the edges are indicated by arrows.

As described in Chapter 2, each system consists of resources and processes and both the re-
sources and processes have their own Logical Clock Ci. For grid-based AGV systems it is defined
that each tile is a resource and that AGVs are the moving objects that execute the processes of the
system. Compared to the GridSorter [10], this means that the tiles correspond to the conveyor
modules and the AGVs correspond to the moving object, i.e. parcels .

Each process that needs to be executed by an AGV corresponds to a job that arrives at the
system. These jobs are the order for a pick-up and drop-off of an object like a piece of baggage or
a parcel. Therefore, each process should exist of an AGV executing a path that visits the pick-up
tile and drop-off tile that corresponds to the job. Besides, the process of the AGV should end at
a parking tile, in Section 3.1.1 it is explained why. This means that each process should consist
of an AGV executing a path that leads to a parking tile via the pick-up and drop-off location of
the job.

The jobs that arrive at the system arrive at a certain time and need to be assigned to an
AGV. In the AgvSorter model these jobs are assigned to an AGV by the Job Assignment Strategy
developed by Jacobs [7]. For this research, it is assumed that each job already is assigned to an
AGV. This means that each job at least contains an arrival time, assigned AGV, pick-up tile and
drop-off tile.

3.1.1 Centralized control and deadlock exclusion

The AGV system uses centralized control which keeps track of all tiles and processes of the system.
The overarching control system keeps track of all reservations in the system, which means that it
keeps track of which tile is set apart by a reservation for which AGV. Jobs enter the system and
for each job it is already known to which AGV the job needs to be assigned. The control system
uses a path search function to find a path that fulfills the job. The tiles of the found path are
reserved by the reservation algorithm of the control system, the reservation algorithm is explained
in Section 3.3. The control system sends to each AGV the tiles it needs to drive if these tiles
are available. Therefore, the control system keeps track of the position of the AGVs. If an AGV
leaves a tile, this means that the reservation is over and the tile becomes available to be used for
the next reservation. The execution of these reserved processes by the control system is not in the
scope of this research.

In Section 2.2.1 four conditions are described that can lead to a deadlock in the system. Three
of these conditions are always true in the given system and only the circular wait condition needs
to be taken care of to exclude the risks of deadlock. In Section 2.3 the proof of deadlock absence by
Seibold [2] is explained for material handling systems. This proof also holds for grid-based AGV
systems if for each path in the AGV system all tiles are reserved. In this way, it is guaranteed
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that the AGV reaches the destination deadlock free.

The GridSorter system [10] is proven deadlock free if it is guaranteed that every parcel in the
system reaches its destination because the parcel leaves the system at the destination. For AGV
systems, this is does not hold because after the parcel leaves the system, the AGV remains in the
system. Therefore, for AGV systems it also needs to be proven that the system is deadlock free
after the AGV finished its job.

If an AGV can start processing a new job directly after finishing the previous job, the reserva-
tions of this new job guarantee that the AGV can reach the pick-up tile and drop-off tile of this
new job deadlock free. It might also happen that AGVs are not directly assigned a new job or
that no path can be found for the new assigned job. If in this case the AGV has no reservation at
any tile, the system is no longer proven deadlock free. To maintain the absence of deadlocks, it is
decided that each AGV must at least have one reservation of a tile at any point in time.

It could be decided that the AGV should have an infinite reservation at the drop-off tile of the
job such that the AGV is allowed to wait for the next job to be assigned. In this way, the AGV
does not require any additional driving because the path for the next job can be planned from the
drop-off tile to the pick-up tile of the next job. A disadvantage of this approach is the occupation
of the drop-off tile by the AGV for an undefined amount of time, because the arrival time of the
next job is unknown. This means, that as long as there is no new job assigned to the AGV, the
drop-off tile cannot be used by any other AGV. This is undesirable as it withholds other AGVs
from using the drop-off tile and thereby negatively affects the performance of the entire system.

The AGVs can wait at any tile in the grid layout for the next job to be assigned, if the AGV
has a reservation for an infinity duration at the tile. An AGV with an infinite reservation of a
driveable tile, forces other AGVs to drive around and thereby influences the performance of the
AGVs. On the parking tiles of the grid layout, the AGVs can wait for an infinite duration without
interfering with any other AGV. It is therefore decided that after an AGV reaches the drop-off
tile of the job, it should drive to a parking tile where it can wait until the next job is assigned.

To make sure that every AGV in the system has the ability to wait for an infinite duration at
a parking tile, it is decided in this research; that the number of AGVs should always be less or
equal to the number of parking tiles in the grid layout. Each AGV is assigned its own parking tile,
which cannot be used by any other AGV such that the AGV is always able to use its own parking
tile. Because it is unknown when the next job arrives at the system and therefore unknown when
the next job is assigned to the AGV, it is decided that every process of an AGV should end at
the parking tile with a reservation until infinity. This means, that the path that corresponds to
a job should not only visit the pick-up and drop-off tile but should also end at the parking tile
of the AGV. In this way, the AGV has always a reserved path to the parking tile and thereby
is guaranteed to reach the parking tile deadlock free. If the AGV is assigned the next job while
the process of the previous job is not finished, the path planning aims to find a path from the
drop-off tile to the pick-up tile without the need of driving back to the parking tile. This new
path that starts at the drop-off tile of the previous job instead of the parking tile is called the
“shortened-path”.

3.2 Path planning approach

The jobs that arrive at the system are fulfilled by the processes of the AGVs. These processes
contain the execution of the pick-up and drop-off of the job and driving back to the parking
tile of the AGV after the drop-off. A path planning algorithm is used to determine the path of
the process. In this section different path planning approaches are described and the choice for
the Shortest-Distance Algorithm is explained. Finally the implementation of the path planning
approach is described.
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3.2.1 Different path planning algorithms

Path planning is a computational problem to find a valid sequence of tiles that brings the AGV
from the source to destination. Many researches have been applied to the field of path planning
with the aim of, among other things, maximizing the throughput of the system. The differences
between these path planning approaches are mentioned in this section.

Path planning approaches can be zone-based or free, which depends on how the grid layout
is defined. For zone-based path planning approaches, the layout is subdivided into zones and
restrictions are defined on how to use these zones. For example, the number of AGVs that can
use a zone at the time can be limited to one AGV. Movement between the zones might not be
possible for all zones, therefore edges define between which zones movement is possible and in
which direction. The grid layouts used in this research are subdivided into equally sized tiles,
and these tiles can be defined as zones. Therefore, only zone-based path planning approaches are
investigated in this research.

In path planning approaches a difference is made between systems where jobs arrive in an
online and offline manner. If jobs arrive at an AGV system while other jobs are already planned,
these jobs arrive in an online manner. For jobs to arrive in an offline manner, all jobs need to be
known before execution of the path planning approach. In this research, the job arrival time is
spread over time and jobs can arrive while the system is already in process. Therefore, the path
planning algorithm should be able to handle online job arrival.

The path planning approach can function static or dynamic. This difference has to do with
whether the path is fixed or not before the execution of the path. For static path planning ap-
proaches, the path is fixed before execution of the path. While dynamic path planning approaches
can adjust the path during execution of the path and thereby allow replanning. Dynamic path
planning has the advantage that AGVs can give way to other AGVs or can replan the path when
congestion occurs. Static path planning has an advantage in terms of complexity, which is less
compared to dynamic path planning approaches.

For the AGV system of this research, it is chosen to investigate zone-based, static path plan-
ning approaches that work with online job arrival. The tiles of the grid represent the zones of the
path planning. The staggered arrival of jobs over time corresponds to online job arrival. Because
this research focuses on the reservation procedure in logical time, it is preferable to use a relatively
less complex path planning approach.

Path planning approaches may try to find a path that maximizes the throughput of the sys-
tem, this can be done based on distance or time. This results in a subdivision of shortest-distance
and shortest-time approaches. The most famous shortest-distance path planning approach is the
Dijkstra’s algorithm [16]. Shortest-time approaches have the aim of finding a path that arrives at
the destination as early as possible. Researches of the last decades have resulted in various time-
dependent path planning approaches, like the updated weights approach of Fransen [8] which is
used in the AgvSorter.

The shortest-distance path planning approach can be both static and dynamic and with online
job arrivals. The approach is time-independent and does not take into account other reservations,
therefore this approach is less complex compared to time-dependent approaches. Further research
into time-dependent path planning approaches could optimize the performance of the system in
terms of throughput. In Chapter 4, time-window based routing algorithms with a shortest-time
path planning approach are investigated.

The use of Logical Time in a Grid-Based Automated Guided Vehicles System 17



3 LOGICAL TIME ALGORITHM FOR GRID-BASED AGV SYSTEMS

3.2.2 Shortest-distance path planning

The shortest-distance path planning approach used is the Dijkstra’s algorithm [16]. The grid lay-
outs of this research can be translated into graphs with nodes and edges. Each tile in the grid
is represented by a node and the edges between these nodes correspond to the edges in the grid
layout. Because every edge has a certain direction, a directed graph representation of the grid can
be created. Weights can be added to the edges of the graph to represent the costs of driving along
an edge. In shortest-distance path planning, these costs can be equal to the length of an edge in
metres. This research only uses grids with equally sized tiles and therefore all edges could have
equal weights, exceptions are made for parking tiles assigned to other AGVs. A 3 by 3 grid ex-
ample with two red colored AGVs is shown in Figure 12. Next to the grid, a graph representation
is shown with a highlighted path for AGV 1 from tile 7 to parking tile 2 colored in red.

(a) 3 by 3 layout with 2 AGVs.
(b) Graph representation including weights with a high-
lighted path.

Figure 12: Grid example with a corresponding graph representation.

In Section 3.1.1 it is decided that every AGV has their own parking tile and that every planned
path of an AGV should end at this parking tile with a reservation until infinity. The shortest-
distance path planning may find a path for an AGV that uses the parking tile of another AGV to
reach the destination with the shortest distance. Because the path planning is time-independent,
it is unknown if the parking tile that needs to be passed is available at any point in time. In
addition, it is known for sure that the last reservation on the parking tile is from the AGV that
is assigned to the parking tile and that this reservation is until infinity. To ensure that the found
path can be executed, it is decided that the shortest-distance path planning cannot use the parking
tiles assigned to other AGVs. For the graph representation, it is therefore decided to increase the
weight of the edges that lead to parking tiles that are assigned to other AGVs. In this way, it
never happens that any other AGV uses the parking tile except the AGV to which the parking
tile is assigned. In Figure 12b it can be found that the edges that lead to parking tile 5 have the
weight infinite (Inf). A shortest-path search for AGV 1 to the parking tile 2 leads to the path
colored in red in Figure 12b.

The Dijkstra’s algorithm [16] finds the shortest path from one node to all other nodes of
the system. The algorithm starts at the source node and calculates the costs to move to all
neighbouring nodes. These costs are saved and the node with the lowest costs is visited next and
marked. Now the costs to move to all neighbouring nodes of this marked node are calculated and
saved. Of all these saved nodes, the algorithm now chooses the node with the lowest costs and
marks this node. For this marked node, the costs to move to all neighbouring nodes are saved.

18 The use of Logical Time in a Grid-Based Automated Guided Vehicles System



3 LOGICAL TIME ALGORITHM FOR GRID-BASED AGV SYSTEMS

The algorithm again chooses from all saved nodes the node with the lowest costs and proceeds
this process until the visited node is equal to the destination.

3.2.3 Implementation

The shortest-distance path planning approach is used to determine the paths of the AGVs. As
mentioned in Section 3.2.2 the graph representation increases the weights that lead to parking tiles
assigned to other AGVs. Therefore, a different graph representation is created for every AGV;
these different graph representations are used for the path planning.

To fulfill the jobs in the system, the paths must pass a pick-up and drop-off tile. This means
that each path has three destinations it needs to reach in the following sequence: first the pick-up
tile, then the drop-off tile and finally the parking tile. The path is subdivided into three stages
with each their own destination. For every stage Dijkstra’s algorithm is used to find the shortest
distance path towards the intermediate destination, the paths of these three stages are combined
into one path that fulfills the job of the AGV. In Figure 13 the three stages are visualized for the
3 by 3 grid of Figure 12a. The paths of these stages are described as follows:

• Stage 1: Path from source to pick-up tile.

• Stage 2: Path from pick-up tile to drop-off tile.

• Stage 3: Path from drop-off tile to parking tile.

Figure 13: Three staged path planning for a 3 by 3 grid layout.

In the example of Figure 13 the first stage starts at the parking tile. For static path planning
this is always true, because every process ends at a parking tile; which means that the last des-
tination of the previous process is the parking tile. The path for the new job can then be planned
from this parking tile and the control system does not re-plan the path during execution. The
system has online job arrival, which means that it may happen that a new job is assigned to the
AGV while the previous job is not fulfilled jet. In this case, driving back to the parking tile may
not be necessary and the overall path can perhaps be shortened. The third stage becomes obsolete
and the path planning approach can search for a shortest distance path from the drop-off tile of
the previous process to the pick-up tile of the new process. For the path corresponding to the new
job, this means that the source of stage 1 is equal to the drop-off location of the previous process.

The shortest-distance path planning approach is time independent and therefore the shortened
path may interfere with the processes of other AGVs. A feasibility check needs to be performed
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before the previous process is re-planned. If the shortened path is feasible, the previous process is
replanned and the path of the new process starts at the drop-off location of the previous process.
If no feasible path was found, the path of the previous process remains the same and the path
planning approach for the new path starts at the parking tile. This means that the outcome of
the feasibility check defines what the source of the first stage of the path planning is. The source
of the shortened path could be any tile of the path of the previous process from the drop-off tile
to the parking tile. In this model, it is decided that the source can only be the previous drop-off
location or the parking tile. Re-planning of the previous process means that the path planning
approach is converted into a dynamic approach.

3.3 Reservations in logical time

In this section the reservation algorithm for the grid-based AGV system with the use of logical
time is presented. For the presented reservation algorithm, the term reservation refers to the
following definition:

Reservations are the act of setting apart a logical time window of a tile for an AGV.

This means that every reservation is the act of blocking one tile for a defined logical time
window to only be used by the AGV corresponding to the reservation. The reservation is linked
to one AGV and this specific AGV can use the tile during the reserved logical time window. For
the process of an AGV, every tile of the route needs a reservation. Therefore, the number of
reservations of a process is equal to the number of tiles of the route.

3.3.1 Logical time relations

Each tile in the grid layout and every AGV in the system has its own logical clock. The AGVs
execute jobs and the process corresponding to a job contains a route that goes via a pick-up and
drop-off tile to a parking tile. All tiles of the routes of the AGVs require a reservation. For these
reservations, the timestamp relations of Seibold [2] described in Section 2.2.4 are used. This means
that every reservation is defined by two timestamps, an in and outgoing timestamp.

3.3.2 Reservation procedure

Now the path planning approach and logical time relations are explained, the reservation proced-
ure can be described. For every job in the system, the path planning approach finds a route to
fulfill the job. This route is the input of the reservation procedure and every tile of the route is
reserved with two timestamps. In order to save these reservations, every tile has its own register
where the timestamps of the reservations are saved with the index of the corresponding AGV.
With this register, the control system can keep track of which AGV is allowed to use the tile at
what timestamp.

The reservation of the tiles are made on the first come, first served basis. This means that the
highest priority is given to the first arrived job. The jobs are reserved in the sequence in which
the jobs arrive at the system and when reservations of tiles are made at the back. For this reason,
the reservation of a tile is at least one timestamp higher then the maximum reserved timestamp
of the tile. The registers of the tiles are used to determine the maximum reserved timestamp.

The reservation procedure of processes in the grid-based AGV system can be found in Al-
gorithm 1. The route of the process is the input of the procedure, the route starts at the source
tile and ends at the parking tile. The source tile can either be the parking tile or the drop-off tile
of the previous process of the AGV. For the source tile the previous process already reserved an
in and outgoing timestamp, the outgoing timestamp is replanned by the reservation procedure of
the new process.
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Algorithm 1 Reservation procedure in logical time.

Input: Path (Pi) = [rs, ri, ri+1, ... , rp], source tile rs and parking tile rp. Timestamp registers
per tile Tin(ri) and Tout(ri) and reservation [Tin(Pi−1, rs), Tout(Pi, rs)] of the AGV.
Output: Reserved path (Pi) with for each tile: [Tin(Pi, ri), Tout(Pi+1, ri)].

1: Tmove = max( Tin(Pi−1, rs), max(Tout(ri)) ) + 1
2: Tout(Pi, rs) = Tmove ∧ Tin(Pi, ri) = Tmove

3: while ri 6= rp do
4: Tmove = max( Tin(ri), max(Tout(ri+1)) ) + 1
5: Tout(Pi, ri) = Tmove ∧ Tin(Pi, ri+1) = Tmove

6: i = i + 1

7: Tout(Pi, rp) = ∞

In line 1, the timestamp of the first move Tmove is defined. The maximum is taken of the
reserved incoming timestamp at the source resource rs of the previous process Pi−1 and the
maximum reserved outgoing timestamp that is registered at tile ri; the found maximum is increased
increased by one. In line 2, the outgoing timestamp of the source tile rs and the incoming
timestamp of tile ri are reserved with the timestamp of the move Tmove. From line 3, the algorithm
continues as long as the current tile ri that needs a reservation is not equal to the parking tile rp,
otherwise the algorithm finishes at line 7. Every iteration, the algorithm defines a new timestamp
to move to the next tile Tmove in line 4. The registers with timestamps of resource ri are used to
define the timestamp of the move. The outgoing and incoming timestamp that correspond to the
move from tile ri to the next tile ri+1 are reserved with the value of this timestamp Tmove in line
5. If the tile ri that needs a reservation is equal to the parking tile rp, the outgoing timestamp
of this parking tile is reserved with a value infinite. Now the complete path is reserved and each
reservation has two reserved timestamps as required.

3.3.3 Bidirectional grid example

In Figure 14 a 4 by 4 grid layout with 16 tiles is shown. The grid layout contains 1 pick-up tile, 1
drop-off tile and 4 parking tiles. There are 4 AGVs in the system and in Figure 14 the AGVs are
placed on their own parking tile. All the edges of the grid are bidirectional and can therefore be
used in both directions. In this example, the grid layout is used by 4 AGVs and there arrive 16
jobs in the system.

Figure 14: 4 by 4 grid layout for 4 AGVs.
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In the AGV system 16 jobs arrive and these jobs are assigned to the AGVs, the jobs are
assigned to the following AGVs: 4, 4, 4, 4, 3, 3, 3, 3, 2, 2, 2, 2, 1, 1, 1 and 1. This means that
each AGV has in total 4 assigned jobs and for each job the AGV needs to drive to the pick-up
and drop-off tile. The reservations of the AGVs at the tiles corresponding to the 16 jobs can be
found in the logical time window plot of Figure 14.
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Figure 15: Time Window plot of the reservations of 16 jobs for 4 AGVs in a 4 by 4 grid.

In Figure 15 it can be found that for all 4 AGVs, shortened paths are found to execute
the assigned jobs. The system uses a first come, first served method and therefore all routes
corresponding to the 4 jobs of AGV 4 are reserved first. After this, the 4 routes corresponding to
the jobs of AGV 3 are reserved and so on. The shortest-distance path planning is only depending
on space and therefore it found the same path from pick-up to drop-off tile for all processes.
Because all processes of AGV 4 are reserved first, this means that the path from pick-up to drop-
off is occupied until AGV 4 has finished all jobs. The same holds for the reservations of the other
AGVs. One way to prevent an AGV from filling up the schedule is to limit the number of reserved
paths at the time per AGV.

3.3.4 Limit number of reserved jobs per AGV

During the path planning, it is checked whether the AGV has already a path to be executed and
aims to search for a shortened route. If an AGV has multiple assigned jobs, all the paths corres-
ponding to these jobs are reserved. The number of reserved jobs at a time per AGV can be limited
in order to prevent an AGV from overloading the planning with a high amount of reservations.
If an AGV reaches the limit, it first needs to succeed one job by reaching the drop-off tile after
which the path of a new job can be reserved.

The effect of limiting the number of reserved jobs per AGV is shown with the use of the previous
example of Figure 14. For this example the same system setup is used with the job input of in total
16 jobs. The number of reserved jobs per AGV at the time is limited to one. After the drop-off
tile is reached, the control system is allowed to use the path planning approach and reservation
algorithm to reserve the path corresponding to the next job. Figure 16 shows the reservations
of the paths to complete the 16 jobs of 4 AGVs with the limitation. This figure shows that the
system with a limitation has a lower maximum reserved timestamp than the system without a
reservation limitation shown in Figure 15.
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Figure 16: Time Window plot of the reservations limited to 1 reserved job per AGV at the time.

The performance of both systems, with and without reservation limitations, can be measured
using the number of reservations and the maximum reserved timestamp. Each reservation in the
system consists of two timestamps, the outgoing timestamp of the current tile and the incoming
timestamp of the next tile. This means that one reservation is equal to the movement of an AGV
from one tile to another tile. Therefore, the number of reservations in the system is equal to the
number of movements that are performed by the AGVs.

The maximum reserved timestamp gives an indication on how long the execution of all the pro-
cesses of the AGVs take in the logical time domain. If AGVs use the same tile, the reservations
defines which AGV can go first. This means that by reservation a “happened-before” relation
between the two processes of the AGVs is defined. In this situation, one of the AGVs reserved
the tile at least one timestamp higher than the other AGV. Therefore, this reservation increased
the overall maximum reserved timestamp at least by one. If the AGVs have less crossing paths,
this means that the processes are executed in parallel; which results in a lower maximum reserved
timestamp. Therefore, a lower maximum reserved timestamp also means that it takes less logical
time to execute all processes.

Figure 15 shows the result of the grid layout shown in Figure 14 without any limitations on
the number of reserved jobs per AGV at the time. Figure 16 shows the result for the same AGV
system with the maximum number of reserved jobs per AGV limited to 1 job at the time. It is
found that for this particular case, limiting the number of reserved jobs per AGV at the time
resulted in a lower maximum reserved timestamp and a higher number of reservations.
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4 Logical time-window based routing

To improve the reservation algorithm of the grid-based AGV system, time-window based routing
was introduced. Chapter 3 introduced the use of logical time for grid-based AGV systems and a
reservation algorithm was presented. To reduce the maximum reserved timestamp, this chapter
discusses the use of a time-window based routing algorithm. The routing algorithms contain the
functionalities of both the path planning approach and the reservation algorithm. This means
that the path planning approach and reservation algorithm do no longer operate independently of
each other compared to the approach of Chapter 3.

This chapter introduces the context-aware routing algorithm of Ter Mors et al.[3] and the design
of the algorithm is converted into a logical time-window based routing algorithm. In Chapter 2 a
short introduction into time-window based routing algorithms is given.

4.1 Existing time-window based routing algorithms

The search for paths in space and time for AGV systems is not new and various researches have
been performed in the field of time-window based routing in AGV systems. This section highlights
three researches that came-up with different time-window based routing strategies.

In 1991 Kim and Tanchoco [17] published their article on time-window based routing where
they introduced their so-called conflict-free shortest-time bidirectional AGV routing strategy. This
routing algorithm uses a time window graph to find the shortest-time path. The time window
graph is a directed graph in which each node of the graph represents a free time window. Edges
of the graph represent the reachability of the free time windows, this means that it needs to be
possible for an AGV to drive from one tile to another tile within the length of the two time win-
dows. This requires the two time windows to have a certain overlap for the move and that the time
window is long enough to traverse the tile. The proposed algorithm uses Dijkstra’s shortest path
method [16], the research also gives an alternative algorithm with an implemented A* heuristic.
The algorithm maintains a list of reserved and free time windows for each tile. These lists with
free time windows are used to create the directed graph. The algorithm plans a path through the
free time windows of the time-window graph. A disadvantage of this conflict-free routing approach
is the computational complexity. Worst case the system requires O(v4t2) computations according
to Kim and Tanchoco [17], where v is the number of vehicles and t is the number of tiles in the
grid layout.

In 2007 Ter Mors, Zutt and Witteveen [3] introduced a context-aware routing algorithm. The
proposed algorithm is based on the time window graph of Kim and Tanchoco [17] but has less
complexity. The proposed algorithm of Ter Mors et al. has a complexity of O(vt log(vt) + vt2)
with v the number of vehicles and t the number of tiles in the grid. The algorithm searches
for a path through the set of free time windows and uses the Dijkstra’s algorithm [16]. Dijk-
stra’s algorithm has the property of finding the optimal path and therefore the found path is the
shortest-time path given the set of free time windows. Each path search is for one individual AGV
and finds the shortest-time path for the job of this AGV given the context in which the path
search is executed. Because the path search is executed for one job at the time, the order in which
paths are planned can influence the quality of the overall planning. The shortest-time path is only
guaranteed for the specific job that corresponds to the path search and not for the overall planning.

In 2017 Fan, Gu, Yin, Liu and Huang [18] proposed a time-window based path planning al-
gorithm that reduces the required computational power compared to previous time-window based
routing approaches. The path planning algorithm is divided into two sub processes which are a
path planning approach and a reservation strategy. The first process generates three candidate
paths with the use of a graph representation of the grid layout. Each node of the graph represents
a tile and each edge of the graph represents an edge of the grid layout. The second process is the
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introduced time window searching algorithm. This is a heuristic algorithm that searches for free
time windows of the tiles of the candidate paths, and selects the path with the earliest arrival time
window to be reserved. This is the candidate path that leads to the earliest time window of the
final destination tile of the path search. Although the research does not explicitly state what the
required computational power is, it can be assumed that the use of a directed graph of the grid
layout requires less computational power then the time window graph of Kim and Tanchoco [17];
because the number of nodes in the time window graph is equal or larger to the number of nodes
in the directed graph of Fan et al.[18]. Only if there are no reservations, the number of nodes in
the graphs are equal, in all other cases the time window graph of Kim and Tanchoco [17] contains
more nodes and therefore requires more computational power. A disadvantage of the use of can-
didate paths is that it not necessarily leads to the path with the shortest-time, because the path
search is time independent. Only the second process is time dependent, the scheduling of the paths.

The research of Fan et al.[18] suggests to use a time-independent path planning approach to
define the candidate paths. Because of the time-independent path planning, it is not guaranteed
that the algorithm finds the optimal shortest-time path. It therefore performs equally or less
compared to the algorithms of Kim and Tanchoco [17] and Ter Mors et al.[3]. These algorithms
find the optimal shortest-time path given the set of free time windows of the system. With the
aim of planning the shortest-time path, it is therefore decided to not implement the path planning
heuristic of Fan et al. [18]. Compared to the time window graph of Kim and Tanchoco [17], the
context-aware routing algorithm performs better in terms of computational complexity. For this
reason, the algorithm of Ter Mors et al. [3] is used for this research. In the next Section 4.1.1, the
context-aware routing algorithm will be explained in more detail.

4.1.1 Context-Aware Routing

The context-aware routing algorithm plans paths in the grid layout for one AGV at a time, with
the aim to find the shortest-time path. This path goes from one tile to another without interfering
with any paths of other AGVs. In this section, the context-aware routing algorithm of Ter Mors
et al. [3] is presented. The path search is based on Dijkstra’s algorithm [16] and in Section 4.1.2
it is explained whether the found path is equal to the optimal path by means of an example.

The algorithm plans paths for the jobs in the grid-based AGV system with tiles. Each tile is
denoted in the algorithm by ri and the tiles have successor relations with their neighbouring tiles
corresponding to the edges of the grid. An AGV can only drive from tile ri to rj , if tile rj has a
successor relation with tile ri. Furthermore, it is assumed that tiles can only be used by one AGV
at a time and the tiles are long enough for an AGV to turn. The algorithm uses free time windows
of the tiles to find the shortest-time path from source to destination. Reservations of the tiles are
made for the duration of the intended use. Free time windows are only used by the algorithm
if the windows are long enough to traverse the tile. Ter Mors et al. [3] calculate the minimum
required time window size by taking into account the driving speed and tile size. In logical time,
the minimum required window size needs to be at least three timestamps to reserve an incoming
and outgoing timestamp; and because the outgoing timestamp cannot be equal to the incoming
timestamp of the next AGV. Algorithm 2 shows the context-aware routing algorithm of Ter Mors
et al. [3], after which the algorithm is explained in detail.
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Algorithm 2 Context-aware routing algorithm of Ter Mors, Zutt and Witteveen.[3]

Pre: source tile rs, destination tile rd, start time ts.
Post: entry time into rd for the shortest path from rs to rd.

1: if ∃ v s.t. [fs,v ∈ Fs ∧ ts ∈ fs,v] then
2: Q← {(rs, ts)}
3: while Q 6= ∅ do
4: (ri, ti)← argmin(r,t)∈Q (t + D(r))
5: Q← Q \ {(ri, ti)}
6: if ri = rd then
7: return (ri, ti)

8: for all fj,v ∈ ρ(ri, ti) do
9: tentry = max(ti + D(ri), σj,v)

10: if constraints ok(ri, rj , tentry) then
11: Q← Q ∪ (rj , tentry)
12: Fj ← Fj \ {fj,v}

The algorithm starts the path search for an individual AGV with the source tile rs, a destina-
tion tile rd and a start time ts. At line 1, the algorithm first searches if there exists an index v such
that there exists a free time window fs,v in the set of free time windows Fs of the source tile and
that the start time ts is in the free time window fs,v. When both conditions hold, the algorithm
starts the path search. In line 2 the algorithm creates an open list Q and adds the element (rs, ts)
to this open list, this open list keeps track of all reachable time windows from which the path can
be continued. For simplicity of the specification of Algorithm 2, the elements of the open list are
defined by the tile and entry time by Ter Mors et al.[3]. In the actual implementation, each ele-
ment also contains information about the element from which it was expanded. This information
is called a backpointer and is used after the path search to trace back the path.

In line 2, the open list Q is initialized by adding the source tile to the open list. While the
open list is not empty, the algorithm continues and each iteration it chooses one element. In line
4, the algorithm chooses the element with the lowest time to leave the corresponding tile which
is (t + D(r)), the entry time plus the duration time to drive over the tile. The chosen element
is removed from the open list in line 5 to ensure that the element is not chosen twice during the
path search. If, at line 6, the chosen element is equal to the destination tile, the algorithm has
finished the path search and returns the final element in line 7. This final element is the element
with the lowest cost to reach the destination, therefore the algorithm stops the path search.

The open list expands each iteration with reachable free time windows of the successor tiles of
the chosen element. If a free time window fj,v of tile rj can be reached from tile ri with time ti
and the time window fj,v is long enough to traverse the tile, this free time window is denoted as
fj,v ∈ ρ(ri, ti). From line 8 to line 12, all these reachable free time windows fj,v ∈ ρ(ri, ti)
are used to expand the open list Q. For each of these reachable free time windows, the entry
time of the element is defined in line 9. The entry time of the element is the maximum of the
entry time ti of the chosen element plus the time it takes to traverse ri, and the start time of
the free time window σj,v of tile rj with the index of the time window v. In line 10, additional
constraints for the expansion candidate element can be taken into account. For Algorithm 2, Ter
Mors et al.[3] did not take into account any additional constraints and therefore it can be assumed
that constraints ok returns true and the element can be added to the open list in line 11. The
corresponding free time window is removed from the set of free time windows Fj of resource rj in
line 12. This prevents a free time window from being added to the open list twice.
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4.1.2 Comparison path search result with Dijkstra’s algorithm

The context-aware routing algorithm of Ter Mors et al.[3] is based on Dijkstra’s shortest path
algorithm [16]. Dijkstra’s algorithm searches for the shortest path between two nodes in a graph,
in this case two tiles. The algorithm starts from the source tile and selects from the neighbouring
tiles, the tile with the lowest cost. From this selected tile, the search expands with neighboring
tiles. Each iteration the tile with the lowest cost is selected and the search is expanded.

For a path search with the use of Dijkstra’s algorithm it is known, that when a tile is selected
for expansion, the path towards this tile is the shortest path and no other paths to this tile need
to be considered. This means that if the tile r1 is on the shortest path from source rs to destina-
tion rd, the path from source rs to r1 is also the shortest path towards r1. For the context-aware
routing algorithm, this statement does not hold and this will be explained on the basis of Figure 17.

Figure 17: Path search from source rs to destination rd via r1, example from Ter Mors et al. [3].

In Figure 17 the shortest-time path from source rs to destination rd is shown. The path search
was not able to use the time window [0, 2] of tile r1, because from this time window the destination
could not be reached. The destination has an occupied time window [0, 5] and free time window
[5, inf]. To reach the destination, the path contains time window [4,∞] of tile r1 and reached the
destination at time window [5, inf] of rd. This means that the previous statement of Dijkstra’s
algorithm, that when a tile is selected for the path this is always the shortest path towards that
tile, does not necessarily hold for the context-aware routing algorithm. Because the shortest path
to tile r1 is the time window [0, 2] instead of time window [4, inf]. The context-aware routing
algorithm of Ter Mors et al. [3] finds the shortest-time path to the destination, but might not be
the shortest path to reach in between tiles.

4.2 Context-aware routing for an AGV system with logical time

The context-aware routing algorithm was redesigned for an AGV system with the use of logical
time. The system description of Section 3.1 is used which means that jobs are fulfilled by AGVs
by the execution of processes. Each process corresponds to one job and contains a pick-up tile
and drop-off tile. This means that the context-aware routing algorithm needs to find a path from
the source tile to the parking tile via the pick-up and drop-off tile of the job.

The path planning starts at the source tile which is either the parking tile of the AGV or the
drop-off tile of the previous process, as was decided in this research. If the AGV has processes
to execute, the source of the new path planning is always equal to the last drop-off tile the AGV
needs to visit. This means, that the reservations of the last process are cancelled for all tiles from
drop-off tile to the parking tile. The time windows of these reservations are added to the set of
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free time windows before the path planning starts. Because the time windows are available again,
the path planning of the new path can use these windows. If the path planning is not able of
finding a shortened path, the path planning might plan a path via the parking tile. In this case,
no shortened path with a lower driving distance is found, but this still results in the shortest-time
path given the set of free time windows.

In Algorithm 2 the minimum duration time to drive over the tile is defined by the traversal
time D(r). Ter Mors et al. [3] determine the traversal time D(r) based on the speed of the AGV
and the size of the tile. Additional time can be added for example, for making a turn on the
tile. In logical time, the minimum time to drive over a tile is independent of the AGV properties
like driving or turning speed. Each traversal requires a minimum of one in and one outgoing
timestamp in logical time. For process Pi and tile ri these timestamps are defined as Tin(Pi, ri)
and Tout(Pi, ri). Because these timestamps are equal to the outgoing timestamp of the previous
tile and the incoming timestamp of the next tile, the duration time D(ri) is divided by 2. The
minimum traversal time for logical time can be defined as follows:

D(ri) =
Tin(Pi, ri) + Tout(Pi, ri)

2
=

1 + 1

2
= 1 [Logical time] (6)

As mentioned, Algorithm 2 shows simplified elements and implementation of the algorithm
should contain elements with backpointers. For the implementation in grid-based AGV systems a
visited list V is created which contains all selected elements of the path search. This means that
the selected element that is removed from the open list Q in line 5, is added to the visited list V at
the same time. The element contains information about the tile it is expanded from and the entry
time of this tile. Figure 18 shows the visited list V that corresponds to the example of Figure 19.

Figure 18: Visited list V corresponding to Figure 19 including backpointers.

Figure 18 shows the visited list as a result of the path search of Figure 19. It can be found
how both free time windows of tile r1 of Figure 19 are selected and are added to the visited list.
With the use of the backpointers, it is traced back that time window [4, inf] of tile r1 leads to the
shortest-time path from tile rs to tile rd.

4.2.1 Three-staged path planning

The algorithm needs to plan a path that fulfills a job, this means that the path needs to pass a
pick-up and drop-off tile. Therefore, a three-staged path planning is introduced to find a path to-
wards the three destinations: pick-up tile, drop-off tile and parking tile. In Figure 13 of Chapter 3
an example of the three stages can be found.

Every iteration the context-aware routing algorithm, shown in Algorithm 2, selects the element
with the lowest cost. This process is repeated until the selected element is equal to the destination
tile. For the three-staged path planning, the destination needs to represent the three destinations
of the different stages. Therefore, the destination is defined as follows:

rd = [rpick-up, rdrop-off, rparking] (7)
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If the tile of the selected element is equal to the destination of the current stage, the algorithm
continues the path planning to find a path towards the next destination. Only if the tile of the
selected element is equal to the parking tile and the other destinations are already selected, the
path planning is succeeded. To keep track of the sequence of destinations and in which stage ele-
ments are added to the open list, the variable “Stage Goal” Sgoal is created. The stage goal Sgoal

is equal to the specific stage of the path planning and is added to each element. The algorithm
starts the path planning with the stage goal equal to the pick-up tile, this means that the path
planning tries to reach the destination Sgoal = rpick-up = rd(1). If the tile of the stage goal Sgoal

is reached, the stage goal is set equal to the next destination.

It might happen that the path planning selects an element of a destination tile, which is not
equal to the destination tile of the current stage. For example, the path planning could find a
path to the pick-up tile via the drop-off tile. The variable search goal prevents that the path
planning thinks it already reached the drop-off tile. Only if the tile of the selected element is
equal to Sgoal, the search goal increases by one. Elements of the open list Q were added during a
certain stage but remain in the open list until they are selected by the path planning. It therefore
might happen that an element is added during stage 1 and is selected while the path planning
is already in stage 2 or 3. This could result in a path that does not pass all destinations in the
right sequence to fulfill the job. To prevent this from happening, the path planning can only select
elements with the lowest cost that are added in the same stage of the search goal Sgoal. If there
are no more elements in the open list of this stage, the current stage is set back and the search
goal Sgoal is set back to the previous destination. The algorithm needs to be able to return to
the previous stage, because it might happen that the path search of a certain stage will come to
a dead end and therefore has no more elements in the open list of this stage. In this case, the
selected element of the previous destination did not succeed in a path towards the destination of
the current stage. By returning to the previous stage, the algorithm is able to select a different
element of the destination and continue the path search.

In Figure 19 a path planning example with multiple destinations is shown, the tiles correspond
to the grid layout of Figure 13. All time windows are in the logical time domain, therefore the free
time window of a tile starts at a timestamp one higher than the last timestamp of the occupied
time window of the same tile. For this reason, the first free time window of resource r1 is [4, 20]
because of the occupied time window [0, 3]. Figure 20 shows the open list Q that corresponds to
the time window search of Figure 19.

Figure 19: Path planning example corresponding to the grid layout of Figure 13 in the logical
time domain.

In Figure 19 the free time windows are shown in white boxes and the occupied time windows
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in grey boxes. The numbered arrows indicate the expansion of the open list. The first iteration
the open list is expanded with two free time windows of tile r1. The second iteration selected the
time window [4, 20] from tile r1 and expanded the open list with three free time windows of tile
rd(1). It can be found that the free time window [0, 6] of tile rd(1) is added to the open list Q
of Figure 20 with the entry time 5 and end time 6. This entry time 5, is equal to the minimum
outgoing timestamp for resource r1 depending on the minimum traversal time D(r1) of tile r1.
In the example, the third iteration does not lead to an expansion of the open list. The fourth
iteration leads to an expansion of one element after which the example ends. The fourth expansion
causes an increased stage goal.

In Figure 20 the open list corresponding to the path planning of Figure 19 is shown. The grey
elements are selected elements, which should normally be removed from the open list and added
to the visited list. For this example, the selected elements are still shown in the open list for
clarification. The dotted outlines indicate during which expansion the elements are added to the
open list, the numbers of these outlines correspond to the numbered arrows of Figure 19. Each
element contains a search goal which is equal to rd(Sgoal), the destination tile of the stage goal.

Figure 20: Open list corresponding to Figure 19, the grey elements are selected by the path
planning but are still shown in the open list for clarification.

If the tile of the selected element of the open list is equal to the stage goal Sgoal, this means
that the path planning found the shortest-time path to this tile given all other already planned
paths. From the time window of this element, the open list Q expands and elements are added
with an increased stage goal Sgoal. The algorithm continues the path planning in the next stage
and elements with the previous stage goal are not taken into account. For open list Q of Figure 20,
this means that the other free time window [15, inf] of tile rd(1) is not taken into account in the
second stage with Sgoal = rdrop-off = rd(2). Only if the path planning has no more elements to
select from the current stage, elements of the previous stage are taken into account again. The
three staged path planning is explained in more detail with the use of an example. The example
contains 4 AGVs and uses the grid layout of Figure 21 and the job input list of Table 1. Each job
requires a pick-up at tile 27 and a drop-off at tile 24.
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Figure 21: Bidirectional grid for the three staged
path planning example.

Job AGV
1 4
2 3
3 2
4 1
5 4
6 4
7 3
8 3
9 2
10 2
11 1
12 1
13 4
14 3
15 2
16 1

Table 1: Job input list

The path planning of the grid of Figure 21 and the job list of Table 1 results in the logical
time window plot of Figure Figure 22. All colored boxes are reservations and each color represents
one AGV. The reservations fulfill all 16 jobs of the job list of Table 1 and results in a maximum
timestamp of 72. This is the maximum reserved incoming timestamp because the last outgoing
timestamp of every AGV is equal to infinity.
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Figure 22: Path planning reservations of the grid of Figure 21 with the joblist of Table 1.

The context-aware routing algorithm finds the shortest-time path from the source to the des-
tination given all already existing reservations. In Section 4.1.2 Figure 17 showed an example why
the shortest-time path to the destination does not necessarily include the shortest-time path to
intermediate tiles in the path. This also holds the other way around, which means that for the
three-staged path search the shortest-time path to an intermediate destination tile might not lead
to the overall shortest-time path. Besides the aim to find the shortest-time path, it is desirable that
if there are multiple paths to the destination with the same arrival time; the algorithm finds the
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path that requires the least driving. Figure 23 shows a part of the paths of AGV 3 (colored green)
and AGV 4 (colored black). The numbers of the arrows correspond to the reserved timestamp,
these reservations can be found in the logical time window plot of Figure 22.

Figure 23: Two reserved paths with corresponding timestamps, the green path of AGV 3 and
black path of AGV 4.

The path of AGV 3 is planned after the path of AGV 4. The algorithm has already reserved
the pick-up of AGV 4 in the time window [28, 29] when it start the path search for AGV 3. With
the aim to find the shortest-time path to the pick-up tile, the context-aware routing algorithm
reserved the pick-up of AGV 3 in the time window [24, 25]. To avoid interference with the path
of AGV 4, AGV 3 needs to drive one tile back and waits until timestamp 30 to continue its path.
The objective of finding the shortest-time path for each stage meant that AGV 3 had to drive back
and forth in order to do an earlier pick-up. For efficiency reasons it is preferred to wait longer
on the top right corner tile and only pass the pick-up tile once in the time window [30, 31]. In
Figure 22 it can be found that the path planning found a comparable path which requires driving
back and forth between tile 28 and 27 for AGV 2 (colored light blue) and AGV 1 (colored dark
blue). AGV 2 enters tile 28 at timestamps 31 and 33, and AGV 1 enters tile 28 at timestamps 39
and 41. These AGVs also need to drive back and forth to perform their pick-up as early as possible.

The shortest-time path per stage, may reduce the overall efficiency of the path. If the selected
element is equal to the destination tile of the stage, the path search of the next stage is started
from the time window of this element. Other elements with reachable time windows of this des-
tination tile, remain in the open list as elements of the previous stage and are therefore not taken
into account for the path search of the next stage. If these elements are also taken into account for
the path search of the next stage, the algorithm might find a path more efficient path by using an
element of the previous destination with a later free time window. For the example of Figure 23,
this could lead to a path which waits longer on tile 28 an enters tile 27 only once at timestamp
30. In this way, the shortest-time path to intermediate destinations is no longer guaranteed, but
later time windows of the intermediate destinations are only chosen if these result in the same
arrival time at the final destination and result in a path which requires less driving. For the open
list example of Figure 20, this means that all elements of tile rpick-up = rd(1) should have search
goal Sgoal = rdrop-off = rd(2).

Every iteration, the algorithm selects an element of the open list with the search goal equal to
the destination tile of the current stage. Elements with search goals equal to the destination of
the next stage are also taken into account. The tiles of these elements are equal to the destination
of the current stage so by selecting one of these elements, the search goal increases and the path
search continues in the next stage. Only elements of the previous stage are not taken into account,
the search goal of these elements is already selected by the algorithm. If there are no elements
with the current search goal in the open list, this means that the algorithm was not able to find
a reachable path for the stage. In this case, the elements of the previous stage are taken into
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account again and the search goal of the path planning is decreased.

The expansion of the open list Q with new elements is changed in such a way that it contains
an updated search goal. In Algorithm 3 the expansion of the open list Q is defined, this is an
adjustment on the lines 8 to 12 of Algorithm 2. Before adding elements to the open list, the
algorithm verifies if the tile rj is equal to the search goal of the current stage Sgoal. Depending
on the outcome, the search goal remains the same or is changed to the next goal. The elements
are added to the open list Q with this updated search goal. The context-aware routing algorithm
with these algorithm adjustments is simulated for the grid of Figure 21 and job list of Table 1.
The result of the path planning is shown in the logical time window plot of Figure 24. For this
algorithm the same constraints hold for the free time windows as in Algorithm 2.

Algorithm 3 Adjusted element entrance to open list Q of Algorithm 2 (lines 8 to 12).

Input: destination tiles rd(i), Search goal Sgoal = rd(1) open list Q and Stage = 1.

for all fj,v ∈ ρ(ri, ti) do
tentry = max(ti + D(ri), σj,v)
if rj = Sgoal ∧ Sgoal 6= rparking then

Sgoal = rd(Stage + 1)

if constraints ok(ri, rj , tj,entry) then
Q← Q ∪ (rj , tj , tj,end, ri, ti,entry, Sgoal)
Fj ← Fj \ {fj,v}

Figure 24: Time window plot with the improvements compared to Figure 22 are circled.

In the logical time window plot of Figure 24 the result of the adjustments to the context-aware
routing algorithm can be found. Instead of driving back and forward between tile 28 and 27,
the path enters tile 27 at timestamp 30. The algorithm chooses to use a later free time window
of tile 27 to perform the pick-up. This means that the path planning no longer guarantees the
shortest-time path to the intermediate destinations, but only guarantees the shortest-time path
to the final destination.
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4.2.2 Element selection based on path length

In the time window plot of Figure 24 it can be found that the first path of AGV 1 to the pick-up
tile contains the following sequence of tiles: [8, 2, 3, 4, 5, 6, 12, 18, 20, 22, 28, 27]. This means, that
the path planning reserved a path that goes below the parking tiles instead of above the parking
tiles. Figure 25 shows both path options. Path A is the planned path that goes below the parking
tiles and path B is the path above the parking tiles. In this particular case, the algorithm was
able to plan both paths with the same arrival time but it chose to reserve path A. Because both
paths use the same free time window of tile 18, both paths have the same incoming timestamp for
tile 18. This means that although the process of path A has a lower logical time value before tile
18 compared to the process of path B, path A results in the same incoming timestamp of tile 18
because it uses the same free time window. In this case, the reserved path A is less efficient since
it results in the same arrival time but requires more driving of the AGV and therefore path A is
undesirable.

Figure 25: Bidirectional grid of Figure 21 with two path options to the pick-up tile highlighted
for AGV 1.

In the grid of Figure 25 all tiles have the same size and the minimum duration time to traverse
a tile is equal for all tiles. For this reason, the path length is defined equal to the number of tiles
of the path. This means that for Figure 25, path A has a path length of 15 tiles and path B
has a path length of 13 tiles. The context-aware routing algorithm has planned path A for the
pick-up of the first job of AGV 1. This can be seen in Figure 24, where path A starts at tile 8 at
timestamp 0 and arrives at pick-up tile 27 at timestamp 12. Path B could also be planned but
requires waiting time at tile 14 before tile 15 can be reached, AGV 1 should occupy tile 14 for the
window [1, 5]. After this waiting time, path B can be planned with the same arrival timestamp
at pick-up tile 27. For efficiency reasons it is better if the context-aware routing algorithm plans
path B because then AGV 1 can drive a shorter-distance path with the same arrival time.

Every iteration, the context-aware routing algorithm shown in Algorithm 2 selects the element
with the minimum entry time of the current stage. This means that before the algorithm selects
the element corresponding to tile 18 of Figure 25, it has investigated all reachable tile - time-
window combinations with a lower entry time. This includes the elements corresponding to path
A and path B to reach tile 18. These elements are all investigated and added to the visited list
before an element corresponding to tile 18 is investigated. To select the path with the minimal
path length, the backpointers of the elements should contain information about the path length.
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Based on these backpointers, the path can be backtracked with the shortest path length in case
they lead to the same arrival time in logical time. In this case, this means that the path after
tile 18 is traced back via tile 17 instead of tile 12. The minimum path length to reach the tile ri
from the source tile rs is defined as L(rs, ri) and is added to the backpointers of the element. The
minimum path length L(rs, ri) is expressed in the number of tiles of the path, the result of the
use of L(rs, ri) is shown in Figure 26. Here it can be found that path B is reserved for AGV 1 to
reach the pick-up tile of the first job.

Figure 26: Time window plot with the shortest-time paths and minimum path length and the
improvement compared to Figure 24 is circled.

4.2.3 Exclusion from driving back and forth

In the context-aware routing algorithm of Algorithm 2 it is allowed to plan a path that visits
one tile multiple times. This allows AGVs to drive a cycle or step aside to avoid other AGVs
in the system. Ter Mors et al. [3] suggest that for certain applications this is too wasteful and
can be excluded by not adding elements to the open list if the corresponding tile - time-window
combination is already added to the open list by the algorithm once.

In the logical time window plot of Figure 22 it was found that the algorithm planned a path
that went back and forward between tile 28 and 27. For efficiency reasons it was decided that this
is not desirable. Therefore, it was decided that it would be wasteful to let the algorithm expand
the open list with elements that lead to driving back and forth and for this reason the algorithm
does not add these elements to the open list. A decrease in the number of elements of the open list
also means a reduction in the number of paths being explored, this leads to a lower computational
complexity of the path planning.

In the three-staged path planning, the need for three exceptions rises in which driving back
and forward could be desirable. The tile of these three exceptions are the pick-up tile, drop-off
tile and parking tile. Reachable time windows from these tiles are always allowed to be added
to the open list, even if they might result in driving back. These three tiles are the intermediate
destinations of the path planning and if the algorithm reaches one of these tiles, the path planning
goes to the next stage. For the shortest-time path of the next stage, it might be desirable to drive
back. Therefore, if the algorithm selects one of these three tiles it is allowed to add all reachable
time windows of neighbouring tiles.
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4.2.4 Implementation of an A* heuristic

The context-aware routing algorithm plans shortest-time paths, based on Dijkstra’s algorithm [16].
This means that the selection of the next element from open list Q is only based on the costs to
enter the tile corresponding to the open list element. The cost to enter the tile is equal to the
entry time plus the traversal time D(r) as defined in Equation 6. The performance of the path
planning can be improved if besides the current cost to enter the tile, an estimation of the costs to
reach the destination tile is taken into account. Therefore, a heuristic function should be applied
to estimate the costs to reach the destination tile Sgoal. The A* algorithm of Hart et al.[19] makes
use of a heuristic function containing both the costs to enter the current tile and the estimated
costs to the destination tile.

The A* heuristic directs the path search algorithm to the destination tile using estimated
costs to reach the destination tile. The estimated costs indicate whether expansion after selecting
an element has a high chance of leading to the shortest-time path or not. If the A* heuristic
succeeds to direct the path search algorithm to the destination faster, this could result in less it-
erations of the algorithm and thereby fewer elements in the open list Q. This reduces the amount
of required computing power and therefore reduces the computational complexity of the algorithm.

The costs to reach the current selected element is equal to sum of the entry time ti,entry and
the traversal time D(r). The estimated cost for the selected element is equal to the minimal path
length to the destination tile. For the estimated cost, waiting time is assumed to be absent and
therefore only the minimal path length is taken into account. A routing table is created with
for each tile, the minimal path length to every other tile in the grid. The minimal path length
is determined with the use of the shortest-distance path search approach of Section 3.2.2. This
routing table ensures that not at every iteration the shortest-distance path search needs to be
used. The context-aware routing algorithm calls this routing table to determine the estimated
cost H(ri, rd) from tile ri to destination tile rd. The cost to reach the selected element is
C(ri, ti,entry, D(ri)) which is defined for the free time window of resource ri with entry time
ti,entry. This results in the following heuristic function:

F (ri) = C(ri, ti,entry, D(ri)) + H(ri, rd) (8)

For minimal cost paths the A* heuristic is guaranteed to find an optimal path if the heuristic
cost function H(ri, rd) provides a lower bound to reach the destination rd [19]. For the heuristic
cost function H(ri, rd) the minimal path length is used, this path length can not be any shorter
and is therefore the lower bound. This means that the context-aware routing algorithm with the
A* heuristic will lead to an optimal path. Therefore, the implementation of the A* heuristic
performs equal to Algorithm 2 in terms of finding the shortest-time path.

4.3 Context-aware routing A* algorithm for grid-based AGV systems

The previous sections explained how the context aware routing algorithm of Algorithm 2 by Ter
Mors et al. [3] is redesigned for grid-based AGV systems with the use of logical time. This section
will show the redesigned algorithm in Algorithm 4 and uses an example to validate the algorithm.
Besides, the computational complexity reduction of the algorithm is presented.

The redesigned algorithm of the context-aware routing algorithm can be found in Algorithm 4
and will be called the CARA* algorithm (Context-Aware Routing A* algorithm). The source tile
rs, destination tiles rd, start time ts and set of free time windows are the inputs of the algorithm.
The visited list V is the output, this contains all the selected elements including their backpointers.
After completion of the algorithm the backpointers in visited list V are used to trace back the
path.
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Algorithm 4 Context-aware routing algorithm for AGV systems.

Pre: source tile rs with start time ts, destination tiles rd = [rpick-up, rdrop-off, rparking] and
Search goal Sgoal = rd(1).
Post: visited list V .

1: if ∃ v s.t. [fs,v ∈ Fs | ts ∈ fs,v] then
2: Q← {(rs, ts, ts,end, rprevious, tprevious, entry, rd(1), L(rs, rs), H(rs, rd(1)), F (rs))}
3: V ← ∅
4: Stage← 1
5: Sgoal ← rd(Stage)
6: while Q 6= ∅ do
7: (ri, ti)← argmin(r,t)∈Q with Sgoal ≥Sgoal(Stage) F (rs)
8: Q← Q \ {(ri, ti)}
9: if ri = Sgoal ∧ Sgoal = rparking then

10: return (ri, ti)

11: if ri = Sgoal ∧ Sgoal 6= rparking then
12: Stage← Stage + 1

13: for all fj,v ∈ ρ(ri, ti) do
14: tentry = max(ti + D(ri), σj,v)
15: if rj = Sgoal ∧ Sgoal 6= rparking then
16: Sgoal ← rd(Stage + 1)

17: if constraints ok (ri, rj , tentry) then
18: Q← Q ∪ (rj , tj , tj,end, ri, ti,entry, Sgoal, L(rs, rj), H(rj , rd(Sgoal)), F (ri)))
19: Fj ← Fj \ {fj,v}

In line 4 the variable Stage is initialized which keeps track of the stage in which the algorithm
operates. If the tile of the element ri is equal to the search goal of the stage rd(Sgoal), either the
stage is updated or the algorithm is finished, this is defined from line 8 to line 11. The open list
Q is expanded with reachable free time windows of the selected element (ri, ti) from line 12 to
line 18, a more detailed explanation is given in Section 4.2.1.

4.3.1 Validation

The CARA* algorithm of Algorithm 4 finds the optimal shortest-time path given the state of
the system. Therefore, the implementation of the A* heuristic algorithm should not cause any
difference in the result of the path planning compared to the context-aware routing algorithm of
Ter Mors et al.[3]. However, it is possible that if there are multiple paths with the same arrival
time and costs; that the algorithm using the A* heuristic chooses a different path compared to
the algorithm using Dijkstra. This has no influence on the arrival time of the individual path, but
this can influence the overall planning because a different path leads to a different set of free time
windows for the next path search.

The grid layout in Figure 21 is used to validate if both algorithms perform equal. The grid
does not have a high variety of path options and therefore, the result should be exactly the same.
The performance of the path planning is measured using the maximum reserved timestamp of the
system and the number of reservations in the system. The maximum reserved timestamp gives
an indication on how long it takes for the system to perform all jobs. The number of reservations
in the system indicates how many tiles are passed by an AGV to perform all the jobs. For the
validation of the two algorithms, simulations were performed using the grid layout of Figure 21
with 4 AGVs and for 40 different job input lists. The same set of 40 job input lists are used for
the simulation of both algorithms. Each job list contains 800 jobs spread over 4 AGVs and each
job list is used for both algorithms, with the use of Dijkstra’s algorithm and with the A* heuristic.
The results of these 40 simulations can be found in Figure 27a and Figure 27b.
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Figure 27: Results of 40 simulations of the grid of Figure 21 with 4 AGVs and 800 jobs per
simulation.

In Figure 27 it can be found that the implementation of the A* heuristic of Algorithm 4 gives
exactly the same spread of the results compared to the context-aware routing algorithm with the
use of Dijkstra’s algorithm. The results are shown in box plots [20], the box plots show the spread
in result of the 40 simulations and the red line is the median of these results. Because the median
and the boxes of the two algorithms are exactly the same it is likely that the context-aware routing
algorithm with the A* heuristic performs the same as the algorithm with the use of Dijkstra’s
algorithm.

4.3.2 Computational complexity reduction

The implementation of the A* heuristic should reduce the number of computations of the context-
aware routing algorithm to find a path. The use of the heuristic cost function directs the path
search towards the destination and possibly investigates less path options to find the optimal
path. This could result in fewer iterations and because each iteration the open list is expanded,
this also results in fewer elements added to the open list. The total number of elements added to
the open list and the number of iterations are both depending on the distance from the source to
the destination of the path search. Therefore, these values are divided by the path length of the
found path; and this path length is equal to the number of tiles in the path. Figure 28 shows the
result of the previously mentioned 40 simulations with the use of the grid layout of Figure 21 in
a box plot [20] where the median is highlighted with a red line. It can be found that the median
of the number of elements added to the open list per path element is reduced from 6.9 to 3.2
elements. The median of the number of iterations per found path element is reduced from 5.3 to
2.4 iterations. Each iteration an element is selected and added to the visited list, the result of
Figure 28 indicates that with the use of the CARA* algorithm on average 1 of the 2.4 selected
elements makes it to the found path. Because the algorithm with the use of Dijkstra requires two
times more iterations per path element, this means that the open list is expanded two times more.
Therefore, the difference in the number of iterations ratio between the two algorithms also results
in a difference in the open list expansion ratio.

The use of Logical Time in a Grid-Based Automated Guided Vehicles System 39



4 LOGICAL TIME-WINDOW BASED ROUTING

Dijkstra shortest-time A*-heuristic

Path search function

3

4

5

6

7

A
d

d
e

d
 e

le
m

e
n

ts
 p

e
r 

p
a

th
 e

le
m

e
n

t

Open list expansion ratio

Dijkstra shortest-time A*-heuristic

Path search function

2

2.5

3

3.5

4

4.5

5

5.5

N
r.

 o
f 
it
e
ra

ti
o
n
s
 p

e
r 

p
a
th

 e
le

m
e
n
t

Number of iterations ratio

Figure 28: Computational complexity reduction results for 40 simulations of the grid of Figure 21.
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5 PATH PLANNING PERFORMANCE

5 Path planning performance

In this chapter, the performance of the shortest-distance first come, first served approach of Al-
gorithm 1 and the context-aware routing A* (CARA*) algorithm of Algorithm 4 are measured. A
simulation model is used to run the routing algorithm, which includes the execution of the path
planning and the reservations of the jobs. First, the three different grid layouts that have been
used are shown and explained. Hereafter, the performance of both algorithms is presented and
compared.

5.1 Simulation layouts

As mentioned, three different layouts are used to measure the performance of the algorithms. Each
layout has 40 different job lists that are used to simulate both algorithms. The algorithms use
the same set of job lists and each job list has the same size and contains information about the
arrival times of the jobs and to which AGV it is assigned. In Table 2 the number of jobs is given
per layout and the number of AGVs per layout. Besides, the table contains information about the
number of driveable tiles, pick-up tiles and drop-off tiles.

Layout 1 Layout 2 Layout 3
Number of AGVs 14 36 28
Number of jobs 924 1800 1321
Number of edges 90 424 497
Number of driveable tiles 75 296 392
Number of pick-up tiles 5 8 11
Number of drop-off tiles 4 16 11

Table 2: Information about the different layouts used to measure the performance.

5.1.1 Grid layouts

The first grid layout can be found in Figure 29, this grid will be called layout 1 and is simulated
both unidirectional and bidirectional. The single paths around the obstacles of the layout provides
no space for AGVs to pass each other. If in the layout with bidirectional edges an AGV drives back
and forth in the top part of the grid layout, this means that other AGVs can not use these tiles
and need to wait. With unidirectional edges the AGVs need to drive around the obstacles, this
has the advantage that multiple AGVs can drive in quick succession which results in less waiting
time. For these reasons, layout 1 lends itself well to unidirectional edges. In Figure 30a layout 2
is shown and in Figure 30b layout 3 is shown, these grid layouts are also simulated unidirectional
and bidirectional.
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Figure 29: Unidirectional grid layout 1 including tile indices.

(a) Unidirectional grid layout 2. (b) Unidirectional grid layout 3.

Figure 30: Simulation layout 2 and layout 3.
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5.2 Performance analysis

The performances of the path planning algorithms are measured with the use of two performance
indicators: the maximum reservation and the number of reservations. The maximum reservation
is equal to the maximum reserved incoming timestamp of the simulation. Both path planning
algorithms plan and reserve routes for the AGVs up to and including the parking tile. The route
planning of the last job of an AGV ends at the parking tile of this AGV with a reservation until
infinity. The maximum reserved incoming timestamp will correspond to the last AGV that drives
to its parking tile.

The number of reservations is a performance indicator that indicates how much driving is
needed to complete all jobs. A reservation corresponds to an AGV driving from one tile to another.
This means that one reservation represents two timestamps of an AGV, one outgoing timestamp
of a tile and one incoming timestamp of the neighbouring tile. If the number of reservations is
lower, this means that less driving of the AGVs is needed to complete the jobs. This performance
indicator only gives insight in the number of movements of the AGVs and has no relation to the
real-time as long as the reservation is not executed.

5.2.1 Unidirectional grid layouts

In this section, the results of the unidirectional layouts are presented; but first an interval of a
simulation of layout 1 is highlighted for both algorithms. The interval [0, 50] is used to explain
the difference between the shortest-distance FCFS Algorithm 1 and CARA* Algorithm 4. In this
simulation, the third job of the job list is assigned to AGV 6 and AGV 6 is assigned the next job
before the reservation of the drop-off tile. This means that the algorithm aims to find a shortened
path if feasible.

In Figure 31, the red path corresponds to the reserved path for AGV 6 of the shortest-distance
FCFS approach. Here it is shown how the path drives via the pick-up and drop-off tile back to the
parking tile, where the AGV needs to wait before it can start executing the next job. Because the
shortest-distance FCFS approach is time-independent, it did not succeed in reserving a shortened
path. The green path corresponds to the reserved path of the CARA* Algorithm 4 and is found to
be shortened. Instead of driving back to the parking tile, the green path drives above the parking
tiles and continues immediately with the execution of the next job. The time window plots of the
reservations in the interval [0, 50] that correspond to the simulation of both algorithms are shown
in Figure 32 and Figure 33, the reservations belonging to AGV 6 are colored yellow. In Figure 29
the corresponding grid layout 1 is shown with tile indices.

The use of Logical Time in a Grid-Based Automated Guided Vehicles System 43



5 PATH PLANNING PERFORMANCE

Figure 31: Unidirectional layout 1 with highlighted paths for AGV 6, the red path correspond to
the shortest-distance FCFS approach and the green path to the CARA* Algorithm 4.
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Figure 32: Shortest-distance FCFS reservations for the unidirectional layout 1 of Figure 29.

The time window plot of the reservations of the shortest-distance FCFS approach shows the
disadvantage of the time-independent path planning and reservation algorithm. It can be found
that AGV 6 needs to wait at its parking tile until timestamp 8 before it can move to tile 29. Before
timestamp 8, two other AGVs have reserved tile 29 and although AGV 6 could use tile 29 before
these two AGVs the reservation is made in succession of these two reservations. Furthermore, the
time window plot shows that AGV 6 drives back to the parking tile which it enters at timestamp
47. This means that the algorithm was not able to find a shortened path such that the AGV
could immediately start the execution of the next job. In the time window plot, long horizontal
reservations can be found; these correspond to AGVs waiting at their parking tile. Each of these
AGVs is assigned a job in the interval [0, 50] but the algorithm was not able to reserve a path
that started in this interval.
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Figure 33: Context-aware routing A* algorithm reservations for the unidirectional layout 1 of
Figure 29.

Figure 33 shows the time window plot of the CARA* algorithm and at a first glance it can
already be found that this interval contains more reservations. In the interval [0, 50], the CARA*
algorithm reserved 578 timestamps compared to 178 reserved timestamps of the shortest-distance
FCFS approach. For AGV 6, it can be found that the AGV leaves the parking tile at timestamp
6 and is the first AGV to use tile 29. The CARA* algorithm was able to reserve tile 29 before
the two AGVs that were allowed to use tile 29 in the reservations of Figure 32. Besides, it can be
found that AGV 6 does not drive back to the parking tile and starts the execution of the next job
without any waiting time.

Now the results of the simulations of the three unidirectional layouts are presented in Figure 34,
Figure 35 and Figure 36. The results are shown in box plots [20] of the maximum reservation and
the number of reservations. The box plot shows the dispersion in results of the 40 simulations and
the red line is the median of these results.
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Figure 34: Unidirectional result of layout 1.
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Figure 35: Unidirectional result of layout 2.
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Figure 36: Unidirectional result of layout 3.

The grid designs of layout 2 and layout 3 provide a higher variety of path options compared
to layout 1. In these layouts, AGVs have the possibility to pass each other. This is an advantage
for the CARA* algorithm which plans paths based on previous reservations and has the ability
to plan a path around other AGVs. Therefore, the decrease of the maximum reservation and
the reduction of the number of reservations is even larger for layout 2 and layout 3 compared to
layout 1. In Table 3 the difference between the median of the CARA* algorithm compared to the
shortest-distance FCFS approach are given in percentages.

Layout 1 Layout 2 Layout 3
Decrease of the maximum reservation 82.4% 93.7% 92.3%
Number of reservations reduction 16.4% 33.2% 36.2%

Table 3: Improvement of the performance indicator per unidirectional layout.

5.2.2 Bidirectional grid layouts

In Figure 37 the bidirectional layout 1 is shown with a red and green path. The red path of the
shortest-distance FCFS approach drives to the pick-up tile, rotates 180 degrees at the pick-up tile

46 The use of Logical Time in a Grid-Based Automated Guided Vehicles System



5 PATH PLANNING PERFORMANCE

and drives via the drop-off tile back to the parking tile. For AGV 6, this is the shortest-distance
path corresponding to its first assigned job. The CARA* algorithm found exactly the same path
for the bidirectional layout compared to the unidirectional layout of Figure 31. This means that
depending on earlier reservations, the shortest-time path can be found by driving the green path
which goes around the obstacles. The reservations of the time window [0, 50] for the bidirectional
layout 1 are given in Figure 38 and Figure 39.

Figure 37: Bidirectional layout 1 with highlighted paths for AGV 6, the red path correspond to
the shortest-distance FCFS approach and the green path to the CARA* Algorithm 4.
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Figure 38: Shortest-distance FCFS reservations for the bidirectional layout 1 of Figure 29.

In Figure 32 it was found that AGV 6 needed to wait at its parking tile because of the
reservations of two other AGVs. The same holds for the bidirectional layout as is shown in
Figure 38, here AGV 6 needs to wait at its parking tile until timestamp 27 before the AGV can
start the execution of its path. AGV 6 needs to wait until the other two AGVs have finished their
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jobs. It can be found that the paths corresponding to the jobs of these two AGVs drive back and
forth, because the reservations are mirrored in the pick-up tile 67 and 65. The paths that lead to
the pick-up tile are equal to the paths that lead to the parking tiles of these AGVs.

0 5 10 15 20 25 30 35 40 45 50

Logical Time Steps

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

T
il

e
 i

n
d

e
x

Layout 1: Logical Time Window Plot

Figure 39: Context-aware routing A* algorithm reservations for the bidirectional layout 1 of
Figure 29.

The time window plot of Figure 39 corresponding to the reservations of the CARA* algorithm
shows the reservations of AGV 6 in yellow. In the time window plot some longer horizontal re-
servations can be found, these correspond to AGVs waiting at a tile before the next tile of the
path can be entered. In the time window plot of Figure 33 of the unidirectional layout 1, this only
occurred on parking tiles. Therefore, it can be found that this particular bidirectional simulation
of layout 1 requires more waiting time on not parking tiles compared to the unidirectional layout 1
in the interval [0, 50]. In this interval, the CARA* algorithm reserved 450 timestamps compared
to 103 reserved timestamps of the shortest-distance FCFS approach.

Now the results of the bidirectional layout 1, 2 and 3 are shown with the use of box plots [20]
in Figure 40, Figure 41 and Figure 42.
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Figure 40: Bidirectional result of layout 1.
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The results of the bidirectional Layout 1 in Figure 40 shows that the CARA* algorithm requires
more reservations per simulation. In Figure 37 the two paths of AGV 6 were highlighted, which
corresponded to the different algorithms. Here it could be found that the CARA* algorithm found
a shortest-time path that drives around the obstacles, this path is 2 tiles longer than the path of
the shortest-distance FCFS approach. This means that the aim for the shortest-time path resulted
in a path with more reservations. Although no conclusions can be drawn after one example time
interval, the results of Figure 40 indicates that the overall performance of the CARA* algorithm
found a shorter time path which resulted in a lower maximum reservation; but required more
number of reservations and therefore longer paths to fulfill the jobs.
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Figure 41: Bidirectional result of layout 2.
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Figure 42: Bidirectional result of layout 3.

For the bidirectional layout 2 and 3, it is found that the CARA* algorithm outperforms the
shortest-distance FCFS for both performance indicators. The difference between the median of
the CARA* algorithm compared to the shortest-distance FCFS approach are given in percentages
in Table 4. Because layout 2 and 3 have a larger variety of path options, the CARA* algorithm
is able to find a shortened paths which require less driving around other reservations or obstacles
compared to layout 1. Therefore, the shortened paths of the CARA* algorithm results in a lower
number of reservations compared to the shortest-distance paths that are less likely to be shortened.
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Layout 1 Layout 2 Layout 3
Decrease of the maximum reservation 80.5% 93.7% 93.5%
Number of reservations reduction -8.7% 22.2% 34.1%

Table 4: Improvement of the performance indicator per bidirectional layout.

5.2.3 Bidirectional vs. Unidirectional

In Table 5 the results of the CARA* algorithm for the unidirectional and bidirectional layouts
are compared. The difference between the median of the bidirectional result compared to the
unidirectional layout is given in percentages. For layout 1 it is found that the bidirectional layout
results in a higher maximum reservation, this can be assigned to the waiting times of the AGVs
as explained for Figure 39. The shortest-time path of an AGV can result in driving back and
forth, which forces other AGVs to wait until the tiles are available again. On the other hand, the
bidirectional layout requires less reservations and therefore less driving of the AGVs per simulation.
These results of layout 1 indicate that the bidirectional leads to more efficient paths in terms of
driving distance but that fewer AGVs execute their paths in parallel. One should take into account
that these results are in the logical time domain and that there is no causal relationship with the
real-time performance. For layout 2 and 3, the bidirectional layouts outperform the unidirectional
layout in terms of both performance indicators.

Layout 1 Layout 2 Layout 3
Decrease of the maximum reservation -4.9% 28.0% 23.8%
Number of reservations reduction 20.4% 22.2% 16.3%

Table 5: The CARA* algorithm performance for bidirectional layouts compared to unidirectional
layouts.

5.3 Context-aware routing: computational complexity performance

In this section the performance in terms of computational complexity is presented for the context-
aware routing algorithm with the use of Dijkstra’s algorithm [16] and the context-aware routing
A* Algorithm 4. This gives an indication of computational complexity reduction per path search
by the implementation of the A* heuristic [19]. The computational complexity is measured on
the basis of two performance indicators, the total open list expansion ratio and the number of
iterations ratio; both indicators are measured per path search.

Each iteration of the context-aware routing algorithm the open list expands and reachable free
time windows of neighbouring tiles are added as elements. The total number of elements added
to the open list during an individual path search is counted and saved, this includes the selected
elements that moved to the visited list. This total number of elements is divided by the path
length and is called the total open list expansion ratio; this ratio gives an indication on how many
elements the algorithm could choose from during the path search per found path element. For
the complete job list of a simulation, the mean is taken of the total open list expansion ratio of
all path searches. The mean expansion ratio of all simulations are shown in box plots [20] for the
three different layouts.

The second performance indicator is the number of iterations ratio, which is equal to the
number of elements in the visited list divided by the path length. Each iteration of the context-
aware routing algorithm, the selected element is added to the visited list. Therefore, the number
of elements in the visited list is equal to the number of iterations to find a path. A reduction of
the visited list size indicates that the A* heuristic succeeds in finding an optimal path in fewer
iterations and thereby reduces the number of computations per path search. Per simulation, the
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mean is taken of all path searches of the job list and these means are shown in the results with
the use of box plots [20].

5.3.1 Unidirectional grid layouts

For the three unidirectional grid layouts, the A* heuristic reduces both the total open list expansion
ratio and number of iterations ratio as can be found in Figure 43, Figure 44 and Figure 45. These
figures show box plots [20] of the results and it is found that there is a dispersion in the results of
the context-aware routing algorithm with the use of Dijkstra’s algorithm [16]. The mean number
of iterations per job list shows a dispersion over the various job list, this dispersion is enlarged
for the open list expansion ratio because each iteration adds multiple elements to the open list
that might be investigated. The A* heuristic takes into account the estimated cost of an element
and succeeds to find a path with fewer iterations, i.e. fewer investigated elements. Because the
CARA* algorithm succeeds in finding a path with fewer iterations for the complete job list of
the simulation, the results of the CARA* algorithm have fewer outliers and therefore a smaller
dispersion.
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Figure 43: Computational complexity reduction results for unidirectional layout 1.
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Figure 44: Computational complexity reduction results for unidirectional layout 2.
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Figure 45: Computational complexity reduction results for unidirectional layout 3.

In the results, it can be found that the use of Dijkstra’s algorithm results in a larger dispersion
of the open list expansion and number of iterations ratio. Besides, it can be found that this
dispersion is layout dependent because the results of layout 1 of Figure 43 shows a significantly
larger dispersion compared to the other layouts. Layout 1 of Figure 29, has some unidirectional
lanes with only one neighbouring tile; a path search via these lanes result in fewer elements added
to the open list compared to a path search via tiles with multiple neighbouring tiles. This causes
a spread in the results for the path search with Dijkstra’s algorithm. For the CARA* algorithm,
these lanes result in even fewer iterations per found path element. It can be found that almost
every selected element by the CARA* algorithm has made it to the found path, because the median
of the number of iterations ratio of Figure 43 is 1.03. This means that the CARA* algorithm is
very efficient because every iteration it selects the optimal element. The results of Figure 44 and
Figure 45 also show a strong reduction of the number of iterations ratio. In Table 6 the reduction
of the computational performance indicators are given in percentages per unidirectional layout.

Layout 1 Layout 2 Layout 3
Open list expansion ratio reduction 86.2% 88.9% 93.0%
Number of iterations ratio reduction 69.2% 89.3% 92.7%

Table 6: The reduction of the computational performance indicators per unidirectional layout.

5.3.2 Bidirectional layouts

For the bidirectional layouts, the computational complexity reduction result of layout 1 differs
quite a bit from the reduction of layout 2 and 3. The computational complexity reduction of
layouts 2 and 3 are shown in Figure 47 and Figure 48, these results are comparable with the
reduction results of the unidirectional layouts.

The results of layout 1 are shown in Figure 46 and show a dispersion in the results of both
computational complexity indicators. The dispersion of the results overlap, but the boxes do not
spread past both medians. This means that the medians of the results are likely to differ and the
CARA* is likely to reduce both the open list expansion ratio and the number of iterations ratio.
Besides, it can be found that the number of iterations per path element and the number of added
elements per path element are very close to each other. For the CARA* algorithm the median
of the number of iterations per path element is 25.4 compared to the median of the number of
added elements per path element which is 29.9 elements. This means that the average number of
elements added to the open list per iteration is close to 1. If the path search tries for example, to
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find a shortened path by driving clockwise instead of counter-clockwise this might result in a dead
end; this means that the selection of an element does not lead to an expansion of the open list.
In this case, the A* heuristic does not help the path search because the estimated cost function is
only distance dependent and therefore stimulates the path search to find a shorter path by driving
in the opposite direction. This might result in a shorter path but has a higher chance of not
finding a path.

The results of the computational performance indicators for all three bidirectional layouts are
given in percentages in Table 7. Here it can be found that the use of the CARA* algorithm gives
a significant reduction of both performance indicators for layout 2 and layout 3. After this table,
the box plots of the results of all three layouts are given in Figure 46, Figure 47 and Figure 48.

Layout 1 Layout 2 Layout 3
Open list expansion ratio reduction 13.9% 84.0% 87.9%
Number of iterations ratio reduction 10.3% 85.3% 89.5%

Table 7: The reduction of the computational performance indicators per bidirectional layout.
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Figure 46: Computational complexity reduction results for bidirectional layout 1.
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Figure 47: Computational complexity reduction results for bidirectional layout 2.
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Figure 48: Computational complexity reduction results for bidirectional layout 3.
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6 Conclusions and recommendations

The research of this report is about the use of the principle of logical time in a grid-based AGV
system such that the AGV system can be controlled in a conflict-free manner, i.e. deadlock and
collision free. This means, that the principle of logical time needed to be implemented in the path
planning and reservation strategy of the AGV system. This chapter first presents the conclusions
of this research after which recommendations for further research are given.

6.1 Conclusions

To reach the goal of this research, a literature study in the field of logical time is performed. The
logical clock definitions and “happened-before” relation of the logical time algorithm of Lamport
[1] are used for the AGV system, where each AGV and tile are assigned their own logical clock.
The reservation relations of Seibold [2] with the use of timestamps are used to reserve the paths of
the AGVs. These relations are used for the design of the first reservation algorithm Algorithm 1
with the first come, first served approach. This means, that the algorithm prioritizes jobs that
arrive at the system first and that paths are reserved at the back of the planning. To define
the paths, a shortest-distance path planning approach is used. This is a time-independent path
planning approach which uses a graph representation of the grid layout to find a path towards
the destination with the shortest-distance. It is decided that each path of an AGV should end
at a parking tile which is assigned to this specific AGV such that the AGV does not block the
drop-off tile to be used by other AGVs if the AGV has to wait for a new job to arrive. This means
that each path leads the AGV to the pick-up tile, drop-off tile and finally to the parking tile. By
reserving the complete path towards this parking tile, it can be guaranteed that the AGV will
reach the parking tile deadlock free and can wait at its own parking tile until infinity for a new
job to arrive. Because the path is reserved with the use of logical timestamps, the reservations
are insensible for delays or congestion. If the AGV is assigned a new job while it is in process, the
path planning and reservation algorithm aims to find a shortened path towards the new pick-up
tile without the need to drive back to the parking tile.

For the optimization of the reservation algorithm, research into time-window based routing is
performed and in Chapter 4 three existing time-window based routing algorithms are explained.
The context-aware routing algorithm of Ter Mors et al. [3] seemed to be the most suitable for the
grid-based AGV system. This algorithm uses the Dijkstra’s algorithm [16] to search through the
set of reachable time windows of the tiles of the grid layout to find the shortest-time path to the
final destination. In this way, the context-aware routing algorithm finds the shortest-time path
given the reservations of all other AGVs. Because the algorithm takes into account all reservations
of other AGVs and only uses reachable free time windows, all found paths are guaranteed conflict-
free. For the context-aware routing algorithm, every path is also planned to lead the AGV to the
pick-up tile, drop-off tile and finally the parking tile. Therefore, it also holds for the context-aware
routing algorithm that the AGV can reach the parking tile deadlock free and can wait for a new
job to arrive. To reduce the computational complexity of the algorithm, an A* heuristic [19] is
implemented which uses an estimated cost function. The shortest-distance towards the destination
tile is used as estimated cost by the A* heuristic to direct the path search towards the destination.

The shortest-distance first come, first served Algorithm 1 and the context-aware routing A*
Algorithm 4 are both simulated for three different grid layouts and each grid layout is simulated
with unidirectional and bidirectional edges. For all simulations, the context-aware routing A*
algorithm resulted in a reduction of the number of reservations. This means that if an AGV
has multiple jobs, the CARA* algorithm is able to find a shortened path more often than the
shortest-distance FCFS algorithm and thereby reduces the required driving of the AGVs to fulfill
the jobs. Besides, the CARA* algorithm decreases the maximum reserved timestamp which means
that more AGVs are able to execute their paths in parallel instead of in succession. In this case,
the system has less “happened-before” relations between the processes of AGVs which results in
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less waiting time for AGVs. Therefore, it is concluded that the context-aware routing algorithm
reduces the simulation time in the logical time domain.

The simulations of the three different layouts showed that for layouts with a high variety of
path options, the CARA* algorithm performs better for layouts with bidirectional edges com-
pared to unidirectional edges. For layouts with a lot of single driving lanes and therefore fewer
path options like layout 1 of Figure 29, the CARA* algorithm requires fewer reservations in the
unidirectional layout and thereby improves the performance in terms of path length e.q. driving
distance.

From this research, it is concluded that the use of logical time in a grid-based AGV system
can be used to plan and reserve paths in a conflict-free manner. The context-aware routing A*
algorithm is used to find and reserve conflict-free, shortest-time paths for AGVs. With the use
of logical time, these paths are insensible for delays or congestion. To prove that these reserved
paths are also conflict-free during execution, the implementation of the algorithm in a real-time
simulation model is required. Furthermore, this research concludes that the context-aware routing
A* algorithm outperforms the shortest-distance first comes, first served approach.

6.2 Recommendations

In Chapter 3 a reservation algorithm was presented with the use of a shortest-distance path plan-
ning approach. To improve the AGV system performance, this research investigated the use of a
time-window based routing algorithm which performs both path planning and path reservation.
One could choose to keep the path planning and reservation algorithm separately with the aim
of maintaining a low computational complexity. Because, time-independent path planning ap-
proaches require less computations to find a path compared to time-dependent approaches. In
this case, it is recommended to further investigate the use of a different path planning approach
like the Updated Weights approach of Fransen [8] which is already implemented in the AgvSorter.

Furthermore, it is recommended to implement the context-aware routing A* algorithm in a
real-time grid-based AGV system like the AgvSorter. The traffic control of this AGV system needs
to assign and release tiles to AGVs depending on: the reservations, the logical clock values of both
the tiles and AGVs and the real-time location of the AGV. Implementation in a real-time envir-
onment like the AgvSorter, provides the capability of measuring the system performance of the
context-aware routing A* algorithm in real-time. In this way the performance can be compared
with other routing AGV control systems that operate in the real-time domain.

After implementation in a real-time simulation model, it is recommended to investigate the
difference in lead time between the real lead time of the execution of the jobs and the expected lead
time of the reservations in logical time. The path planning is executed in the logical time domain
and therefore, research into the conversion of the lead time from the logical time domain to the
real-time domain is needed. After this conversion, it is possible to get an indication on how closely
the expected lead time of the path planning is related to the real lead time. Further research into
the cost function of the path planning by taking into account the acceleration, deceleration and
turning of the AGV should reduce the difference between the expected and real lead time.

In the grid-based AGV system, each tile is assigned a logical clock and these clocks are only
set forward if an AGV passes the tile. It is therefore, that logical clocks throughout the grid
layout have different values of logical time. In her research Seibold [2] found that if the logical
clocks show a high variety in clock values, the expected lead time differs more from the real lead
time. Besides, it is found that if this difference in lead time could be reduced, this results in an
increases of the throughput of the system. Therefore, it is also recommended to investigate the use
of synchronization of logical clocks in the system. This would mean that besides the synchroniz-
ation of the logical clocks of two neighbouring tiles with the occurrence of a movement; the other
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tiles in the grid also synchronize their logical clock with the timestamp of this movement. It is
recommended to apply further research on the synchronization of logical clocks for grid layouts
with a high variety of path options and a long distance between the source and destination, and
for AGV systems with a low system load. For these cases, Seibold [2] found that the estimated
and real lead time differs the most.

Lastly, it is recommended to apply further research on the number of AGVs used in the AGV
system. In Figure 33 it is found that the context-aware routing algorithm is able to make a lot of
reservations in quick succession. For all AGVs a shortened path was found and none of the AGVs
had to drive back to the parking tile. Therefore, further research could be applied to AGV systems
with more AGVs than parking tiles. This would mean that a subset of the AGVs can use a parking
tile while the other AGVs need to process a job at all time or perhaps can wait temporarily on a
driveable tile in the grid layout for a new job to arrive. Research into the use of more AGVs per
grid layout could lead to a very dense planning and possibly increase the throughput. One could
argue that an overload of AGVs could also lead to a decrease of the throughput, but the research
of Seibold [2] found that in the GridSorter system [10] with the use of logical time an overload of
parcels did not result in a decrease of the throughput. This could mean that a grid-based AGV
system with a control system that operates in the logical time domain could handle more AGVs
in the system compared to a grid-based AGV system with a real-time control system.
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