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An Automated Guided Vehicle System in a Container Terminal 

The volume of goods transported by containers through sea ports has been rapidly increasing during the 
last decade. Therefore automated container terminals (ACTs) have become a very interesting research 
topic in order to increase the productivity and efficiency as well as to decrease the cost of container 
terminals. In an ACT, automated guided vehicles (AGVs) can be used to transport containers between 
the Quay Cranes and the storage Yard. The focus of this research project is the design, control and 
simulation of this quayside container transport by AGVs. A framework of a traffic control strategy for 
an AGV system, which uses a zone controlled modelling approach, is already developed. 
The project is part of the C4C project (http://www.c4c-project.eu/), which investigates the control of 
large-scale complex distributed systems. 

Assignment 

• Develop a software platform that can be used to simulate and evaluate the overall performance of 
the AGV-based container transhipment system, which uses the proposed traffic control strategy, in a 
simulated environment of an ACT. Furthermore investigate possible improvements of the developed 
traffic control strategy by analyzing results and phenomena that are obtained from these simulations. 

• Study the influence of the design of the road network of the AGV system on the overall performance 
of the container terminal. Finally investigate which layout provides the best overall performance. 

• Improve the AGV system in such a way that it can deal with unexpected disturbances, such as the 
appearance of obstacles in the workspace or breakdown of AGVs and handling cranes. 

• Compare the simulation results of the developed model with the results of one or more similar simu
lation models o(f\G\l--systems in container terminals. ___ .. --· 
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Summary 

The volume of goods transported by containers through sea ports has been rapidly 
increasing during the last decade. Therefore automated container terminals (ACTs) 
have become an interesting research topic in order to increase the productivity and 
efficiency as well as to decrease the cost of container terminals. ACTs are equipped 
with automated container transhipment systems consisting of automated cranes and 
automated guided vehicles (AGVs). This report will focus on the design, control and 
simulation of an AGV system in a container terminal. 

A zone control approach has been used to control the traffic management of vehicles 
in the AGV system. First a software platform has been developed. Initially, this 
software platform has been mainly used to test and improve the proposed traffic control 
strategy. Furthermore a routing algorithm and a token assignment algorithm have been 
developed, which are both needed to properly implement the traffic control scheme. 
The route of a vehicle has been determined by a heuristic algorithm, which is aimed 
at optimizing the distance as well as the time for the transport. A starvation avoiding 
approach has been used for the token assignment algorithm. 

Furthermore the software platform has been used to evaluate the influence of the design 
of the road network on the overall performance of the AGV system in a simulated 
environment of an ACT. The road network consists of lanes, crossings and depots. 
In total, 19 layouts of the road network have been designed, based on the practical 
dimension of a container terminal. The layouts can be divided in 4 groups, based on 
two main characteristics of the layout: small or large crossings and 4 or 6 parallel 
lanes. In order to compare the several layouts, specific performance measures have 
been defined. Moreover, all simulations of the different layouts have been performed 
with the same job scenario. This job scenario has been applied to a wide range of the 
size of the vehicle team, which varies from 20 through 120 AGVs, in the AGV system. 
From the comparison of the several layouts it can be concluded that the layouts with 
large crossing perform much better than the layouts with small crossings. Moreover, 
in general increasing the average distance an AGV has to travel for a task results in 
a lower performance of the AGV system. Finally it can be concluded that the layout 
with four parallel lanes and large crossings is the best choice for the wide range of the 
size of the vehicle team. Moreover the simulation results show that by this proposed 
layout and the introduced control strategies, then even for a busy operation the flow of 
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the vehicles is quite smooth, i.e. the motion of the vehicles are not much interfered by 
the traffic. Additionally, one can estimate for each task the arriving time of the vehicle 
performing the task with an acceptable error. This last result is very important for a 
proper implementation and application of a task dispatching algorithm in the future. 

Some adjustments have been made to the zone control model in order to deal with 
failures in the AGV system, such as the appearance of obstacles in the workspace or 
breakdown of AGVs and handling cranes. Furthermore a control algorithm has been 
developed which regulates the traffic of AGVs temporary at the moment a failure in 
the AGV system is detected. The adjustments on the zone control model resulted in a 
doubling of the length of a SZ, which caused a large increase of the minimum length of 
a lane in the road network. Therefore the zone control model theory is adjusted in such 
a way that the minimum length of a zone can be reduced. Consequently, the minimum 
length of a lane is even shorter in this adjusted zone control model compared to the 
original zone control model theory. 

Finally a comparison has been made between our developed model of the AGV system 
and two other simulation models of AGV systems in container terminals. The choice 
for these two simulation models, which are the model of Vis and Harika [I.F04] and the 
model of Bae et al. [Bae08, Bae09], is a consequence of an investigation of several sim
ulation models of AGV systems in container terminals published within the literature. 
It can be concluded from the comparison that our model outperforms the model of Vis 
and Harika. Compared to the model of Bae et al. our model performs slightly better. 
In addition, our road network uses less space of the container terminal which is also an 
advantage. 



Samenvatting 

Gedurende de laatste decennia is de goederenstroom van containers in havens sterk 
toegenomen. Dit is de reden dat onderzoek naar geautomatiseerde containerterminals 
(ACT) een zeer interessant onderwerp is geworden. Het doel van dit onderzoek is de 
productiviteit en de efficiëntie van een ACT te verhogen en de kosten van een ACT te 
verlagen. ACTs zijn uitgerust met automatische containertransport systemen bestaande 
uit geautomatiseerde kranen en automatisch geleide voertuigen (AGV's). Dit verslag 
zal zich richten op het ontwerp, de besturing en simulatie van een AGV systeem in een 
container terminal. 

Een "zone-control" methode wordt gebruikt om het verkeer van voertuigen te regelen 
in het AGV-systeem. Als eerste is er een software platform ontwikkeld dat in het begin 
voornamelijk is gebruikt om de ontwikkelde controlestrategie voor het verkeer in het 
AGV-systeem te testen en te verbeteren. Verder is er een "routing" algoritme en een 
"token-aanwijzing" algoritme ontwikkeld. Beide algoritmes zijn nodig om het verkeer 
van de AGVs in het AGV-systeem te regelen met de ontwikkelde controlestrategie. Het 
ontwikkelde routing algoritme is gericht op het minimaliseren van de afstand en de 
benodigde tijd voor het transport van een container. 

Verder is het software platform gebruikt om de invloed van het ontwerp van het wegen
net op de prestaties van het AGV-systeem te onderzoeken in een gesimuleerde omgeving 
van de ACT. Het wegennet bestaat uit rijstroken, kruisingen en depots. In totaal zijn er 
19 lay-outs van het wegennet ontworpen, gebaseerd op de werkelijke dimensies van een 
containerterminal. De lay-outs kunnen worden verdeeld in 4 groepen aan de hand van 
twee belangrijke kenmerken: kleine of grote kruisingen en 4 of 6 parallelle rijstroken. 
Vervolgens zijn verschillende prestatie-indicatoren gedefinieerd om de verschillende lay
outs te vergelijken. Verder zijn alle simulaties van de verschillende lay-outs uitgevoerd 
met hetzelfde simulatie scenario. Dit scenario is toegepast op verschillende teams van 
voertuigen in het AGV-systeem. De grootte van deze teams is gevarieerd van 20 tot 120 
AGVs. Uit de vergelijking van de verschillende lay-outs kan worden geconcludeerd dat 
de lay-outs met grote kruising zorgen voor veel betere prestaties van het AGV-systeem in 
vergelijking tot de lay-outs met kleine kruisingen. Daarnaast kan worden geconcludeerd 
dat het verhogen van de gemiddelde afstand van het transport van een container door een 
AGV in het algemeen leidt tot lagere prestaties van het AGV-systeem. Uiteindelijk kan 
worden geconcludeerd dat de lay-out met vier parallelle rijstroken en grote kruisingen de 
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beste keuze is voor het brede scala van voertuig teams in het AGV-systeem. Bovendien 
tonen de simulatieresultaten aan dat met de voorgestelde lay-out en de geïntroduceerde 
controlestrategieën de voertuigen zich snel en efficiënt kunnen voortbewegen in de ACT, 
zelfs bij de aanwezigheid van een groot aantal voertuigen in het AGV-systeem. Boven
dien kan een goede schatting met een aanvaardbare foutmarge worden gemaakt voor 
de tijd die een voertuig nodig heeft voor het uitvoeren van een bepaalde transportop
dracht. Dit laatstgenoemde resultaat is belangrijk voor het succesvol implementeren en 
toepassen van een "taakverdeling" algoritme in de toekomst. 

Enkele aanpassingen zijn gedaan aan het "zone-control" model om bestand te zijn 
tegen onverwachte verstoringen in het AGV-systeem. Verstoringen kunnen bijvoor
beeld veroorzaakt worden door onverwachte obstakels in de ACT en het uitvallen van 
AGVs en/of kranen in de ACT. Een controlealgoritme is ontwikkeld dat het verkeer 
van AGVs tijdelijk zal regelen op het moment dat een verstoring in de AGV-systeem 
is gedetecteerd. De aanpassingen van het "zone-control" model resulteerde in een ver
dubbeling van de lengte van een SZ, wat weer een sterke vergroting van de minimale 
lengte van een rijstrook tot gevolg had. Daarom is de geïntroduceerde controlestrate
gie van het AGV-systeem op een zodanige wijze aangepast dat de minimale lengte van 
een rijstrook kan worden verminderd. Uiteindelijk blijkt de minimale lengte van een 
rijstrook zelfs nog korter in het aangepaste model in vergelijking met de oorspronkelijke 
"zone-control" model theorie. 

Ten slotte is er een vergelijking gemaakt tussen ons model en twee andere simulatiemod
ellen van AGV-systemen in containerterminals. De keuze voor deze twee simulatiemod
ellen (het model van Vis en Harika [I.F04] en het model van Bae et al. [Bae08, Bae09]) 
is voortgekomen uit een onderzoek naar gepubliceerde simulatiemodellen van AGV
systemen in containerterminals in de literatuur. Uit de vergelijking kan worden gecon
cludeerd dat ons model beter resultaten geeft voor de prestatie van het AGV-systeem 
in vergelijking met het model van Vis en Harika. In vergelijking tot het model van Bae 
et al. zijn de prestaties van ons ontwikkelde model iets beter en bovendien gebruikt ons 
wegennet minder ruimte van de container terminal. 
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Chapter 1 

lntroduction 

The competition between container terminals has increased due to the large growth of 
international trade on major seaborne container routes [R.08]. Container terminals are 
therefore faced with an increasing amount of containers to be handled within a short 
time period at low cost. How to improve the competitiveness of port container ter
minals is therefore an immediate challenge which port operators are confronted with. 
In order to solve problems such as the increase in operation time due to larger and 
wider vessels, high expenses on personnel, and for the higher efficiency of land utiliza
tion, automated container terminals (ACTs) have become a very interesting research 
topic. ACTs are equipped with automated container transhipment systems consisting 
of automated cranes and automated guided vehicles (AGVs). Compared to traditional 
container terminals an ACT should be able to meet the increasing demands for higher 
operational efficiency, lower costs, and smaller variability. 

This report will focus on the design, control and simulation of an AGV system in an 
ACT. An AGV is a driverless transport system used for horizontal movement of ma
terials. The AGVs were traditionally employed in manufacturing systems, but have 
recently extended their popularity to many other industrial applications, such as con
tainer transhipment systems at container terminals. 

There are four main issues in designing an AGV system of an ACT. The first is the 
design of a road network on which the AGVs can travel. The second is the dispatching 
problem which is about where and when vehicles should go for the container loading or 
discharging tasks. The third is the vehicle routing which deals with finding good paths 
for vehicles that are dispatched for certain tasks. The last issue is the traffic control 
problem. A proper traffic control strategy has to result in collision- and deadlock-free 
behaviour of moving AGVs. All these four issues have to be investigated in order to 
maximize the performance of the designed AGV system. Although all these matters are 
interconnected as far as the system performance is concerned, it is very difficult to take 
them into one comprehensive consideration. Therefore as a step towards a complete 
solution, a package of designs and controls will be presented in this report that deal 
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2 Chapter 1. Introduction 

with the first, third and fourth topic. Nevertheless it should be easy to implement a 
certain task dispatching algorithm in the developed AGV system at all times. 

1.1 Objective 

The objectives of this final project can be formulated as follows: 

• Developing a software platform that can be used to simulate and evaluate the over
all performance of the AGV-based container transhipment system, which uses the 
proposed traffic control strategy, in a simulated environment of an ACT. Further
more investigate possible improvements of the developed traffic control strategy 
by analyzing results and phenomena that are obtained from these simulations. 

• Studying the influence of the design of the road network of the AGV system on 
the overall performance of the container terminal. Finally investigate which layout 
provides the best overall performance. 

• Improving the AGV system in such a way that it can deal with unexpected dis
turbances, such as the appearance of obstacles in the workspace or breakdown of 
AGVs and handling cranes. 

• Comparing the simulation results of the developed model with the results of one 
or more similar simulation models of AGV systems in container terminals. 

1.2 Outline 

The outline of this report will shortly be discussed in the following part. After the 
introduction, Chapter 2 will introduce the most important components and processes 
of an ACT. Hereafter Chapter 3 will deal with the traffic control problem of AGVs 
in an AGV system. The first part of this Chapter will discuss published literature 
related to study of control of AGV systems. The remainder of this Chapter introduces 
the proposed zone control model theory for the traffic control of AGVs in a container 
terminal. 

Chapter 4 is devoted to the layout design of the road network of an ACT. Subsequently 
Chapter 5 discusses the implementation of the proposed traffic control strategy in a 
simulation model of an ACT. The simulation model is used to simulate the different 
developed layouts of the ACT. The simulation results of this investigation are presented 
in Chapter 6. Moreover this Chapter includes a performance evaluation of the AGV 
system for the several layouts of the ACT. 



1.2. Outline 3 

Chapter 7 deals with the occurrence of failures in the AGV system. Furthermore this 
Chapter will discuss the adjustments of the original zone control model. These ad
justments are necessary to apply the failure-tolerant traffic control strategy within the 
predefined environment of the ACT. 

Chapter 8 provides a literature overview of simulation models of AGV systems in an 
ACT. Furthermore a comparison will be made between two of these models and our 
developed zone control model. 

Finally, within Chapter 9 some conclusion remarks are made and some directions for 
future research are pointed out. 
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Chapter 2 

Background 

The major components and operations of a container terminal will be presented in this 
Chapter. Firstly, Section 2.1 will discuss the most important processes and elements 
in a container terminal. Information about different types of transport vehicles in 
a container terminal will also be presented in this Section. Furthermore Section 2.2 
introduces the most important design issues of an AGV system concerning the overall 
performance of the container terminal. 

2 .1 The container terminal 

The main purpose of a container terminal is the transhipment of containers from the 
sea to land and vice versa. For this transhipment containers are imported from or 
exported to vessels in a container terminal. Moreover, in the hinterland containers 
enter or exit the container terminal either by truck or train. In between these two 
processes, containers are transported and temporarily stored. Several type of vehicles, 
which are controlled by drivers, can be used for the horizontal transport of containers. 
These different type of vehicles will be discussed in the first part of the next Subsection. 
Furthermore two types of main movements can be distinguished within the container 
terminal: the first one is the transport of containers from the Yard to the vessel which 
is called loading; The second type is the reverse movement which is called discharging. 
The details of these loading and discharging processes will be discussed in the second 
part of the next Subsection. Subsection 2.1.2 will present information about automated 
vehicles in a container terminal. 

2.1.1 Processes in the container terminal 

The equipment for horizontal transportation within a container terminal can differ in 
the level of handling capability. The first vehicle for container handling that will be 
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6 Chapter 2. Background 

Figure 2.1: A Straddle Carrier 

discussed is a Prime Mover (PM). A PM can be described as a human operated truck. 
In addition, PMs are not able to pick up and deliver containers without the presence of 
a handling crane. Therefore the processes of the handling crane in a container terminal 
have to be synchronized with the processes of a PM in order to ensure a successful 
transfer of the container from the handling crane to the PM and vice versa. A Straddle 
Carrier (SC), which is showed in Figure 2.1 , is another kind of vehicle which is capable of 
transporting containers within a container terminal. These vehicles have to be controlled 
by a driver. They are able to lift containers from the ground and stack them up to three 
containers high. Therefore the processes of the handling cranes and the transportation 
process can be decoupled by using SCs. 

Several operations can be distinguished within the loading and discharging processes in 
a container terminal. These operations will be explained in the following part of this 
Subsection. A schematic overview of the process of discharging/loading a vessel in a 
container terminal is illustrated in Figure 2.2. Firstly, the discharging operation will be 
shortly described. After a vessel has arrived at the port, the containers have to be taken 
off the vessel. This process is done by Quay Cranes (QCs). Usually, a QC is able to 
move only in one direction: horizontally along the Quay. The spreader of a QC is able to 
move in the two other directions: from and towards the vessel (Quay) and upwards and 
downwards. The next operation of the QC depends on the type of transport vehicle 
that is used in the container terminal. First we will discuss the situation in which 
PMs are used in the container terminal: the QC places the container on a PM, which 
is positioned under the QC. Note that the processes of a QC and a PM have to be 
synchronized for a proper transfer of a container. In the case that SCs are used in 
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Figure 2.2: Schematic overview of a container terminal 

the container terminal, the QC will transport the container to the QC buffer, This QC 
buffer is defined as the available space for containers under the QC. This buffer space is 
divided in several lanes, which each can accommodate at least one container. The QC 
will place the container in one of the available lanes of the QC buffer. In addition, the 
SCs will lift the container and continue the transportation of the container. SCs will 
wait in front of the QC buffer if all the lanes of the QC buffer are occupied. Moreover, 
the QC has to wait to transport a container to the QC buffer whenever space within 
the QC buffer is available again. 

After receiving a container, the transport vehicle starts with the transportation of the 
container and moves through the transporting area (TA) to the Yard. Basically, the 
Yard consists of a collection of stacks. In addition, a stack consists of a number of 
rows in which the containers are stacked. These containers in the stack are served by 
stacking cranes. Such a crane will be defined as a Yard Stacker (YS). The YS will 
transport a container from the transfer place, which is in front of a stack, to a specified 
position in the stack. Note that the pick-up time of a YS has to be synchronized with 
the deliver time of a container in the case that PMs are used for the container transport. 
Moreover, the YS will lift the container from the PM and hereafter it will transfer the 
container to the stack. In the case that SCs are used in the container terminal, the 
transfer place of a YS is used as a buffer. This YS buffer is divided into several lanes, 
which each can accommodate a container. SCs place their container in one of these 
lanes and will continue with their next task. Hereafter a YS will lift the container and 
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transfer the container to the stack. SCs will wait in front of the YS buffer whenever 
all places of the YS buffer are occupied. After a certain period the containers are as 
well as retrieved from the stack as transported by the YS to different transportation 
modes (for example a truck or a train). There are also container terminals in which 
the SC themselves take care of the container stacking. In that case the SC will lift the 
container and subsequently it will move along a row of containers to the predetermined 
position in the stack. 

In the case that containers have to be loaded on the ship, the above described actions 
and processes will take place in reverse order. 

In Figure 2.2 a distinction is made between three important areas in a container termi
nal. These three areas with their most important processes and layout characteristics 
are described below: 

Quay area 
Processes in this area: loading and dispatching of containers under the QC, re
ceiving/ delivering of containers by a vehicle under the QC and waiting of vehicles 
in front of the QC buffer. Large container terminals have a typical quay length of 
1 to 4 kilometres. In addition, a container terminal can consists of multiple Quays 
connected to each other. 

Yard area 
Processes in this area: loading and dispatching of containers under the YS, receiv
ing/delivering of containers by a vehicle at the transfer place of a YS and waiting 
of vehicles in front of this transfer place. Usually the stack is divided in blocks of 
multiple rows. The space between these rows depends on which type of equipment 
is used for stacking of the containers in the stack. 

Transporting area 
Processes in this area: driving from the outgoing lanes of a QC or YS to the 
ingoing lanes of either a QC or YS. Usually this TA is a very long and narrow 
area. 

2.1.2 Automated guided vehicles 

This report studies the application of automated vehicles, instead of human driven SCs 
or PMs, in a container terminal. The big advantage of this automation is that costs on 
personnel can be saved and furthermore no regulations of labour unions are needed any
more. The term automated container terminal (ACT) will be used to indicate container 
terminals in which manual labour has been replaced by computer controlled equipment 
to handle containers, such as automated vehicles. Two types of automated vehicles can 
be observed in a container terminal, namely automated guided vehicles (AGVs) and 
automated lifting vehicles (ALVs). ALVs can be described as fully automated guided 
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Figure 2.3: An AGV 

SCs, while AGVs can be represented by fully automated guided PMs (see Figure 2.3 
for an example of an AGV). Especially the papers of Vis and Harika [I.F04] and Yang 
et al. [Yan04] discuss this new type of automated vehicles in more detail. Both these 
studies demonstrate that the ALV is superior to the AGV in productivity in a container 
terminal because it reduces the waiting time in the buffer areas of the QCs and YSs. 

For the automated vehicle system that is studied in this report both AGVs and ALVs 
could be applied. Nevertheless, only the term AGV will be used in the remainder of this 
report to denote automated vehicles in a container terminal. In this report the AGV 
will be defined as an automated transport component that is capable of transporting 
containers from their loading point to their destination. Table 2.1 shows the most 
important geometrie and kinematic characteristics of the AGV that will be used during 
this research. 

In general, an AGV is a driverless transport system used for horizontal movement of 
materials. AGVs are especially used for the internal and external transport of materials. 
An AGV is a mobile robot that follows markers or wires in the floor. Moreover, vision or 
lasers can be used for determining the movement of an AGV. The AGVs were tradition
ally employed in manufacturing systems, but have recently extended their popularity to 
many other industrial applications, such as goods transportation in warehouses and con
tainer transhipment systems at container terminals. The papers of Vis [I.F06], Steenken 
[Ste04] and Stahlbock [R.08] provide an excellent overview of the research of AGVs. 

Table 2.1: Geometrie and kinematic characteristics of an AGV (source [KAL]) 

Length Width Max speed Max acc. Max dec. 
10m 5.1 m 7m/s 0.5m /s 2.5m /s 
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2.2 Performance of an AGV system in an ACT 

In general, systems containing more than one AGV usually need some specific traffic 
control in order to ensure that the AGVs will not collide with each other. Furthermore 
proper traffic control is needed to avoid deadlock between a group of AGVs. The 
movement of AGVs usually takes place by following a set of predetermined, physical 
or virtual guide paths which are embedded in the facility layout. The AGVs, together 
with the layout of the guide paths and the applied traffic control are the main elements 
of a so-called Automated Guided Vehicle System (AGV system). 

The research on the design and operation of AGV systems was initiated with the publi
cation of the paper of Maxwell and Muckstadt in 1982 [W.L82]. The use and research of 
AGV systems has grown enormously since then. Additionally, the areas of application 
and variation in types of AGVs have increased significantly. This report will focus on 
the application of AGV systems in the transhipment area: more specifically, the ap
plication of AGV systems in a container terminal. In a container terminal AGVs are 
executing transportation requests between vessels and the stack. 

Four main issues can be distinguished in building an AGV system in an ACT: 

Guide path design 

The first concern is the design of the guide path that specifies possible paths on 
which the vehicles can travel. During this report also the term road network 
design will be used to indicate the guide path design. 

Task dispatching 

The dispatching problem comprises where and when vehicles should go for the 
container loading or discharging tasks. Within the literature a lot of research on 
task dispatching of vehicles has been published. Examples of research concerning 
task dispatching can be found in the papers of Bish et al. [Bis05] and Briskorn et 
al. [Bri06]. 

Routing of the vehicles 

The vehicle routing is aimed at finding good paths for vehicles that are dispatched 
for certain tasks. The determination process of the path can have different objec
tives such as minimizing the travel distance or minimizing the interactions with 
other vehicles. 
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Traffic control 

The traffic control problem studies how to resolve motion conflicts in the AGV 
system. A proper traffic control strategy has to result in collision- and deadlock
free behaviour of moving AGVs. 

A package of designs and controls will be presented in this report that deal with the 
first, third and fourth topic. In the next Chapter the traffic control approach underlying 
the developed design and control of an AGV system will be formulated. Furthermore 
the routing algorithm will be presented in this Chapter. Chapter 4 is dedicated to the 
layout design of the road network of an ACT. The task dispatching problem will not 
be investigated in this report. However, the AGV system should be designed in such a 
way that it is easy to implement a certain task dispatching algorithm at all times. 
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Chapter 3 

Traffic control of an AGV system 
in an ACT 

This Chapter will deal with the traffic control problem of AGV systems. The main 
question of this control problem is how to resolve motion conflicts and avoid deadlocks 
in an AGV system. Firstly, Section 3.1 will discuss the most important literature related 
to the study of control of AGV systems. The focus of this literature overview will be on 
applications of control of AGV systems in ACTs ( see Subsection 3.1.3). Furthermore 
Section 3.2 through 3.3 will introduce the proposed zone control model theory for the 
traffic control of AGVs in a container terminal. 

3.1 Traffic control of AGV systems in literature 

3.1.1 Deadlock and collision avoidance 

The problem of avoidance of AGV collisions and deadlocks is one of the first things that 
should be addressed in controlling and designing AGV systems. In general, the collision 
avoidance problem can be solved relatively simple by using AGVs with sensors [T.06]. 
The sensors ensure that an AGV will brake in time whenever the sensors detect another 
AGV or another object within a defined safety region of the AGV. However, these kind 
of approaches do not take deadlock of an AGV system into consideration. 

Deadlock is regarded as an important issue for designing an AGV system, as it can 
disable the operation of the entire system. A deadlock can be defined as a situation 
where one or more concurrent processes in a system are blocked forever, since the 
request for resources by the processes can never be satisfied [C.O97]. The study on 
deadlock problems was originated in the development of operating systems [A.N69] and 
database systems [M.89] in computer science. Three strategies can be distinguished for 

13 
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addressing the problem of deadlocks in AGV systems: deadlock prevention, deadlock 
avoidance and deadlock detection and resolution [Leh06]. 

1. Deadlock prevention. 
Deadlock prevention uses an offline approach. The goal of this method is to design 
a set of rules such that any deadlock is ruled out before any process sets off. 

2. Deadlock avoidance. 
In this strategy, an online control is adopted such that a resource is dynamically 
allocated to a process only if a deadlock will not be introduced. 

3. Deadlock detection and resolution. 
This strategy does not try to prevent deadlocks in advance but allows deadlock to 
happen. After a deadlock is detected , certain online rules are used to resolve the 
deadlock and recover the system. The application of deadlock detection and reso
lution is usually very hard to apply in a highly dynamic application environment 
[Leh06]. 

Detection and resolution of deadlocks, instead of avoidance and prevention of deadlocks, 
results in a lower performance of the system [I.F06]. For that reason, considerable effort 
has been made and methods have been developed to solve the deadlock problem in recent 
years by using this avoidance and prevention approach. Literature in this research can 
roughly be divided into three categories [I.F06]. 

• One possible solution for the deadlock and collision problem is to design the layout 
of guide paths of AGVs in such a way that collisions and deadlocks are avoided. 

• A second approach is to solve the deadlock and collision problem by dividing the 
traffic area into several non-overlapping control zones, which have to contribute 
to avoidance of deadlocks and collisions. We will refer to this approach as the 
zone control modelling approach . 

• Routing strategies can also be developed to prevent collisions and deadlocks. 

Within this Section, literature of the zone control modelling approach will mostly be 
discussed. This zone control modelling approach is the most popular applied method of 
the three described methods in practice. Furthermore the control strategy of the AGV 
system, which will be presented in Section 3.2 till 3.3, will also use the zone control 
approach. 

3.1.2 Zone control modelling 

In the zone control method the guide path network of the vehicles consists of a number 
of zones. These zones are specified as areas with a certain width and length and should 
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be large enough to accommodate the entire body of a vehicle. Only a single AGV is 
allowed to enter a zone. This simple restriction prevents collisions between multiple 
AGVs. However, this zone restriction used for avoiding collisions of vehicles is the 
main reason for causing deadlocks in AGV systems. For example, a deadlock situation 
will occur if the next zone in the planned movement of all the AGVs of a certain 
group is blocked by another AGV, which is also part of that same group [Moo03]. A 
distinction can be made between two types of zone control methods: statie zone control 
and dynamic zone control. Statie zone control requires that the positions and sizes of 
the zones are fixed while in dynamic zone control the positions and sizes of the zones 
can be adjusted dynamically. 

Deadlock problems in AGV systems have especially been attracting intensive research 
efforts in the field of automated manufacturing systems during the last two decades. 
Within the academie literature different approaches are proposed to solve the deadlock 
problem by using zone controlled models. One of the approaches to solve the deadlock 
problem is to adopt Petri net models to design deadlock avoidance schemes on the 
control of transition firings. An examples of these kinds of approaches can be found 
in the papers of Viswanadham et al. [Vis90]. Petri nets are graphical modelling tools 
which are valuable for representing flexible manufacturing systems. Moreover, Petri 
nets are used to represent the current state and to generate future states of the system 
to analyse deadlocks. 

A graph theoretic approach is used by Kim et al. [C.O97] to propose a simple and easily 
adaptable deadlock avoidance algorithm. Throughout the paper Kim et al. propose a 
deadlock avoidance algorithm which uses a so called "quasi two-step resource allocation 
policy" in order to detect and avoid deadlock just one step before it actually could 
occur. 

The authors of [M.P02] propose deadlock avoidance policies based on the graphic char
acterization of the deadlocks and the so-called restricted deadlocks. In their paper a 
real-time controller makes decisions based on the operative conditions of the AGV sys
tem in order to avoid deadlocks in the zone controlled AGV system. These decisions 
concern both the validity of assignments of paths to vehicles and moves of vehicles. 

In [S.A00], Reveliotis provides a variation of the Banker's algorithm for deadlock pre
vention of flexible operations on arbitrarily structured path networks. The proposed 
deadlock prevention strategy is quite robust and flexible because the used zone control 
strategy determines the vehicle route incrementally: one zone at a time. 

The authors of [M.S98] give a simple cyclic deadlock prediction algorithm that has a 
very small time complexity. Moreover, the paper of Yeh et al. addresses the deadlock 
problems of unidirectional zone controlled AGV systems. In the developed strategy the 
current states of the system are represented in a directed graph. Furthermore this graph 
can also be used to generate future states of the system. 
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3.1.3 Traffic control of AGV systems in ACTs 

Recent years have witnessed increasing research attention on solving deadlock problems 
for the AGV systems in ACTs. In most of the literature that is discussed in Subsection 
3.1.2, methods are proposed for (manufacturing) systems with a small numbers of AGVs 
and also a small number of zones. This subsection will focus on the application of control 
strategy of AGVs in container terminals in which the number of AGVs and zones are 
usually much larger compared to manufacturing systems. 

Evers and Kappers [J .J96] were one of the first that presented a modelling technique 
for traffic control of AGVs at ACTs. They studied the traffic control of a large number 
of AGVs and suggested a traffic control approach based on the concept of "semaphore", 
which is derived from research in computer science. The study focuses on collision free 
behaviour of the AGVs and less on possible deadlocks in the AGV system. A formal 
tool to describe traffic infrastructure and its control has been developed by using four 
types of entities: node, track, area and semaphore. This tool has been evaluated with 
a simulation study. 

The work of Moorthy et al. [Moo03] , inspired by [M.S98] , studies the prediction and 
avoidance of deadlocks for a zone controlled AGV system at a container terminal. The 
complexity of existing algorithms, especially developed for small AGV systems, depends 
in general on the number of zones. Therefore, these algorithms can hardly be used at 
large systems, such as container terminals. The authors propose a cyclic detection 
algorithm which dynamically projects the position of each vehicle after one zone step 
as well as it predicts the occurrence of deadlock from this new positions. In the case a 
deadlock is predicted, the system will choose to reroute the AGVs involved or choose 
to wait until the deadlock is cleared. The computational complexity of this algorithm 
depends on the number of vehicles in the system instead on the number of zones. 
Therefore it is very applicable for modelling the behaviour of an AGV system in a 
container terminal. 

In the paper of Mohring et al. [Moh05] a real-time algorithm for AGV routing is 
proposed. Collisions and deadlocks are avoided at the time of computation of the 
route of a vehicle. In terms of overall throughput of the container terminal system, 
their developed algorithm is superior to a statie approach used at an existing container 
terminal in Hamburg. This holds in particular for scenarios with many AGVs which 
are causing heavy traffic. 

The authors of [Kim06] render a path reservation method to prevent the deadlocks 
and collisions of AGVs in advance. This research assumes that the transporting area 
of the AGVs is divided into a large number of grid-blocks. The writers of this paper 
claim that their study is different from previous research because an AGV is allowed 
to occupy and reserve more than one grid-block at a time, whereas in traditional zone 
controlled modelling a vehicle can occupy at most two adjacent zones. Finally the 
proposed method is tested and evaluated in a simulation study. 
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Most of the literature focuses on deadlocks only with regard to routing of AGVs and 
their guide path. Therefore Lehmann et al. [Leh06] presented several procedures to 
detect and recover from deadlocks which are caused by the interaction between the 
AGV system and other handling equipments. The paper of Lehmann et al. shows the 
suitability of different methods for the detection and resolution of deadlocks occurring 
in the phase of resource assignment. These resolutions aim to modify the sequence of 
handling operations or to assign them to alternative resources in order to resolve the 
conflicts between concurrent processes. The suitability of the concept of Lehmann et 
al. is demonstrated by an extensive simulation study. 

Bae et al. [Bae08] propose a method for avoiding collisions, deadlocks by using a so
called "occupancy area reservation table". A flexible path layout is used in which the 
vehicles can move almost freely in vertical and horizontal direction. Furthermore Bae 
et al. propose a method to estimate the travel time of an AGV with accelerated and 
decelerated motion in order to select the most efficient AGV route. The experimental 
results indicate that the proposed method is effective in increasing the productivity of 
AGVs when they are operating in a limited space such as a container terminal. 

3.2 Zone control model 

3.2.1 Building blocks of the zone based road network 

According to the developed zone control modelling theory [LiQlO], the work area of the 
vehicles is modelled as a road network that consists of three elements: lanes, crossings 
and depots. A short description of each of these elements will be given below. Figure 
3.1 shows a schematic overview of an example of a possible road network in which all 
the elements are used. 

• Lane 
Physically, a lane is a road segment on which a vehicle can move with predefined 
direction. The direction that vehicles are allowed to move along on a lane is 
called the direction of the lane. All the lanes in the system are denoted by the 
set J:, = {li, h, · · · , lM }, MEN . Lane li E J:, is composed of a finite sequence of 
zones. These zones have to be physically passed in order when a vehicle is moving 
along the lane. Physically each zone has a dimension that can accommodate at 
least the total body of a vehicle. The expression 4 will be used to denote the kth 
zone of lane li. Moreover, the set Ci (ICil = mi, with mi E N defines the number 
of zones of lane li) will be used to denote the set of zones of lane li. Additionally, 
the set of all zones in the system is denoted by the set C. 

The first zone in a lane is called a starting zone (SZ). All the SZs in the system 
are denoted by the set S. In addition, the last zone of a lane is called an ending 
zone (EZ). 
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zone + 
1 

+ Off-crossing t 

Figure 3.1: Schematic overview of a simple road network. The dashed arrows indicate 
the directions of the corresponding lanes 

• Crossing 
Physically, a crossing is a junction that connects multiple lanes. The set of cross
ings in the system is given by the expression We will use R = {r1, r2, · · · , rw }, 
W E N to denote the set of crossings in the system. 

Each crossing ri E Ris associated with a set of ingoing lanes, denoted by Ii , and a 
set of outgoing lanes, denoted by Oi. An ingoing lane of a crossing allows a vehicle 
to move towards the crossing. Moreover, an outgoing lane of a crossing allows a 
vehicle to move away from the crossing. The EZ of an ingoing lane is named an 
at-crossing zone. Off-crossing zones are defined as zones that are not at-crossing 
zones. Furthermore Ai is defined as the set of at-crossing zones of crossing ri and 
A will be used to denote the set of all at-crossing zones in the system. 

A vehicle is said to be passing a crossing ri ER if the vehicle is moving from the 
EZ of some ingoing lane of ri to the SZ of some outgoing lane of ri. 

• Depot 
Each depot is modelled as a special zone that can accommodate any number of 
vehicles. Each depot is associated with at least one ingoing lane and one outgoing 
lane. Physically, an ingoing lane (resp. outgoing lane) of a depot is a lane with the 
direction that allows a vehicle moving inwards (resp. outwards from) the depot. 
Note that a depot is an off-crossing zone and furthermore it is a zone that is not 
on any lane (see Figure 3.1 for an example). 

The set V = { d 1, d2 , · · · , dQ}, Q E N will be used to denote the depots in the 
system. 
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3.2.2 Definitions and assumptions regarding the layout of the zone 
control model 

Throughout this report , several terms will be used to describe specific elements of the 
road network. The most important terms regarding the layout of the zone control model 
are summed up below. 

Consecutive lanes 
Physically, the consecutive lanes establish possible or permissible traffic connections 
between the lanes joined at a crossing (see Figure 3.2). Any outgoing lane of a crossing 
(resp. depot) is called a consecutive lane of any ingoing lane of that crossing (resp. 
depot). The set of consecutive lanes of li E [, is denoted by M. 

Consecutive zones 
The set of consecutive zones of each depot is defined to include the SZs of all its outgoing 
lanes. The consecutive zone of the EZ of any ingoing lane of a depot is the depot. The 
consecutive zone of a non-EZ zone 4, 1 s-; k < mi on any lane li E [, is defined as 
4+1, in other words; this is the next zone after zone 4 w.r.t . the direction of li. The 
consecutive zones of the EZ of an ingoing lane of a crossing (for example an at-crossing 
zone) are the SZs of all the outgoing lanes of the crossing. The expression Y c will be 
used to denote the set of consecutive zones of zone c. 

Conflicting zone pairs at a crossing 
For each crossing ri E R, define a set of ordered zone pairs Pr; as Pr; = { ( c1 , c2) : c1 E 

Ai , c2 E Y c1 } • Clearly, Pr; characterizes all possi ble ways to pass the cross r i. For each 
crossing ri E R with Pr; i -:/- 0 and each zone pair ( c1, c2) E Pr;, there is a subset of 
Pr , denoted by X(i ) , which is called the set of conflicting zone pairs of (c1 , c2) at the 

1 C1,C2 

crossing ri. Without causing any confusion, later on whenever there is written X(i c ) ' 
C1 , 2 

it implicitly means that (ei, c2) E Pr; -:/- 0. 

The definition of conflicting zone pairs at a crossing is needed in order to let multiple 
vehicles pass safely a crossing without the presence of collisions. Figure 3.3 shows an 
example of a set of conflicting zone pairs. 

In the next part the assumptions are summed up regarding the layout of the zone control 
model. These assumption are necessary to prove collision and deadlock free behaviour 
of the AGV system (see the paper of Qin et al. [LiQlO] for this proof). 

Assumption 1 Each lane li E [, neither self-intersects nor intersects with any other, 

mathematically this can be denoted by ct1
1 

-:/- ct2
2 

if i 1 -:/- i2 or ki -:/- k2. 

Assumption 2 Each lane li E [, is an ingoing lane of either a crossing or a depot and 
it is also an outgoing lane of a crossing or a depot. 
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Figure 3.2: Crossing and consecutive lanes (note that zones are not depicted in this 
figure): I1 = {li, l2}, 01 = {l2 , l3}, N1 = {l2}, N2 = {l3}. The dashed directed line is 
one possible path a vehicle can follow. By Assumption 3, the lane l2 can have only one 
zone. 

c1 
4 

c3 
4 

es 
4 

c2 
1 

c4 
1 

es 
1 

Figure 3.3: Example of a set of conflicting zone pairs. 
set of at-crossing zones is given by A1 = { eà, et en. 
{(e¼,e1) , (e¼ ,eî) , (e~ ,er) , (e~ ,e1)}. 

Crossing r 1 E R and the 
In this example X(i 3 4 ) = 

C4,C1 
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Assumption 3 Each lane li E .C has at least two zones with the following two excep
tions: 

1. li is an ingoing or outgoing lane of a depot 

2. li is an outgoing lane of a crossing, and there is at most one ingoing lane of the 
crossing which has li as a consecutive lane. 

Assumption 4 Any ingoing lane of a crossing has at least one consecutive lane. 

Assumption 5 There is no lane li E .C that contains only one zone and has itself as a 
consecutive lane. 

3.2.3 Vehicle events and states 

Vehicles are able to travel along the lanes, crossings and depots. While a vehicle is 
moving along a lane, three events are triggered in each zone in a strict tempora! order. 
Consequently the vehicle state switches as the vehicle is passing a zone. The scenario 
that takes place when a vehicle is passing a zone will be described in this Subsection. 
The vehicles in the AGV system are denoted by the set V = { v1, v2, · · · , v N}, N E N. 

Each vehicle has two possible states: being "in c1" or "moving from c1 to c2", where c1 E 

C, c2 E Y c1 . Both vehicle events will be explained in the next part of this Subsection. 

If a vehicle is moving from c1 to c2, the vehicle is said to "arrive at" zone c2 when it will 
have completely entered the zone c2. Consequently, the vehicle sets its state to be "in 
c2". The moment that a vehicle completely enters a zone could for example be the time 
when a position reference point (PRP) of the vehicle is detected to be in a specified 
arrival region of the zone c2 (see Case (a) in Figure 7.6). 

Assume a vehicle is in some zone c2 and has another zone, for example c3, to visit (note 
that c3 must be in Y cJ, then at the moment the PRP of the vehicle has moved into 
the departure region of c2 (see Case (b) in Figure 7.6) , the vehicle is said to "intend 
to leave" c2. At this moment, with the aim of collision and deadlock avoidance, the 
vehicle is required to refer to some traffic rules to make a go ahead or stop decision. 
These traffic rules will be specified in Section 3.3. When the vehicle will be permitted 
to go ahead, the vehicle is said to "leave" c2 and changes its state to be "moving from 
c2 to c3". lt is also possible that the vehicle has to stop but will keep intend to leave 
c2 and try to leave later on again. The motion of a vehicle may be terminated after it 
arrives at some depot. 

We call the "arrive at", "intend to leave" and "leave" the vehicle events, which happen 
sequentially when a vehicle passes a zone. The first two in this sequence are position
based events and the third is a decision-based event. Note that a vehicle switches its 
state only when it "arrives at" or "leaves" some zone. 
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arrival region departure region 

I I 

Figure 3.4: Vehicle arrival and departure at a zone c2 

In order to represent the state of a vehicle, the vehicle state function is defined: sv(i, t) : 
Zf' x [to,oo)---. C x C. 

Sv(i, t) = { CC: 
cc , 

if Vi E V is in c at time t; 
if Vi E Vis moving from c to c* E Y c; 

where to is the initial time of the evolution of the AGV system. 

A vehicle is said to be an at-crossing vehicle if it is in some at-crossing zone. Furthermore 
a vehicle is said to pass a crossing if the vehicle is moving from the EZ of some ingoing 
lane of ri E R to the SZ of some outgoing lane of ri. Additionally, during the report it 
is sometimes said that zone c contains vehicle Vi E V if v is in c. 

The current zone and next zone of a vehicle are defined according to the following 
description: 

Current zone and next zone of a vehicle 
If a vehicle is in some zone, then the zone is said to be the current zone of the vehicle. 
The next zone of a vehicle Vi E V at timet, denoted by the expression nv(i, t), is the 
zone the vehicle will arrive first after t according to the given job. The last zone of a 
vehicle at timet is the last zone the vehicle was about to leave before t. 

3. 2 .4 Zone states 

Each zone can have two states: being "occupied" and "available". Each depot is con
sidered to be always "available". A zone c is "available" if it is not occupied by any 
vehicle. A zone cis said to be "occupied" by·vehicle Vi E Vin the following three cases: 

(1) A vehicle Vi is in c. 

(2) A vehicle vi is moving from some zone to c. 

(3) A vehicle Vi is moving from c to some zone. 
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For a better presentation and understanding of the system, three colours are used to 
represent different statuses of a zone, namely: 

(1) Any depot zone is always green 

(2) Zone c is available {::} Zone c is green 

(3) Zone c is occupied by only one vehicle which is either in c or moving from some 
zone to c {::} Zone c is red 

( 4) Zone c is occupied by only one vehicle which is moving from c to some zone {::} 
Zone c is orange 

Note that the states of zones only can change when the state of a vehicle is changing. 
Furthermore it can be proved that by the developed traffic control strategy, which will 
be explained in the next Section, each zone can be occupied by at most one vehicle so 
that it can be in exactly one of the three colours [LiQlO]. 

3.3 'Iraffic control strategy 

This Section will introduce the strategy for controlling the traffic of the AGVs. As 
described in Section 3.2, at the moment a vehicle is "intend to leave" some zone, the 
vehicle is required to refer to some traffic rules to make a go ahead or stop decision. 
The traffic control strategy consists of two traffic rules: one for off-crossing zones and 
one for at-crossing zones. 

3.3.1 lnter-vehicle collision avoidance 

The following assumption is made for the purpose of avoidance of collisions between 
vehicles at time t. 

Assumption 6 There is no inter-vehicle collision at time t at a crossing or a lane if 
the following two conditions are satisfied: 

( a) Each non-depot zone is occupied by at most one vehicle at t. 

(b) For any two vehicles Vi and Vj, ij Sv ( i, t) = c1 c2 and Sv (j, t) = c3c4, where c2 E Y c1 

and c4 E Yc3 , then (c3,c4) tt- X(~i,c
2

) for any crossing rk ER. 

Note, that in order to avoid collisions at the depot, it should be guaranteed that two or 
more vehicles in a depot will not collide with each other. In addition, vehicles will not 
simultaneously move to a common consecutive zone of the depot. 
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3.3.2 Red cycle 

In the following part three terms are described which are important for the prediction 
of cyclic deadlock of vehicles in the AGV system. 

Next zone(s) of a zone 
The set of next zones of an off-crossing zone c is identical to Y c ( the set of the consecutive 
zones of that zone). Let c be any at-crossing zone. If there is a unique vehicle Vi E V 
in c or moving from c to the next zone of Vi at time t, then the next zone of c at t is 
defined to be the next zone of Vi at t. Otherwise, c does not have a next zone at t. 

Operation graph 
The operation graph Ç0 (t) is a time-dependent directed graph with the node set C := { all 
the zones (including the depot zones) in the system}, and are set E(t) := {(c1, c2 ) : 

c1, c2 E C, c2 is the next zone of c1 at timet}. 

Cycle 
A "cycle" in Ç0 (t) is a sequence of nodes c1c2 · · · enc1, n 2: 2, such that c1, c2, · · · , Cn 

are all distinct; and (c1, c2), (c2, c3), · · ·, (Cn-1 , en), (en, ei) E E(t). A node in Ç0 (t) is 
denoted as green (red or orange) if and only if the corresponding zone is in that colour. 
A "red cycle" in the graph Ç0 (t) is a cycle in Ç0 (t) with all nodes in the cycle red. 

As one will see, the guarantee of no red cycle in Ç0 (t) is vital for the traffic control 
scheme of the AGV system. The absence of red cycles in the AGV system will guarantee 
deadlock free behaviour of the AGV system. 

3.3.3 Traffic rules 

The main idea of the traffic control approach is to require each vehicle to ask for a "go 
or stop" command by triggering procedures for avoidance of collisions and deadlocks. 
These procedures are triggered by the vehicles when they are being "intend to leave" 
any zone. In the next part two traffic rules, which are applied in these procedures, will 
be introduced: one for off-crossing zones and one for at-crossing zones. 

First the assumption that deals with the initial conditions of the vehicles has to be 
introduced. Assumption 7 is necessary in order to prove collision and deadlock free 
behaviour of the AGV system (see the paper of Qin et al. [LiQlO] for this proof). 

Assumption 7 At time to each vehicle has the state "in some zone" (called the initial 
zone of the vehicle). Furthermore at time to two vehicles do not occupy a same non-depot 
zone, and there is no red cycle in the system. 

For the purpose of the avoidance of collisions between vehicles it is natural to impose a 
rule that does not allow a vehicle to head for its next zone if the next zone is occupied 
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by another vehicle. Basically this minimum requirement becomes the only rule for off
crossing zones. More specifically, the following rule 1 applies when a vehicle intends to 
leave an off-crossing zone. 

Rule 1: traffic rule for off-crossing zones 

Suppose Vi E V intends to leave zone c1, with c1 E C\A, at t. Then over some time 
window T = [t, t + El, E > 0, if the vehicle finds its next zone c2 = nv(i, t) available 
over [t, t + E), then the vehicle changes its state at t + E as sv(i, t + E) = c1c2; otherwise 
the vehicle will again intend to leave ei at some time t' > t + il, where il > E is some 
positive constant. 

The time interval [t , t + E] is called the traffic rule checking period (TRCP) for Vi to 
leave zone c1 E C\A. Note that E can be seen as the calculation time of the described 
procedure. 

Although rule 1 prevents from collisions in the system, it can not prevent deadlocks 
of the AGV system. Therefore a second rule will be proposed, which hold for the at
crossing zones and involves a procedure for cyclic deadlock prediction in the system. 
The idea behind this rule is based on the following principle: an at-crossing vehicle 
should not proceed to its next zone if there is some other vehicle blocking its way or if 
the movement to the next zone results in a cyclic deadlock (red cycle) in the system. 

The following rule applies when a vehicle intends to leave an at-crossing zone. 

Rule 2: traffic rule for at crossing-zones 

Suppose Vi E V intends to leave zone c1, with c1 E Ar at time t. Then over a time 
window T = [t, t + El, E > 0, if the vehicle finds that 

(a) its next zone c2 = nv(i, t) is available over [t, t + E); 

(b) there is no such vehicle Vj, j-=/= i , with sv(j, t + E) = c3c4 , where (c3, q) E X[cic
2
); 

(c) to change its state as sv(i, t + E) = c1c2 does not lead to a red cycle in Ç0 (t + E) 
containing c2; 

then the vehicle changes its state at t+E as sv(i, t+E) = c1c2; otherwise the vehicle will 
again intend to leave c1 at some timet' > t + il, where il > E is some positive constant. 

Item bof this second traffic ensures that multiple vehicles can pass the crossing simul
taneously with the absence of collisions between the vehicles. Originally, the developed 
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traffic control strategy only allowed one vehicle at a time to pass a certain crossing. 
During this study the zone control theory has been adjusted by allowing multiple vehi
cles to pass a crossing simultaneously in order to increase the throughput of the vehicles 
in the system. Appendix B shows a comparison between this old ( one vehicle at a time 
allowed at a crossing) and the current traffic control approach. The results of this com
parison show that allowing more vehicles to pass a crossing simultaneously will increase 
the throughput of a crossing. The magnitude of this increase depends on the type of 
crossings and the type of layout of the road network that are applied in the AGV sys
tem (see Chapter 4 for this different types). Higher throughput of the vehicles at the 
crossings will finally result in an increase of the overall performance of the AGV system 
of the ACT (see Appendix B). 

According to the developed zone control theory it is prohibited that two or more vehicles 
can execute the second traffic rule simultaneously. The element "global crossing token" 
will be introduced in order to guarantee that there is at most one at-crossing vehicle 
which can change its state at any time. It is required that each at-crossing vehicle must 
hold the global crossing token exclusively over the time slot TRCP in order to check 
the conditions of the at-crossing traffic rule (traffic rule 2). The crossing token function 
will defined as follows. 

CT = { i, if vi holds the crossing token at t; 
( t) 0, if no vehicle holds the crossing token at t. 

Basically, the crossing token provides a solution for the mutual exclusion problem, which 
was first described and solved by Dijkstra [E.W65]. 

The described traffic control approach of the vehicle system ensures that all jobs of all 
vehicles will be completed within finite time and with the absence of vehicle collisions 
and deadlocks. The proof of these statements is given in the paper of Li et al. [LiQlO]. 
The proposed traffic control strategy has two qualities compared to most approaches in 
literature: firstly the traffic control is decoupled from the routing algorithm; secondly 
the proposed strategy is time-efficient and thus it is suitable for real-time executions. 



Chapter 4 

Layout design of the road 
network of the transporting area 

The layout of the transporting area (TA) defines the placement and positioning of the 
roads and junctions within the predefined region of the TA. A poor layout could result 
in delays of the loading and dispatching operations, as well as in the introduction of 
congestion of AGVs. This Chapter will concentrate on developing an optimal layout 
for the TA of the ACT. The specifications and restrictions of the TA will be presented 
in Section 4.3. Furthermore 19 different possible layouts for the TA will be introduced 
in Section 4.4. The different layouts can roughly be divided into 4 different types of 
groups. The differences between layouts within a group are relatively small. This is 
done on purpose in order to be able to analyse the influence of small modifications of a 
certain layout. 

4.1 Guide path design 

Design of the road network is an important problem in the design of an AGV system. 
The road network can be described as the collection of paths and junctions on which the 
AGVs have to travel. In most of the literature the more formal term guide path design 
is used, because it is not necessary for an AGV system to consist of roads. A guide 
path design can be schematically represented by a graph consisting of a set of nodes 
and arcs: the nodes are representing the intersections, pick-up and delivery locations, 
whereas the arcs describe the paths (roads) that vehicles can follow when moving from 
node to node[T.06]. 

In general, the guide path design influences directly the performance of the AGV system. 
The assurance that a vehicle is able to reach every possible given delivery point by 
following the correct route, is the most important characteristic of a proper guide path 
design. Other objectives of a guide path design are usually to minimize the travelled 
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Table 4.1: Characteristics of guide path systems(source: [T.06]) 

Flow topology N umber of parallel lanes Flow direction 
Conventional Single lane Unidirectional flow 
Single loop Multiple lanes Bidirectional flow 

Tandem 

distance of a vehicle as well as the time to complete this distance or to solve the problem 
of possible deadlocks in the AGV system. The layout of the guide path design highly 
depends on the allocation of possible space for the roads and the layout and positions of 
the pick-up and delivery locations. Consequently, this limitations imposes constraints 
on the layout of the road network. 

Nowadays, several types of guide path layouts, mainly applied in manufacturing facili
ties, are used. The choice for a certain type depends mainly on the goal of the design. 
Different guide path designs are analyzed and studied more detailed in the papers of 
Le-Ahn et al. [T.06] and Gourgand et al. [Gou95]. Moreover, the paper of Vis [I.F06] 
gives an overview of the most important studies in the area of guide path design. Most 
of the literature mentioned in this paper of Vis considers the guide path layout of man
ufacturing systems. These manufacturing systems are characterized by the application 
of a small number of AGVs and workstations as well as a short travelled distance be
tween pick-up and delivery locations. According to the paper of Vis [I.Fü6] new research 
themes arise for guide path design with the usage of large number of AGVs in other 
environments (such as for example a container terminal) in which the travelled distance 
of AGVs is also much higher compared to traditional manufacturing systems. 

Guide path systems can roughly be classified by the characteristics indicated in Ta
ble 4.1 [T.06]. A conventional flow topology usually consists of a complex network of 
roads and crossings. Moreover, within a loop layout the vehicles travel in a loop and 
their movements can be controlled by very simple control procedures. In the tandem 
configuration the guide paths are divided into several non-overlapping closed loops. Ad
ditionally, stations (pick-up and delivery points) are positioned between adjacent loops 
to transfer the load from one vehicle to another. Only one AGV is used per loop (note 
that more than one AGV could be required in order to transport a load from its source 
to its destination). The different flow topologies can be specified more with the fol
lowing characteristics: a road segment in a network can contain only one or a multiple 
parallel lanes and a vehicle can travel a lane in only one direction ( unidirectional) or 
both directions (bidirectional). 
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Considering the possibilities of Table 4.1 the zone control modelling approach, that is 
introduced in Chapter 3, reduces the possible layouts to: 

• A conventional flow topology with single lanes and unidirectional flow (see Chapter 
3 for examples of this kind of design approach). 

• A single loop flow topology with single lanes and a unidirectional flow. An example 
of this kind of layout in a container terminal is used in the research of Vis et al. 
[I.F04]. 

In the remainder of this Chapter several layouts of the road network will be introduced 
which are all consisting of a conventional flow topology with single unidirectional lanes. 
With the formulated zone control modelling approach the single loop flow topology 
has several disadvantages compared to the conventional flow topology approach. First 
of all, the distances which an AGV has to travel from QC to YS and vice versa are 
much larger for a single loop flow topology compared to a conventional flow topology. 
Furthermore, the routing of vehicles is more flexible in a conventional flow topology 
approach compared to the single-loop flow topology approach [T.06]. Additionally, 
single loop layouts have a low tolerance to system failures (for example breakdown of 
vehicles) compared to conventional layouts. Because of the reasons mentioned above it 
is reasonable to use a conventional flow topology with single unidirectional lanes for a 
possible design of the road network in order to achieve the best possible performance 
of the designed AGV system. 

4.2 Design optimization 

Design optimization can be roughly defined as the selection of the "best design" within 
the available means [P.Y00]. In this definition the "available means" can be described 
as a set of requirements that must be satisfied by any acceptable design. Generally, a 
traditional design optimization problem involves the following 4 topics [P.Y00]: 

1. The selection of a set of variables to describe the design alternatives. 

2. The selection of an objective (or one or more criterions), which should be mini
mized or maximized, in order to determine the "best" (optimal) design. 

3. The determination of a set of constraints, expressed in terms of the design vari
ables, which must be satisfied by any suitable design. 

4. The determination of a set of values for the design variables, that minimize ( or 
maximize) the given objective, while satisfying all the constraints. 
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Finding the "best design" of the layout of the TA is the design optimization problem 
which will be discussed in this Chapter. The design variables and constrains, which are 
expressed in terms of the design variables, can be determined for the design problem 
of the layout of the TA. These design variables and constrains will be introduced in 
Section 4.3. However, it is very hard to describe the behaviour of vehicles as an objective 
function , expressed in terms of the design variables. Therefore traditional optimization 
techniques seem not to be the best option for determining the optimal layout of the TA. 
However, the number of layouts which will intuitively result in a good performance of 
the AGV system, is relatively small due to many constraints on the design problem. For 
that reason only 19 different designs of the TA are developed, which are all satisfying the 
given constraints. These 19 layouts will be introduced in Section 4.4. The 19 different 
designs are chosen in such a way that the influence of several different design choices 
on the performance of the processes in the ACT can be derived from the simulations 
results. 

4.3 Variables and constraints of the design problem 

The layout design of the road network of the TA of the ACT has to deal with some 
restrictions ( constraints). In the previous Section it was stated that these restrictions 
can have a large influence on the layout of the road network. 

There are four design parameters, which determine the design of the road network of 
the TA of the ACT: 

• Positions of zones and crossings 

• Size of a lane 

• Size of a crossing 

• Connections between the crossings and lanes 

All four design variables will be discussed in the following four Subsections. Furthermore 
the design constraints for each variable are introduced in these Subsections. 

4.3.1 Positions of zones and crossings 

For the layout design of the road network of the TA, a typical large container terminal is 
considered within this study. Figure 4.1 shows a schematic representation of the studied 
container terminal. The terminal layout is borrowed from a real container terminal in 
the port of Antwerp. 
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■ = Quay crane 1 = Yard stacker 

Figure 4.1: Schematic representation of the ACT . 
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The most important characteristics of the configuration of the layout of the container 
terminal can be summarized as follows: 

• The length of the ACT is approximately 2000m. 

• The width of the TA of the ACT is approximately 40m. 

• On the seaside multiple QCs, 20 in total, move over a rails in order to realize opti
mal load and discharge behaviour for berthed vessels. The 20 QCs are uniformly 
distributed along the Quay of 2000m. 

• There are 66 YSs uniformly distributed along the 2000m. long Yard Side. 

Note that the area of the TA is very long and narrow. Without any loss of generality, 
it's assumed that there is only one depot for the AGVs which is located out of the 
workspace and hence not a subject of the layout design. For this reason all zones are 
called non-depot zones in the remainder of this Chapter. 

4.3.2 Size of a lane 

The shape of the zones is fixed to a rectangular form because of the rectangular shape 
of the vehicles. The length of a zone is defined as the dimension of the edge of a zone 
along which a vehicle moves. The dimension of the other edge of a zone is defined as 
the width. 
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"lntend to leave" 

__ jQ_rrr, __ _ 11.75 m. ---------
Figure 4.2: Dimensions of a zone including the positions of the "arrive at" and "intend 
to leave" event 

The basic principle for determining the minimal length of a zone is that the body of a 
vehicle must be completely inside a zone when the state of the vehicle is "in the zone". 
The positions of the "arrive at" event (see Figure 4.2) and the "intend to leave" (see 
Figure 4.2) event are important in order to minimize the length of a zone. Firstly the 
sensor for triggering the "arrive at" event should be positioned in such a way that it will 
be triggered immediately whenever the total body of an AGV is inside the boundaries of 
a zone. Recall that a vehicle may not be allowed by the traffic rules, which are checked 
by the "intend to leave" event, to move on to the next zone on its route. Consequently, 
a vehicle has to decelerate in this case. Therefore the zone must be long enough so 
that in the case a vehicle starts braking, which can happen if a vehicle triggers the " 
intend to leave" event, its body is still completely inside the zone when it comes to a 
full stop. In the case that a vehicle drives with maximum speed (see Table 2.1) it needs 
approximately l lm. for a full brake. In order to minimize the length of a zone, the 
sensor for triggering the "intend to leave" event should be positioned closely after the 
"arrive at" event (see also Figure 4.2). Hence the length of a zone is finalized to be 22m. 
which is the sum of the length of a vehicle, the braking distance and a safety space of 
lm. The width of zones can be safely put approximately 7m. since the side sliding of 
the vehicles is ignored. 

Note that two crossings have to be connected with each other with at least two zones 
in between them according to the introduced zone controlled model theory (see Section 
3.2). This means that the minimal length of a lane is 44m. 

4.3.3 Size of a crossing 

For simplicity, each crossing is chosen to be rectangular. The length of a crossing is 
defined as the dimension of the edge of a crossing along which a vehicle enters a crossing. 
The dimension of the other edge of a crossing is defined as the width. 

Each crossing should be able to accommodate the whole body of a vehicle. This require
ment is necessary because collisions between a vehicle passing some crossing ri E Rand 
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another vehicle positioned in at-crossing zone c E Ai should be avoided. Considering 
the turning radius of the vehicles, the minimum length of the crossings is determined to 
be 15m. The width of a crossing depends on the layout design. However, the width of a 
crossing should be at least 5.lm. in order to accommodate the total body of a vehicle. 

4.3.4 Connections between the crossings and lanes 

For the connections between the crossings and lanes there are several constraints. Firstly 
the SZ and EZ of a lane should be connected to at least one crossing in order to avoid 
<lead ends of lanes (see Assumption 4). Furthermore it should be guaranteed that a 
route exists from each crossing to every possible destination (all QCs, YSs and depots) 
in order to assure that each vehicle is able to reach its destination. 

The last constraint deals with the connection of ingoing/outgoing lanes of handling 
cranes (QC or YS) to crossings of the TA: at maximum, 8 ingoing/outgoing lanes of 
handling cranes (QC or YS) can be connected to a crossing of the TA. This constraint 
is a consequence of the limited space at the Quay of a container terminal. Note, that 
for defining this constraint it is taken into account that the length of a crossing should 
be as small as possible (this will be explained in the next Section) . 

4.4 19 different layouts of the TA of the ACT 

As described in Section 4.2, it is very hard to use traditional optimization techniques 
for determining the optimal layout of the TA. The design choices for the 19 layouts are 
chosen in such a way, that the following two main questions can be investigated: 

• What is the influence of certain design variables on the performance of the pro
cesses in the ACT? 

• Which layout, that satisfies all the given constraints, results in the best perfor
mance of the ACT? 

The 19 layouts can roughly be divided into 4 different groups, which will be introduced 
in the remainder of this Section. First some important design choices will be discussed 
in the next Subsection. 

4.4.1 Design Choices 

From the constraints on the positions of zones and crossings, it can be concluded that 
only lanes in the direction parallel to the Quay side and Yard side can be applied in the 
layout of the ACT. The main reason for this choice is that vertical lanes (for example 
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2 types of lane directions 
Lanes to YS Lanes to YS Lanes to YS Lanes to YS 

f 1 moment of braking f 
~, 

f 3 moments of braking f 

Lanes to QC Lanes to QC Lanes to QC 

= Lane with 
driving direction 1 =C,osSog 

Lanes to QC 

-+-- =RouteoftheAGV 

Figure 4.3: Example of 2 identical layouts with a different lane direction. 

from YS to QC) do not fit in the defined area of the TA. More specific: a vertical lane 
should consist of at least two crossings and two zones, which requires a space of at least 
2 x 15m. + 2 x 22m. = 74m. while the width of the TA of the ACT is approximately 40 
m. It is assumed that 6 parallel lanes is the maximum amount of lanes that fits in the 
TA of the ACT. 

Furthermore the influence of the lane direction of the parallel lanes, which is fixed, on 
the overall performance of the AGV system has been investigated. This investigation 
is described in Appendix C which includes the simulation results of the comparison of 
all layouts with two different types of lane directions. From this investigation it can be 
concluded that only an opposite lane direction between the two central parallel lanes of 
a layout provides the best possible performance of the AGV system. Consequently, this 
approach enables vehicles to brake as little as possible when travelling from a starting 
point to their destination. Figure 4.3 shows an example of 2 identical layouts with a -
different lane direction. This example shows that an opposite direction of two adjacent 
parallel lanes can cause an AGV to brake more. 
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Figure 4.4: Results of a simulation in which the length of a crossing is varied while the 
total distances and routes of the TA is kept the same. 

Finally, it can be concluded that for a layout consisting of 4 parallel lanes, the direction 
of the first 2 lanes is in the opposite to the 3rd and 4th lane. In the case of a layout 
consisting of 6 parallel lanes, the direction of the first 3 lanes is in the opposite to the 
4th, 5th and 6th lane. 

Note that in general a lane should be divided in as much zones as possible. This is 
important in order to accommodate as much vehicles as possible in a lane. 

Another important design choice relates to the length of a crossing. Figure 4.4 shows the 
results of a simulation in which the length of a crossing is varied while the configuration 
of the layout of the TA is kept constant. A constant configuration implicates that the 
total distances and routes in the AGV system are the same for all simulations. Distances 
and routes have been kept constant by the following procedure: at the moment the 
length of a crossing ri E R has been decreased by a distance x, the length of all lanes 
l E C,, with l E Ii, have been enlarged by a distance x . 

From the results showed in Figure 4.4 it can be concluded that decreasing the length 
of a crossing will lead to a decrease of the average time fora task in the ACT. In these 
simulation results a task is defined as a movement from QC to YS or vice versa. For 
a decent comparison the number of vehicles and the task list of each vehicle are kept 
the same for all simulations. In general the simulation result shows that increasing the 
length of a crossing will decrease the performance of the ACT. Therefore the length of 
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the crossing should be kept as small as possible within all possible layouts. 

The described phenomena can be explained by the principle that vehicles will wait in 
an at-crossing zone if the crossing is occupied by another vehicle. Larger crossings will 
increase the time that a certain crossing is occupied. Therefore larger crossings will 
result in longer waiting times for the AGVs in the at-crossing zones. Finally this will 
result in longer task times for all the AGVs and consequently a lower overall performance 
of the ACT. 

4.4.2 4 groups of layouts of the TA 

19 different layouts for the TA of the ACT will be introduced in this Subsection. These 
different layouts can roughly be divided into 4 different groups: 

• Layouts consisting of 4 parallel lanes and small crossings. 

• Layouts consisting of 4 parallel lanes and large crossings. 

• Layouts consisting of 6 parallel lanes and small crossings. 

• Layouts consisting of 6 parallel lanes and large crossings. 

A distinction has been made between two types of crossings, namely small crossings and 
large crossings (see Figure 4.5). A small crossing is defined as a crossing which is able 
to connect not more than two parallel lanes of the main TA. A large crossing is defined 
as a crossing which is able to connect more than two parallel lanes of the main TA. The 
main advantage of small crossings is that fewer AGVs have to wait if the crossing is 
already occupied by another AGV, as only a few lanes are connected to the crossing. In 
the case of large crossings, more AGVs have to wait if the crossing is already occupied 
by another AGV, as more lanes are connected to the crossing compared to the case of 
small crossings. However, large crossings have the advantage that an AGV is able to 
travel very effective in perpendicular direction of the parallel lanes ( from QC to YS and 
vice versa). Consequently AGVs need to pass a lot of crossings to move from the Quay 
area to Yard area and vice versa in the case of small crossings. 

Another interesting topic to investigate are the differences in performance of layouts 
with 4 or 6 parallel lanes. Fewer parallel lanes will result in shorter travel distances of 
vehicles, which they have to tra vel for a certain task ( movement form QC to YS or vice 
versa). On the other hand, fewer parallel lanes will also result in a lower capacity of the 
layout. Moreover, the traffic of vehicles will be denser compared to layouts with more 
parallel lanes. 
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Small Crossing 

tr- ~ 

Large Crossing 
Figure 4.5: Example of a small crossing and a large crossing. The red dashed line 
indicates a possible path of a vehicle. 

The characteristics of each group will be explained in the following part. 

Group 1: layouts with 4 parallel lanes and small crossings 

All the layouts within this group consist of 4 parallel lanes and small crossings. Figure 
4.6 shows a schematic overview of layout 1 of the TA of the container terminal. Besides 
layout 1, layout 2, 3 and 4 belong to this group. The schematic presentations of the 
other 3 layouts of these group are depicted in Appendix D. The number of crossings 
connected to the 2 lanes in the middle is the main difference between layouts 1, 2, 3 
and 4. The number of crossings connected to the 2 lanes in the middle becomes smaller 
from layout 1 to layout 4. Fewer crossings in the two middle lanes enables an AGV to 
travel faster in the direction of the parallel lanes without passing a crossing. On the 
other hand, the distance a vehicle has to travel for a certain task becomes larger if the 
number of crossings connected to the 2 lanes in the middle is decreasing. 

Group 2: layouts with 4 parallel lanes and large crossings 

Layouts that consist of 4 parallel lanes and large crossings are the layouts with the 
numbers 5, 6, 7 and 8. Figure 4. 7 shows a schematic presentation of layout 5 of the TA 
of the container terminal. As can be derived from this figure, vehicles are able to travel 
very fast from the QCs to the YSs and vice versa due to the large crossings that are 
positioned perpendicular to the direction of the parallel lanes. The schematic figures of 
the other 3 layouts of these group are depicted in Appendix D. The number of large 
crossings in the layout decreases from layout 5 to layout 8. Using fewer crossings in 
the layout enables a vehicle to pass fewer crossings when a vehicle drives in the middle 
two lanes. Therefore a vehicle can travel for longer a time in direction of the lanes 
without passing a crossing. Consequently, the average task distance becomes larger if 
the number of large crossings in the layout decreases 
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Figure 4.6: Layout 1: 4 parallel lanes and small crossings 
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Figure 4. 7: Layout 5: 4 parallel lanes and large crossings 
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Figure 4.8: Layout 9: 6 parallel lanes and small crossings 

Group 3: layouts with 6 parallel lanes and small crossings 

All the layouts of this group consist of 6 lanes and small crossings. This croup consists 
of 7 layouts, namely: layout 9, through 15. Figure 4.8 shows a schematic overview of 
layout 9 of the TA of the container terminal. The schematic representation of the other 6 
layouts of this group are described in Appendix D. The main difference between layouts 
9, 10, 11 and 12 is the number of crossings connected to the 4 lanes in the middle. The 
number of crossings connected to the 4 lanes in the middle becomes smaller from layout 
9 to layout 12 (see group 1 for the advantages/disadvantages of this design choice). 

Furthermore layout 13, 14 and 15 also have a small number of crossings connected to the 
4 lanes in the middle. However for these designs travelling in perpendicular direction 
of the parallel lanes is much more effective. Additionally the difference between layout 
13, 14 and 15 is caused by the number of crossings in the middle 4 lanes, namely: the 
number of crossings connected to the 4 lanes in the middle becomes smaller when the 
number of the layout becomes higher(see group 1 for the advantages/disadvantages of 
this design choice). 

Group 4: layouts with 6 parallel lanes and large crossings 

All the layouts of this group consist of 6 lanes and large crossings. Layout 16, 17, 18 and 
19 belang to this group. Figure 4.9 shows a figure of layout 16 of the TA of the container 
terminal. The figures of the other 3 layouts of these group are given in Appendix D. 
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From layout 16 to layout 19, the number of large crossings in the layout decreases (see 
group 2 for the advantages/disadvantages of this design choice). 

Transporting Area: Layout 16 
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Figure 4.9: Layout 16: 6 parallel lanes and large crossings 
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lmplementation of the zone 
control model in a simulation 
model of the ACT 

In this Chapter the implementation of the proposed traffic control strategy (see Chapter 
3) in a simulation model of an ACT will be discussed. The software package Tecnomatix 
Plant Simulation has been used for modelling of the simulation environment. 

The simulation model is developed with the intention of testing the proposed traffic con
trol approach of the ACT. Furthermore the simulation model has been used to evaluate 
the overall performance of the AGV system in the ACT. Especially the investigation 
of the performances of different layouts of the TA of the ACT, which are introduced in 
the previous Chapter, has been made possible with the developed simulation model. 

Finally, the verification and validation of the simulation model is described in Section 
5.6. 

5.1 Event-driven simulation model 

The working principle of the developed simulation model is based on an event-driven 
approach. An event-driven model makes use of activated triggers or sensors, which start 
a particular control sequence. In this control sequence, the situation is quickly analyzed 
which finally results in a simple and efficient reaction on the simulation. The main 
advantage of this event-based approach is a consequence of the fact that the event is 
called by one single component (in the case of this research a vehicle). The controller 
only concentrates on small parts of the model instead of solving complex problems in 
which more components are interacting with each other. The fact that the simulation 
time is not proportional with a time step size but with the number of triggered events is 

41 
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another advantage of event-driven models. From the characteristics of an event-driven 
model it can be concluded that this type of model is qualified for modelling of the 
proposed traffic con trol strategy ( see Chapter 3). 

Another type of model is a time-based model. This type of model seems not to be useful 
for this modelling problem. A time-based model has the disadvantage of being a very 
time consuming one. Moreover, the algorithms of time based models rapidly become 
complex. 

The software package Tecnomatix Plant Simulation is used for developing the simula
tion model. This software program is extremely suitable because it is capable to handle 
event-based modelling in combination with visualization of the processes. Plant Simu
lation is a computer application developed by Siemens PLM Software. The program is 
mainly used for modelling, simulating, analyzing, visualizing and optimizing production 
systems and logistic operations [PLMlO]. 

5.2 Modelling of the main elements of the zone control 
traffic approach 

The software program Tecnomatix Plant Simulation makes a distinction between two 
types of objects: "material flow objects" and "moving unit objects" . A material flow 
object is used to model a component that generates, destroys and routes moving unit 
objects. In general a material flow object is fixed to some place in the simulation 
environment. The following four components, which are discussed in Subsection 5.2.1 
till 5.2.4, are modelled as material flow objects in our simulation model: 

• Zone 

• Crossing 

• Depot 

• Yard and vessel 

Moving unit objects are used to model the flow of materials through a simulation model. 
Subsection 5.2.5 till 5.2.6 will describe the two components that are modelled as material 
flow objects in the simulation model, namely: AGVs and containers. Material flow 
objects as well as moving unit objects can activate so-called "methods". These methods, 
which use the programming language Sim Talk, enable the programmer of the simulation 
model to control the behaviour of certain objects in the simulation environment. 
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5.2.1 Zones 

The Tecnomatix component "track" is used to model a zone. This track component is 
unidirectional and has a certain length and width. Vehicles will travel along the direction 
a track, after they have entered it . Furthermore the capacity of a track component 
depends on its size and the size of the vehicles that are on the track. The following two 
control sequences (methods) are activated when a sensor, which is placed at a predefined 
position on the track, is triggered by an AGV: 

• Method: Arriving the Zone 
The method Arriving the Zone will be activated by an AGV when the total body 
of the AGV is in the zone. This method updates the status of the previous zone. 
This method will also update the status of the previous crossing and will set the 
desired speed of the AGV to the maximum speed in case it concerns the first zone 
of a lane. Furthermore the method will call the routing algorithm if the zone is 
an EZ of a lane (see also Section 5.4). Finally the last zone and the next zone of 
the vehicle will be updated. The programming code of this method is described 
in Appendix E.l. 

• Method: Leaving the Zone 
The programming code of this method is described in Appendix E.2. The method 
Leaving the Zone will be activated by an AGV when the front of the AGV passes 
a modelled sensor on the track. The position of this sensor is constrained because 
of the following two reasons: 

- The method Leaving the Zone should not be activated before the method 
Arriving the Zone is activated. 

- The AGV needs enough space to brake and stop within the zone whenever 
the method Leaving the Zone will be activated. 

The method Leaving the Zone checks if an AGV can leave the zone. The decision 
to leave a certain zone is based on the traffic rules that are explained in Paragraph 
3.3. The method Leaving the Zone will call the method CDP Algorithm if the AGV 
is located in an EZ. This method checks if there will be formed a cyclic deadlock in 
the case the vehicle would leave the zone. This method CDP Algorithm is given in 
Appendix E.7. The vehicle will start braking if the conditions of the traffic rules 
are not satisfied (see Section 3.3). The AGV will start accelerating at the moment 
the conditions of the traffic rules are fulfilled. The method Leaving the Zone will 
change the status of the current zone to orange and the status of the next zone 
will be changed to red. In the case the current zone is an EZ, the method Leaving 
the Zone will set the status of the crossing to occupied and adjust the length of 
the track of the next crossing. This adjustment is based on the position of the 
current zone and the position of the next zone of the vehicle. The length of the 
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track of a crossing changes to simulate the extra/less distance that a vehicle will 
travel when it has to make a corner on a crossing. 

Note that a lane is not modelled as one object, but the lane consists of multiple objects 
(zones) which are connected with each other. 

5. 2. 2 Crossing 

The crossing is modelled with the Tecnomatix component "track". It is possible that 
the crossing consists of multiple track objects. Multiple "track" objects are needed in 
order to model the movement of multiple vehicles which are passing the same crossing 
simultaneously. Furthermore each crossing has a property that states which parts of 
the crossing are occupied by a vehicle that is passing the crossing. This information is 
used by the Leaving the Zone method for making a "go ahead" or "stop" decision. 

The method Arriving the Crossing is activated when the body of a vehicle is completely 
inside a crossing. This method adjusts the speed of a vehicle in the case the vehicle 
should reverse his direction or make a turn. The method Arriving the Crossing is 
displayed in Appendix E.3. 

5.2.3 Depot 

The Tecnomatix object "buffer" is used to model a depot. The capacity of the buffer is 
infinite and has a processing time of O seconds. The method Arriving the Zone will be 
called by an AGV when the total body of the AGV is in the depot in order to update 
the status of the previous zone of the vehicle. 

5.2.4 Yard and vessel 

The Yard/vessel is modelled by the Tecnomatix object "store" . Containers are placed 
in, or dispatched from this store in order to simulate the loading and dispatching of a 
vessel/Yard. Initially each vessel/Yard is filled with a predefined number of containers. 

5.2.5 AGV 

The Tecnomatix object "transporter" is used to model an AGV. This transporter is 
able to transport containers from the loading point (Yard/Quay) to their destination 
(Yard/Quay). A certain destination object can be assigned to the vehicle in order to 
control the routing of the vehicle. Several parameters are assigned initially to each ve
hicle. The most important initia! parameters are the size, maximum speed, acceleration 
and deceleration of the vehicle. 
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5.2.6 Container 

The Tecnomatix object "entity" is used to model a container. This entity is a moving 
material flow object without loading capacity that can be transported by AGVs. 

5.3 Modeling of the QC process and YS process 

The QC process and the YS process are equally modelled and only consist of crossings 
and zones. An example of such a process is showed in figure 5.1. In this example each 
QC or YS has two ingoing lanes and two outgoing lanes. There are three buffer places 
where a container can be loaded or dispatched. This loading/dispatching point is indi
cated in figure 5.1 by the red dashed line. Furthermore a sensor will be activated at the 
moment an AGV arrives at the red dashed line. By triggering this sensor the method 
Load_Dispatch_Container will be activated. This method controls the loading/dispatch
ing process of the AGV. The programming code of the method Load_Dispatch_Container 
is described in appendix E.4. After this process the AGV will stop for a certain time ( the 
processing time of the loading/dispatching process), before it will continue with pro
cessing its next task. Furthermore several statistics, such as time and travelled distance 
of the last task, are updated by this method. The method Load_Dispatch_Container 
will call the method Assign_New_Task for determining the next task of the AGV. The 
method Assign_New_Task is depicted in Appendix E.5 . 

The simulation model is designed in such a way that various kinds of layouts and settings 
of the QC and YS process can be simulated. Moreover, QC and YS process have the 
following initial adjustable parameters: 

• Total number of QCs/YSs. 

• Process time of the loading/dispatching process. 

• Number of ingoing and outgoing lanes of QCs/YSs. 

• Number of buffer places of QCs/YSs. 

• Initially on can set which crossings of the TA are connected to the ingoing lanes 
of a certain QC/YS. 
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Figure 5.1: Schematic overview of the QC and YS process. 

5.4 Routing of the vehicles 

This Section introduces the routing algorithm that is used in the simulation models 
of the ACT. The routing of a vehicle deals with the selection of a specific path which 
has to be taken by a vehicle to reach its destination. A routing algorithm can have 
different objectives such as minimizing the travel distance, minimizing the interactions 
with other vehicles or minimizing the transportation times of tasks of an AGV. 

Various research has been executed on the routing of AGVs in the area of AGV systems. 
The paper of Vis [I.F06] presents an extensive overview of literature related to study 
of the routing of AGVs in an AGV system. Generally, two approaches of routing 
algorithms can be distinguished, namely statie and dynamic routing [I.F06]. In the 
case of statie routing, t he path taken by an AGV between two given nodes is always 
the same: the route from node x to node y is determined in advance and is always 
used for a transportation task from x to node y . Note that statie routing requires the 
knowledge of all tasks prior to the execution of the routing algorithm [Smolû]. The 
statie approach does have a couple advantages: it is easy to implement and furthermore 
it allows a fast calculation of the route. However, statie routing algorithms have two 
major disadvantages: firstly, a high change of an occurrence of congestion in the AGV 
system exists; secondly, t he AGV system is not robust against disturbances in the 
system, since time-dependent behaviour of the AGV system is not taken into account 
[Moh05]. The routing decision of an AGV, in the case of dynamic routing, is based 
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on real-time information of the AGV system. Consequently, various routes between 
node x and y can be chosen, depending on the current state of the system. Moreover, 
dynamic routing allows new tasks to appear although the planning of some part of the 
route of a vehicle already has been made [Smolü]. Dynamic routing can be done in 
two ways: complete route planning and incremental route planning [F.95]. Complete 
route planning determines the entire route from origin to the final destination at once. 
Incremental route planning plans the route segment for each segment until the vehicle 
reaches its destination. Complete route planning may have the disadvantage that a 
route may become invalid during the operation due to unexpected events in the system. 
However, incremental route planning does not take the optimality of the complete route 
into account. 

In the next part of this Section a dynamic algorithm will be proposed, which uses an 
incremental route approach. This type of routing algorithm enables the AGVs to react 
very quickly on possible changes in the AGV system, such as congestion or failures of 
AGV s. At the moment a vehicle Vi E V arrives at some zone c it should choose the next 
zone on its route to the given destination. The next zone on its route must be one of 
the consecutive zones of c. It can be derived that if c is an off-crossing zone, c has only 
one consecutive zone. Therefore, only when cis an EZ the route have to be calculated. 

The routing algorithm determines the next zone of an AGV in an EZ. Moreover, the 
routing algorithm is called by the method Arriving the zone when an AGV activates 
this method in an EZ of a lane. The programming code of the routing algorithm is 
described in Appendix E.6. 

5.4.1 Destination table 

As described in previous part, the routing algorithm is used to determine the next zone 
of an at-crossing vehicle. The following information is needed for each crossing r E lR 
for proper use of the routing algorithm: 

• Shortest possible distance for crossing r to each possible destinations (QCs, YSs, 
and depots). 

• Number of crossings on the route from crossing r to each possible destinations 
( QCs, YSs, and depots). 

Each crossing in the model has a table that contains the described information. These 
data can be calculated and stored offline before the simulation starts running. For that 
reason, the time complexity of the proposed routing algorithm is very small. 
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5.4.2 Routing Algorithm 

This Subsection will describe the working of the routing algorithm. The basic idea of the 
routing algorithm is to ensure that a vehicle always chooses a zone such that it will be 
closer to the destination of its current task at the resulting next crossing. Consequently 
this approach guarantees that the vehicle reaches the destination in a finite number of 
zones. Besides this basic property, the algorithm intends to "smooth" the motion of the 
vehicles as much as possible by trying to minimize the time a vehicle has to stop in an 
EZ. 

First some terms that will be used in the routing algorithm will be clarified. Let cd 
be the destination zone of the current task of some vehicle. This zone cd can be some 
zone of a QC, a YS or the depot. Let B be the set of all possible destination zones for 
a task. Then before arriving at some at-crossing zone c of crossing r E R, the vehicle 
needs to select a zone out of the zones in Y c = Sr := { c~ : li E Or}, where Or = { li} 
is the set of outgoing lanes of crossing r and c~ denotes the SZ of li. For any zone c*, 
we use dz ( c*, cd) to represent the length of the shortest route( s) between zone c* and 
cd. In addition denote the length of the shortest route(s) between a crossing r E Rand 
cd by d(r, cd) and the number of crossings on the shortest route from r to cd is given 
by x(r, cd)- Furthermore let 'lf;(c*) ER be the crossing of which the lane containing c* 
is an ingoing lane. In the remainder of this report the expression IAI will be used to 
denote the cardinality of set A. 

The routing algorithm will take the following factors into account: 

• The distances d(c*,cd) and d('lf;(c*),cd)-

• The status of the next zone c*. 

• The total number of crossings that the AGV has to pass to reach the destination 
given by x('lf;(c*), cd)-

• The action of making a turn to reach the next zone c* from c. 

The following three zone sets are defined in order to give a short description of the 
routing algorithm: 

f1 = {c* E Sk: d('lf;(c*) ,cd) < d(rk,cd)} 

f2 = {c* E r 1 : c* is available} 

r -{ {c*Ef2:c*=argmind(c*,cd)} , iff2 -=l-0; 
3 

- { c* E r 1 : c* = argmin d( c*, cd)}, otherwise. 

Finally the main procedures of the algorithm can be described as follows: 
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The routing algorithm 
The routing algorithm wilt be executed when AGV Vi E V arrives at c E A 

Step 1: 
Step 2: 

Step 3: 

If lf3I = 1, then choose the single zone in f3; otherwise go to Step 2. 
Let r4 = {c* E f3: c* = argminx('lj;(c*),cd)}. If lf4I = 1, then choose the 
single zone in r 4 ; otherwise go to Step 3. 
If there is a zone c* in r 4 to reach for which the vehicle does not need a turn, 
then c* is selected; otherwise choose randomly a zone from the set f 4. 

For a proper execution of the routing algorithm it is required that the set r 1 is not 
empty. Note that all the presented layouts in Chapter 4 are satisfying this requirement. 
Furthermore, the developed routing algorithm guarantees that the distance to the des
tination zone of vehicle vi E V will always become smaller at each moment vehicle Vi 
passes some crossing on his route. Additionally, the status of a possible next zone of a 
vehicle is taken into account in the described algorithm in order to minimize the resi
dence time of a vehicle in an EZ. This is clone to smooth the motion of the vehicles as 
much as possible in the at-crossing zones. 

5.5 Token assignment 

In the Section 3.3 of Chapter 3 the following requirement has been introduced: each 
at-crossing vehicle must hold the global crossing token exclusively over the time slot 
TRCP in order to check the conditions of the at-crossing traffic rule. In the following 
part it will be explained how this token-holding requirement has been satisfied. 

Firstly, the procedure for any at-crossing vehicle to request for the "crossing token" 
will shortly be described. At the moment a vehicle arrives at an at-crossing zone (by 
triggering the "intend to leave" event) it will request for the crossing token. If the 
vehicle releases the token without being allowed to change its state in a "leave" event, 
it will request the token a little later and trigger the "intend to leave" event again. 
Hereafter the term Lwaitingi will be used to denote the time between the moment that 
a vehicle Vi E V triggers the "intend to leave" event for the first time and the actual 
simulation time. 

Note that it is possible that multiple vehicles are waiting for the "crossing token". There
fore a so-called "token assignment algorithm" is necessary to satisfy the token-holding 
requirement. This algorithm should take the following two points into consideration: 

• The token should be assigned toa vehicle in finite time after it requests for it (no 
infinite starvation should occur). 
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• The algorithm should give priority toa vehicle vi E V which has the highest value 
for the Lwaitingi. By doing so the algorithm minimizes the occurrence of vehicles 
that are "waiting" in an at-crossing zone fora very long time period. Additionally, 
starvation of vehicles will be discouraged by this approach. 

The centra! computer, which is in charge of the token assignment, maintains an index 
list of the vehicles that have request for the token. The vehicles Vi E V in this list are 
denoted by the set W. The position of the vehicles in this list depends on the value 
of Lwaiting of the vehicle. This means that the vehicle with the highest value for the 
Lwaiting is on top, and the one with the lowest value for the Lwaiting is at the bottom. 
Among the vehicles with the same Lwaiting, the order is randomly. 

The centra! computer assigns the token using the following simple algorithm in the case 
W-=/0. 

Crossing Token Assignment Algorithm 
Initially n = 1 

n ~ 1 and n s IWI: Assign the token to the nth vehicle from the top. If the token 
is released by the vehicle without a state change of the vehicle, 
then n := n + 1. If the token is released with a state change of 
the vehicle, then delete the nth (can be the last) vehicle from 
the list and n := 1 

n = IWI + 1: Wait for some i:lt and n := 1. 

It must be remarked that vehicles, which are requesting for the crossing token, can be 
added to W during the procedure of the crossing token assignment algorithm. Fur
thermore the Llt is needed in step 3 in order to avoid an infinite computation loop of 
the "crossing token assignment" algorithm. According to the described procedure it 
is guaranteed that all vehicles will receive the global crossing token within finite time. 
Moreover, the algorithm minimizes the occurrence of vehicles that are "waiting" in an 
at-crossing zone for a long time period ( starvation of vehicles in W will be discouraged). 

5.6 Verification and validation of the simulation model 

Proper verification and validation procedures are an important part of the modelling 
process. There is no set of specific tests or requirements that can easily be applied 
to determine the "correctness" of a simulation model. Therefore the concern of the 
correctness of a model is addressed through verification and validation. 
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5.6.1 Verification of the simulation model 

Model verification is often defined as "ensuring that the computer program of the com
puterized model and its implementation are correct" [R.G05]. Verification of the simu
lation model is performed in order to ensure that: 

• The model is correctly programmed. 

• The algorithms have been properly implemented. 

• The model does not contain errors, oversights, or bugs. 

In general, the verification is clone during the modelling process by debugging and 
testing the implemented programming code. 

Overall it seems that the model behaves as expected. During the process of debugging 
and testing it seems that the model does not contain big errors, oversights, or bugs and 
it appears that all the modelled algorithms are working properly. 

5.6.2 Validation of the simulation model 

Validation ensures that the simulation model meets its intended requirements as well as 
it performs its intended functions. The most important objective of the validation is to 
certify that the model addresses the right problem and provides accurate information 
about the system being modelled [R.G05]. 

The validation of the model will be done by analyzing and evaluating several simulation 
results while changing the most important parameters and features in the simulation 
model. For each simulation experiment it will be evaluated if the model behaves as 
expected. Furthermore layout 1 and layout 16 (see Chapter 4) are used in the simulation 
models of the validation cases. The choice for these two layouts is based on the fact 
that these two layout together covers all the different layout characteristics (small/large 
crossings and 4/ 6 parallel lanes). 

For the validation cases 1, 2, 3 and 5 the same procedure has been used to assign tasks 
to the AGVs in the system. The details of this procedure are described in Section 6.1 of 
the next Chapter. The procedure for assigning tasks to a vehicle in the 4th Validation 
case is slightly different. More specifically, a next destination zone cd of a vehicle is 
chosen from all the available QCs (in the case the current cd is a YS) or YSs (in the 
case the current cd is a QC) in the task assigning process of Validation case 4. 

The results of first validation case are depicted in Figure 5.2. In this first validation case, 
simulations have been performed with one AGV. Therefore interactions between vehicles 
are neglected. Furthermore for each simulation of each layout the maximum speed has 
been varied during the simulations: the first simulation is clone with a maximum speed 
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Figure 5.2: Validation case 1: varying the speed of an AGV. 

of 0.25~, hereafter the maximum speed is multiplied by 2 for each next simulation till 
a maximum speed of 16~. The process time of the loading/dispatching process is set 
to O seconds and acceleration and deceleration of vehicles has been neglected. From 
this setting one can expect that the average time for a task will halve each time the 
maximum speed of a vehicle is doubled. The simulation results in Figure 5.2 shows 
this behaviour for both layouts. Therefore the simulation model seems to describe the 
processes correctly for this validation case. 

In the second validation case (see Figure 5.3) the process time of the loading/dispatching 
process has been varied . Interactions between vehicles are neglected since only one AGV 
is used in the simulation models of this second validation case. The simulation results 
of Figure 5.3 show that the average time for a task increases with approximately 10 
seconds each time the process time of the loading/dispatching process increases with 
10 seconds. Therefore the simulation results doesn 't show unexpected results since the 
process time is the only factor that can influence the average task time in this validation 
case. 

The influence of varying the number of AGVs has been investigated in the third val
idation case. The results of this investigation are showed in Figure 5.4. More AGVs 
in the model results in more conflicts between the AGVs. Finally more conflicts will 
result in more AGVs which have to brake. Therefore the average time of a task should 
increase while the average travelled distance for a task should be constant for an in
creasing number of AGVs in the simulation model. One can see from Figure 5.4 that 
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terminal. 

the simulation model describes this behaviour as well. 

The results of validation case 4 are displayed in Figure 5.5. In this validation case the 
length of the Quay and Yard has been varied. In addition, interactions between vehicles 
are neglected since only one AGV is used in the simulation models. By varying the size 
of the container terminal, more QCs and YSs are added to the container terminal. More 
specifically, adding 100 meter to the simulation model will result in 1 QC and 3/4 YSs 
that are added to the model. One can conclude that enlarging the container terminal 
will result in higher values for the average travelled distance of a task since the next 
cd of a task is uniformly chosen from all the QCs/YSs . Furthermore higher travelled 
distances of a task causes higher average task times. Both effects can be noticed in the 
simulation results of this fourth validation case (see Figure 5.5). Therefore the results 
of this validation seem to correctly describe the processes of the AGV system. 
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Figure 5.6: Validation case 5: varying the number of vehicles in the AGV system as 
well as the maximum speed of a vehicle. 

The results of the last validation case are plotted in Figure 5.6. The number of vehicles 
in the AGV system as well as the maximum speed of a vehicle have been varied in this 
validation case. The number of AGVs has been varied from 20 through 300 vehicles. 
Moreover the maximum speed has been varied from 1 through 9 ~ for each collection 
of vehicle teams. Basically, this validation is a combination of validation case 1 and 
3. The results of layout 1 (see Figure 5.6) show that the AGV system is saturated at 
some point ( approximately at 85 vehicles) and consequently the performance decreases 
after the saturation point for an increasing number of vehicles. In addition, it can be 
derived that the position of the saturation point depends on the maximum speed of the 
vehicle: the higher the maximum speed, the less number of AGVs are needed to reach 
the saturation point. Furthermore, the AGV system that uses layout 16 does not reach 
the saturation point for an AGV system consisting of maximum 400 vehicles. However, 
it can be derived from Figure 5.6 that the sloop of the "performed tasks per hour" is 
decreasing for an increasing number of AGVs. Since the simulation model seems to 
properly describe all the expected phenomena, we can conclude that the simulation 
model behaves correctly for this validation case. 

Finally, from the validation cases we can conclude that the simulation model seems to 
address the right problem and seems to provide accurate information about the modelled 
system. 
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Chapter 6 

Simulation results 

This Chapter illustrates the simulation results of the simulation of the 19 different 
layouts of the TA of the container terminal, which have been introduced in Chapter 4. 

6.1 Scenario of the simulation 

In order to compare the 19 different layouts of the TA of the ACT, all different layouts 
are simulated with the same scenario. Subsection 6.1.1 will discuss the properties of 
the ACT and the AGVs in this simulation scenario. Furthermore Subsection 6.1.2 will 
deal with the task dispatching of the vehicles in the simulation models. 

6.1.1 Properties of the ACT and AGVs 

All the 19 layouts of the TA of the ACT have the same restrictions on their layout. 
This means that the area of the TA is approximately the same for all the layouts. 
Furthermore, all the layouts are connected with 20 QCs and 66 YSs along a Quay side 
of 2000m. The time for the loading/ dispatching process of a vehicle at a QC or YS 
is set to 30 seconds. Moreover, both the routing algorithm and the token assignment 
algorithm which have been introduced in Chapter 5 will be applied in the simulation 
models of all the layouts. 

Each AGV in the simulation models has the following properties: 

• The AGV has a length of lüm. and a width of 5m. 

• The AGV has a maximum speed of 7 !IJ-. 

• The AGV has an acceleration of 0.5 ~ and a deceleration of 2.5 ~ 
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• The AGV has a capacity for only one container. 

Furthermore the process time of the loading/ dispatching proces has been set to 30s. 

6.1.2 Tasks of an AGV 

A task of a vehicle is defined as a trip from one zone (the source zone) to another zone 
(the destination zone). An AGV in operation will get a sequence of tasks assigned. In 
practice, tasks are being assigned dynamically instead of fixed offiine. This means that 
after a vehicle arrives at the destination zone of the kth task and finishes a container 
loading/discharging process, it will be given the destination zone for the k + 1th task 
( the destination zone of the kth task becomes the source zone of the k + l th task). A job 
of a vehicle is defined as a series of tasks. The generating of the job for all the vehicles 
is the same in the models of the 19 layouts and is performed according the following 
procedure: 

Job Generating Algorithm 

Suppose that the job consists of k tasks. 

Step 1: The first task of a job includes the move from the depot toa QC or YS (the 
choice between this two is randomly). 

Step 2: The next task till the k - l task of a job includes the move from a QC to a 
YS or the other way around ( depending on the source zone of a vehicle). 

Step 3: The kth task of a vehicle includes the movement forma QC or YS (depending 
on the source zone of a vehicle) to the depot. 

The generating of the tasks in step 2 needs some more explanation, since a destination 
zone of a task is not arbitrarily chosen in this step. Instead, the 20 QCs are divided 
in 5 groups of 4 QCs. These groups of the QCs are disjoint, each of which consists of 
4 QCs. From a group of QCs an AGV is only allowed to travel to a limited amount 
of 24 YSs. These YSs, are the 24 YSs that are positioned most closely to the group of 
4 QCs. On the other hand a YS is related to one or two groups of 4 QCs (note that 
the groups of the 24 YSs are overlapping each group). Figure 6.1 gives a schematic 
overview of two groups of 4 QCs, in which each group of QCs is related to a group of 
24 YSs. Finally, for each vehicle the source and destination zone for each task in step 
2 are randomly selected from the related QC and YS groups. The described relation 
between source zone and destination zone of a task is based on experiences from a real 
container terminal. 

The number of generated tasks per job depends on the total number of AGVs in the 
simulation. This is done in order to keep the total number of measurements of a 
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Group of 4 quay cranes related to 24 yard stackers and vise versa 

Yard 

111111■ -■ 
Transporting a 

■■■■■■■■ 
Quay Overlapping area 

■ = Quay crane 1 = Yard stacker 

Figure 6.1: Schematic overview of two groups of 4 QCs, each related toa group of 24 
YSs. 

simulation constant . Furthermore the number of simulations is 20. For each simulation 
the jobs of the AGVs are generated according the described Job Generating Algorithm. 
For more information about the number of tasks per job and the determination of the 
20 simulations see Appendix F. 

6.2 Simulation results of 19 different layouts of the TA of 
the ACT, simulated with 60 AGVs 

6.2.1 Performance measures of the AGV system in the ACT 

In the simulation results several performance measures have been used to evaluate and 
compare the performance of the 19 layouts of the ACT. This Section introduces these 
performance measures. The equations of the most important performance measures are 
given below in equation 6.1 till 6.7. 

3600 
Average number of tasks per hour (ATPH) = IVI x ATT (6.2) 
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i=IVI k=n 
I: I: x%i 

Average travelled distance (ATD) = l~I~ (~n_:_ m) (6.3) 

ATD 
Average speed of a vehicle (AS)=------------------

ATT - process time (loading/ dispatching process) 

i=IVI k=n 

L L L%i 
Average tardiness (ATR) = _ i =_l_k_=_m __ 

IVI x (n-m) 

in which: L%i = t%i - minimum time required to complete task k 

i=IVI k=n 
L L (L%i - ATR)2 

Standard deviation of the tardiness (STDTR) = i=l k=m 

IVI x (n - m) 

(6.4) 

(6.5) 

(6.6) 

P ·b·1· f b k' . EZ f TA(PBEZ)) Average number of braking in EZ of TA OSSl l 1ty O ra mg lil O = --------------------
A verage number of crossings of TA passed per task 

(6.7) 

• k = task number. 

• t%i = time needed by an AGV Vi to complete a task k. 

• x%; = travelled distance by an AGV vi for performing a certain task k. 

• m, nare integers with the requirement that m < n and m > 0. 

The value of the ATPH, which can also be described in terms of the ATT, is the most 
important value for evaluating the performance of the AGV system in the ACT. A small 
value for the ATT (large value for the ATPH) ensures a high throughput of containers 
in the container terminal. The value of the STDTR is another very important mea
surement, especially for possible applications of a dispatching algorithm in the future. 
A small value for the STDTR indicates that it can be estimated very accurate when 
a AGV should reach its destination zone. A dispatching algorithm needs this accurate 
estimation for accurate and efficient dispatching of tasks to vehicles. Therefore a small 
value for the STDTR is preferred. The measure ATD should be as small as possible, 



6.2. Simulation results of 19 different layouts of the TA of the ACT, simulated with 60 AGVs61 

since this is preferred from an energy cost point of view. Additionally, the number of 
braking in an EZ should be low, since accelerating and decelerating by the vehicles is 
very energy expensive compared to driving with constant speed. Additionally, it causes 
more brake wear of an AGV. 

The next Subsection shows the simulation results of the 19 different layouts of TA of 
the ACT. The number of AGVs has been 60 for all the simulations that are showed in 
this Section in order to keep the comparison and analysis of the different layouts simple 
and clear. This number of 60 AGVs is based on a realistic estimation for the amount 
of AGVs on a busy day in an ACT with 20 quay cranes. 

Moreover, all 19 different layouts of the TA of the ACT are simulated with 20 through 
120 AGVs. The results of these simulations are depicted in Appendix G. 

6.2.2 Simulation results 

Figure 6.2 shows the ATT, ATD and the AS of a vehicle. 

Figure 6.3 shows the ATR and the STDTR of a task. 

Finally figure 6.4 shows the average number of crossings of the TA passed per task, the 
average number of braking in an EZ of the TA per task and PBEZ of the TA per task. 

The results of the simulations are discussed in the next Subsection. 
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6.2.3 Analysis of simulation results 

The following major things can be concluded from the simulation results introduced in 
the previous Subsection: 

• Layout 5 provides the smallest value for the ATT as well as for the ATD for a 
task (see Figure 6.2). 

• Layouts with large crossings (layout 5 till 8 and layout 16 till 19) do have smaller 
values for the ATD for a task compared to the layouts with the small crossings 
(layout 1 till 4 and layout 9 till 16), see also Figure 6.2 for this conclusion. 

• It seems that especially for the layouts with small crossings and less for the layouts 
with large crossings the ATD for a task correlates with ATT (see Figure 6.2). 

• Layout 5 has the smallest value for ATR and the STDTR (see Figure 6.3). 

• The layouts with 6 lanes and small crossings have on average a smaller value for 
the ATR and STDTR compared to the other three groups of layouts (see Figure 
6.3). 

• From Figure 6.2 and Figure 6.3 it can be concluded that within a group of layouts 
(see Chapter 4 for these groups) the ATR and STDTR increases if the density 
of the crossings of the TA decreases ( consequently the ATD will increase if the 
density of the crossings of the TA decreases). 

• For the layouts with large crossings the AGV needs to pass on average less cross
ings of the TA compared to the layouts with small crossings (see Figure 6.4). 

• The average number of braking in an EZ of the MT is slightly lower for the layouts 
with large crossings. Nevertheless, layouts with large crossings provide a larger 
value for the PBEZ in an EZ of the TA (see Figure 6.4). 

4 main groups have been introduced in Chapter 4 in which the 19 layouts of the TA 
could be divided. The simulation results that has been discussed previously in this 
Section show that the first layout of each of these 4 groups ensures the best performance 
compared to the other layouts of the group. A good performance of the layout of the TA 
is mainly characterized by small values for the ATT, ATD, STD and STDR (as explained 
in Subsection 6.2.1). Therefore the next Section only investigates the performance of 
the layouts 1, 5, 9 and 16 in order to be able to give a proper recommendation for the 
best layout of the TA of the ACT. 
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Figure 6.5: Simulation results for changing the number of AGVs of layout 1, 5, 9 and 
16: average task time (ATT) and average number of tasks per hour (ATP) 

6.3 Simulation results for varying number of AGV s 

This Section shows the simulation results of the layouts 1, 5, 9 and 16 of the TA of the 
ACT in which the number is varied from 20 through 120 AGVs. The simulations are 
performed according the scenario that is described in Section 6.1. Note that although 
all simulations are performed with 20 through 120 AGVs in the system, in reality it 
will be very exceptional that 120 AGVs are operating simultaneously with 20 QCs in a 
container terminal. 

Figure 6.5 shows the simulation results for the ATT and ATPH for a varying number 
of AGVs. Furthermore Figure 6.6 illustrates the simulation results of the following 
measurements fora varying number of AGVs: the ATR, the STDTR, the ATD and the 
number of braking in an EZ of the TA per task. 
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The following important issues can be concluded from the simulation results which have 
been introduced in this Section: 

• Layout 5 ensures the largest value for the ATPH in the ACT compared to the 
other 3 layouts (see Figure 6.5). 

• The road network of layout 1 is saturated around 80 AGVs (see Figure 6.5). It 
seems that layout 9 is saturated around approximately 120 AGVs. However, the 
other 2 layouts do not show the behaviour of saturation of the AGV system. 

• Layout 5 has the smallest value for the TRD, however layout 16 has almost the 
same value for the TRD. It can be concluded that layouts with large crossings 
perform better compared to layouts with small crossings if we look at the results 
for the TRD and STDTR (see Figure 6.6) . 

• As expected, the value of the ATD remains more or less the same for a varying 
number of AGVs in the TA (see Figure 6.6). Layout 1 guarantees the smallest 
value for the ATD and on the other hand Layout 9 guarantees the largest value 
for the ATD. 

• The average number of braking for a task in an EZ of the TA is continuously 
increasing for an increasing number of AGVs. Note that there is a large difference 
in the average number of braking for a task in an EZ of the TA for the layouts with 
large crossings, number 5 and 16, compared to the layouts with small crossings, 
layouts 1 and 9. Finally, layout 5 provides the smallest value for this measurement 
(see Figure 6.6). 

6.3.1 Simulation results for varying number of closed lanes 

In this part the robustness of the layouts 1, 5, 9 and 16 against the removal of lanes 
in the layout is investigated. This is an interesting topic for the failure-tolerant traffic 
control of the AGV system, which will be the subject of Chapter 7. For example, it is 
possible that one or more lanes have to be closed due to a failure of a vehicle in the 
TA. Nevertheless, although some lanes of the layout are closed, a layout should still be 
capable to ensure a certain performance level of the AGV system. 

Figure 6. 7 shows the simulation results of the investigation of the robustness of the 
layouts 1, 5, 9 and 16 against the removal of lanes in the layout of the TA. The lanes 
that are removed in the layout have been randomly chosen. However, the assumption is 
made that in the case of a removal a lane it is guaranteed that from each QC, YS and 
Depot, at least one route exists, to each other QC, YS and Depot. This requirement 
is necessary to assure that each vehicle in the AGV system will be able to reach the 
destination zone of its task. 
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Figure 6.7: Simulation results of the investigation of the robustness of the layouts 1, 5, 
9 and 16 against the removal of lanes in the layout of the TA 

The simulation results of Figure 6.7 show that the performance of layouts with small 
crossings is influenced a lot by the removal of lanes. On the other hand, the perfor
mance of the layout 5 and 16 remains approximately constant by removing some lanes. 
Therefore it can be concluded that layouts with large crossings are more robust against 
the removal of lanes in the layout of the TA compared to layouts with small crossings. 

6.4 Conclusions 

From the simulation results that are introduced in this Chapter it can be derived that 
layout 5, appears to be the best choice for the AGV system of the ACT considering a 
wide range of the size of the vehicle team (20 through 120 vehicles). This result will 
roughly be explained in this part. 

The simulation results, which have been discussed in Subsection 6.2.2, show that the first 
layout of each of the 4 introduced groups (see Chapter 4) provides the best performance 
compared to the other layouts of the group. It can be concluded that within each 
layout group, a larger ATD of a task results in a lower throughput of the AGV system 
(indicated by the ATPH) and a smaller value for the TRD and STDTR. In general, 
removing crossings within a layout will increase the ATD of the AGV system and will 
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increase the possibility of conflicts between AGVs at a crossing of the AGV system. 
These two described phenomena are the main reasons for the fact that the performance 
of a layout is decreasing fora larger "layout number" within the defined layout groups. 

The results of Subsection 6.2.2 show that ATD of the vehicles in the case of layouts with 
small crossings is considerably larger than in the case of large crossings (see Figure 6.2). 
Furthermore, although small crossings result in a smaller PBEZ of the TA compared to 
layouts with large crossings, the vehicles are still passing more crossings on average per 
task in layouts with small crossings and have to brake more in an EZ of the TA per task 
(see Figure 6.4). In addition, layouts with large crossings are more robust against the 
removal of lanes in the layout of the TA (see Figure 6.7). This are important reasons 
why large crossings in the layout are more preferable compared to small crossings. 

It can be derived from Figure 6.5 and 6.6 that layout 5 and layout 16 provide the largest 
value for the ATPH and the smallest value for the STDTR, which are the two most 
important performance measurements, for a wide range of the size of the vehicle team. 
This observation shows that by using layout 5 or 16 and the proposed control strategies 
the flow of the vehicles is quite smooth even fora busy operation, i.e. the motion of the 
vehicles are not much interfered by the traffic. Furthermore one can estimate for each 
task the arriving time of the vehicle performing the task with an acceptable error. The 
last issue is preferable for applying a proper task dispatching algorithm in the future. 
Additionally, layout 5 provides also the smallest value for the number of braking in an 
EZ of the TA per task. This is preferable for the brake wear and the fuel consumption 
of an AGV 

The use of six parallel lanes in layout 16 compared to four lanes in layout 5, creates 
more space (lanes, zones) for the movement of vehicles. Therefore the saturation point 
of layout 16 will probably be higher compared to layout 5. However, the ATD of layout 
16 is larger. Furthermore six parallel lanes use more space of the container terminal, 
which is expensive as it can also be used for extra capacity of the Yard for example. 
The simulation results show that layout 16 do not result in a large improvement in per
formance of the AGV system compared to layout 5 (see Figure 6.5 and 6.6). Therefore 
a layout with four parallel lanes and large crossings (layout 5) is preferable in the AGV 
system of a container terminal. 

Finally, from the analysis presented in this Section it can be concluded that layout 5 is 
the most preferable layout for the AGV system of the ACT. 
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Figure 6.8: A verage number of tasks per hour of an AGV system in layout 5, simulated 
with 20 through 500 vehicles. 

6.4.1 Limitations of layout 5 

In this Subsection some limitations of layout 5 are investigated. Firstly, the performance 
of the AGV system of the ACT that uses layout 5 has been investigated fora very large 
number of vehicles. Note that besides the number of vehicles, the scenario of the 
simulation is still the same as described in Section 6.1. Figure 6.8 shows the ATPH of 
an AGV system which uses layout 5, simulated with 20 through 500 vehicles. One can 
conclude from these simulation results that the performance of the ACT increases for 
an increasing number of AGVs in the AGV system of the ACT (note that results for 
more than 500 AGV are not taken into account in this consideration). This behaviour 
shows that the AGV system of the ACT will not saturate for less than 500 AGVs under 
the described circumstances (see Section 6.1). Note that the graph, which is shown 
in Figure 6.8 becomes less smooth for a larger number of AGVs since the influence of 
stochastics becomes larger for an increasing number of AGV s in the simulation model. 
Finally it can be concluded that layout 5 ensures that the AGV system will almost 
impossible reach its saturation point in an operating ACT (more than 500 AGVs is a 
unrealistic number in this specified ACT). 

Besides the performance, also the number of potential deadlocks in the AGV system 
using layout 5 has been investigated. Moreover the potential deadlocks have been 
counted as a function of the number of vehicles in that system. A potential deadlock 
can be described by a deadlock that has been prevented by the traffic control strategy 
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Figure 6.9: Number of potential deadlocks, which are detected in 10000 tasks that are 
performed in Layout 5 

(see Chapter 3 by not allowing a vehicle to "leave" its EZ. The number of vehicles is 
varied from 20 through 500 vehicles. The results of these simulations are presented in 
Figure 6.9. Remark that for less than 100 vehicles potential deadlocks <lid not occur in 
the system. Therefore, almost no potential deadlocks will occur in a normal operating 
ACT. However, fora larger number of AGVs in the AGV system, the number of potential 
deadlocks grows fast with the number of vehicles. 



Chapter 7 

Failure-tolerant traffic control of 
the AGV system 

This Chapter is devoted to the occurrence and control of failures in an AGV system. 
Especially for safety and performance reasons , an AGV system should be able to deal 
with unexpected failures. 

A few literature has been published which deals with the occurrence of failures in an 
AGV system [I.F06]. Taghaboni et al. [F.95] noted that routing flexibility allows a 
quick recovery to breakdowns and other failures in the AGV system. However, failures 
have not been modelled in their research. Ebben [M.01] developed a control method 
to deal with failures of AGVs in an underground transportation systems. Moreover, 
a simulation model has been developed in their research which has been used to eval
uate the effects of different failure rates of AGVs on the performance of the system. 
Nevertheless, this study focuses on the recovery of the broken vehicle and less on the 
behaviour and performance of the total AGV system. 

Although not many literature has been published about failure management of an AGV 
system, the study of failures in an AGV system is an important research topic, since 
failures can have a large impact on the performance of an AGV system. Especially 
for AGV systems in container terminals, in which the number of AGVs is often large 
and failures may occur quite often, failure-tolerant traffic control of the AGV system 
should be investigated. Therefore Section 7.1 till 7.3 of this Chapter will introduce a 
failure-tolerant traffic control approach for the AGV system. 
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7.1 Problem description of vehicle failure 

7.1.1 Failure of an AGV system 

A failure of an AGV system can occur due to several reasons, such as: a breakdown 
of a vehicle, objects on the lanes of the road network or manual intervention of the 
AGV system. As a result of these disturbances, certain AGVs may be blocked while 
the routes of some other AGVS can not be finished. Consequently, if a disturbance 
is encountered in the AGV system, AGVs have to be rerouted in such a way that no 
deadlocks and no conflicts with other AGVs will occur. 

During this Chapter the example of a breakdown of a vehicle will mainly be used to 
illustrate an example of a failure. However , the technica! recovery of failures , such as 
reparations of a vehicle, will not be a subject in our research. More specifically, our goal 
is to develop a failure-tolerant traffic control strategy which assures that all vehicles in 
the AGV system (except the vehicles with a technica! failure) are able to finish their 
task and consequently their job at the moment a failure occurs in the AGV system. In 
addition, the performance of the AGV system should be influenced as less as possible 
by the occurrence of a failure in the system. 

7.1.2 Assumptions 

First some assumptions for a proper application of the failure-tolerant traffic control 
strategy, will be summed up in this Subsection. 

• Types of failures 

Two types of failures will be distinguished, namely: a failure at a lane and a failure 
at a crossing. The difference between these two types of failures will be explained 
below. 

Failure at a lane 
This type of failure occurs at the moment a vehicle breaks down while it is located 
in a lane l E L. More specifically, located in a lane means that the broken vehicle 
does not have the state "Moving from c1 to c2" with c2 E S. Note that not only 
a breakdown may cause this type of failure but also other reasons, such as an 
undesired object on a lane. 

An example of a failure at a lane is given in Figure 7.1 in which vehicle v1 is 
broken down in zone c½. For this type of failure "Blocked vehicles" are defined 
as vehicles which are located in the same lane as the broken vehicle is located 
and additionally they are located behind the broken vehicle. In the case of the 
example of Figure 7.1 the vehicles v2 and v3 are representing the blocked vehicles. 
Moreover, the lane in which the breakdown occurs is defined as a "broken lane" . 
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Failure at a crossing 
This type of failure occurs when a vehicle breaks down at the moment it is passing 
a crossing, consequently the vehicle has the state "Moving from c1 to c2" with 
c2 E S in this situation. Figure 7.2 shows an example of this type of breakdown. 
In the case of a failure at a crossing a "broken lane" is defined as a lane of which 
the exit of its EZ is blocked by the broken vehicle (or another obstacle). Therefore 
vehicles are unable to "leave" the EZ of a "broken lane". Vehicles that are located 
in a broken lane are defined as "blocked vehicles". The vehicles v2 and v3 are the 
blocked vehicles and lane [3, which contains the zones er, c~ and et is the "broken 
lane" in the example of Figure 7.2. 

• QCs, YSs and Depots have to be reachable 

The assumption has been made that in the case of a failure it is assured that from 
each SZ, except the SZs of the broken lanes, at least one route exists, which does 
not pass the blocked vehicles, to each other possible destination (all QCs, YSs 
and depots). This assumption is necessary to guarantee that each vehicle v E V 
is able to complete its current task and the next tasks of its job. 

• Vehicle is able to report a failure by itself 

A vehicle that has a failure , reports the occurrence of a failure to a central con
troller at the moment it has stopped. 

• Definitions of sets 

The expression Vblocked is used to denote the set of blocked vehicles. Furthermore 
the set Cblocked contains all the zones which are located in a broken lane, except 
for the zones that are in front (w.r.t. the lane direction) of the zone in which the 
failure occurred. Finally Vchange_n z is used to denote the set of vehicles which have 
their next zone in a "broken lane". In addition this set Vchange_nz also contains 
the vehicles which are not able to reach their next zone as they have to pass some 
part of the crossing that is occupied by a certain obstacle (for example a broken 
vehicle). 
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Figure 7.1: Breakdown of a vehicle in a lane. 
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Figure 7.2: Breakdown of a vehicle in a crossing. 
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7.2 Failure-tolerant traffic control strategy 

This Section will introduce the strategy to solve the problem that is described in Section 
7.1. 

Basically, this strategy consists of the following two parts: 

l. Choose/change the routes (next zones) of some operational vehicles, described by 
the set V change_nz, with the caution that no cyclic deadlock or collision between 
vehicles will be introduced. 

2. Let the blocked vehicles, described by the set Vbtocked, stop in a zone as soon as 
possible and change their driving direction. 

Item 1 in combination with item 2 will ensure that the AGV system can deal with 
disturbances of the system under the given assumptions of Section 7.1. More specifically, 
all vehicles in the AGV system (except the vehicles with a technica} failure) are able to 
finish their task and consequently their job. 

The term "Buffer zones" has to be explained first in order to describe the processes of 
item l. This will be clone in the next Subsection. Furthermore Subsection 7.2.2 will 
explain the processes of item 1 and Subsection 7.2.3 will describe the processes of item 
2. 

7.2.1 Buffer zones 

A vehicle Vi E V change_nz should get a new next zone. When a vehicle is assigned a new 
next zone, no cyclic deadlock (red cycle) in the AGV system should be introduced. To 
guarantee the absence of cyclic deadlocks by changing the next zone of an at-crossing 
vehicle, so-called "buffer zones" are introduced. A "buffer zone" is a zone that can be 
created by splitting a SZ into two separate zones. 

The working principle of a buffer zone will shortly be explained. Assume that zone 
c E S is part of a red cycle in the graph Ç0 (t) of the AGV system. Splitting of this 
zone c into two new zones will result in a new SZ, which is called the "buffer zone". 
Consequently, the red cycle in the graph Ç0 (t) of the AGV system will disappear in the 
case that the status of this "buffer zone" is green. This procedure of splitting a SZ into 
two zones is required to guarantee the absence of cyclic deadlocks by changing the next 
zone of an at-crossing vehicle. Note that each zone c E S should be large enough in 
order to ensure proper splitting of a SZ into two separate zones. The next Subsection 
will discuss the procedure of changing the next zone of an at-crossing vehicle. 
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7.2.2 Changing next zone of a vehicle 

Figure 7.3 will be used to describe the process of changing a next zone of an at-crossing 
vehicle in four separate steps. Assume that a failure (vehicle v1 in Figure 7.3) has 
been reported. Moreover, some at-crossing vehicle (vehicle V3 in Figure 7.3) should be 
assigned a new next zone, because its current next zone is located in the "broken lane" 
l1. Furthermore assume that choosing any next zone besides the current next zone of 
the at-crossing vehicle will introduce a cyclic deadlock in the AGV system. In that case, 
a SZ of a lane should be splitted in to two zones in order to avoid a cyclic deadlock 
in the AGV system. This splitting is illustrated in step 2 of Figure 7.3. The created 
buffer zone er• will be assigned to V3 as new next zone. Hereafter the vehicle V3 should 
move to this buffer zone in order to avoid deadlock of the AGV system. This procedure 
is illustrated in step 3 of Figure 7.3. Finally the created buffer zone and zone er. will 
be combined to one SZ again at the moment that the status of zone er. is green and 
in addition no cyclic deadlock should be introduced by this procedure (step 4 in Figure 
7.3). 

By applying the described procedure the next zones (routes) of the vehicles can be 
changed with the guarantee that no cyclic deadlock or vehicle collisions will be intro
duced. 

7.2.3 Change the driving direction of blocked vehicles 

The problem of blocked vehicles can not be solved by changing the next zone of these 
vehicles. However, the problem can be solved by reversing the driving direction of the 
vehicles. Figure 7.4 is used to describe the process of changing the driving direction of 
a vehicle. Step 1 in Figure 7.4 shows a situation in which vehicle v1 has a failure, which 
causes vehicle v2 to be blocked. Step 2 in Figure 7.4 shows the situation in which the 
driving direction of all zones behind the zone of the broken vehicle are reversed. This 
is only one zone in the case of the described example, namely cl. Note that this zone 
cl should now behave as an EZ. Additionally, in order to reverse the direction of a zone 
c E C it must hold that c is either not occupied by a vehicle or c is occupied by a vehicle 
which is completely in c. The driving direction of a vehicle can be easily changed since 
an AGV can drive in two directions. Finally vehicle v2 will not be blocked anymore and 
will be able to continue its current task. 
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Figure 7.3: P rocedures of changing t he next zone of an at-crossing vehicle. 
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Figure 7.4: Procedures of changing the driving direction of a vehicle. 
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7.3 Implementation of failure-tolerant traffic control ap
proach in simulation model 

Section 7.2 has described the approach for the failure-tolerant traffi.c control strategy. 
This Section will discuss the implementation of the described approach in the simulation 
model, which has been introduced in Chapter 5. A central controller will start a certain 
control sequence at the moment a failure is reported. The main processes of this control 
sequence, denoted as failure controller, are displayed in the scheme of Figure 7.5. In 
this scheme 8 steps are distinguished. The next part will shortly explain each step. The 
programming code of this failure control algorithm is given in Appendix E.8. 

Step 1: Firstly, the failure controller will start asking for the global crossing token at 
the moment a failure in some part of the AGV system is reported. The failure 
controller will get the global crossing token as soon as no other vehicle Vi E V 
holds the token. By holding the token it is guaranteed that no other vehicle can 
leave an at-crossing zone. This guarantee is necessary in order to avoid collisions 
and deadlocks during the procedures of this failure control algorithm. 

Step 2: New destination tables have to be calculated for each crossing r E R. The up
dated destination tables do not contain routes which are passing a broken lane or 
some part of the crossing that accommodates the reported failure. Therefore this 
procedure ensures that no vehicle is able to enter a broken lane or pass some part 
of the crossing that is occupied by a broken vehicle in the future. 

Step 3: Before continuing the failure control algorithm, all vehicles Vi E Vblocked should 
stop as soon as possible. However, the complete body of the vehicle must be in 
some zone. The status of all the zones in Cblocked is temporary set to red in order 
to stop all the vehicles in vblocked· 

Step 4: Step 4 will deal with the vehicles Vi E Vchange_nz· Let Zi ,t be the set of all possible 
next zones of vehicle Vi E Vat timet. A new next zone nv(i , t) E Zi ,t is assigned 
to vehicle Vi E V in the case this next zone doesn 't cause a cyclic deadlock in the 
AGV system. However, the vehicle Vi will be added to the set v;hange_nz and some 
next zone nv( i , t) E Zi ,t is assigned to vehicle Vi in the case that all next zones in 
Zi ,t will cause a cyclic deadlock in the system. Finally the failure control algorithm 
will continue to step 5 in the case v;hange_nz = 0 otherwise it will continue to step 
4'. 

Step 4': Each vehicle Vi E v;hange_nz will use the buffer zone of the next zone nv(i, t) to 
move to this next zone. This procedure is described in Section 7.2. The failure 
control algorithm will continue to step 5 if all vehicles in v;hange_nz are stopped 
in their next zone (buffer zone). 

Step 5: Step 5 of the failure control algorithm ensures that the driving direction of all the 
zones in cblocked will be reversed. 
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Step 6: All the vehicles in Vblocked are positioned in such a way that they are located in 
between the "arriving at" and "intend to leave" event. Furthermore new next 
zones as well as new last zones are assigned to all the vehicles in Vblocked according 
to the changed driving directions of the zones in Cblocked· 

Step 7: Step 7 reverses the driving direction of each vehicle Vi E Vblocked· Furthermore 
the speed of each vehicle Vi E Vblocked is set to a certain positive value, which 
ensures that each vehicle Vi E Vblocked will trigger the "intend to leave" event. 
Additionally, the status of all the zones in Cblocked is set to their original status 
again. 

Step 8: Finally the failure controller will release the global crossing token. By doing this 
the failure control algorithm is finished and all blocked vehicles are able to continue 
their route to their destination. Furthermore, it is guaranteed that no vehicle will 
enter a broken lane or some part of the crossing that is occupied by a broken 
vehicle. 

7.4 lmprovement and modifications of the zone control 
model 

In the previous part of this Section, a new design constraint has been introduced for 
the size of a SZ: it should be possible to split a SZ in two separate zones. In order to 
use the introduced failure-tolerant traffic control approach the minimum size of a SZ 
should be twice as large compared to the minimum zone size which is introduced in 
Chapter 4. This increase in size of a SZ results in an increase of the minimum length 
of a lane. According to the original traffic control approach the minimum length of a 
lane is 44m., while according to the introduced failure-tolerant traffic control approach 
this length should be 66m. This restriction of 66m. would result in a minimum Quay 
length of approximately (66m.+15m.) x 33 = 2673m. in order to satisfy the condition 
that no more than 8 ingoing/outgoing lanes of QCs/YSs are connected to a crossing. 
However, this is not possible due to limited length of a Quay, which is set to 2000m. 
Furthermore the performance of the AGV system will decrease in this case. This de
crease in performance is caused by the fact that AGVs have to travel a larger distance 
in the layouts with a minimum lane length of 66m. 

It can be concluded that the minimum length of a zone should be decreased in order 
to apply the failure-tolerant traffic control approach to an AGV system, which has the 
properties as described in Chapter 4. This Section will show the modifications of the 
zone control approach in order to decrease the minimum length of a zone. 
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7.4.1 Decrease the minimum zone length 

In Chapter 3 the following three vehicle events have been introduced: "arrive at", "in
tend to leave" and "leave" events. We stated that these events should happen sequen
tially when a vehicle passes a zone. Furthermore the first two events are position-based 
events and the third is a decision-based event. The described restrictions determined 
that the length of a zone is finalized to have a minimum of 22m., which is the sum of the 
length of a vehicle, the braking distance of 11m. of a vehicle and a safety space of lm. 
(see Figure 4.2 in Chapter 4). The minimum length of a zone can not be decreased by 
shorten the maximum braking distance of 11m., since the maximum deceleration of an 
AGV of 2.5~ is fixed. However, it is possible to decrease the minimum length of a zone 

s 
by allowing a vehicle to start braking (in te case the vehicle should not leave this zone) 
at the moment it just enters a zone. This is the key idea behind the decrease of the 
minimum length of a zone. Therefore the minimum length of a zone can be significantly 
decreased by deleting the requirement that the "arrive at" event should happen before 
the "intend to leave" event in a zone. In order to achieve this behaviour in the AGV 
system the introduced traffic control strategy of Chapter 3 should be adjusted. 

The next two Subsections will be used to describe the adjusted vehicle events, states 
and traffic rules which will allow to position the "intend to leave" independent of the 
position of the "arrive at" event within a zone. 

7.4.2 Adjusted vehicle events and states 

The first adjustment has to deal with the vehicle states. Instead of two, a vehicle can 
have three possible states by allowing the "intend to leave" event to happen before the 
"arrive at" event. The three possible states of a vehicle are: 

1. "being in some zone" 

2. "moving from zone c1 to zone c2", with c2 E T c1 

3. "moving from zone c1 via zone c2 to zone c3 " , with c2 E T c1 and c3 E T c2 

The three states of a vehicle are depicted in Figure 7.6. There are two events which 
change the state of the vehicle: the "arriving at" event and the "leave" event. In Figure 
7.6 the arrows indicate the switch of the state of a vehicle by one of these two events. 
Note that the next state of a vehicle depends on the current state of the vehicle and 
the next vehicle event. 

From Figure 7.6 it can be derived that state 3 is a new state compared to the original 
traffic control strategy (see Chapter 3). Basically, if the "arriving at" event in a zone 
is positioned before the "intend to leave" event, then a vehicle will never reach state 
3. However, a vehicle can reach state 3 by allowing to position the "intend to leave" 
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Figure 7.6: States of a vehicle 

event before the "arriving at" event in a zone. The following assumption is necessary 
to guarantee that a vehicle in state 3 will always reach state 2. 

Assumption 8 A vehicle which triggers the "intend to leave"event of some zone c E C 
should always trigger the "arriving at" event of zone c. 

In the following part the procedures of a vehicle, which is passing a zone c2 E C, will 
be described (see Figure 7.7). In zone c2 the "intend to leave" event is located before 
the "arriving at" event. Note that the the vehicle will trigger the "intend to leave" 
for the first time in the departure region of a zone. Moreover, the vehicle will trigger 
the "arrive at" event in the arrival region of a zone. At the moment the PRP of a 
vehicle has moved into the departure region of the zone c2 (see Case (a) in Figure 
7.7), the vehicle is said to "intend to leave" the zone. At this moment, for the sake of 
collision and deadlock avoidance, the vehicle is required to refer to some traffic rules 
(to be specified in Subsection 7.4.3) to make a "go ahead" or "stop" decision. When 
the vehicle is permitted to go ahead, the vehicle is said to "leave" zone c2 and changes 
its state depending on the current state of the vehicle (see Figure 7.6); otherwise the 
vehicle has to stop ( the vehicle starts braking) and will accelerate again at the moment 
it is allowed to go ahead by the traffic rules. Note that the deceleration of a vehicle 
should be chosen in such a way that Assumption 8 is satisfied. A vehicle is said to 
"arrive at" some zone when the body of a vehicle has completely entered some zone and 
the PRP of the vehicle is detected to be in the arrival region (see Case (b) in Figure 
7.7). At the moment the vehicle executes the "arrive at" event, the vehicle changes its 
state depending on the current state of the vehicle (see Figure 7.6). 

The described adjustments cause that the positions of the arrival region and departure 
region will determine the sequence of the three vehicle events. In order to represent the 
state of a vehicle, the vehicle state function is defined as follows: 

{ 

ccc, 
Sv ( i, t) = ccc* , 

cc*c** , 

if Vi E V is in c at time t; 
if Vi E V is moving from c to c* E Y c; 
if Vi E V is moving from c via c* E Y c to c** E Y c•; 

where to is the initial time of the evolution of the AGV system. 



86 Chapter 7. Failure-tolerant trafE.c control of the AGV system 

Zone C3 

B) Vehicle arrival 

ZoneC 

Figure 7.7: Vehicle departure and arrival at a zone 

The current zone and next zone of a vehicle are defined according to the following 
description: 

Current zone and next zone of a vehicle 
If the PRP of a vehicle has triggered an event for the first time in some zone ( note that 
this can either be the "arrive at" or the "intend to leave" event) at time t, then that 
zone is said to be the current zone of the vehicle. The next zone of a vehicle Vi at time t, 
denoted by the expression nv(i, t), is the zone, which is not the current zone, the vehicle 
will arrive first after t according to the given job. The last zone of a vehicle at time t 
is the last zone, which is not the current zone, in which the vehicle arrived before t. 

No modifications are made to the zone states of the original zone control model, de
scribed in Section 3.2. 

7.4.3 Adjusted traffic rules 

This Section will introduce the adjusted strategy for controlling the traffic of the AGVs. 
The original traffic rules, introduced in Chapter 3, are modified in order to allow the 
"intend to leave" to happen before the "arrive at" event. The adjusted traffic control 
strategy still consists of two traffic rules: one for off-crossing zones (Rule 1) and one for 
at-crossing zones (Rule 2). 

First Assumption 9, which is a modification of Assumption 6, will be introduced for the 
purpose of the avoidance of collisions between vehicles. 

Assumption 9 There is no inter-vehicle collision at time t at a crossing or a lane ij 
the following two conditions are satisfied: 

(a) Each non-depot zone is occupied by at most one vehicle at t. 
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(b) For any two vehicles Vi and Vj, if sv(i, t) = c1c1c2 or sv(i, t) = coc1c2 and sv(j, t) = 
c4c4c5 or sv(j, t) = c3c4c5, where c1 E Y co and c2 E Y c1 and c4 E Y c3 and c5 E Y c4 , 

then (c4, es) t/. X(~i ,c
2

) for any crossing rk ER. 

In order to avoid collisions at the depot , it should be guaranteed that two or more 
vehicles in a depot will not collide with each other and in addition will not move simul
taneously to a common consecutive zone of the depot. 

In the statements of traffic rules below, it is assumed that c1 E C is the current zone 
of vehicle Vi E V. Moreover, co E C is the previous zone of vehicle Vi and c2 E C is the 
next zone of vehicle Vi. 

The following rule applies when a vehicle intends to leave an off-crossing zone. 

Rule 1: traffic rule for off-crossing zones 

Suppose Vi E V intends to leave zone c1, with c1 E C\A, at t. Then over some time 
window T = [t, t + <:], E > 0, if the vehicle finds the zone c2 = nv(i, t) available over 
[ t, t + E), then the vehicle changes its state at t + E as Sv ( i, t + E) = c1 c1 c2 or Sv ( i, t + E) = 
coc1 c2 ( depending on the current state of vehicle vi); otherwise the vehicle will again 
intend to leave ei at some time t' > t + Do, where Do > E is some positive constant. 

The following rule applies when a vehicle intends to leave an at-crossing zone. 

Rule 2: traffic rule for at crossing-zones 

Suppose Vi E V intends to leave zone c1, with c1 E Ar at time t. Then over a time 
window T = [t, t + El, E > 0, if the vehicle finds that 

(a) its next zone c2 = nv(i, t) is available over [t, t + <:); 

(b) there is no such vehicle Vj, j-:/ i, with sv(j, t + E)C4C4C5 or sv(j, t + E)c3c4c5, where 

(c4, c5) E X[ci ,c2 ); 

( c) to change its state as Sv ( i, t + E) = c1 c1 c2 or Sv ( i, t + E) = coc1 c2 ( depending on 
the current state of vehicle vi) does not lead toa red cycle in Ç0 (t + E) containing 
c1; 

then the vehicle changes its state at t + E as sv(i, t + E) = cic1c2 or sv(i, t + E) = coc1c2 

( depending on the current state of vehicle vi); otherwise the vehicle will again intend 
to leave c1 at some time t' > t + Do, where Do > E is some positive constant. 
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The modifications of the original zone control model makes it possible to reduce the 
minimum size of a zone. The reduction in size of a zone is a consequence of the posi
tioning of the departure region, in which a vehicle triggers the "intend to leave" event, 
before the arrival region, in which a vehicle triggers the "arrive at" event, within a zone. 

Note that the only large difference between the original model and the adjusted model 
is caused by changing the vehicle states from two to three. However, Assumption 9 
states that a vehicle will always end up in state 1 or 2, which were already used in the 
original model. Moreover, nothing has been changed to the building blocks and the 
zone states of the original AGV system, Furthermore, the adjusted zone control model 
uses the same principal as the original proposed zone control model to predict cyclic 
deadlocks as well as to avoid collisions in the AGV system. In addition, the principal of 
the original proof, which is presented in the paper of Qin et al. [LiQlO], can be adapted 
to proof that the modified zone control model will lead to a deadlock and collision free 
behaviour of the AGV system. 

7.5 Simulation results of adjusted zone control model 

The adjusted zone control model, that allows to position the departure region before 
the arrival region in a zone, combined with the failure-tolerant traffic control strategy, 
which requires a SZ to have the possibility to split in to two zones" , is applied to layout 
5 of the TA. The choice for layout 5 is based on the fact that this layout is the most 
preferable layout for the AGV system in the ACT (see Chapter 6 for this result). The 
length of a lane in the TA of the adjusted layout 5 is 42m. This lane of 42m. consists 
of a SZ of 28m. and a EZ of 14m. In each zone the departure region is located lm. 
after the beginning of the zone and the arrival region is positioned at lüm. after the 
beginning of the zone. Furthermore a vehicle is still able to brake and stop with its 
total body within a zone. An example of the configuration of an EZ of the adjusted 
layout 5 is described by Figure 7.8. 

"lntend to leave" "Arriving At" 

1 m. 9 m. 4m. 

Figure 7.8: Dimensions of a zone including the positions of the "arrive at" and "intend 
to leave" event 



7.5. Simulation results of adjusted zone control model 89 

Theoretically the length of a zone can be set to less than 14m., since a vehicle only 
needs 1 lm. for a stop with a maximum speed of 17. However, a safety space is taken 
into account that causes the the zone length to be 14m. Furthermore a distance of 42m. 
between two crossings in the adjusted layout 5 enables the comparison of this model to 
the original model of layout 5 which has a distance of 44m. between two crossings. 

Figure 7.9 shows the comparison of layout 5 of the TA that uses the original zone control 
model and the adjusted layout 5 of the TA that uses the adjusted zone control model. 
It can be derived from the simulations that the original and adjusted model of layout 5 
of the TA behave approximately the same for the several measurements. This result is 
expected because of the following reasons: 

• Both layouts have the same routes and approximately the same distance for all 
possible tasks in the ACT. The small difference in ATD for a task is caused by 
the fact the original layout 5 does have a lane length of 44m. in the TA while the 
adjusted layout 5 does have a lane length of 42m. 

• The maximum number of vehicles in a lane of the TA is the same for both layouts. 

• The departure region of an EZ of a lane in the TA is approximately located at 
the same position in both layouts. 
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Figure 7.9: Simulation results of comparison of layout 5 of the TA with 2 and 3 zones 
between two crossings. 



Chapter 8 

Comparison of simulation results 

8.1 Simulation models of AGV systems in an ACT in lit
erature 

This Section will provide a short overview of publications of simulation models of AGV 
systems in ACTs. The main goal of this overview is to investigate whether there are 
any simulation results that can be compared with the simulation results of our model, 
presented in Chapter 6. Consequently, within this overview there will be a focus on 
simulation models that simulate physical movements of AGV s over a certain infrastruc
ture while they are transporting containers from the QCs to the YSs and vice versa. 
Traffic control of the AGVs should also be implemented in the simulation models. To 
be more specific, simulation models that have a certain distribution for the driving time 
of AGVs for each possible starting position to each possible destination are not taken 
into account in the literature overview of this Section. 

The authors of [J .J96] were one of the first authors who presented a simulation model 
for traffic control of AGVs at ACTs (see also Subsection 3.1.3). Their proposed traffic 
control scheme is applied to a basic terminal configuration and has been tested with 
a simulation model. The objective of this simulation is to validate and evaluate the 
proposed traffic control strategy, not to evaluate the layout characteristics of the ACT. 
The paper provides information about the AGV and QC specifications used in the 
simulation model. However the processes of YSs are not modelled in this simulation 
model. 

Four different ACT concept are designed, analyzed, and evaluated in the paper of Liu 
et al.[Liu23]. One of these concepts includes an ACT based on the use of AGVs. Future 
demand scenarios are used to design the most important characteristics of each terminal 
in terms of configuration, equipment and operations. They consider the terminal as a 
network of intersections and nodes where loading and discharging takes place in order to 
model the transportation process of containers by AGVs. Furthermore, a control logic 
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algorithm is developed to guarantee collision free and deadlock free behaviour of AGVs. 
Finally, a simulation model is developed that is used to simulate all the operations of 
the ACT and a cost model is used to estimate the cost associated with each terminal 
model. Among the four concepts considered, the one based on AGVs is found to be the 
most effective in terms of performance and cost. 

The simulation model that is presented in the work of Moorthy et al. [Moo03] (see also 
Subsection 3.1.3), simulates the movement of 80 AGVs between QCs and the Yard. The 
objective of this simulation was to gain knowledge of the working and performance of 
the proposed deadlock prediction and avoidance algorithm. It can be observed from the 
numerical results, that the frequency of possible deadlock formation increases with the 
workload of the terminal, especially when workload distribution among the vehicles is 
variable. However, the paper of Moorthy et al. does not provide information about the 
physical performance (for example throughput of the QCs) of the AGV system. 

The paper of Vis and Harika [I.F04] studies two different types of automated vehicles, 
AGVs and ALVs, in an ACT. The simulation model of Vis and Harika uses a closed loop 
layout which is relatively easy to control. Therefore not much information is presented 
in the paper about the used traffic control strategy. The paper shows simulation studies 
for analyzing the effects of using a certain number of ALVs or AGVs on the discharging 
time of ship. In addition, the influence of the speed of vehicles and the size of the 
buffer of the YS on the discharging time of ship is studied. The paper presents very 
detailed information about how the models are implemented in the simulation software. 
Furthermore, the simulation specifications of AGVs, QCs and YSs are explained in 
detail. 

The paper of Duinkerken et al. [Dui06] compares different trajectory planning strategies 
for AGVs. The operational area of the AGVs in this simulation model only consists of 
the space between QCs and YSs. Additionally, a simulation model is presented in order 
to compare the different trajectory planning strategies with the shortest connection 
method, which can be describes as a free ranging approach. From the simulation results 
it can be concluded that the dynamic free ranging approach has high potential in terms 
of transport capacity of the AGV system. However, it seems that the simulation model 
is very basic and a lot of details are not included. For example, stochastic behaviour is 
not taken into account in the model. 

The authors of [Kim06] assume that the transporting area of the AGVs is divided into 
a large number of grid-blocks. In this research a path reservation technique is presented 
to prevent the deadlocks and collisions of AGVs in advance. The simulation study that 
has been introduced in this paper is mainly used to test and evaluate the performance 
( number of prevented deadlocks) of the proposed traffic con trol method. Less attention 
has been paid to influence of the AGV system on the overall performance of the container 
terminal. 

The paper of Ha et al. [HaB07] presents a 3D real-time-visualization simulation model 
for a container terminal. The model reproduces the behaviour of the equipment of a 
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container terminal in detail. It should be remarked that Ha et al. also have used the 
software package Tecnomatix Plant Simulation to model the container terminal. In the 
simulation model AGVs move containers between three QCs and the Yard according 
to predefined tracks. The performance of the container terminal has been simulated 
and evaluated for various settings of the handling equipment in the ACT. Although 
movement of AGVs has been physically modelled in this work, not much information 
has been presented in this paper about the traffic control and movement of the AGVs. 

Bae et al. [Bae08] propose a method for avoiding collisions and deadlocks for AGVs in a 
limited space (such as a container terminal) using a certain routing algorithm and travel 
schedule (see also Subsection 3.1.3). A flexible path layout is used in which the vehicles 
can move almost freely in vertical and horizontal direction. The developed traffic control 
scheme has been used in a second paper of Bae et al. [Bae09] to investigate two types of 
vehicle types in an ACT, namely AGVs and ALVs. Several simulation experiments with 
different types of QCs are performed for this comparison. Both discharging and loading 
are taken into account for these experiments. The paper of Bae et al. [Bae09] provides 
very detailed information about the dimensions of the ACT and the specifications of 
YSs and QCs. 

Tabel 8.1 shows an overview of all the described simulations models in this Section. 
The properties A through H are presenting the most important characteristics that are 
required in order to make a fair comparison with our developed simulation model. From 
Tabel 8.1 it can be derived that 2 simulation models seems very suitable to compare 
with our developed model, namely: the model of Vis and Harika and the model of Bae 
et al. The comparison with these two models will be described in the next two Sections. 
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Table 8.1: Simulation models of AGV systems applied in ACTs 

Properties of simulation model 
A B C D E F G H 

Model Evers et al. X X X X X 
Model Liu et al. X X X X 

Model Moorthy et al. X X 
Model Vis and Harika X X X X X X X 

Model Duinkerken et al. X X X X 
Model Kim et al. X X X X X X 
Model Ha et al. X X X X 
Model Bae et al. X X X X X X X 

• A = Detailed traffic control is applied in simulation model. 

• B = Simulation scenario consists of traffic of AGV s between QCs and YSs ( scenario 
does not consists of motion of AGVs through the Yard area). 

• C = Information about discharging of taks is available 

• D = Information about dimensions of simulation setting is available. 

• E = Information about modelled QC- and YS-component is presented in the 
paper. 

• F = Information about modelled AGV-component is presented in the paper. 

• G = Simulation output consists of average time for a task or QC performance. 

• H = Simulation output consists of average travelled distance. 

8.2 Comparison with model Vis and Harika 

In this section the developed zone control simulation model (more specifically layout 5) 
will be compared to the simulation model of Vis and Harika. In the paper of Vis and 
Harika [I.F04] the guide path layout consists of a combination of two types of layouts, 
namely a multiple lane layout ( which is used for example at the port of Hamburg) and 
a loop layout (which is used for example in the port of Rotterdam) . Figure 8.1 shows 
the loop layout of the container terminal that is used in the simulation model of Vis 
and Harika. In a loop layout the vehicles are travelling in a loop and their movements 
can be controlled by very simple control procedures. Moreover, the principle of multiple 
cranes is applied at the handling cranes: at each QC /YS a second lane exists at which 
vehicles can stop to pick up or deliver a container. 
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• QC = Quay Crane 
• ASC = Automated Stacking Crane 

Figure 8.1: Schematic overview of the loop layout of the container terminal that is used 
in the simulation model of Vis and Harika [I.F04]. 

The specifications of the simulation model of Vis and Harika [I.F04] are presented 
in Figure 8.2. For the comparison of the models only the simulation results of the 
simulations with ALVs will be taken into account. This choice can be explained by two 
reasons. Firstly, in the case of ALVs the transportation process of containers by ALVs 
is decoupled from loading/discharging process of the QC, which is easy to implement in 
our developed simulation model. Secondly, we want to compare our model with a model 
that ensures the highest performance of the container terminal. The model in which 
the ALVs are applied, is the model with the highest performance within the research of 
Vis and Harika. The specifications of the ALVs are as well depicted in Figure 8.2. 

The specifications that are showed in Figure 8.2 are adjusted to our simulation model in 
order to perform a fair comparison of both models. However, the maximum deceleration 
in our simulation model is not set to 0.5~ but to 2.0~. A deceleration of 2.0~ is 
necessary in our model to guarantee that the total body of a vehicle is able to stop 
in a zone. We assume that the described difference in deceleration of a vehicle will 
not influence the results of the comparison a lot. This assumption is based on the 
following reason: in the model of Vis and Harika, the deceleration of a vehicle only 
influences the task time of a vehicle at the moment a vehicle has to stop at a handling 
crane. However, the time which it takes to make a fully stop from maximum speed 
once per task, is very small compared to the total task time of a vehicle. Therefore the 
improvement in performance would be very small in te case a maximum deceleration 
2.0~ had been used in the model of Vis and Harika. 
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• 16 YSs 

• Each YS has 1 buffer place Yard Area 
• 26 m. between adjacent YSs 

' SpeclfJcat1001 AGVs 
El • Speed of AGV with container: 6 m/s 

81 
• Speed of AGV without container: 7 m/s Transporting Area . Acceleration and deceleration: 0.5 m/s 2 

C'\11 . Time to lift a container: 22s. . Time to put a container down: 22s . 

• 4QCs Quay Area • Each QC has 4 buffer places 

• 50 m. between adjacent QCs 

Figure 8.2: Specifications of the setting of the ACT in the simulation model of Vis and 
Harika 

The task dispatching strategy that is used by Vis and Harika has also been implemented 
in our model. In the model of Vis and Harika vehicles are dispatched to cranes according 
to the principle of nearest vehicle first (see for example [P.J84]) and containers are 
dispatched to YSs with the least number of scheduled jobs [I.F04]. In the paper of 
Vis and Harika the QCs only perform discharging tasks . The simulation results of Vis 
and Harika show the discharging time of a ship which is measured as a function of 
the number of vehicles. The discharging time of a ship is defined as the time that is 
required to discharge 2000 containers and store them into the stack. Vis and Harika 
have performed 100 replications of each experiment in order to get an accurate result. 

Figure 8.3 shows the simulation results of the comparison of our simulation model and 
the model of Vis and Harika. Note that in the model of Vis and Harika no simulation 
data is available for less than 16 vehicles. Vis and Harika concluded that for their 
simulation model the minimum number of vehicles required to minimize the discharging 
time of a ship equals 23. It can be concluded that for our model the minimum number 
of vehicles required to minimize the discharging times of a ship equals approximately 
17. Note that the minimal time required to discharge the ship in this case depends on 
the maximum throughput of the QC which is the bottleneck of the total system. 

From this comparison three main conclusions can be derived: 

• The minimum number of vehicles required to maximize the throughput of the 
QCs is 26% lower with our developed model compared to the model that has been 
presented in the paper of Vis and Harika [I.F04] . 

• Our layout of the road network does occupy approximately 75% less space of 
the TA of the container terminal compared to the loop layout of Vis and Harika 
[I.F04] . This means that in our developed model more space can be used for 
storage of containers in the Yard compared to the model of Vis and Harika. 
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Figure 8.3: Comparison of developed zone control model (layout 5) with simulation 
model of Vis and Harika 

• The distance that a vehicle has to travel for a task is much smaller in our developed 
model compared to the model of Vis and Harika. Therefore the vehicles consume 
less fuel in our developed model. 

8.3 Comparison with model Bae et al. 

This Section will deal with the comparison of the developed zone controlled model 
(layout 5) with the simulation model that has been presented in the papers of Bae 
et al. [Bae08, Bae09] . The simulation model of Vis and Harika [I.F04] experimented 
with a closed loop layout (see Section 8.2). Although this type of layout is simple 
and relatively easy to control, it does not allow maximum utilization of the vehicles as 
they always have to move in a large unidirectional loop. Therefore the model_ of Bae 
et al. [Bae08, Bae09] which has a more flexible path layout has been used as well for 
a comparison with our developed model (more specific, layout 5). This flexible path 
layout ensures that the average travelled distance from a source to a destination can be 
decreased a lot compared to the average travelled distance in a closed loop layout. 
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OC 1 OC:2 QC) OC 4 

Figure 8.4: A screen snapshot showing routes and vehicle movements of the simulation 
model of Bae er al. (source: [Bae09]). 

In the paper of Bae et al. [Bae08] a traffic control scheme is developed that creates a 
route for each vehicle and schedules its movement along the route in such a way that 
collisions and deadlocks are avoided. This developed traffic control scheme is used in the 
simulation models for the analysis and comparison of the two types of vehicles [Bae09]. 
This means that each time a vehicle is dispatched for a discharging or loading job, this 
traffic control method will schedule the path of the vehicle. A screen snapshot of the 
simulation model of Bae et al. is depicted in Figure 8.4. 

The numerical specifications of the layout of the container terminal of the model of Bae 
et al. [Bae09] are depicted in Figure 8.5. In this model 4 QCs and 16 YSs are used to 
simulate the behaviour of the vehicles in the container terminal. Note that the distance 
between Quay area and Yard area is much smaller than in the closed loop layout of 
Vis and Harika[I.F04]. For the same reasons as for the model of Vis et al. only the 
simulation results of ALVs will be taken into account. The used specifications of the 
ALVs are depicted in Figure 8.5 as well. 

The used dispatching strategy by Bae et al. to assign idle vehicles to QCs/YSs is based 
on an inventory-based dispatching method (see [Bri06]). This basically means that each 
time a vehicle has finished a task at a QC/YS, the vehicle will be assigned to the QC 
with the smallest number of vehicles already assigned to it. In order to compare our 
developed zone controlled model with the simulation results of Bae et al., all described 
specifications and dispatching strategies are implemented in our simulation model. 

In the paper of Bae et al. simulations with the described setting are performed for 
different types of QCs. Only the results of the simulations with the tandem-lift QC will 
be used for the comparison. Only the tandem-lift QC will be used for the comparison, 
because this type of QC can easily be implemented in our model. 
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Figure 8.5: Specifications of the setting of the ACT in the simulation model of Bae et 
al. 

Figure 8.6 shows the comparison of our developed zone control model with the described 
simulation model of Bae et al. The average number of performed tasks per QC per hour 
is calculated fora various number of vehicles. Note that the X-axis of Figure 8.6 shows 
the number of AGVs per QC which means that the total number of AGVs in the system 
is 4 times larger than the number on the X-axis (AGVs per QC). From figure 8.6 it can be 
concluded that for the simulation model of Bae et al. the minimum number of vehicles 
per QC required to maximize the throughput of a QC equals 8. For our developed 
zone controlled model the minimum number of vehicles per QC required to maximize 
the throughput of a QC equals also approximately 8. But the maximum throughput 
of the QC is higher for our developed zone controlled model than the model of Bae et 
al. Moreover it can be noticed that in the simulation model of Bae et al. there is a 
slight difference between the physical possible maximum throughput of the system and 
the throughput that is actually achieved. The influence of traffic congestion for a larger 
number of vehicles could be an explanation for this small difference in performance of 
the QC. The performance of the model of Bae et al. is also slightly less compared to 
our developed model for a small number of vehicles . 
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Figure 8.6: Comparison of the developed zone control model (layout 5) with simulation 
model of Bae et al. 

From this comparison three main conclusions can be derived: 

• The minimum number of vehicles required to maximize the throughput of the 
QCs is the same for the model of Bae et al. and out model. 

• Our layout of the road network does occupy approximately 20% less space of the 
container terminal compared to the layout of Bae et al. Therefore extra storage 
capacity of the Yard will be created in the case our layout of the road network 
will be applied in the container terminal. 

• U nlike the model of Bae et al. , our model does succeed to reach the maximum 
throughput of the QCs for a certain number of ALVs. Furthermore our model 
shows a better performance fora small number of vehicles compared to the model 
of Bae et al. 

• The average travelled distance of a vehicle can not be compared, since the paper 
of Bae et al. does not provide information on this topic. 



Chapter 9 

Conclusions and further work 

9.1 Conclusions 

In this report the design, control and simulation of an AGV system in an ACT has been 
discussed. A zone control approach has been used to control the traffic flow of vehicles. 
First a software platform has been developed. Initially, this software platform has been 
mainly used to test and improve the proposed traffic control strategy. One of these 
improvements allows multiple vehicles to pass a crossing simultaneously. Furthermore 
a routing algorithm and a token assignment algorithm have been developed, which are 
both needed to properly implement the traffic control scheme. The route of a vehicle 
has been determined by a heuristic algorithm, which is aimed at optimizing the distance 
as well as the time for the transport. A starvation avoiding approach has been used for 
the token assignment algorithm. This approach assigns the token to a vehicle that has 
the longest waiting time among all the vehicles. 

Furthermore the developed software platform has been used to evaluate the influence 
of the design of the road network on the overall performance of the AGV system in 
a simulated environment of a container terminal. The road network consists of lanes, 
crossings and depots. Various layouts have been designed based on the practical di
mension of a container terminal. These specifications of the container terminal as well 
as the characteristics of the zone control model have resulted in several constraints on 
the layout of the TA. The most important design constraint is the size of the TA of the 
vehicles, in which the road network should fit. This TA is a long and narrow area of 
(2000m. x 40m.). In the simulation model, the AGV s use the TA to transport contain
ers from the QCs to the YS and vice versa. The 19 designs of the road network of the 
AGV system presented in this report are partially heuristic with the help of intuitions 
and practical experiences. The layouts can be divided in 4 groups, based on two main 
characteristics of the layout: small or large crossings and 4 or 6 parallel lanes. 

In order to compare the several layouts of the TA, specific performance measures have 
been defined. Moreover, all simulations of the different layouts have been performed 

101 



102 Chapter 9. Conclusions and further work 

with the same job scenario. This job scenario has been applied to a wide range of the 
size of the vehicle team, which varies from 20 through 120 AGVs, in the AGV system. 
Also the number of measurements for each simulation has been determined in order to 
get reliable simulation results. From the comparison of the several layouts of the TA it 
can be concluded that the layouts with large crossings perform much better than the 
layouts with small crossings. In general, increasing the average distance an AGV has 
to travel for a task results in a lower performance of the AGV system. Finally it can 
be concluded that layout 5, i.e. the layout with four parallel lanes and large crossings, 
is the best choice for the wide range of the size of the vehicle team. Furthermore the 
simulation results show that by the proposed layout 5 and control strategies, then even 
for a busy operation the flow of the vehicles is quite smooth, i.e. the motion of the 
vehicles are not much interfered by the traffic. Additionally, one can estimate for each 
task the arriving time of the vehicle performing the task with an acceptable error. This 
last result is very important for a proper implementation and application of a task 
dispatching algorithm in the future. 

Some adjustments have been made to the zone control model in order to deal with 
unexpected disturbances in the AGV system, such as the appearance of obstacles in 
the workspace or breakdown of AGVs and handling cranes. Furthermore a control 
algorithm has been developed which regulates the traffic of AGVs temporary at the 
moment a disturbance in the AGV system is detected. The adjustments on the zone 
control model resulted in a doubling of the length of a SZ, which caused a large increase 
of the minimum length of a lane. Therefore the zone control model theory is adjusted 
in such a way that the minimum length of a zone can be reduced. Consequently, the 
minimum length of a lane is even shorter in this adjusted zone control model compared 
to the original zone control model theory. 

Finally a comparison has been made between our developed model of the AGV system, 
which used layout 5 for its road network, and two other simulation models of AGV 
systems in container terminals. The choice for these two simulation models, which are 
the model of Vis and Harika [I.F04] and the model of Bae et al. [Bae08, Bae09], is a con
sequence of an investigation of several simulation models of AGV systems in container 
terminals published within the literature. It can be concluded from the comparison that 
our model outperforms the model of Vis and Harika, which uses a loop layout for the 
AGV system. Compared to the model of Bae et al. our model performs slightly better. 
In addition, our road network uses less space of the container terminal which is also an 
advantage. 

Remark: during this study a paper for the IFAC 2011 congress has been written which 
contains the most important topics and results of a great part of this final project. This 
paper is presented in Appendix H. 
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9.2 Future work 

There are several possible directions for further research. Firstly, our traffic control 
strategy requires that each lane of the raad network must contain at least two zones. lt 
might be important to somehow weaken this restriction for some applications where the 
workspace of the AGVs is very limited. Moreover, in order to improve the AGV system 
the requirement that only one vehicle at a time is allowed to hold the global crossing 
token could be relaxed. Without this requirement multiple vehicles can simultaneously 
leave different at-crossing zones, and hence the performance of the AGV system can be 
improved. 

Within this report, the tasks of the AGVs are assigned in a purely random manner. 
Room for performance improvement could exist whenever a sophisticated task dispatch
ing strategy could be incorporated. Furthermore, adjustments of the routing algorithm 
could result in improvements of the AGV system. In addition, the application of ve
hicle scheduling, in which a schedule gives arrival and departure times of an AGV in 
each zone, in combination with the routing algorithm could also help to improve the 
performance of the AGV system. 

The processes of the QYs and YSs could be modelled in more detail in future models. 
More detailed processes of QY s and YSs will improve the accuracy of the simulation 
results. It might also be interesting to model the Yard as a raad network. Consequently, 
the traffic control strategy should be adjusted in such a way that AGVs, which are 
automated SCs in this case, can drive in, through and out the Yard by itself. In the 
current model it is assumed that automated YS are used to put the containers in the 
Yard. 



104 Chapter 9. Conclusions and further work 



Bibliography 

[A.N69] Habermann A.N. Prevention of system deadlocks. ICommucations of the 
ACM, 22:373- 378, 1969. 

[Bae08] Park T. Bae H.Y., Choe R. and Ryu K.R. Travel time estimation and 
deadlock-free routing of an agv system. In . Haasis H. Kreowski , B. Scholz
Reiter, editor, Dynamics in Logistics, pages 77- 84. Springer Berlin Heidelberg, 
2008. 

[Bae09] Park T. Bae H. Y., Choe R. and Ryu K.R. Comparison of operations of 
agvs and alvs in an automated container terminal. Journal of Intelligent 
Manufacturing, 2009. 

[Bis05] Leong Y.T. Nelson B.L. Cheong Ng J.W. Bish E.K. , Chen F.Y. and Simchi
Levi D. Dispatching vehicles in a mega container terminal. OR Spectrum, 
27:491- 506, 2005. 

[Bri06] Drexl A. Briskorn D. and Hartmann S. Inventory-based dispatching of au
tomated guided vehicles on container terminals. OR Spectrum, 28:611630, 
2006. 

[C.O97] Kim C.O. and Kim S.S. An efficient real-time deadlock-free control algorithm 
for automated manufacturing systems. International Journal of Production 
Research, 35(6):1545- 1560, 1997. 

[D.C99] Montgomery D.C. and Runger G.C. Applied statistics and probability for 
engineers. Chichester : Wiley, 2th edition, 1999. 

[Dui06] Ottjes J .A. Duinkerken M.B. and Lodewijks G. Comparison of routing strate
gies for agv systems using simulation. Proceedings of the 38th conf erence on 
Winter simulation (WSC 2006}, Monterey, December 36, pages 1523 - 1530, 
2006. 

[E.W65] Dijkstra E.W. Solution of a problem in concurrent programming control. 
Communications of the ACM, 8(9):569, 1965. 

105 



106 

[F.95] 

Bibliography 

Taghaboni-Dutta F. and Tanchoco J.M.A. Comparison of dynamic routing 
techniques for automated guided vehicle system. International Joumal of 
Production Research, 33(1):26532669, 1995. 

[Gou95] Sun X-C. Gourgand M. and Tchernev N. Choice of the guide path layout for 
an agv based material handling. IEEE, 171:475- 483, 1995. 

[HaB07] Park E.J. Ha B.P. and Lee C.H. A simulation model with a low level of 
detail for container terminals and its applications. Simulation Conference, 
2007 Winter, pages 2003 - 2011 , 2007. 

[I.F04] Vis I.F.A. and I. Harika. Comparison of vehicle types at an automated con
tainer terminal. OR Spectrum, 26:117143, 2004. 

[I.F06] Vis I.F .A. Survey of research in the design and control of automated guided 
vehicle systems. European Joumal of Operational Research, 170:677709, 2006. 

[J .J96] Evers J.J.M. and Koppers. Automated guided vehicle traffic control at a 
container terminal. ITransportation Research A , 30:21- 34, 1996. 

[KAL] Kalmar. http://www.kalmarind.com/. Accessed: 16/10/2010. 

[Kim06] Jeon S.M. Kim K.H. and Ryu K.R. Deadlock prevention for automated guided 
vehicles in automated container terminals. OR Spectrum, 28(8):659679, 2006. 

[Leh06] Grunow M. Lehmann M. and Gnther H. Deadlock handling for real-time 
control of agvs at automated container terminals. OR Spectrum, 28:631657, 
2006. 

[LiQlO] Udding J.T. Li Q. and A.Y. Pogromsky. A traffic control strategy for the agv 
system in an automated container terminal. 2010. (Paper currently under 
review). 

[Liu23] Jula H. Liu C.I. and Ioannou P.A. Design, simulation, and evaluation of auto
mated container terminals. IEEE Transactions on Intelligent Transportation 
Systems, 3(1):12 - 26, 2002(3). 

[M.89] Singhal M. Deadlock detection in distributed systems. IEEE Computer, 
22:37- 48, 1989. 

[M.01] Ebben M. Logistic control in automated transportation networks. Twente 
University Press, Beta Ph.D. thesis series D-40, 2001. 

[Moh05] Gawrilow E. Mohring R.H.M., Ohler E.K. and Stenzel B. Conflict-free real
time agv routing. Operations Research Proceedings, 2004(1):18- 24, 2005. 

[Moo03] Wing-Cheong W. Moorthy L., Hock-Guan R. and Chung-Piaw T. Cyclic dead
lock prediction and avoidance for zone-controlled agv system. International 
Joumal of Production Economics, 83:309- 324, 2003. 



Bibliography 107 

[M.P02] Fanti M.P. Event-based controller to avoid deadlock and collisions in zone
control agvs. International Journal of Production Research, 40(6):14531478, 
2002. 

[M.S98] Yeh M.S. and Yeh W.C. Deadlock prediction and avoidance for zone-control 
agvs. International Journal of Production Research, 36 (10):28792889, 1998. 

[P.J84] Egbelua P.J. and Tanchocob J .M.A. Characterization of automatic guided 
vehicle dispatching rules. International Journal of Production Research, 
22(3):359- 374, 1984. 

[PLMlO] Siemens PLM. Plant simulation, March 2010. 

[P.Y00] Papalambros P.Y. and Douglass J.W. Principles of optimal design. Cambridge 
University Press, 2th edition, 2000. 

[R.08] Stahlbock R. and Voss S. Operations research at container terminals: A 
literature update. OR Spectrum, 30(1):152, 2008. 

[R.G05] Sargent R.G. Verification and validation of simulation models. Proceedings of 
the 2005 Winter Simulation Conference, pages 130- 134, 2005. 

[S.A00] Reveliotis S.A. Conflict resolution in agv systems. IIE Transactions, 32:647-
659, 2000. 

[Smolü] Kovacic Z. Smolic-Rocak N. , Bogdan S. and T . Petrovic. Time windows based 
dynamic routing in multi-agv systems. Automation Science and Engineering, 
IEEE Transactions on automation science and engeneering, 7(1):151 - 155, 
2010. 

[Ste04] Voss S. Steenken D. and Stahlbock R. Container terminal operation and 
operations researcha classification and literature review. OR Spectrum, 26:349, 
2004. 

[T.06] Le-Anh T. and De Koster M.B.M. A review of design and control of automated 
guided vehicle systems. European Journal of Operational Research, 171:123, 
2006. 

[Vis90] Narahari Y. Viswanadham N. and Johnson T. L. Deadlock prediction and 
deadlock avoidance in flexible manufacturing systems using petri net models. 
IEEE Trans. on Robotics and Automation, 6:713- 723, 1990. 

[W.L82] Maxwell W.L. and Muckstadt J.A. Design of automated guided vehicle sys
tems. JEE Transactions, 14 Part 2:114- 124, 1982. 

[Yan04] Choi Y.S. Yang I.C.H. and Ha T . Y. Simulation-based performance evalua
tion of transport vehicles at automated container terminals. OR Spectrum, 
26:149170, 2004. 



108 Bibliography 



Appendix A 

Abbreviations and symbols 

Ab breviations 

ACT 
AS 
ATD 
ATPH 
ATR 
ATT 
AGV 
AlV 
CDP 
EZ 
MVC 
ovc 
PBEZ 
PM 
PRP 
QC 
se 
STD 
STDTR 
sz 
TA 
TRCP 
TUE 
YS 

Automated container terminal 
A verage speed of a vehicle 
A verage travelled distance 
A verage number of tasks per hour 
A verage tardiness 
A verage task time 
Automated guided vehicle 
Automated lifting vehicle 
Cyclic deadlock prediction 
Ending Zone 
Multiple vehicle crossing 
One vehicle crossing 
Possibility of braking in an EZ of the TA 
Prime Mover 
position reference point 
Quay Crane 
Straddle Carrier 
Standard deviation 
Standard deviation of the tardiness 
Starting Zone 
Transporting area 
Traffic rule checking period 
Eindhoven university of technology 
Yard Stacker 
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Symbols 

Ai 
A 
B 
ei 

k 

Cd 

C 
Cblocked 

CT(t) 
di 
d(r,cd) 
D 
9o(t) 
r i 
I i 
li 
i:, 
L Vi 

k 
mi 

nv(i, t) 
M 
Or 
Pr 
ri 

R 
Sv(i, t) 
s 
t 
T 
t v; 
k 

Lwaitingi 

Y c 
Vi 

V 

Vblocked 

Vchange_nz 

w 
Xk,v; 

x(r, cd) 
xi 

(c1,c2) 

zi ,t 

Appendix A. Abbreviations and symbols 

The set of at-crossing zones of crossing ri 
The set of all at-crossing zones in the system 
Set of all possible destination zones for a task 
kth zone of the lane i 
Destination zone 
Set of zones 
Set which consists all the zones which are located in a broken lane 
Crossing token function 
Depot with index number i. 
The length of the shortest route(s) between a crossing r E R and cd 
Set of depots 
Operation graph 
Set of zones with index number i used in the routing algorithm 
Set of ingoing lanes 
Lane with index number i 
Set of lanes 
t~; - minimum time required to complete task k 
The number of zones of lane li 
The zone the vehicle Vi will arrive first after t according to the given job 
Set of consecutive lanes of li E /:, 

Set of outgoing lanes of crossing r 
All possible ways to pass the cross r 
Crossing, where i indicates the number of the crossing 
Set of Crossings 
Vehicle state function 
Set of starting zones 
Time 
Time window 
Time needed by an AGV Vi to complete a task k 

Variable used in the token assignment algorithm 
The set of consecutive zones of zone c 
Vehicle with index number i 
Set of vehicles 
Set of blocked vehicles 
Set of vehicles which have either their next zone in a closed lane or are not able to reach 
their next zone as they have to pass some part of the crossing which is closed 
Vehicles in the list of the token assignment algorithm 
Travelled distance by an AGV Vi for performing a certain task k 
The number of crossings on the shortest route from r to cd 
The set of conflicting zone pairs of ( c1, c2 ) at the crossing ri 

The set of all possible next zones of vehicle Vi at time t 



Appendix B 

Allowing more vehicles to pass a 
• crossing 

Originally, according to the developed traffic control strategy only one vehicle at a time 
was allowed to pass a crossing r E R. The crossings of a road network of an AGV 
system that uses this original traffic control strategy are called one vehicle crossings 
( OVCs), since only one vehicle at a time is allowed to pass a crossing r E R 

During the project the traffic control strategy has been adjusted in such a way that 
multiple vehicles are allowed to pass a crossing at the same time. The crossings of the 
road network of an AGV system that can be simultaneously passed by multiple vehicles 
are called multiple vehicle crossing (MVCs). 

Allowing more vehicles to pass a crossing at the same time will help to increase the 
throughput of a crossing. Consequently, higher throughput of the vehicles at the cross
ings will finally result in an increase of the overall performance of the AGV system of 
the ACT. The simulation results of Figure B.l and B.2 demonstrate this increase in 
performance (higher values for the ATPH and lower values for the STDTR) in the case 
the layout of an AGV system uses MVCs instead of OVCs. In addition, the increase in 
performance by using MVCs is much larger in the case large crossing instead of small 
crossings are applied in the layout of the AGV system. This can be explained by the fact 
that IPr I of a large crossing r is on average much larger compared to a small crossing 
r. Therefore the throughput of a large crossing can be increased much more compared 
to small crossings when multiple vehicles are allowed to simultaneously pass a crossing. 

Note that the ATD of an AGV system does not depend on the application of OVCs or 
MVCs in the road network, because the routing of the AGVs in the AGV system does 
not change. 
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Appendix C 

Simulation results for 
determining the lane direction of 
layouts of the TA 

This Appendix shows the results of the simulations of the 19 different layouts of the 
AGV system in the ACT, which are introduced in Chapter 4, for which the following 
two types of lane directions have been used: 

• One opposite lane direction between the two most central parallel lanes of the 
layout . 

• Opposite lane directions between all adjacent parallel lanes 

The simulation results are depicted in Figure C.l , C .2 and C.3. Firstly, it can be 
concluded from the simulation results that the choice of the lane direction does not 
have a large impact on the performance of the AGV system in the case of layouts with 
large crossings. Note that a good performance of an AGV system is characterized by 
low values for the ATT and low values for the STDTR. Furthermore it can be concluded 
that for the layouts with small crossings only an opposite lane direction between the 
two most inner lanes results in the best performance of an AGV system in a simulated 
environment of an ACT. This result is caused by the following reason: on average 
a vehicle will decelerate more when layouts with opposite lane directions between all 
adjacent lanes parallel are used (see also Figure 4.3). As a consequence, layouts with 
opposite lane directions between all adjacent lanes result in higher values for the PBEZ 
of the AGV system compared to layouts in which only an opposite lane direction between 
the two most central lanes has been used (see Figure C.3). Finally, higher values for 
the PBEZ of the AGV system will result in higher values of the ATT and STDTR. 
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Figure C.l: Simulation results of 19 different layouts of the TA with different lane 
directions: average task time, average travelled distance and average speed for a task 
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Figure C.3: Simulation results of 19 different layouts of the TA with different lane 
directions: average number of crossings of the TA passed per task, average number of 
braking in an EZ of the TA per task and possibility of braking by an AGV in an EZ of 
the TA 
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Appendix D 

Figures of 19 different layouts of 
the TA of the ACT 

The schematic representation of the 19 layouts of the TA are depicted in Figure D.1 till 
Figure D.19 of this Appendix. 
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Figure D.l: Layout 1: 4 parallel lanes and small crossings 
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Figure D.2: Layout 2: 4 parallel lanes and small crossings 
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Figure D.3: Layout 3: 4 parallel lanes and small crossings 
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Figure D.4: Layout 4: 4 parallel lanes and small crossings 
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Transporting Area: Layout 5 
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Figure D.5: Layout 5: 4 parallel lanes and large crossings 
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Figure D.6: Layout 6: 4 parallel lanes and large crossings 
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Figure D.7: Layout 7: 4 parallel lanes and large crossings 
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Figure D .8: Layout 8: 4 parallel lanes and large crossings 
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Transporting Area: Layout 9 
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Figure D.9: Layout 9: 6 parallel lanes and small crossings 
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Figure D.10: Layout 10: 6 parallel lanes and small crossings 
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Figure D.11: Layout 11: 6 parallel lanes and small crossings 

Transporting Area: Layout 12 
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Figure D.12: Layout 12: 6 parallel lanes and small crossings 
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Transporting Area: Layout 13 

Î«~Î î î î î î î î î î î 

< t t 
500m. 

1 t ) ! ! 

l•C- î 
~ = Lane with != Lenes to QC driving direction = Lenes to YS 

Figure D.13: Layout 13: 6 parallel lanes and small crossings 

Transporting Area: Layout 14 
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Figure D.14: Layout 14: 6 parallel lanes and small crossings 
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Figure D.15: Layout 15: 6 parallel lanes and small crossings 
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Figure D.16: Layout 16: 6 parallel lanes and large crossings 
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Transporting Area: Layout 17 
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Figure D.17: Layout 17: 6 parallel lanes and large crossings 
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Figure D.18: Layout 18: 6 parallel lanes and large crossings 
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Transporting Area: Layout 19 
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Appendix E 

Methods • 
lll Tecnomatix Plant 

Simulation 

E.1 Method: Arriving the zone 

The method arriving the zone is showed in listing E.1. 

1 

Meth od : Arriving_ the_ zone 

6 is i, Max_Zones_in_Lane: integer; 
CrossingZoneTable : table ; 
CrossingZone: object ; 

11 

16 

21 

26 

31 

do --- Update CrossingZoneTable 
CrossingZoneTable := @.CrossingZoneTab l e; 

if ? .ZoneNumber = 1 then 

Set the new state of the last crossing 
for i := 1 to CrossingZoneTable . ydim loop 

CrossingZone : = CrossingZoneTable[l,i); 
CrossingZone.ZoneColor := "Green" ; 

next ; 

@. CrossingZoneTable.de1ete; 

--- Update state of last zone of a vehicle 
if Animation_On = true then 

@.LastZone.Color makeRGBValue(0,200,0); 
end; 
@.LastZone.ZoneColor "Green"; 
@.LastZone.Occupied_By := void ; 

elseif ? .ZoneNumber >= 3 then 
--- Update state o f last zone o f a vehicle 
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if Animation_On = true then 
?.pred.Color := makeRGBValue(0,200,0); 
if ?.ZoneNumber = 3 then 

? .pred.pred.Color := makeRGBValue(0,200,0); 
36 end; 

41 

46 

end; 

end; 

end; 
?.pred.Occupied_By := void ; 
?.pred.ZoneColor := "Green"; 
if ?.ZoneNumber = 3 then 

end; 

?.pred.pred.Occupied_By := void; 
?.pred.pred.ZoneColor := "Green"; 

-- - Update parame er for token assign ment a l gorithm 
Start_Token_Assignment true ; 

Listing E.1: Method: Arriving the Zone 

E.2 Method: Leaving the zone 

The method leaving the zone is showed in listing E.2. 

Method : Leaving_The_Zone 
4 ------------------------------------------------------------------------

is i,j, LaneNumber, ZoneNumber, Max_Zones_in_Lane,AGV_Number,CrossLength: integer; 
AGV_waiting, Start_ CDPAlgorithm, CD_Detected, NextCrossing_Ocuppied : boolean; 
NextCrossing, CurrentZone, AGVTable, LastGridCrossing, CrossingZone :object ; 
CrossingZoneTable: table ; 

9 Current_Position: real ; 
do 

--- Set the va lue o f l ocal va riables ; 
AGV_waiting := false ; 
Start_CDPAlgorithm := true; 

14 CD_Detected := false ; 
AGV_Number := str_to_num(strRcopy(@.name,3)); 
CrossLength := InputParameters [l,14]; 

--- Update values o f a vehicle 
19 CrossingZoneTable @.CrossingZoneTable; 

--- Determine the maximum number o f zones o f the lane 
LaneNumber := ?.LaneNumber; 
ZoneNumber := ? .ZoneNumber ; 

24 Max_Z ones_in_Lane := Build_Gridlanes[2,LaneNumber]; 

If the actual z o ne is the last z o ne o f the lane -> ma k e new route 
if ZoneNumber = Max_Zones_in_Lane then 

if ?.succ . CrossingID / = 4 then 
29 Make_Route(@); 

end; 
else 

@. NextZone : = ? . succ; 
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39 

44 

49 

54 

59 

E.2. Method: Leaving the zone 

end; 

- -- If curren t zone is not an end zone -> move to next zone if next zone is 
"Green " . 

if ZoneNumber < Max_Zones_in_Lane then 

-- - If NextZone isn ' t green - > start decelerating 
if @.NextZone.ZoneColor /= "Green" then 

if @.NextZone.ZoneNumber /= 2 or @. Let_AGV_Wait 
@.Speed:= O; 

true then; 

@.retardation := (pow(@.currentspeed,2))/25; 
waituntil @.NextZone.ZoneColor = "Green" prio 1; 

end; 
end; 

- -- Update the stat u s o f the Currentzone 
if Animation_On = true and zonenumber /= 1 then 

?.Color := makeRGBValue(255,145,0); 
if ?.zonenumber =2 then 

?.pred.Color := makeRGBValue(255,145,0); 
end; 

end; 
?.ZoneColor := ''Orange "; 

-- - Update the status o f the Ne xtZ o ne 
if Animation_On = true then 

@.NextZone.Color makeRGBValue(255,0,0); 
end; 
@.NextZone.ZoneColor "Red "; 
@.NextZone.Occupied_By := @; 

If current zone is an endzone -> start the CDP_Al gorit hm 
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64 else 

69 

74 

--- Set NextCro ssing 
NextCrossing := ?.succ; 
--- Update travelled d i stance . 
@.Travelled_Distance := @.Travelled_Distance + (Max_Zones_in_Lane*?.length); 

@. Speed : = O; 
@.retardation := (pow(@.currentspeed,2))/20; 

--- If next successor o f the z o ne is nota depot-> s tart the CDP_Algo rithm ; 
if NextCrossing.CrossingID / = 4 then 

--- Ad vehicle t o Waiting_For_To ken_table 
Waiting_For_Token_table[l,Waiting_For_Token_table.ydim+l] := @; 

79 Ca l c ulat e crossing z o netable 

84 

89 

if NextCrossing.CrossingNumber <= Amount_Of_Grid_Crossings then 

if ?.ypos <= 1900 then 
i : = 1; 
Current_Position 

elseif ?.ypos = 2000 
1900; 

then 
i : = 2; 
Current_Position := 2000; 

elseif ?.ypos = 2100 then 
i : = 3; 
Current_Position := 2100; 

elseif ?.ypos >= 2200 then 
i := 4; 
Current_Position := 2200; 
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94 

99 

104 

109 

114 

119 

124 

129 

134 

139 

144 

end; 
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end; 

CrossingZoneTable [l,CrossingZoneTable.ydim+l] 
Sprint(to_str(NextCrossing), "_",i); 

if Current_Position< @. NextZone.ypos then 
for j := 1 to ( min( 2200 ,@.NextZone.ypos )-Current_Pos ition)/100 

l oop 
CrossingZoneTable [ 1, CrossingZoneTable. ydim+ 1] : = 

str_t o_Obj (Sprint (NextCrossing, "-", i+j) ) ; 
next ; 

elseif Current_Positi on > @.Nextzone.ypos then 

end; 

for j := 1 to (Current_Position - max(1900,@.NextZone.ypos))/100 
loop 
CrossingZoneTable[l,CrossingZoneTable.ydim+l] 

str_to_Obj (Sprint (NextCrossing , "_" , i-j) ) ; 
next ; 

Adjust CrossingZoneTable in he case a failure is occupying some 
part of he next crossing 

for j := 1 to CrossingZoneTable.ydim loop 
Cross ingZ one := CrossingZoneTable[l,j]; 
if CrossingZone.Closed = true then 

end; 
next ; 

j := Cross ingZoneTable.ydim+l; 

@. Go_Straight := true; 
Make_Route (@) ; 

@.Go_Straight : = false ; 
while CrossingZoneTable [ l , 2] / = void loop 

Cr ossing ZoneTable. cutrow(2); 
end; 

--- While the speed o f the AGV is 0 , keep asking for calling the 
CDP_Algori thm ; 

while Start_CDPAlgorithm = true l oop 

--- Wait f o r the gl obal crossing t o ken 
waituntil @. GetToken = true prio 1; 
NextCrossing_Ocuppied · := false ; 

Determine if next crossings is available 
if NextCrossing.CrossingNumber <= Amount_Of_Grid_Crossings then 

for i : = 1 to CrossingZoneTable.ydim l oop 

else 

end; 

CrossingZone := CrossingZoneTable[l,i]; 
if CrossingZone.ZoneColor = " Red" then 

NextCrossing_Ocuppied .- true ; 
end; 

next ; 

if NextCrossing.occupied = true then 
NextCrossing_ Ocuppied ·= true ; 

end; 

Start the "CDP_Algorithm " to c he ck if there is a potential Cyc li c 
Deadlock for the AGV . 
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E.2. Method: Leaving the zone 

if Next Cr oss ing_Ocuppied 
then; 

CDP _Algori thm; 
if @.Speed =0 then 

false and @.Nextzone.Zonecolor 

-- - A cyclic deadlock is detected 
CD_Detected · = true; 

end; 
end; 

--- Update value of b oo lean AGV_waiting and b oo lean 
Start_CDPAlgorithm. 

if @.Speed =0 then; 
AGV_waiting := true; 

else 
Start_CDPAlgorithm := false ; 
--- Update s a e o f the Cr o ssingzo nes 

"Green" 

if NextCrossing.crossingNumber <= Amount_of_Grid_Crossings then 
for i := 1 to Cross ingZoneTable.ydim loop 

end; 

end; 
end; 

CrossingZone := CrossingZoneTable[l,i]; 
CrossingZone.ZoneColor := "Red"; 

next ; 

- -- Release t o ken 
@.GetToken := false ; 

--- Set the new state o f the c urrent z o ne 
if Animation_On = true then 

?.Color := makeRGBValue(255,145,0); 
end; 
?.ZoneCo l or := "Orange"; 

--- Set the new c o l o rs o f the Nextz o ne 
if Animation_On = true then 

@.Nextzone.Color := makeRGBValue(255,0,0); 
@.NextZone.succ.Color := makeRGBValue(255,0,0); 

end; 
@.NextZone.ZoneColor := "Red"; 
@.NextZone.succ.ZoneColor ·= "Red"; 

@.NextZone.Occupied_By := @; 

--- Update Lastzone of the AGV 
@.LastZone := ? ; 
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If next successor of the zone is a depot-> don ' t use the "CDP_Algor ithm " . 

else 

end; 

"Waiting_ For_Token_table[l , l] Initi alStartAGVs " indicates end o f 
simulat ion 

?.succ.capacity := ?.succ.capacity+l; 

if ?.succ.NumMu = inputparameters[l,12] - l then 
Waiting_For_Token_table[l, l] := InitialStartAGVs; 

end; 

--- Update statistics in the case the next cross ing is part of the 
transporting area of the ACT 

LastGr idCrossing : = st r_to_obj (Sprint ("Crossing ", 



136 Appendix E. Methods in Tecnomatix Plant Simulation 

strRcopy(Sprint( " OO ",Amount_of_grid_crossings),3))) ; 

if ?.succ.crossingNumber <= Amount_of_Grid_Crossings then 

209 --- Update sta istic "waiting in an EZ " o f he transporti ng Area 

214 

219 

224 

229 

234 

239 

244 

249 

end; 

end; 

Results_Table[6,AGV_Number) := Results_Table[6,AGV_Number) + l; 
if AGV_waiting = true and @.TaskNumber > 20 and @. TaskNumber <= 

(20+(60/InputParameters[l,12))*50) then 
Re s ul ts_Table [ 7, AGV_Nurnber) · = Results_Table [ 7, AGV_Number) + 1; 

end; 

--- Update length o f next c r ossi ng ; hi s simulates he case in which a 
vehicle s hould make a turn in reality 

CrossingZone := CrossingZoneTable[l ,l); 
if @.Lastzone.ypos < Last GridCrossing.ypos and @.Lastzone.ypos > 

Cross i ngOO l. ypos then 
if @.NextZone.ypos < LastGridCrossing.ypos and @.Nextzone.ypos > 

CrossingOOl.ypos then 
CrossingZone.length := CrossLength+ ( abs(@.Nextzone.ypos -

@.LastZone.ypos)*6*0.0l); 
else 

if @.NextZone.ypos > @.LastZone.ypos then 
CrossingZone .length := Cross Length+6+( 

abs(Lane001_Zone001.ypos+300-@.LastZone.ypos)*6*0.0l) 
else 

CrossingZone.length := CrossLength+6+( 
abs(Lane00l_Zone001.ypos-@.LastZone.ypos)*6*0.0l) 

end; 
end; 

else 

end; 
end; 

if @.NextZone.ypos < LastGridCrossing.ypos and @.Nextzone.ypos > 

CrossingOOl.ypos then 
if @.NextZone.ypos > @.Last Zone.ypos then 

CrossingZone.length := CrossLength+6+( 
abs(Lane00l_Zone001.ypos-@.NextZone.ypos)*6*0.0l) 

else 

Cross ingZone .length := CrossLength+6+( 
abs(Lane00l_Zone001.ypos+300-@.NextZone.ypos)*6*0.0l) 

end; 
else 

CrossingZone .length := Cross Length+l5+(abs (300)*6*0 . 0l) 
end; 

--- Update the destination o f the vehicle 
@.Destination := CrossingZoneTable[l ,l); 

- -- Update Times_CD_Detected when a cyc lic deadlock wa s detected . 
if CD_Detected = true then 

Times_CD_Detected := Time s CD_Detected +l; 
end; 

--- Update Speed parameters 
@.Speed:= InputParameters[l,13); 
@.retardation:=2.5; 

Listing E.2: Method: Leaving the zone 
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E.3 Method: Arriving the crossing 

The method arriving the crossing is showed in listing E.3. 

1 ---- --- --------- - --------- - ---------------------------------------------

is 
6 do 

11 

16 

Me hod : Arriving_ he_Cr oss ing 

LastGridCrossing : object ; 
Set the new s ta e /co l o r o f the previ o us zone 

if ?.CrossingNumber <= Amount_ of_Grid_Crossings then 

-- - Upda t e s peed o f the ve h i c l e f o r c r oss ing s i n the r a n s po rting area 
LastGridCrossing str_to_obj(Sprint( "Crossing ", 

strRcopy(Sprint("00",Amount_ of_grid_crossings) , 3) )); 
if @.Lastzone.ypos < LastGridCross ing.ypos and @.Lastzone . ypos > 

Crossing00l.ypos and @.NextZone.ypos < La stGridCrossing . ypos and 
@.Nextzone.ypos > Crossing00l.ypos then 
if abs(@.Nextzone.ypos - @.LastZone.ypos) >50 then 

@.speed:= 0.5* InputParameters[l,13); 
end; 

if @.LastZone.Lanedirection /= @.NextZone.Lanedirection then 
@.currentspeed := 0; 
@.speed·= 0.5* InputParameters[l,13); 

end; 
21 end; 

26 

end; 

end; 

- - - As s ign new de s tinatio n t o the ve hi c le 
@.Destination := @.Nextzone; 

- -- Update travelled di s tanc e o f the AGV 
@.Travelled_Distance @.Travelled_Distance + ?.length ; 

Listing E.3: Method: Arriving the crossing 

E.4 Method: Load/ dispatch container 

The method laad/ dispatch container is showed in listing E.4. 

Meth od : Lo ad / dispat c h container 

is 
5 Container,Target , SelectedTable , AGVTab l e : object ; 

ProcessName: string; 
i: integer ; 
Simulation_sec , Proctime: real ; 

10 do 

137 
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--- Get the name o f the process which c alls the meth od 
ProcessName :=?.pred.Process; 
ProcTime := InputParameters(l,7]; 

15 --- Set the speed of the AGV an get he AGV Number 
@.Speed:= 0; 
@.CurrentSpeed := O; 

--- Update l ocal variable AGVTable 
20 AGVTable : = @.AGVTable; 

- -- Wait proctime f o r s imula ing the l oading o r di s pat c hing o f a container 
wait ProcTime; 

25 --- Selec target objec t 
Ta rget := str_to_obj(spr int(ProcessName,"Store ")); 
SelectedTabl e :=sprint(ProcessName,"_ActualOrder_Table"); 

--- The taskt ype determine s the a c ti o n s o f thi s method . There are 2 poss ible 
asktype : 1) " Unl oad ", 2 ) " Lo ad " 

30 if @.TaskType = "unload" then ; 

35 

40 

45 

50 

55 

60 

65 

--- Selec t Containe r 
Container := @. cont; 
Container.move(Target); 
Se lectedTable[l, SelectedTable .ydim+ l] 

--- Update St o re_Content s _Table 

Container ; 

Se lectedTable : =sprint(ProcessName ,"_Sto re_Contents_Table"); 
Se lectedTable ( 1, SelectedTabl e . ydi m+l] : = Container; 

elseif @.Ta s kType = "load" then; 

end; 

Select Container 
Container := @.AskedContainer; 
Con tainer.move(@) ; 
SelectedTable(l, Se lectedTable . ydim+l] Container; 

Simulation_ sec := (time_to_num((eventcontroller.simtime)-StartTime_Sim) ); 

- -- Update Results_Table f o r statisti c al info rmati o n about the s imulatio n 
if @.TaskNumber > 1 5 and @. Ta skNumber <= (15+(60/InputParameters(l,12])•50) and 

Create_Time_For_A_Task_Table = false then 

end; 

for i : = 1 to Time_For_A_Task_Table.ydim loop 
if Time_For_A_Task_Table(l,i] = AGVTable[l,@.Tasknumber- 1] and 

Time_For_A_Task_Table(2,i] = @.Destination_Crossing then 
Results_Table[l,Results_Table.ydim+l] := Time_For_A_Task_Table[ 3 ,i]; 
Results_Table[ 3 ,Results_Table.ydim] := Time_For_A_Task_Table(4,i]; 
Results_Table(2, Results_Table.ydim] := 

end; 
next ; 

(Simulation_sec-@.Time_Start_Last_Job); 
Results_Table(4, Results_Table.ydim] := (@.Travelled_Distance

@.Distance_Start_Last_Job); 
Results_Table(S, Results_Table.ydim] (@.Travel l ed_Distance-

@. Distance_Start_Last_Job)/(Simulation_sec-@.Time_Start_Last_Job); 
i := Time_For_A_Task_Table.ydim; 

--- Assign new task to the AGV 
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AssignNewTask; 

--- Update parameters vehi c l e 
70 @.Distance_Start_Last_Job := @.Trave lled_Distance; 

@.Time_Start_Last_Job := Simulation_sec; 
@.Speed ·= InputParameters[l,13]; 

75 and; 

Listing E.4: Method: Laad/dispatch container 

E.5 Method: Assign new task 

The method assign new task 1s showed in listing E.5. 

Meth od : Ass ign Ne w Task 

5 is row_Table,AGV_Number,Destination_Crossing 
Targetname:string; 
AGV,AGVTable, DestinationObject,TaskTable 

do 
--- Update l ocal variables o f he AGV 

10 AGV := @; 
AGV.TaskNumber := AGV.TaskNumber+l; 
AGVTable := AGV.AGVTable; 

integer; 

object 

AGV_Number := str_to_num(strRcopy(@.name,3)); 
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15 -- - In the c ase all tasks are completed - > AGV returns t o the depo t and c l o se the 
exit o f the depo t 

if AGV.TaskNumber > AGVTable.ydim than 
return; 
? .ExitLocked trua ; 

and; 
20 --- Che c k if not all the ta s ks are completed 

25 

30 

35 

Destination_Crossing := AGVTable[l,AGV.TaskNumber]; 
AGV.Destination_Crossing := Destination_Crossing; 
DestinationObject := str_to_ obj (sprint ("Crossing", 

strRcopy (Sprint ( "00", Destination_Crossing), 3)) ) ; 

Only select enw task if next destination isn ' t a depot. 
if DestinationObject.CrossingID /= 4 than 

Targetname := DestinationObject.Process; 

--- If the AGV don ' t possesses a container -> Set a new " load " job for the AGV 
if AGVTable[ 2 ,AGV.TaskNumber] = "load" than 

TaskTable : = str_to_obj (sprint (Targetname, "_Store _ Contents_Tabl e ")); 

--- Assign container t o the AGV 
row_Table:= z_uniform(Seedvalue,1,TaskTable.ydim); 
AGV.AskedContainer := TaskTable [1,row_Table]; 
- - - Update table o f st o re (QC / YS) 
TaskTable.cutRow(row_Table); 
TaskTable := str_to_obj(sprint(Targetname,"_DesiredOrder_Table")); 
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end; 
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TaskTable [l, TaskTable.ydim+l] := AGV.AskedContainer; 
- - - Update tasktype 
AGV.TaskType := " load"; 

If the AGV possesses a c o ntainer -> Se t a new "unl oad " job o r 
" Load_Unl oa d " j ob f o r t he AGV 

elseif AGVTable[2,AGV.TaskNumber] "unload" then 

end; 

" Unl oad " J o b 
TaskTable := str_to_obj(sprint( Ta rgetname," _DesiredOrder_Table ")); 
TaskTable[l, TaskTable. ydim+l] := AGV.cent; 
- -- Update tasktype 
AGV.TaskType := "unload "; 

55 end; 

Listing E.5: Method: Assign New Task 

E.6 Method: Routing algorithm 

The method routing algorithm is showed in listing E.6. 

(AGV: object ) 
5 

Method : Make Ro u te 

is i,Tablerow , LaneNumber,Number_ Of_ Cros_ On_Route , Choice , Destinati on_Crossing: 
integer; 
min_distance, Distance_t o_Destination: real ; 
Selected_Di stance_Table, DirectionTable: tabla ; 
AGV_Go_Straight : boolean ; 

10 Lan eNum_str : string; 
NextZone: object ; 
Set_Of_Next_Zones: table [object , real , integer ]; 
Set_Of_Next_Green_Zones : table [object , real , integer ]; 

do Get information about directi onTable a nd destination c r oss ing 
15 Dest ination_Cross ing := AGV.Destination_Crossing; 

DirectionTable := AGV.Location.succ.DirectionTable; 
AGV_Go_Straight := false ; 

Se lect the right distance table 
20 tor i :=1 to DirectionTable.ydim l oop 

if DirectionTable[l,i] = Destination_Crossing then 
Tablerow:= i; 

end; 
next ; 

25 Selected_Distance_Table : = DirectionTable[ 3 ,Table r ow ]; 

--- Se lect the minimal distance to the destination 
min_distance := Selected_Distance_Table.min({2,•)); 

30 -- - Create Set_Of_Next Zones 
Set_Of_Next_Zones.create; 
--- Create Set_Of_Next_Green_Zones 
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Set_Of_Next_Green_ Zones.create ; 

35 Generate the table Set_Of_Next Zones. 
for i := 1 to Selected_Distance_Table.ydim loop; 

--- Select the LaneNumber and Cr oss ingNumber 
LaneNumber := Selected_Distance_Table[l,i ] ; 
--- Get t he Object name o f the Next Lane. 

40 LaneNum_str : = strRcopy(Sprint( "000" , LaneNumber} , 3}; 
NextZone := str_to_obj(Sprint(".Models.Frame.Lane " ,LaneNum_str,"_Zone00l " }} 

45 --- Evaluate i f se lected NextCross e nsures the s hortest dis a nce to the 

50 

55 

destination c r oss ing . 
if (Selected_Distance_Tabl e [2 , i] - Build_Gridlanes[l,LaneNumber] } < 

min_distance then 

end; 
next ; 

Set_Of_Next_Zones[l,Set_Of_Next_Zones.ydim+l] := NextZone; 
Set_Of_ Next_Zones[2,Set_Of_Next_Zones.ydim] := 

Selected_Distance_Table [2,i ] +Build_Gridlanes[l,LaneNumber]; 
Set_Of_Next_Zones[3,Set_Of_Next_Zones.ydim] := 

Selected_Distance_Table[3,i ] ; 
--- If s elected zone is available -> add the zone t o the 

Set_Of_Next_Green_Zones 
if NextZone.Zonecolor = "Green" and NextZone . succ . Zonecolor = "Green "then 

Set_Of_Next_Green_Zones [l , Set_Of_Next_Green_Zones.ydim+l] := 
NextZone; 

end; 

Set_Of_Next_Green_Zones[2,Set_Of_ Next_Green_Zones.ydim] := 
Selected_Distance_ Table[2 , i]+Build_Gridlanes[l,LaneNumber]; 

Set_Of_Next_Green_Zones[3,Set_Of_Next_Green_Zones.ydim] 
Selected_Distance_Table[3,i]; 

--- Update Set_Of_Next Zones in the c ase that Set_Of_Next_Green Zo nes is not empty 
60 if Set_Of_Next_Green_Zones . ydim > 0 then 

65 

Set_Of_Next_Zones . delete; 
Set_Of_Next_Zones .- Set_ Of_Next_Green_ Zones ; 

end; 

Determinate next lane o f the AGV . This s election is done by using the 
following pr i o rities : 
1 ) Choose a lane which guarantees reduction o f the distance to the destination 
2 ) Choose the l ane wh ich f i rst zone is "g r een " . 
3 ) Choose t he lane that ensu r es the s hortest distance to t he destinat i o n 
c rossing . 
4) Choose the lane for which the total route consists the less amount o f 
c rossings . 

70 5) Choose the l ane for which the doesn ' t have to ma ke a turn o n the next 

75 

80 

crossing . 
for i : = 1 to Set_Of_Next_ Zones.ydim loop; 

if i > 1 then 
--- Eva l ua ti ng priority 3 
if Set_Of_Next_Zones[2,i ] < Distance_to_Destination then 

NextZone := Set_ Of_Next_Zones[l,i ] ; 
Distance_to_Destination := Set_Of_Next_Zones [ 2 , i]; 
Number_Of_Cros_ On_Route := Set_ Of_Next_Zones [3,i ] ; 

elseif Set_ Of_Next_ Zones [2,i] Distance_to_ Destination then 

--- Evaluati ng prio ri ty 4 
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95 

100 

105 

else 
110 

115 

end; 
next ; 

end; 
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if Set_Of_Next_Zones[3,i] < Number_Of_Cros_On_Route then 
NextZone : = Set_Of_Next_Zones [l,i ] ; 
Distance_to_Destination := Set_Of_Ne xt_Zones [2 ,i]; 
Number_Of_Cros_On_Route := Set_Of_Next_Zones[3,i]; 

elseif Set_Of_Next_Zones[3,i] Number_Of_Cros_On_Route then 

--- Evalua i ng priority 5 
if Set_Of_Next_Zones[ l,i] .ypos = AGV.location.ypos then 

Nextzone : = Set_Of_Next_Zones[l,i]; 
Distance_to_Destination := Set_ Of_Next_Zones[2 ,i]; 
Number_Of_Cros_On_Route := Set_Of_Next_Zones[3,i]; 
AGV_Go_Straight := true ; 

end; 

if AGV_Go_Straight = false then 
Seedva lue := Seedvalue +l; 
Choice : = z_uniform(Seedvalue,0,2); 
if Choice= 0 then 

end; 
end; 

end; 

NextZone := Set_Of_Next_Zones [l,i]; 
Distance_to_Destination 
Number_Of_ Cros_On_Route 

Set_Of_Ne xt_Z ones[2 ,i]; 
Set_Of_Next_Zones[3,i]; 

NextZone : = Set_ Of_Next_Zones[l ,i]; 
Distance_to_Destination Set _Of_Next_Zones[2,i]; 
Number_Of_Cros_On_Route := Set_Of_Next_Zones[3,i]; 

if NextZone.ypos = AGV.location.ypos then 
AGV_Go_Straight true ; 

end; 

120 --- Updating the prope rties of t he AGV for t he next zone 
AGV.NextZone := NextZone; 
AGV.DestinationListRow := l; 

end; 

Listing E.6: Method: Routing algorithm 

E.7 Method: CDP algorithm 

The method CDP algorithm is showed in listing E.7. 

1 -------------------------------------------------------------------------
Method : CDP_Algorithm 

is Find_CD, End_CD_Loop :boolean; 
6 CurrentZone, NextAGV, NextNextZone, NextZone: object ; 

NextNextZoneColo r: string; 
Set_Of_Zones: table [object ]; 
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do 
Give s orne variable s an initial value . 

11 Find_CD := false ; 
End_CD_Loop := false ; 

16 

Crea t e Set_ of_ Zo ne Table 
Set_Of_Zones.create; 

Select Current Zo ne 
CurrentZone := @.Location; 

Set zo ne t o start the CDP c heck 
21 NextZone := @.NextZone.succ; 

NextNextZone := NextZone.succ; 

26 

Add Nextz o ne t o the Set_o f_Z o nes 
Set_Of_Zones[l,Set_Of_Zones.ydirn+l] 

Set Co l o r o f NextN e xtZo ne 

Nextzone; 

NextNextzoneColor := NextNextZone .Zoneco l or ; 

If NextNex zone i s "Green " - > Do n ' t s tart the Cyc lic Deadl oc k l oop 
31 if Ne xtNextZoneCo l or = "Green" then 

End_CD_Loop := true ; 
end; 

Start the Cycli c Deadlock l oop 
36 while Find_CD = false and End_CD_Loop = false loop 

41 

46 

51 

- -- Deterrnine if NextNextZ o ne is included in Set_Of Zo nes 
Set_Of_Zones.setCursor(l,l); 
if Set_Of_Zones .find({l,*},NextNextZone) = false then; 

- -- If NextNextZ o ne is " Green " - > Cy c li c Deadl ock loo p will be ended 
if NextNextZoneColor = "Red" then; 

Set_Of_Zones [ 1, Set_Of_Zones. ydirn+l] : = NextNext Zone; 

if NextNextZone.ZoneNurnber / = 
Build_Gridlanes[2,NextNextZone.LaneNurnber] then 
NextNextZone := NextNextZone. succ ; 

else 
if NextNextZone.succ.CrossingID / = 4 then 

-- - Select the AGV 
NextAGV:=NextNextZone .MU; 

- - - Select new NextNextZOne 
NextNextZone := NextAGV.NextZone.succ; 

else 

143 

- -- End Cyclic Deadlock loop because a depot is pa rt o f the 
loop 

56 

61 

else 

66 
end; 

End_CD_Loop true; 
end; 

end; 

else 
End Cycl i c Deadlock l oop because NextNe xtZone is Gr ee n 

End_CD_Loop := true ; 
end; 

- - - End cyc li c Deadlock l oop because cyc lic Deadl oc k is detected 
Find_CD :=true; 
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--- Se l ect "Color " of NextNextZ o ne 
if NextNextZone = Cu rrentZone then; 

NextNextZ oneCo l o r := "Green"; 
else 

NextNextZoneColor := NextNextZone.Zonecolor; 
end; 

end; 
76 

--- Determine Speed for the AGV 
if Find_ CD = true then 

@. Speed : =0 ; 
else 

81 @. Speed :=InputParameters [ l,13] ; 
end; 

end; 

Listing E.7: Method: CDP algorithm 

E.8 Method: Failure control strategy 

The method fa ilure control strategy is showed in listing E.8. 

1 is LaneNumber, ZoneNumber , i , j, k: integer; 
Broken_ AGV , AGV, Cross ing, Zone ,Zone_Predecessor ,Zone_Successor,connection, 

NextZone , Cross ingZone , Cl osed_Lane , Closed_ CrossingZone: object ; 
lane_str,zone_str : string; 
Next Zone_I s_Selected, CD_Detected , Remove_NextZone :boolean ; 
Se l ected_Tabl e , Direction_Table , Segment_Table ,Closed_Lane_Table, CrossingZoneTable , Cl osed_ Cross ingZ ones_ 

6 Set_ Of_AGVs: table [object ]; 
Set_Of_Z o nes: table [object]; 
Extra_Zone_Needed_Table: table[object,object]; 

do 

11 Create Set_of_Zone Table 
Set_Of_AGVs.create; 
Extra_Z o ne_Needed_Table. create ; 

--- Select Breken AGV. 
16 Broken_AGV := Breakdown_Tabl e [l,l); 

Closed_Lane_Table := Breakdown_Table[ 2 ,1J; 
Cl osed_ CrossingZones_Table := Breakdown_Table[ 3 ,l); 

Close Lane s . 
21 for i := 1 t o Cl osed_Lane_Table.ydim l oop 

26 

Cl o sed_Lane := Closed_Lane_Table [ l , i) ; 
LaneNumber: = Cl osed_Lane.LaneNumber ; 
Build_Gridlanes[6,LaneNumber] : =true ; 

next; 

Cl ose CrossingZones. 
for i := 1 to Cl osed_Cross ingZ ones_Table. ydim l oop 

Closed_Cross ingZone : = Cl osed_CrossingZ ones_Table[l,i); 
Closed_Cross ingZone .Closed := true ; 

31 next ; 

-- Delete bre ken AGV fr om Breakdown_Tab l e 
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Breakdown_Table.cutRow(l); 

36 -- Delete and calcu late new Accessible_Crossings tabla and Distance Table 
Accessible_Crossings.delete; 

41 

46 

51 

56 

61 

DistanceTable.delete; 
Make_Acces_Cross_Table; 
Make_Distance_Table; 

Create new direc ti o n tables f o r all c r oss ings o f the main transpo r ting area 
for i:= 69 to 102 l oop 

lane_str := strRcopy(Sprint("00",i),3); 
Crossing:= str_to_obj(Sprint("Crossing",lane_str)); 
if Crossing.xpos/=void then 

end; 
next; 

Selected_Table := Crossing.DirectionTable; 
Selected_Table.delete; 
for k :=lto DistanceTable.ydim l oop 

if DistanceTable[l,k] =i then 
Se lected_Table [l,Selected_ Table. ydim+l] := DistanceTable[2,k]; 
Selected_Table [ 2 ,Selected_Table. ydim] := DistanceTable[J,k]; 
Selected_Table.createNestedList(3,Selected_Table.ydim); 
Direction_Table := Selected_Table[3,Selected_Table.ydim]; 
Direction_Table. setDataType ( ( 1, *}," integer" }; 
Direction_Table. setDataType ( (2 , *}," real" ); 
Direction_Table.setDataType((3,*}," integer" ); 
Selected_Table [ 3 , Selected_Table. ydim] : = DistanceTable [ 4, k]; 

end; 
next ; 
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Create new directi o n tables f o r all c r oss ings o f the quay area and yard area . 

66 

71 

76 

81 

for i:=Amount_of_Grid_Crossings+l to Crossing_Coordinates.ydim loop 
lane_str : = strRcopy(Sprint("OO",i), 3 ); 
Crossing:= str_to_obj(Sprint("Crossing",lane_str)); 
if Crossing.xpos/=void then 

end; 
next; 

Selected_Table := Crossing.DirectionTable; 
Selected_Table.delete; 
for k :=1 to DistanceTable.ydim l oop 

if DistanceTable[l,k] =i then 
Se lected_Table [l,Selected_Table.ydim+l] := Di s tanceTable[2,k]; 
Selected_Table [2,Selected_Table .ydim] := DistanceTable[ J ,k]; 
Selected_Table.createNestedList(J,Selected_Table.ydim); 
Direction_Table := Selected_Table[3,Selected_Table.ydim]; 
Direct ion_Table. setDataType ( ( 1, *}, "integer"); 
Direction_Table. setDataType ( ( 2, *}, "real"); 
Direction_Table.setDataType(( J ,*},"integer"); 
Selected_Table [ 3 ,Selected_Table.ydim] := DistanceTable[4,k]; 

end; 
next; 

86 --- Re move ne x tzones o f the veh i cle that is broke n down . 

91 

Remove_NextZ o ne := false ; 
if Broken_AGV.Locat i o n.CrossingNumber / = void then 

Remove_NextZone := true ; 
elseif Broken_AGV.Location.ZoneNumber 

Build_Gridlanes[2,Broken_AGV.Locat i on. LaneNumber] then 
Remove_NextZone true; 

end; 

if Remove_NextZone =true then 
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Waiting_For_Token_table.setCursor(l,1); 
if Broken_AGV.NextZone.Occupied_by = Broken_AGV then 

end; 

--- Rese state o f nextzone and nextnextzone o f braken vehicle 
Broken_AGV.Nextzone.Zonecolor := "Green "; 
Broken_AGV.NextZone.succ.Zonecolor := "Green"; 
if Animation_On = true then 

Broken_AGV.NextZone.Co l or := makeRGBValue(0,200,0); 
Broken_AGV.NextZone.succ.Color := makeRGBValue(0,200,0); 

end; 
Reset state o f current c rossing o f braken vehicle 

for i := 1 to Broken_AGV.CrossingZoneTable.ydim l oop 
CrossingZone : = Broken_AGV.CrossingZoneTable[l,i]; 
CrossingZone.ZoneColor := "Green"; 
if Animation_On = true then 

CrossingZone . Color := makeRGBValue(0 ,200,0); 
end; 

next ; 

- -- Remove braken vehicle from Waiting_For_Token_table 
if Waiting_For_Token_table.find({l,*), Broken_AGV) = true then; 

Waiting_For_Token_table.cutrow(Waiting_For_Token_table.CursorY) 
end; 

for i :=lto InputParameters[l,12] loop; 
AGV:= st r_to_obj (Sprint (". MUs. transporter: ", i) ) ; 

- -- Check if the vehicle does not have s elec ed a closed c rossing zone 
if Closed_CrossingZones_Table.ydim >= 1 then 

end; 

CrossingZoneTable := AGV.CrossingZoneTable; 
for k := 1 to Cross ingZoneTabl e.ydim loop 

Closed_Cross ingZones_Table. setCursor(l ,l); 
if Cl osed_CrossingZone s_Table.find({l ,*), CrossingZoneTable[ l,k] 

true then; 

end; 
next ; 

AGV.Go_Straight := true ; 
Make_Route(AGV); 
AGV.Go_Straight := false ; 
while CrossingZoneTable[l , 2 ] / = void l oop 

Cr oss ingZoneTable.cutrow(2); 
end; 
k:= CrossingZoneTable.ydim; 
AGV.Destination:=CrossingZoneTable[l,1]; 

Extra_Zone_Needed_Table.setCursor(l,1); 
Clos ed_Lane_Table.setCursor(l ,1); 

if Extra_Z one_Needed_Table .find({ 2 , *) ,AGV.NextZone ) = false and 
Closed_Lane_Table.find({l,*),AGV.Location) = false and AGV 
/ = Broken_AGV then ; 
Extra_Zone_Needed_Table[l,Extra_Zo ne_Needed_Table.ydim+l] 

end; 

AGV; 
Extra_Zone_Needed_Table[2,Extra_Zone_Needed_Table. ydim] := 

AGV.NextZone; 
NextZone_I s_Selected := true ; 

151 next ; 
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Remove all ve hi c le s hat are in the closed lanes 

for j := 1 to Cl osed_Lane_Table . ydim loop 
Closed_Lane := Closed_Lane_Table[l , j ] ; 
LaneNumber:= Closed_Lane . LaneNumber ; 
Set_ Of_AGVs.de l ete; 

- -- Se lect Zone Number 
if Broken_AGV . location.LaneNumber = LaneNumber then 

ZoneNumber : = Broken_AGV.location.ZoneNumber-1 ; 
else 

ZoneNumber:= Build_Gridlanes[2,LaneNumber]; 
end; 

Let all vehicles s top in there zone 
(ex c eption : vehicle i n Zo ne 1 c an mo ve to zone 2 ) 

for i :=lto ZoneNumber l oop 
lane_str := strRcopy(Sprint("00",LaneNumber) , 3); 
zone_str := strRcopy(Sprint("00" , i),3); 
Zone : = str_to_ obj (Sprint ( "Lane" , lane_str, "_Zone", zone_str)); 

if i >= 3 then 
Zone . Zonecolor := " Red"; 

end; 

if Animation_On = true then 
Zone.Color := makeRGBValue(255,0 , 0); 

end; 

if Zone.Occupied_By/= void then 
Set_ Of_AGVs[l , Set_Of_AGVs . ydim+l ] := Zo ne.Occupied_By; 

end; 
next ; 
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--- Wait until all vehicle s in the c losed lane are stopped in t here zone ---

for i :=lto Set_Of_AGVs.ydim loop 
AGV := Set_Of_AGVs[l,i ]; 
while AGV . currentspeed / = 0 loop 

wa i t 1.0 ; 
end; 

next ; 

--- Check if some vehicle has to move to the f irst zone o f the c losed lane ---

Set_ Of_Zones . create; 
Zone : = str_to_obj (Sprint ( "Lane", lane_str, "_Zone00l") ) ; 

for i : =1 to InputParameters[l,12] loop; 
AGV:= str_to_obj (Sprint ( " . MUs. transporter: " , i) ) ; 

- -- Check which AGVs have selected the first zone o f the c l osed lane as 
there nextzone 

if AGV . nextzone = Zone then; 
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-- Create a tabla with other possible nextzones 
Direction_Table := AGV.Location.succ.DirectionTable; 

for k :=lto Direction_Table.ydim loop 
if Direction_Table[l,k] = AGV.Destination_Crossing then 

Selected_Table := Direction_Table[ 3,k]; 
end; 

naxt ; 

k := l; 

--- Search for another nextz o ne 
NextZone_Is_Selected := false ; 

While Nextzone_Is_Selected = false l oop 
--- Selecta possible nextz o ne 
lane_str := strRcopy(Sprint("00",Selected_Table[l,k]),3); 
AGV. Nextzone: =st r_t o_obj (Sprint ( "Lane ", lane_st r, "_Zone00 1") ) ; 

NextZone:= str_to_ obj(Sprint ("Lane",l ane_str,"_Z one001 ")); 
NextZone:= NextZone.succ; 

if NextZone.ZoneColor = "Red " then 

Set_Of_Zones.delete; 
Set_Of_Zones[l,Set_Of_Zones.ydim+l] := AGV.Locat i on; 
Set_Of_Zones[l,Set_Of_Zones.ydim+l] := Nextzone; 
CD_Detected := falsa ; 

whila NextZone.ZoneColor = "Red " and CD_Detected = false l oop 
if NextZone.ZoneNumber = 

Build_Gridlanes[2,NextZone.Lanenumber] then 
NextZone:=NextZone.Cont.Nextzone.succ; 

end; 

elsa 
NextZone := NextZone.succ; 

and; 
Set_ Of_Zone s . setCursor(l ,1); 

if Set_Of_Zones.find({l,•},NextZone) = false than; 
Set_Of_Z ones [l,Set_Of_Z ones.ydim+l] := Nextzone; 

alsa 
CD_Detected:= trua; 

and; 

if CD_Detected = trua then 
if k=Selected_Table.ydim than 

whila str_t o_obj(Sprint("Lane",lane_str ,"_Zone00l")) 
= Zone loop 
lane_str := 

strRcopy(Sprint("00",Selected_Table[l,k-1]),3); 
and; 

AGV.NextZone:= 
str_to_obj(Sprint("Lane",lane_str,"_Zone00l")); 

Extra_Zone_Needed_Table.setCursor(l,1); 
if Extra_Zone_Needed_Table.find((2,•),AGV.NextZone) 

= falsa than; 
Extra_Zone_Needed_Table[l,Extra_Zone_Needed_Table.ydim+l] 

:= AGV.Nextzone; 
Extra_Zone_Needed_Table[l,Extra_Zo ne_Needed_Table.ydim] 
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and; 
naxt; 

alsa 

and; 
and; 

alsa 

: = AGV ; 
NextZ one_I s Se l ected := trua; 

and; 

k:= k+l; 
and; 

alsa 
NextZone_Is_ Se l ected := trua; 

and; 

NextZone_I s _ Selected : = trua ; 
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--- If Extra_ Zo ne_Need e d = true -> Let the AGV s t o p in the fir s z o ne o f the 
c l osed l a ne 

for i := 1 to Extra_Zone_Needed_ Table.ydim l oop 

AGV : = Extra_Zone_Needed_Table[l,i]; 
wait 5 . 0; 

AGV.Nextzone.succ.ZoneColor 
AGV.GetToken := trua ; 

"Green"; 

waituntil AGV.GetToken = falsa prio 1; 
Waiting_For_Token_tabl e.setCursor(l ,1 ); 
if Waiting_For_Token_t able.find((l,*}, AGV) = trua than; 

Waiting_For_Token_table.cutrow(Waiting_For_To ken_table .Curso rY) 
and; 

AGV.Let_AGV_Wait trua; 

wait 1.0; 

whila AGV.currentspeed /= 0 loop 
wait 1.0; 

and; 
naxt; 

Extra_Zone_Needed_Table.delete; 

Rever s e the direc ti o n o f the lane 

for i :=1 t o Zo neNumber l oop 

lane_str := strRcopy(Sprint( " 00" ,LaneNumber) , 3) ; 
zone_str := st rRcopy(Sprint("00",i),3); 
Zone := str_to_obj (Sprint (" Lane" , lane_str, "_Zone", zone_str)); 
Zone_ Successor .- Zone.succ; 

if i = 1 than 
Zone_Predecessor := Zone.pred; 
Zone.predConnector.de l eteObject; 
.MaterialFlow .Connector.connect(Zone,Zone_Predecessor); 
Zone.ZoneNumber:= Build_Gridlanes[2,LaneNumber]; 
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end; 
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Zone.ZoneNumber:= 3 ; --
Build_Gridlanes[2 , LaneNumber]+l-Zo ne . Zo neNumber ; 

Zone.succConnector.deleteObject; 
.MaterialFlow. Connector .connect(Zone_Successor,Zone); 

- -- determine new nextz o ne and las tzo ne 
if Zone.Occupied = true then 

end; 

Zone.cont.nextzone := Zone.succ; 

if i /= ZoneNumber and i = Build_Gridlanes[2,LaneNumber] then 
Zone.cont.Lastzone:=Zone_Successor; 

else 
Zone.cont.Lastzone:=Zone; 

end; 

Zone_Predecessor:=Zone; 
- -- Add the new s tart coordinates and end c oo rdina e s t o the Segments 

table 
Segment_Table:=Zone.SegmentsTable 
if Zone.LaneDirection = 1 then 

Segment_Table[l,l] Segment_Table[l,2]; 
Segment_Table[l,2] Segment_Table[l , l]-Segment_Table[S ,l]; 
Zone . SegmentsTable .- Segment_Table; 

else 
Segment_Table[l,l] 
Segment_Table[l,2] 

:= Segment_Table [ l,2]; 
Segment_Table[l,l]+Segment_Table[S,l]; 

Zone.SegmentsTable := Segment_Table; 
end; 

next; 

Update new Zone Co l o rs 

for i :=lto ZoneNumber-1 l oop 
lane_str := strRcopy(Sprint("00",LaneNumber),3); 
zone_str := strRcopy(Sprint("00",i) , 3); 
Zone := str_to_obj(Sprint("Lane",lane_str,"_Zone ", zone_str)); 

if Zone.Occupied_By =vo id and Zone . occupied = false then 
if Animation_On = true then 

Zone.Co l or := makeRGBValue(0,200,0); 
end; 
Zone . ZoneColor "Green"; 

end; 
next; 

next ; 

381 tor i :=lto InputParameters[l,12] l oop; 

end; 

AGV := str_ to_ ob j(Sprint(".MUs.transporte r:",i)); 
AGV.Let_ AGV_ Wait ·= false ; 

next; 

Listing E.8: Method: failure control strategy 



Appendix F 

Determine number of simulations 

When simulations have to be clone in order to estimate the mean µ it is possible to 
estimate the mean of the simulations within a specified precision of the real mean. 
Repeated measurements and replication of independent samples are often required in 
measurement and experiments to reach a desired precision. Since a increased num
ber of simulations results in a more time consuming measurement, it is important to 
make a reasonable judgement concerning the number of simulations. This Appendix 
will introduce the used methodology to determine the number of simulations for the 
measurements of the most important parameters of the AGV system in the ACT. 

Suppose x is used as an estimate ofµ, then we can be 100(-a) percent confident that 
the error lx - µI will not exceed a specified amount J when the sample size is determined 
by equation F.l [D.C99]. 

where 

Zg · er 
n = (-2-)2 

ö 

• z is the ordinate on the Normal curve corresponding to a 

• a is the probability value 

• er standard deviation of the population 

• ö is specified precision of the estimate. 

(F.l) 

If er is not exactly known , existing data may provide an estimate, S, of the population 
standard deviation S. If this value of S is based on q measurements, then the required 
sample size is given by Equation F.2. 
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where 

tf! . s 
n= (-2-)2 

ó 
(F.2) 

• t is the ordinate on the student-T curve corresponding to a, with degrees of 
freedom is: dj = q - l. 

• a is the probability value 

• S is the estimated value for the standard deviation 

• ó is specified precision of the estimate. 

The results for the ATT fora certain number of simulations of design 1 will be used to 
determine a realistic value for n. Each simulation has 3000 measurements for the ATT. 
These 3000 measurements are generated by 60 vehicles that each performed 70 tasks. 
Data is collected of each AGV from task 11 till task 60 (note that this are 50 tasks per 
AGV in total). The first 10 and the last 10 tasks aren't measured in order to collect 
simulation data that represents the steady state behaviour of the processes of the AGV 
system. The number of measured tasks per AGV is adjusted in the case the number 
of vehicles becomes smaller or larger than 60. Furthermore The number of measured 
tasks per AGV is adjusted in such a way that in total there are still 3000 measurements 
for a certain parameter per simulation. 

In order to estimate the value of none should first determine the value for ó. Therefore 
the value of ó will be set to 4.0 seconds, which is approximately 2% of the ATT of 
the AGv system which uses layout 1. In order to estimate the mean value for the 
ATT within 4.0 seconds of the true mean with a 95% confidence interval the value for 
a becomes 0.05 and consequently the value for to.025 becomesl.96. The value of S is 
estimated to have a value of approximately 7.50 seconds. 

The number of simulations can now be calculated by using equation F.3: 

(F.3) 

This method gives a very rough estimation for the number of simulations. Therefore 
the number of simulations for an experiment of the simulation model of the ACT will 
be set to 20 in order to be sure that the number of simulations is not to small. 

Figure F.1 shows the results of 50 independent simulations of the same layout, namely 
layout 1, of the TA of the ACT. These 50 independent simulations are represented by 
the blue line in Figure F.l. The red line in Figure F.1 represents the average of the 
independent simulation outcomes. From this simulation results it can be concluded that 
the number of 20 is a good approximation for the total number of simulations of one 
experiment of the simulation model of the ACT. 
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Figure F.l: ATT fora single simulation and ATT for the total number of simulations 
together. 
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Appendix G 

Simulation results of 19 different 
layouts of the TA 

All the 19 different layouts of the TA of the ACT, which are introduced in Chapter 4, 
are simulated with an AGV system consisting of 20 through 120 AGVs. The results of 
these simulations are depicted in Figure G.1 till Figure G.9. 
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Figure G.l: Simulation results of 19 different layouts of the TA: average task time 
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Figure G.2: Simulation results of 19 different layouts of the TA: average number of 
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Figure G.3: Simulation results of 19 different layouts of the TA: average traveled dis
tance of a task 
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Figure G.5: Simulation results of 19 different layouts of t he TA: tardiness 
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Figure G.7: Simulation results of 19 different layouts of the TA: average number of 
crossings of the TA passed per task 
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Abstract: In this paper, we study the design and control of automated guided vehicle (AGV) 
systems, with the focus on the quayside container transport in an automated container terminal. 
We first set up an event-driven model for an AGV system in the zone control framework. 
Then a number of layouts of the road network (guide path) are carefully designed for the 
workspace of the AGVs in a container terminal. Based on our zone control model, a traffic 
control strategy is proposed, which decouples the motion conflict resolution among the AGVs 
from the routing problem. A routing algorithm is also constructed oriented at minimizing the 
vehicle travel distances and the transportation time. The efficiency of the integrated design and 
control is demonstrated by computer simulations in terms of a set of defined measures of system 
performance. Lastly, we point out several possibilities towards improving our current results. 

1. INTRODUCTION 

Automated guided vehicles normally mean mobile robots 
(or unmanned vehicles) used in transporting objects. They 
were traditionally employed in manufacturing systems, 
but have recently extended their popularity to many 
other industrial applications , such as goods transportation 
in warehouses and container transshipment at container 
terminals. See Vis [2006] for an comprehensive survey of 
the research on the design of AGV systems. 

The booming of international trade spurs the development 
of automated container terminals (ACTs) , equipped with 
automated container transshipment systems ( consisting of 
automated cranes and automated guided vehicles etc.) , 
that can meet rapidly increasing demands for higher oper
ational efficiency, lower costs, and smaller variability than 
what traditional terminals can achieve. There are four 
main issues in building an AGV system in an ACT. The 
first is the design of the guide path ( we call it road network 
in this paper) that specifies possible paths on which the 
vehicles can travel [Steenken et al. , 2004]. The second is 
the dispatching problem which is about where and when 
vehicles should go for the container loading or discharging 
tasks [Briskorn et al., 2006, Kim and Bae, 1999, Bish et al. , 
2005, Nguyen and Kim, 2009]. The third is the vehicle 
routing aimed at finding good paths for vehicles dispatched 
for certain tasks [Steenke et al., 1993, Duinkerken et al., 
2006, Stahlbock and VoB, 2008a]. The last is the conflict 
resolutions among the fleet of vehicles and between the 
vehicles and other container handling equipments [Evers 
and Koppers , 1996, Lehmann et al. , 2006, Kim et al., 2006]. 
Although all these matters are interconnected as far as the 
system performance is concerned, it is very difficult to take 
them into a comprehensive consideration. As a meaningful 
step towards a complete solution, in this paper, we present 

* The research leading to these results has received funding from the 
European Community's Seventh Framework Programme (FP7 /2007-
2013) under grant agreement no. INFSO-ICT-223844. 

a package of designs and controls that address the first , 
third and fourth issues simultaneously for the quayside 
container transportation. 

Our contributions can be summarized as follows. We first 
establish a zone control model underlying our design and 
control of an AGV system. This model elaborates the 
structure of the road network (RN) and defines the ve
hicles' behavior when traveling on the road network. Then 
based on this model, a number of RN layouts are designed 
according to the specifications of a real ACT. With these 
settings, a traffic control strategy is proposed for the 
warranty of no inter-vehicle collisions and deadlocks. The 
traffic control provides some leeway for the vehicles to 
choose/change their routes online. Moreover , the control 
has small time complexity, hence is friendly for practical 
applications. Concerned about the system performance, a 
heuristic vehicle routing algorithm is developed which is 
oriented at minimizing the travel distance of the vehicles 
as well as the timespan for the container transportation. 
Incorporating with a task dispatching scheme of random 
nature , the performance of the AGV system with the set of 
proposed designs and controls is investigated by computer 
simulations. Finally, some discussions and open problems 
for future work are given. 

The rest of the paper will be organized as the following. In 
Section 2, we formulate the zone control model. Section 3 
is devoted to the layout design of the road network for an 
ACT. The traffic control strategy and routing algorithm 
are presented in Section 4. The performance evaluation of 
the AGV system will be done in Section 5. Finally, we make 
some concluding remarks and point out some directions for 
furthur research in Section 6. 

2. ZONE CONTROL MODEL 

The workspace of the AGVs is divided into non-overlapping 
zones, and the entrance of a zone is strictly controlled. This 
strategy eases the avoidance of inter-vehicle collisions by 



demanding that each zone can be occupied by at most 
one vehicle. Another reason that makes it the favorite of 
most applications is that it is simple to install and easy to 
expand. Our zone control model described below contains 
two components: the structure of the road network and 
the behavior mode of a vehicle when it follows a route 
consisting of a sequence of zones. 

2.1 Building blocks of the raad network 

The road network is composed of lanes, crossings and 
depots. 

Lane and zone A lane is physically a road segment on 
which a vehicle can move with predefined direction. The 
direction that vehicles are allowed to move along on a lane 
is called the direction of the lane. A lane is composed of a 
finite sequence of zones which have to be passed in order 
when a vehicle is moving along it. Particularly, we call the 
first zone and the last zone of a lane the starting zone (SZ) 
and ending zone (EZ) of the lane respectively. 

Every depot is modeled as a zone that can accommodate 
any number of vehicles. Each depot is affiliated with at 
least one in-lane and one out-lane. An in-lane (resp. out
lane) of a depot is a lane with the direction that allows a 
vehicle moving inwards (resp. outwards from) the depot. 

We use C to denote the set of all zones in the system 
respectively. 

Crossing A crossing is physically a junction area con
necting multiple lanes. Specifically, each crossing is at
tached with a set of in-lanes and a set of out-lanes. An 
in-lane (resp. out-lane) of a crossing allows a vehicle to 
move towards (resp. away from) the crossing. The EZ of 
any in-lane of a crossing is named an at-crossing zone of 
the crossing. The zones that are not at-crossing zones are 
called off-crossing zones. Note that any depot is an off
crossing zone as it is not on any lane. Let R and A be 
the sets of all crossings and the set of all at-crossing zones 
respectively. 

Neighboring zone The concept of neighboring zone char
acterizes immediate zone-to-zone connections. The set of 
neighboring zones of each depot includes the SZs of all its 
out-lanes. The neighboring zone of a non-EZ zone c on a 
lane is the adjacent zone of c on the lane with respect to 
the direction of the lane. The neighboring zone of the EZ of 
any in-lane of a depot is the depot. The neighboring zones 
of the EZ of an in-lane of a crossing (i.e. an at-crossing 
zone) are the SZs of all the out-lanes of the crossing. We 
use Y c to denote the set of neighboring zones of zone c. 
(One can see from Assumption 1 that neighboring zones 
are defined for any zone in C.) 

Confiicting zone pairs at a crossing For each crossing 
r E R, let Pr be a set of ordered pairs of zones, Pr = 
{(c1,c2): c1 is an at-crossing zone ofr, c2 E Yc,}- Indeed, 
Pr characterizes all possible ways to pass the crossing r. 
For each crossing r E R, with Pr -/- 0, and each zone 
pair (c1 , c2 ) E Pr, there is a subset of Pr, denoted by 
x(r ) , which is called the set of conflicting zone pairs 

C 1 1C2 

of (c1 , c2 ) at the crossing r. As an example, in Figure 
4, Pr = { (c1, c3), (c1, c4), (c1, es), (c2, c3), (c2, c4), ( c2, c5)} 

and X[c,,cs) = {(c2,c3),(c2,c4),(c2,c5)}, where r denotes 
the left crossing. To avoid inter-vehicle collision, it should 
be forbidden that two vehicles pass a crossing simultane
ously via conflicting zone pairs. 

We need the following assumption on the layout of the 
road network. 
Assumption 1. (a) Each lane is an in-lane (out-lane) of 
either a unique crossing or a unique depot; (b) each lane 
has at least two zones; (c) any in-lane of a crossing has at 
least one neighboring lane. 

2. 2 Vehicle routes, states and events 

We consider an AGV system with N vehicles , which is 
denoted by the set V = {v1 , v2 , • · · , VN}. A finite sequence 
of zones ai, a;, • • • , a~,, ei E N, is called a route of Vi E V 

if a~+l E Ya ;, for any P E z1;-l (For any m,n EN, z~ is 
defined to be { m, m + 1, • • • , n} if n ~ m and 0 if n < m ). 
There are only two types of vehicle states: being in a~ or 
moving from a~ to a~+l · It is assumed that , at the initial 
time to, v; is in ai. 
Given the route, the event-driven behavior of the vehicle 
vi can be sketched as follows. At a certain time when vi is 
in a~, p E Z!'- 1

, it triggers a "intend to leave" event. For 
the sake of collision and deadlock avoidance, the vehicle 
is required to check some traffic rules (to be specified in 
Section 4) to make a "go ahead" or "stop" decision. If 
the vehicle will be permitted to go ahead, it triggers a 
"leave" event and changes its state to be moving from 
a~ to a~+i; otherwise it has to stop but will continually 
trigger the "intend to leave" event for leaving the zone a~. 
In the former case, at some time later on, after the vehicle 
has completely entered a~+i, it will trigger an "arrive at" 
event, and changes its state to be in at+i. The process 
above keeps iterating and terminates if vi is in a~,. 

We say that a vehicle arrives at, intends to leave, or 
leaves some zone at time t ~ t0 if the vehicle triggers the 
corresponding event at t. Note that a vehicle switches its 
state only when it arrives at or leaves a zone, and must be 
in the zone when it intends to leave a zone. A vehicle is 
called an at-crossing vehicle when it is in some at-crossing 
zone. 

3. LAYOUT DESIGN OF THE ROAD NETWORK 

3.1 Quayside Container Transport at an ACT 

In this work, we consider a container handling scenario in 
which quay cranes (QCs) and yard stackers (YSs) are in 
charge of the container collection operations in the quay 
area (QA) and yard area (YA); and a team of AGVs are 
used for shuttling the containers between the two areas. 
The operation is illustrated in Figure l. Specifically, in 
discharging a vessel, a couple of QCs take the containers 
off the vessel and put them in the associated container 
buffers. These containers will be later on picked up by 
some AGVs (e.g. straddle carriers or prime movers) , and 
transported across the transportation area (TA) to the 
container buffers of specified YSs in the yard area. There 
the containers will be put in container stacks by the YSs. 



Fig. 1. Quayside container transport at an automated 
container terminal 

The other way around, in loading a vessel, the containers 
are collected from certain yard st acks by the YSs and 
transported to designated QCs by the AGVs. In this case 
study, the workspace of the AGVs is considered as the 
combined area of the QA, TA and YA. 

Now suppose that a road network defined as in Section 2 
is built over the workspace, with the buffer of each QC or 
YS modeled as one or more zone(s) (See also Subsection 
3.2). For simplicity, these zones are said to be the zones 
of the QC or YS. Then based on the working scenario 
described above, each AGV in operation can be seen as 
being assigned a sequence of tasks, where a task of a vehicle 
means an ordered pair of zones , say (c1 , c2 ). We call the 
former zone c1 and the Jatter c2 the source zone and the 
destination zone of the t ask. In practice, tasks are assigned 
dynamically rather than fixed offline: after a vehicle arrives 
at the destination zone (normally a zone of a QC or YS) of 
the kth task and finishes a container loading/ discharging 
process, it will be given the destination zone for the k + 1 th 
task ( the destination zone of the kth task becomes the 
source zone of the k + 1 th task). 

3.2 Layout Design of the Road Network 

In this case study, we consider a typical large container 
terminal with a TA of the dimension 2000m x40m; and 20 
QCs and 66 YSs distributed on the sea side and yard side 
respectively. In Figure 2, we illustrate t he workspace of the 
AGV system. 

■ = Quay crane I= Yard stacker 

Fig. 2. Schematic representation of the workspace 

Here, without any loss of generality, we assume that there 
is only one depot , with one in-lane and one out-lane, which 
is located outside the workspace (but connected to the TA 
by its in-lane and out-lane), and hence not a subject of 

our layout design. For this reason, in the remainder of this 
subsection, by zones we mean non-depot zones. 

Geometrical properties of the zones First we fix the 
shape of the zones to be rectangular because the rect
angular shape of the vehicles. We call the dimension of 
the edge of a zone along which a vehicle moves the length 
of the zone; the dimension of the other edge the width. 
The approximate geometrie and kinematic specifications 
of the AGVs are listed in the table below. (These are 
the typical values used in this paper , and can be easily 
adjusted depending on actual situations.) 

Geometrie and kinematic characteristics of AGVs 
Length I Width I Max speed I Max acc. 1 Max dec. 

10m 1 4m 1 7m/s 1 0.5m:l /s 1 2.5m:l /s 

The basic principle for determining the length of a zone 
is that , for safety reasons, the body of a vehicle must be 
completely inside a zone when the vehicle is in the zone. 
As shown in Figure 3, in order to minimize the length 
of a zone, we locate the sensor for triggering the "arrive 
at" event close to one end of the zone (Line A) , and put 
the sensor for triggering the first "intend to leave" event 
nearby (Line B). Recall that a vehicle may not be allowed 
by the traffic rules to move on to the next zone on its 
route, this requires that the zone must be long enough 
so that if a vehicle starts braking at Line B, its body is 
still completely inside the zone when it fully stops. In the 
case that a vehicle is in its maximum speed (see the table 
below) when triggering the first "intend to leave" event , 
it needs approximately 11 meters for a full brake. Hence 
the length of a zone is finalized to be 22m, a little more 
than the sum of the length of a vehicle and the braking 
distance. Since we ignore the side sliding of the vehicles , 
the width of zones can be safely put approximately at 7m. 

AB 

vehicle 

zone zone 

Fig. 3. Event triggering of a vehicle: the small circle on 
the vehicle indicates the reference position for event 
triggering 

Lay out design f or the quay area and yard area For 
simplicity, the road network has the same layout at each 
QC or YS , which is illustrated in Figure 4. The buffer of a 
QC or YS is modeled by the SZs on three different lanes 
in between two crossings. The 2 in-lanes of one of the two 
crossings (left one in Figure 4) allow vehicles to drive off 
the TA and towards the QC or YS; while the 2 out-lanes 
of the other crossing lead the vehicles back to the TA. 

Layout design for the transportation area In view of 
the geometrie characteristics of the TA, we focus on the 
layouts with straight adjacent roads that are parallel to the 
x-axis in Figure 2. A road is indeed composed of multiple 
lanes, joined by crossings, on the same level with respect 
to the y-axis. See Figure 5 for an example of such layouts. 

For simplicity, each crossing is chosen to be rectangular. 
In order to avoid collision between a vehicle passing some 
crossing and another vehicle waiting at the same crossing. 
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Fig. 4. Road network at a QC or YS 
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Each crossing should be able to accommodate the whole 
body of a vehicle. Considering the turning radius of the 
vehicles, the minimum x-dimension of the crossings is 
15m. Note that adopting crossings with larger x-dimension 
increases the time for vehicles to pass them, and hence in 
general increases the waiting time of at-crossing vehicles. 
Therefore we fix the length of each crossing to be its 
minimum. The y-dimension of a crossing depends on the 
layout design and its location in the TA. 

As in practice the y-dimension of the TA cannot exceed 
40m, it allows at most 6 parallel roads. Based on this re
striction, four types of layouts for the TA will be discussed: 

(Tl) 4 parallel roads and small crossings. 
(T2) 4 parallel roads and big crossings. 
(T3) 6 parallel roads and small crossings. 
(T4) 6 parallel roads and big crossings. 

An example of each type of layout is shown in Figures 5-
8. (In fact , we have 19 designs of all the four types, but 
cannot fit them all into the limited space here.) 

A small crossing is defined as a crossing which connects two 
adjacent parallel roads (See Figure 5). A big crossing is a 
crossing which connects more than two parallel roads. One 
advantage of small crossings is that only a small number 
of AGVs need to wait at the crossing while some other 
vehicle is passing the crossing. The main disadvantage 
of using small crossings is that an AGV has to pass a 
relatively large number of crossings for a QC-YS or YS
QC task. On the other hand, the use of big crossings might 
increase the waiting time of the AGVs at the crossings due 
to possibly more vehicles competing for the crossings; but 
in genera!, compared with using small crossings, it reduces 
significantly the distances of the transportation tasks by 
providing direct channels linking the QA and the YA. The 
Jatter point is illustrated in Figures 5 and 6 by two routes 
(in dash line) that serve the same purpose fora vehicle to 
cross the TA. 

In each design, the crossings with vertical arrows in the 
figure set up connections between the part of the road 
network in the TA and those in the QA and the YA. In 
detail, each crossing with an upward (resp. downward) 
arrow, called a TA-YS (resp. TA-QC) crossing is linked 
with the in-lanes and out-lanes of two neighboring YSs 
(resp. one QC), i.e. it allows a vehicle to move to two YSs 
( one QC) from the TA and vice versa by passing it. In view 
of Figure 4, this implies that every TA-YS (resp. TA-QC) 
crossing has 4 out-lanes and 4 in-lanes in connection with 
the YA (resp. 2 out-lanes and 2 in-lanes in connection with 
the QA). Note that the number of the TA-YS crossings, 
which is 66/2 = 33 (66 is the number of YSs), already 

reaches its maximum value due to the restriction that any 
lane must have at least two zones (see Assumption l(b)). 
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In the layouts consisting of 4 parallel roads, all lanes in the 
2 upper roads have the same direction which is opposite 
to the common direction of the lanes in the 2 lower roads. 
Analogously, in the case of 6-road layouts, the direction of 
all lanes in the 3 upper roads is the opposite to that of 
the lanes in the 3 lower roads. The thinking behind these 
choices of lane directions is to make the AGVs brake as 
little as possible when traveling across the TA. This can 
be illustrated by the examples in Figure 9. 
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1 braking 

~, 
ToYS 
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Fig. 9. Different choices of lane directions 

4. TRAFFIC CONTROL AND ROUTING 
ALGORITHM 

4.1 Traffic Control 

1 

1 

1 

1 

The aim of the traffic control is to prevent inter-vehicle 
collisions and deadlocks. This is an important issue that 
has attracted intensive research effort [Evers and Koppers, 
1996, Rajeeva et al., 2003, Steenken et al. , 2004, Vis , 2006, 
Kim et al., 2006]. See also Fanti et al. [1997] , Yeh and Yeh 
[1998], Reveliotis [2000], Wu and Zhou [2005] for related 
studies. Compared with most approaches in literature, our 
traffic control strategy has two merits: (1) it allows the 
vehicles to dynamically make/change their routes online; 
and (2) it is time-efficient , the complexity linearly depends 
on the number of vehicles. 

Before stating our traffic control rules , we introduce some 
instrumental notions and assumptions on collision avoid
ance and initia! condition. 

Zone state Each zone can have two states: being "occu
pied" and "available". The depot zone is always available. 
A non-depot zone c is said to be occupied by a vehicle, if 
the vehicle is either (a) moving from some zone to c; (b) 
in c; or ( c) moving from c to some zone. A non-depot zone 
c is available if it is not occupied by any vehicle. It is clear 
that the states of zones change only when the states of 
vehicles change. 

To ease presentation, we say that a zone is white if it 
is available; and that a non-depot zone is black if it is 
occupied by only one vehicle which is either in it or moving 
from some other zone to it. 

Next zone and black cycle Let c E C \ A, then the set of 
the next zones of c is identical with Y c ( the neighboring 
zone set of c, see Section 2). Let c E A. If there is some 

vehicle in c or moving from c to c* at t , then c* is a next 
zone of c at t; otherwise, c has no next zone at t. 

A black cycle is a sequence of zones c1, c2, · · · , Cn, c1, 
n 2 2, that are all distinct and black, where ci+ 1 is a 
next zone of c.; for any i E z~- 1 and c1 is a next zone of 
Cn . 

Assumption 2. For any vi, Vj, i,j E zf, i -/- j, vi does not 
collide with Vj at time t if either of the following conditions 
is true: 

(a) Vi is in c1 and Vj is in c2; 
(b) Vi (Vj) is in c1 and Vj ( v;) is moving from c2 to c3; 
(c) Vi is moving from c1 to c2 and Vj is moving from c3 

to C4; 

where the non-depot zones in each of the three cases are 
distinct; and in (c) (c3,c4 ) r/. x(: ,,c, ) for any r ER. 

Assumption 3. At time t0 , (a) each vehicle is in some zone 
( called the initia[ zone of the vehicle), (b) there cannot be 
two vehicles occupying a same non-depot zone, and (c) 
there is no black cycle. 

Traffic rules In the statements of traffic rules below, we 
assume that vehicle v; is with the route al, a~, · · · , a~, , 
ei E N, where ai is the initial zone of the vehicle. To 
concisely represent the running status of a vehicle, we 
define the following function hv ( i, t) : zf x [to , oo) -+ C x C 
as follows: 

hv(i, t) = 

{ 
a;a;, if vi is in a~ at t /\ w;(t) = p; 

a~a~+ 1 , if Vi is moving from at to at+ 1 at t /\ w; ( t) = p, 

where w; ( t) = p means that Vi has been successively in 
ai, a2, · · · , a~ over [to, t]. 

Firstly, for the purpose of the collision avoidance it is 
necessary to impose a rule that does not allow a vehicle 
to head forward when it is blocked by another one. Indeed 
this minimum requirement becomes our rule applied to 
off-crossing zones. 

Rule 1: Traffic Rules for Off-Crossing Zones 

Suppose that v; intends to leave an off-crossing zone a~ 

at t, with hv(i, t) = ata~. Then over some time window 
T = [t , t + 1:], 1: > 0, if the vehicle finds the zone at+i 
available over [t , t + 1:), then the vehicle changes its state 
at t + i: to be moving from at to at+ 1 ; otherwise the vehicle 
will again intend to leave at at some timet'> t+t. , where 
t. > 1: is some positive constant. 

Now, note that applying Rule 1 to every zone cannot 
prevent deadlocks of the AGV system. This motivates us 
to put forward a bit more sophisticated traffic rule for at
crossing zones. 

Before stating our traffic rule for at-crossing zones, we 
introduce a global crossing token to guarantee that there 
is at most one at-crossing vehicle which can change its 
state at any time. In fact, it is required here that each at
crossing vehicle must request for the crossing token before 
triggering an "intend to leave" event and hold the token 



exclusively over the time slot (the interval T in Rule 2 
below) it opens to check with the at-crossing traffic rule. 

Rule 2: Traffic Rules for At-Crossing Zones 

Suppose that Vi intends to leave an at-crossing zone at 
of the crossing r at t, with hv(i, t) = atat. Then over a 
time window T = [t, t + 1:], E > 0, Vi must hold the global 
crossing token; and if the vehicle finds that 

(a) the zone at+i is available over [t , t + 1:) ; 
(b) there is no such vehicle Vj , j =/- i , with hv(j , t + 

E) = a~a~+l > where (a~ , a1q+1) E x(r ; ; ); 
a,1,a p+ 1 

( c) to change its state to be moving from at to at+ 1 at 
t + E does not lead to a black cycle containing at+i; 

then the vehicle changes its state at t + E to be moving 
from at to at+i; otherwise the vehicle will again intend to 
leave at at some time t' > t + ~, where ~ > E is some 
positive constant. In both cases, the vehicle releases the 
crossing token after making the decision. 

Note that to satisfy the token-holding requirement , a token 
assignment algorithm is necessary as there can be multiple 
vehicles waiting for the token simultaneously to trigger 
their "intend to leave" event. 

Here we introduce a token assignment algorithm, where a 
centra! controller maintains an index list of the "starving" 
vehicles that have sent their token requests but not been 
granted it yet. The position of the vehicle indices in the list 
are ordered by their degrees of starvation: the one waiting 
for the longest time is on the top, and the one with the 
shortest wait is at the bottom. Among the vehicles with 
the same waiting time, the order is immaterial. The rules 
for the token assignment are as follows. 

Crossing Token Assignment Algorithm 

Step 1: Begins with assigning the token to the 1st 
vehicle from the top. 

Step 2: If the token is released by the nth ( not the last) 
vehicle without a state change of the vehicle, 
then assign the token to the n + 1 th vehicle. If 
the token is released with a state change of the 
vehicle, then delete the nth (can be the last) 
vehicle from the list and assign the token to 
the 1st vehicle. 

Step 3: If the last vehicle in the list releases the token 
without a state change, assign the token to the 
1st vehicle in the list. 

One can easily show that this algorithm feeds the token to 
a vehicle in finite time after it requests it. The motivation 
behind Step 2 is to balance the "degrees of starvation" of 
the competing vehicles: the state change of an at-crossing 
vehicle may offer a chance for some others to leave their 
current zones; and once such a possibility appears, the 
token is fed to the vehicle that needs it most urgently. 
This heuristic helps reduce the overall lateness (namely the 
tardiness specified in Section 5) of the container deliveries. 

The traffic rules (i.e. Rule 1 and Rule 2) together with the 
token assignment algorithm constitute our traffic control 

for the AGV system. The main conclusion we can draw 
from applying this traffic control is as follows. Suppose 
Assumptions 1, 2 and 3 hold. Then it is ensured that (1) 
each vehicle complete any route in finite time if the last 
zone of the route is the depot; and (2) no inter-vehicle 
collision occurs. [Li et al. , 2010] 

Now suppose that , in the operation of the AGV system 
of an ACT, vehicle Vi is assigned a total of Mi E N 
tasks. We say that a zone sequence bt 1 , bt2 , · · · , btnk 
is a route for the kth task, k E zr,, of vehicle Vi if 
bt and bk,n• are the source zone and the destination 

zones of the task respectively, and btp+l E Y bt ,p for 

any p E z~•- 1
. As remarked in Subsection 3.1 , we 

also have bi+i ,i = bJ. ,n,. for any k E zr,-1
. Assuming 

that bM,,nM, is a depot, if we glue the routes for all 
the tasks together and see the integrated zone sequence 
bi, 1 , ··· , bi,n,(b~,1 ) , ··· , btn2 (bb) , ··· , bM,,nM asaroute 
of vi, then by applying the traffic con trol ab~ve, we can 
make sure that each vehicle will eventually finish all the 
given tasks without colliding with others. 

An appealing advantage of the proposed traffic control 
is that it offers a large extent of freedom in routing 
the AGVs. In fact , the route for each task of a vehicle 
can be determined online rather than necessarily fixed 
beforehand. Specifically, before vehicle Vi arrives at the pth 
(p ~ 2) zone of its route for the kth task b(p , it may select 

any zone in Y b;_p as b(p+l provided that the dynamically 
established route will end up with the destination zone of 
the task. 

4.2 Routing algorithm 

As mentioned in the previous subsection, before a vehicle 
arrives at some zone c it has some freedom to choose the 
next zone on its route out of the neighboring zones of 
c. But it is easy to see that if c is an off-crossing zone, 
then c has only one neighboring zone. Therefore, the only 
case of interest is when c is an at-crossing zone. Roughly 
speaking, the routing algorithm introduced here ensures 
that the vehicle always chooses a zone such that it will be 
closer to the destination of its current task at the resulting 
next crossing. As a direct consequence, this guarantees the 
vehicle reach the destination in finite zones. Beyond this 
basic property, the algorithm also intends to "smooth" the 
motion of the vehicles as much as possible. 

Now suppose that cd is the destination zone of the current 
task of some vehicle, which may be some zone of a QC, a 
YSs or the depot. Then before arriving at some at-crossing 
zone c of crossing r E R, the vehicle needs to select a 
zone out of the zones in Y c = Sr := {c~ : li E Or}, 
where Or = {li} is the set of out-lanes of crossing r 
and c~ denotes the SZ of li. For any zone c*, we use 
dm(c*,cd) and Xm(c*,cd) to represent the length of the 
shortest route(s) between zone c* and Cd and the smallest 
number of crossings a vehicle has to pass on a way running 
from c* to cd. 

Before we state our routing algorithm, define two zone sets: 



f1 = {c~ E Sr: dm(c~,cd) < dm(c,cd)}, 

f2 = {c* E f1: c* is available}; 

where c~ is the EZ of the lane li (By assumption l(a), c~ 
is either an at-crossing zone or the EZ of the in-lane of the 
depot), and let 

r _ { {c* E f2: c* = argmindm(c*,cd)} , if f2 /= 0; 
3 - { c* E r 1 : c* = argmin dm ( c* , cd)} , otherwise. 

Online Vehicle Routing Algorithm 

Step 1: If cd is on some lane lk E Or , then choose the 
zone c~; otherwise go to Step 2. 

Step 2: If #f3 = 1, then choose the single zone in f3; 
otherwise go to Step 3. 

Step 3: Let f4 = {c* E f3: c* = argminxm(c* , cd)}. 
If #f 4 = 1, then choose the single zone in r 4; 
otherwise go to Step 4. 

Step 4: If there is a zone c* in r 4 to reach which the 
vehicle does not need a turn, then c* is selected; 
otherwise choose randomly a zone from r 4 • 

Remark 4- In each layout of the road network designed in 
Subsection 3.2, the set f 1 cannot be empty; and such a c* 
in Step 4, if exists , must be unique. 

Note that to implement the routing algorithm above, one 
needs to maintain for each crossing r and each possible 
destination zone cd the data sets { dm ( c, cd) : c is any at
crossing zone of,}, {dm(c~ , cd), xm(c~,cd),dm(c~,cd): for 
any li E Or}. But for each given layout , these data can 
be generated and stored offline before the system starts 
running. Therefore, the time complexity of the proposed 
routing algorithm is very small. 

5. SIMULATION STUDIES 

In this section, via computer simulations, we investigate 
the performance of the AGV systems with the designs and 
controls presented in the preceding content. 

5.1 Task dispatching scheme 

Here we introduce a simple stochastic task dispatching 
scheme that is used to drive the simulations. We empha
size that an in-depth discussion on this topic is beyond 
the scope of the paper. See Steenken et al. [2004] and 
Stahlbock and VoB [2008b] for recent progress in the re
search on this subject. 

There are three types of tasks for each AGV: 

(1) 

(2) 

(3) 

traveling from the depot to a zone of a QC or YS 
(first task only); 
traveling across the TA, i.e., from a zone of a QC to 
a zone of a YS or the other way around; 
traveling from a zone of a QC or YS to the depot (last 
task only). 

For the tasks of the second type, the source and destination 
stations are not arbitrarily chosen. Instead, according to 
a typical container transshipment scenario, the 20 QCs 
and 66 YSs are divided into 5 groups respectively. The 
groups of the QCs are disjoint, each of which consists 

of 4 QCs; while the groups of the YSs are overlapping 
with each group containing 24 YSs. For each vehicle, the 
source and destination zones for any task of the second 
type are randomly selected respectively from the zones of 
the related QC and YS groups (see Figure 10). 

In addition, for the tasks of types (1) and (2), after a 
vehicle arrives at the destination zone of each task , it will 
stay stationary in the zone for 30 seconds for a container 
loading or discharging process before being assigned a new 
task. 

Group of 4 quay cranea related to 24 yard alllckers and viee versa 
Yard 

Quay 

Fig. 10. Task dispatching scheme 

5.2 Performance measures 

Several performance measures are defined here in different 
aspects of concern. The first measure is related to the 
throughput of the terminal, called "average tasks per
formed per hour" (ATP), which is defined as 

ATP = 3600 
ATT' 

(1) 

where ATT denotes the "average task time" calculated by 

,;;:---N ,;;:---M, Ti 
ATT _ L.. i =l L..1=1 J 

- N 
Li=l Mi 

(2) 

with TJ the time (in second) for vehicle Vi to complete its 
jth task. (Recall that N is the number of vehicles; and M i 
is the number of tasks for vehicle v;.) 

From an energy cost point of view, another performance 
measure of interest is the "average travel distance" (ATD) 
whose definition mimics that of ATT with TJ replaced by 
DJ , the tra vel distance for the jth task of v;. 

The last two performance measures, namely "average tar
diness" (ATR) and "standard deviation of the tardiness" 
(STDTR), indicate how much are the motions of the AGVs 
delayed by the traffic. The formula for computing the ATR 
has the same form as (2) but with TJ substituted by 

D1 = TJ - min time required to complete task j of v; 

Here the second term on the right hand side is the time 
for Vi to complete the task via the shortest route while 
assuming v; the only vehicle running in the workspace. 

The STDTR is computed by 

STDTR= 
,;;:---N ,;;:---M, (Di - AT R)2 
L..i=l L..1=1 J (3) 



5. 3 Simulation results 

Because of the page limit, we will only show the results 
for the layouts illustrated in Figures 5-8. (In fact, we have 
done simulations for all the 19 designs, and it turned out 
that the four selected here are the best of their respective 
types.) 

We run simulations with N = 20, 30, • • • , 120 and Mi = 50 
for any i = z{". In order to obtain adequate precision of 
analysis, we repeat the simulations for each layout for 20 
times, and take the average value for each performance 
measure. The results are depicted in Figures 11-14, where 
the layouts in Figures 5,6,7 and 8 are named Layouts 1,2,3 
and 4 respectively. 
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lt can be seen that Layout 2, i.e. the layout with four roads 
and big crossings, remains the best choice for this wide 
range of the size of the vehicle team. This result can be 
roughly explained as follows: As mentioned in Subsection 
3.2 , the use of small crossings may have less vehicles 
waiting at the crossings in the TA (not much less since 
simultaneous passings of a big crossing by two vehicles 
are not necessarily conflict with each other). However, in 
average, the travel distance of the vehicles in this case 
is considerably larger than that in the case of using big 
crossings (see Figure 14). The use of six roads, compared 
with four roads , renders more space (lanes, zones) for 
vehicles' movement. But this benefit is offset by increased 
travel distances and number of vehicles competing for 
crossings. 

In addition, using Layout 2, one can see from Figures 
12 and 13 moderate ATR and STDTR for a large team 
of operational vehicles. This observation shows that by 
the proposed design and control strategies, if the vehicles 
in the system are dispatched in a random and uniform 
manner, then even for a busy operation ( 1) the flow of the 
vehicles is quite smooth, i.e. the motion of the vehicles are 
not much interfered by the traffic; and (2) one can estimate 
for each task the arriving time of the vehicle performing 
the task with an acceptable error. 

6. CONCLUSIONS AND DISCUSSIONS 

In this paper, we give a solution to the design and 
control of the AGV system for an automated container 
terminal. The popular zone control approach is used here 
to ease the traffic management. Various road network 
layouts are designed based on the practical dimension of 
a container terminal. A traffic control scheme as well as 
a routing algorithm are developed. Computer simulations 
demonstrate the efficiency of our results in terms of some 
defined performance measures. 

For an interesting comparison, we also did computer sim
ulations in which the AGVs are free ranging (no road net
work is used) , and the inter-vehicle collision avoidance are 
realized by the so called potential field based approaches 
[Whitcomb et al., 1992]. Our findings can be summarized 
as follows. With a small amount of AGVs (N < 20) , the 
two methods are comparable: AGVs have similar average 
task time and tra vel distances ( the free ranging case can 
be a bit better). However, for a relatively large vehicle 



fleet (N > 30), our method outperforms its free ranging 
counterpart; and the differences of the performance mea
sures stand out as the size of the fleet increases. Based on 
our observations, the main reason for this result is that a 
large number of the nearly head-to-head motion conflict 
resolutions , due to the narrowness of the transportation 
area, heavily slow down the vehicles in the free ranging 
case. 

There are several possible directions for further research. 
First , in our traffic control strategy, it is required that each 
lane of the road network must contain at least two zones. 
To somehow weaken this restriction may be important for 
some applications where the workspace of the AGVs is 
very limited. In addition, one could think of a relaxation of 
the token-holding requirement in the traffic control scheme 
so that multiple vehicles can leave different at-crossing 
zones simultaneously, and hence the performance of the 
AGV system can be improved. As far as we could tel1, using 
local crossing tokens, instead of a global one required in 
this work, and adding inter-crossing communications may 
lead to a successful trial. 

The designs of the layout of the road network and the 
routing algorithm are vital to the performance of the 
AGV system. The designs presented in this paper are 
partially heuristic with the help of intuitions and practical 
experiences. Better results could be obtained by setting 
up and solving formal optimization problems. Along this 
line of thinking, the balance between the optimality and 
real-time applicability of the solutions become critica! for 
practical applications. 

In this work, the tasks of the AGVs are assigned in a 
purely random manner. We predict a room for perfor
mance improvement in the future if a sophisticated task 
dispatching strategy could be incorporated, although we 
have seen only a moderate tardiness for a typical number 
of operational AGVs with our current strategy. Such a 
dispatching strategy is desired to work collaboratively with 
the routing algorithm, and utilize the feedback of the real
time traffic flow information. 

Another interesting topic is to equip the AGV system with 
some fault-tolerant mechanisms so that it can still run 
safely and smoothly with unexpected disturbances , such 
as abrupt changes of container delivery schedule and the 
appearance of obstacles in the workspace, or even with 
some failures, such as the breakdowns of vehicles or cranes. 
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