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Summary

Static route planners are widdly available. But red-time navigation systems thet provide
optima routes based on dynamic traffic information on highways and in cities do not yet

exig. However, agreet profit could be taken from such a system, looking at the amount of
daily congestions. On highways, road sensors are cgpable of gathering a greet ded of
information about the traffic flow. But in cities such datais not available.

In this thesis we have explored the use of Ant Based Control for dynamic vehicle routing in a
city. This approach is based on the behaviour of antsin nature. Intelligent software agents
imitate some of the behaviours of the naturd ants. Two improvements have been madeto
earlier versons of the Ant Basad Control dgorithm. Furthermore we have looked &t the
possihilitiesfor callecting red-time treffic information from individud vehicles. We have
chosen for an gpproach, which uses GPS and GM S/GPRS for positioning and communication
to a centrd system.

These two components are combined in arouting system that provides car drivers with the
shortest route from A to B. Before this routing system can be implemented in the red world,
it has to be thoroughly tested. For this purpose a s mulation environment has been crested, in
which treffic in acity can be Smulated. The vehicdles in the Smulaion are placed in aredidic
Stuation where they have to ded with matterslike traffic lights and precedence rules and
roundabouts, and driving on one lane, mullti-lane or one-way roads. They provide dynamic
data to the routing system by sending their position at regular times. This information is
trandated by the routing sysem in travel time estimates. With the aid of these travel times
new shortest routes are computed. These routes are sent to the vehicles for navigation.

The routing system has proven to be effective in finding good paths, avoiding congestions and
roadblocks. The routing system alows for future extensons with even wider applications.
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Chapter 1: Introduction

1.1 Problem setting

Car traffic is getting busier and busier each year. Everyone is familiar with traffic congestion on
highways and in the city. And everyone will admit that it is a problem that affects us both
economicaly aswell as mentaly. It is very frugtrating to end up in atraffic jam just when you werein
ahurry. But it is even worse that alot of people know in advance that every day they need twice as
much time as the maximum allowed speed would make possible. Furthermore finding your way in an
unknown city can be very difficult, even with a map, especialy when you are done.

One of the reasons for congestions is that road capacity is rot optimally used. Route information aong
the road is focussed on “shortest distance’. Thisinformation is static. Dynamic route information
could exploit the network capacity in an optima way.

Some service providers, such as ANWB, can provide routes based on static information and
additionaly they can inform you about possible congestions. Figure 1 was taken from [ANWB]. This
information about congestions on highways is available via Internet, SMS, WAP and i-mode. These
separate services are however not combined to provide the shortest routes in time, from the available

Figure 1. Congestions on highways marked with red

Navigation systems, like VDO Dayton, can display the route to be followed on adisplay inacar. The
user only has to provide his desired degtination. The latest versions also use congestion information to
avoid trouble spots. In case of an accident or a blocked road this can be an optimal solution. But in
case of congestion not al cars can avoid or have to avoid the road. Congestion very is dynamic.
Finding the shortest route requires a dynamical approach using the available road capacity.



At this moment MoniCais a system that collects and provides dynamic route information for car
drivers. Thisinformation is presented at DRIPs (Dynamic Route Information Panels) aong the way.
The god of this system is to route the whole cohort of driversin an optima way.

This thes's addresses traffic problemsin acity. It describes a routing system able to guide individual
car drivers through a city. Together with that, it dedls with a smulation environment that enables
experimenting with the routing system in a computer environment. The routing system should help
usersto find any addressin the city. It could aso be used to find a free parking place in the centre or
near some other address. And more important, it should provide the route with the shortest travel time.
It avoids congested roads when other roads are faster. It provides short cuts for the user that didn’t
know the city at al.

1.2 Dynamic vehicle routing system

To provide up-to-date, dynamic route information it is necessary to have access to a database of traffic
congestion and up-to-date travel times. Information from MoniCa s not publicly available. Some
information is available via radio broadcast and by phone, but this information is insufficient or not
fredy available. We came up with the idea that travellers on the route should provide the necessary
information themsdves. At regular times they send their position to a central database. From that
information the time it takes to travel from A to B can be computed. So at the start we have only static
route information to provide the shortest routes, but once travellers are on their way, we get recent
travelling data. The next step isto compute the shortest route from A to B based on the exiting
dynamic route information. We have to redlise that dl the time the optima route has to be computed,
as s0on as the travel times are refreshed. We have chosen the ABC-algorithm for dynamic routing.
After developing our system, we haveto test it. Before it can be implemented in ared world
application, we want to make sure that our system works as expected. So it was necessary to design
and implement atest bed, asmulation of the traffic in a city.

An application caled City condsts of both the smulation environment for the traffic and the Control
centre, where parameter settings can be changed. The traffic in the smulation communicates with the
Routing system. This way we simulate the communication of real vehicles with the Routing system.
The Routing system consists of two subsystems. The first subsystem is the Timetable updating system.
This subsystem receives information about the traffic network in the city. Thisinformation is provided
by the vehicles driving through the city. So our proposed system is self-contained. There is no use of
externd databases for dynamic information. Usualy those externd databases are not available for
public domain use. The second subsystem is the Route finding system. This system calculates the
shortest routes for al the users on the basis of the information in the table with the travel times. The
used dgorithm (Ant Based Control) finds its origin in mechanisms of naturd life. Thisdgorithm is
used in alot of traffic routing applications [Dorigo 1997], [Di Caro 1997], [Di Caro 1998],
[Schoonderwoerd 1997], [Van der Put 1999], [Knibbe 1999]. A description of the main components
fdlows in the next sections.

1.2.1 City traffic

Thisis an environment that visualises atraffic network. In this network vehicles are moving from their
starting point to their destination. For the route they follow they can depend on a fixed standard route
as wdl as on a dynamic route provided by the Routing system. On their way the drivers have to dedl
with redlistic traffic features like traffic lights and precedence rules. The vehicles must be enabled to
communicate with the Routing system for two purposes. The first purpose isto request the route they
have to follow. The other purposeisto provide the Routing system with feedback about the load of the
network.



1.2.2 Control centre

The Control centre is part of the City program. Its function is to enable varying of parameters. This
concerns both the simulation of the traffic network as well as the Routing system. It allows for setting
the duration of a smulation, and the load of the traffic network. But it dso adlows for fine-tuning of
parameters used by the routing agorithm.

1.2.3 Timetable updating system

The Timetable updating system can receive its information about the traffic network in the city from
different sources. This can for example be directly from sensorsin the road-surface. Such sensors can
count vehicles and measure the speed of the vehicles. That information can be used by the Timetable
updating system to compute the time it takes to cover a part of the road. Another source can be the
traffic information services. They can inform the system about congestion, diversions of the road,
roadblocks and perhaps open bridges. And finaly the vehicles themselves can provide the system with
information about the path they followed and the time it took them to cover it. The GPS-technology
can be used to locate a vehicle with a precision of afew meters. That position can be communicated to
the system aong with the covered route.

In our model the crossings are the marking points. The traffic flow between the marking pointsis
computed with the information from the vehicles. This way the travel time for every route from any
crossing to any other crossing in the city can be computed by just adding up al the travel times
between the marking points.

1.2.4 Route finding system

The Route finding system receives requests for routes from individual motorists. For each motorist the
shortest route in time will be calculated and send back to the motorist. This information depends on
thetime and the location of the vehicle. It consists of an instruction at every crossing where to go next.
The route information is updated at regular times. Routing is of course a very common problem and
many agorithms are available for solving it. But our case is somewhat different from most routing
problems. It is actually very dynamic. This means that the timetable is updated at a very high pace.
Furthermore the requests for routes will be rather frequent. To provide route information real-time, a
high computer capacity is needed. In case of avery extended traffic area the problem might ke
considered for a distributed gpproach. This means that the routing algorithm is divided over severd
parts of the network that do not know the entire state of the network. Thisway extra computer power
can be gained by using several computers.

1.2.5 ABC-algorithm

The Routing system will use an ant algorithm (Ant Based Control or ABC-dgorithm). This agorithm
uses some of the same principles that living ants in nature do. Although these ants only perceive avery
small part of their environment, they can findtheir way back from the food to their nest. And these
animals have aremarkable way of finding the shortest way between the food and the nest. They use a
pheromone trail, which they can lay and sense. Thisis explained in further detail in section 2.1.2
Implementations of these principles have shown to be very promising. The agorithm is especially
suited for the proposed distributed approach of the Routing system. Conventiona agorithms for
finding shortest paths, like Dijkstra s dgorithm [Cormen 2000], are designed for nor-distributed



networks. These agorithms assume that al information about the network is stored at one place.
Nevertheless these dgorithms may possibly be adjusted for a distributed approach.

1.3 Project description
The different phases done in this project are enumerated below.

Study of navigation systems and routing agorithms.

Design of amodd for atraffic smulation.

Design of amodel for arouting system

Implementation of atraffic smulation program.

Tegting the traffic smulation program.

Implementation of the routing system with ABC -agorithm.

Testing the routing system together with the traffic smulation program.
Experimenting with the routing system.

Evauation of the experiments.

OWooNo~wWPN P

1.4 Report structure

This report has the following structure. Chapter 2 gives some background information about
navigation systems and routing algorithms. In chapter 3 the results of the design phase are presented.
Chapter 4 shows technical details of the implementation. Chapter 5 explains the possibilities of the
applications that were built. In chapter 6 we describe some experiments. And in chapter 7 we derive
the conclusions from the results and provide some recommendations.



Chapter 2. Theoretic background

The background presented in this chapter contributes to the complete understanding of the subject
matter that is discussed in the rest of this thesis.

2.1 Routing algorithms

Here we will discuss the two routing agorithms used in the project. Dijkstra s dgorithm is a
centralised routing agorithm for a static environment with guaranteed shortest paths. A centralised
router assumesthat al datais available a one location. The ABC dgorithm is a decentralised routing
agorithm for a dynamic environment with no guarantee for absolute shortest path. A decentralised
router can compute route even if the datais distributed over severd locations.

2.1.1 Dikstra’s algorithm

Finding the shortest path is a very common problem. E.W. Dijkstra made a great contribution to
solving this prablem with a path finding agorithm. This dgorithm is carefully described in [Cormen
2000]. Dijkstra’ s dgorithm solves the single-source shortest paths problem on aweighted, directed
graph G, with verticesV (nodes) and edges E (links). It assumesthat all weights (or travel times) are
nonnegative and getic. The agorithm finds the shortest paths from one source in a graph to al
degtinations. Of course the shortest paths from al sources to al destinations can be found by repesating
the execution of the dgorithm for al sources.

Dijkgtra s dgorithm maintains a set Sof vertices whose final shortest-path weights from the source s
have dready been determined. For those vertices v from S the shortest-path estimate d[ v] is set to the
shortest path from sto v. The adgorithm repeetedly sdects one of the remaining vertices not in Swith
the minimum shortest-path estimate. This vertex isadded to Sand dl edges leaving this vertex are
relaxed. Relaxing is testing whether the shortest-path estimate of a vertex can be lowered by
designating the current edge as the best edge to reach this vertex. If the test is true, then the shortest-
path estimate d[ V] islowered and the best edge to reach this node is set to the current edge. The latter
is done by setting the predecessor property of the vertex p[v] to be the vertex on the other end of the
edge. In the following pseudo-code implementation of Dijkstra s algorithm we maintain a priority
queue Q that contains dl vertices V not in S together with their shortest-path estimate. The
implementation assumes that a set of adjacent verticesis available for every vertex.

1 procedure Djkstra(G w s) 18 procedure InitializeS ngl eSource(G 9)
2 begin 19 begin
3 InitializeS ngl eSource(G s) 20 for each v in G Vertices do
4 S := OreateEnptySet () 21 begi n
5 Q:= OeateEnptylList() 22 dv] :=¥
6 AddToLi st (Q G Vertices) 23 p[v] :=nil
7 while (not |sEnptyList(Q) do 24 end
8 begi n 25 d[s] :=0
9 u = ExtractMn(Q 26 end
10 AddToSet (S, u) 27
11 for_ each v in Adj(u) do 28 procedure Rel ax(u, v, w)
12 begi n 29 begin
13 Rel ax(u, v, w) 30 if (d[v] > (d[u] + wu, v))) then
14 end 31  begin
15 end 32 d[v] :=dlu +wu, v)
16 end 33 p[v]l :=u
17 34 end
35 end

Figure 2: Dijkstra’s algorithm in pseudo code



In line 1 we see that Dijkdtrais called with three parameters G is adirected graph with a set of
vertices and edges, wis afunction that determines the weight between two adjacent vertices, sisthe
source vertex from the set of vertices. The procedure InitidizeSingleSource sets dl shortest-path
estimates to infinity and the predecessor vertices to nil. After that the shortest-path estimate for the
source sis st to zero (going from sto stakes no time). Inline 4 Sisinitidised as an empty set. And in
line 5 theempty list Q is created. Theresfter Q isfilled with the vertices of the graph G. Thewhile
loop from line 7 is repeated until al vertices are moved from Q to S. In line 9 the vertex with the

lowest shortest-path esimatein Q isassigned to u and removed fromQ. Thisvertex isthen added to S
inline 10. In lines 11-14 dl edges (u, V) leaving u are relaxed. This s, the shortest path estimated d[ V]
and the predecessor p[v] are updated if the shortest path to v can be improved by going through u.

This algorithm can very well be used for routing problems. It computes absol ute shortest paths. For
large and dynamic networks it may however be time-consuming, because it has to art dl over again
when the data is refreshed. This may be a problem in redl-time situations. It is dso a centralised router:
it assumes that al datais available at one place. Thisis adifficulty for routing in (distributed)

networks.

2.1.2 Ant Based Control

The neurones in our brains are only capable of stimulating or inhibiting other neurones when they are
simulated themselves. Still our brains, which are composed of neurons, enable people and other
animals to do amazing complex things. The same idea goes for alot of naturd living systems.
Complex characterigtics emerge from the interactions between relatively smple unitsand their
environment. This behaviour is most often called emergent behaviour. Ants show this behaviour as
well. A group of ants does not have a central controlling authority that tells them what to do. They
have only local knowledge because of ther interaction with the environment. They simply change
direction for instance when they find a large obstacle in their way. But they aso communicate
indirectly with each other through the environment, which is called stigmergy. Many other socia
insects aso use stigmergy. One of the emerging abilities of a group of ants that use igmergy isto
find the shortest route from their nest to a food source [Franks 1989].

Ants only react to loca stimuli from the environment but they can aso change those local stimuli.
Such a modification will influence future actions of other ants at that location. There are two types of
modifications. The firdt type is called sematectonic. Modifications of this type change physica
features. An ant digging a hole is an example of this. Ants following the first ant perceive a changed
environment, which can cause them to expand the hole. The cumulative effect of such smal changes
can result in complex structures. The environment can dso be changed without contributing to the
god directly. Thisis caled sign-based stigmergy. The goa of sign-based stigmergy is to influence
subsequent behaviour. Ants are very good in using this second method of changing the environment.
They lay a specid sort of volatile hormone, or pheromone, to create a sgndling system between ants.

Laying and sensing pheromones

Ants use the laying of pheromone to find the shortest path from their nest to afood source and vice
versa. Congder the following situation (Figure 3) where two ants are looking for food. They can reach
an apple viatwo alternative routes. The southern route is shorter than the northern route. The first ants
that have to choose a direction have no knowledge about the shortest route, so they choose randomly.
One ant takes the northern route; the other uses the southern route (see Figure4). On their way they
lay a pheromone trail, which diffuses dowly. The ant taking the shorter route reaches the food quicker
and returns earlier to the nest. Thisis shownin Figure 5. Here you dso see athird ant looking for
food. This ant will sense the pheromone and prefer the route with the stronger pheromonertrail. The
southern route will have a stronger pheromone trail because one of the ants already passed twice,
while the other route is only passed once. Consequently the ants will more often use the shorter paths.
Some ants will however use other routes sometimes, because there is ill pheromone and because they



make errors. This ensures them to check other routes, which may be shorter in the future because of a
changed environment.

gk
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Figure 3: Ants choosing a randomroute

Figure 5. Athird ant chooses biased

Reasons for choosing the shortest path
There are mainly three reasons why the pheromone on shorter pathsis stronger and the ants choose
biased for shorter paths:
- Earlier pheromone
Shorter route will be completed earlier. So the first pheromone trails will attract ants to follow
shorter routes.
More pheromone:
The ant density will be higher on shorter routes, causing a merged pheromone trail of more ants.
Even if an equa number of ants are taking one of two aternatives, the shorter dternative will have
a higher ant dendity and thus a stronger pheromone trail.



Younger pheromone:
When an ant finishes a shorter route the pheromone is still younger. So it is less diffused and
stronger, attracting more new ants.

Ant Based Control algorithm

The idea of emergent behaviour of natural ants can be used to build routing tables in any network.
Others have dready applied thisideato routing in communication networks. Schoonderw oerd made
an application for telephone routers [ Schoonderwoerd 1997]. Van der Put applied the algorithm for
routing faxes [Van der Put 1999]. Knibbe gives some suggestions for improvement in [Knibbe 1999].
Di Caro and Dorigo have applied it to routers for the Internet [Di Caro 1998]. And Tatomir has
compared severa versions of the dgorithm in [Tatomir 2002]. We will explain the agorithm with the
ad of atraffic network in acity, i.e. the composition of the roads and their intersections. Such a
network can be represented by a directed graph. Each node in the graph corresponds to an intersection.
The links between them are the roads. Mohile agents, whose behaviour is modelled on the trail-laying
abilities of natura ants, replace the ants. The agents move across the network between randomly
chosen pairs of nodes. As they move, pheromone is deposited as a function of the time of their
journey. That time is influenced by the congestion encountered on their journey. Instead of red
pheromone a probability is used for dl the dternatives. A high probability represents alot of
pheromone. The sum of the probabilities for dl aternatives (from one node to one degtination) is one.
For every possible destination separate probabilities are used. This could be compared to the existence
of different kinds of pheromone for different food sources. The agents sdlect their path at each
intermediate node according to the probability for each dternative next node. The probability of the
agents choosing a certain next node is the same as the probakiility in the table.

The probability tables only contain loca information and no globd information on the best routes.
Each time an agent visits a node the next step in the route is determined. This process is repested until
the agent reaches its destination. Thus, the entire route from a source node to a destination node is not
determined beforehand.

Agents are launched at each node with regular time intervals with a random destination node. They
travel around the network using the probabilities in the probability tables. The probabilities per
degtination are dl filled with equal values for al nodes before the process begins. So initidly the ants
will walk randomly. When an agent finds his destination he will go back to its source via the same
way it came from. On its way back it changes the probabilities for the destination it just came from.
Short paths get a big update and longer paths receive less update. This way the probabilities for shorter
paths will increase faster. When the probability for one aternative is incremented the probabilities for
the other dternatives are decremented. This should keep the sum to one. This process produces
probability tables, from which the shortest routes to any destination can be read.

Figure 6 is asmple network with 7 nodes. A possible probability table of node 2 is shown in Table 1.
Thereis an entry for every possible destination and every neighbouring node. When traffic needs to be
routed the highest probability in the row with the desired degtination is taken. The next node
corresponding to this probability is used to route the traffic. For example traffic in node 2 with
degtination 6 will be routed via node 5, because this node has the highest probability for this
dedtination.



Figure 6: A smple network

Table 1: The probability table of node 2

2 Next 1 3 5
Dedtination

0.90 | 0.02 ]| 0.08
0.03 | 0.90| 0.07
044 | 0.19] 037
0.08 [ 0.05]| 0.87
0.06 | 0.30| 0.64
005[0.25]0.70
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2.2 Navigation systems

We will discuss some currently available car navigation systemsin this section. Until now only the
German Tegaron Scout offers true dynamic route planning, but only on highways. Some other route
planners offer some kind of dynamic planning. They let the user select roads that can be blocked or
roads may be blocked automatically using traffic information from the radio. Thisway dternative
routes are computed. No good comparison can be made this way, since blocked roads are not taken
into account. It may very well be possible that the traveller is advised alonger route than the route via
the congested road.

2.2.1 Travelstar

The use of dynamic route planners will result in a better use of the available capacity of the road
network, which would result in less congestion. This is something the Dutch government also realises
and therefore they stimulate the work of the company Ars T& TT in the development of the Travelstar
[Travelstar]. The Travelstar is a hand-held device that can be placed in the car as shown in Figure 7.
The hand-held device is a palmtop computer with touch screen, which can aso be used outside the car
for other common palmtop tasks like a schedule. The Travelstar uses the Radio Data System with
Traffic Message Channel (RDS TMC) for dynamic data about congestions. Furthermore it uses a
GPS-receiver to determine the location of the vehicle. This data, together with a map, is presented on
the screen. The map moves with the GPS-location and congestions are visudised in red. The system



does however not provide aroute, let alone a dynamic route. And the traffic messages are sent with a
delay of at least 10 minutes, and the congestions are provided with alength in kilometres instead of

delayed travel times.

Figure 7: The Travelstar

2.2.2 Tegaron Scout

The German company Tegaron Telematics GmbH produces the Tegaron Scout [Tegaron]. Currently
the T egaron Scout is the only known navigation system that actudly plans using dynamic data. Just
like the Travelster it uses a palmtop compuiter, but for the dynamic data it uses a GSM telephone.
When atraveller starts histrip he enter his destination. A GPS device determines his current location
and together these two are sent to the Tegaron station, using the mobile telephone. There the best route
is computed using available dynamic data. Thisrouteis sent back to the Tegaron Scout. Hereiit is
presented to the user. It shows the user where he i, using the GPS device, and what direction to go.
The Tegaron Scout isshown in Figure8.

Figure 8: Tegaron Scout

Notice that the route is not updated after the dart of the trip. Of course the best route can change
because of new congestions for example. To update the route the user has to take the initiative for
another request. Or the Scout can be set to automaticaly check for new routes. Therefore the user has
to pay a consderable price per request. Presently the dynamic datais only available for highways.
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2.2.3 PROMISE

PROMISE stands for Personal Mobile Traveller and Traffic Information Service [PROMISE]. The
objective of the PROMISE project is to provide travellers with easy access to a red-time, position-
dependent, and multimodd traveller and traffic information service during their whole journey. The
activity is supported by the project participants and the European Commission. Some of the partners
areNokia (Finland), Volvo (Sweden), British Telecommunications plc. (Greet Britain),
Rijkswaterstaat (The Netherlands), IBM Germany, BMW (Germany), Renault, France Telecom
Expertd, and Eutdlis (France). The PROMISE Project uses NOKIA 9000 Communicator as a portable
terminal (see Figure 9). There is dso an in-car device for drivers (see Figure 10). The PROMISE
services are dso intended for other traffic participants, but for acar driver the services are:

Route Planning using addresses, service locations such as gas station, car parking, cafe and

restaurants

Route guidance with the incorporation of red-time traffic information

Parking information and reservations

The project has ended in February 1999. A demonstrdion phase had been carried out in the Six named
countries. Although stated as the mgjor aim of the project, no dynamic multi- moda route planner has
(yet) been developed. The traveller ill has to combine traffic reports with planned routes himself.

Figure 9: Nokia 9000 Communicator Figure 10: In-car terminal

2.2.4 Smart Road project

The Smart Road project is an initiative from Dewilde, professor at Delft University of Technology
[Dewilde 2002]. The project is il in a design phase. In the project it is assumed that the road-surface
is provided with smart sensors, also called agents, capable of collecting data about westher conditions
and the condition of the road-surface and the traffic. The agents can exchange these data, process them
and communicate them with passing vehicles. The agents should be self-supporting using solar cells or
magnetic spooals, activated by passing vehicles. Local information about congestions can be sent to
other agents far avay via the network of the agents. The results are sent to the driver as warnings
about danger on the road and route information. On the basis of hitoricd data, traffic models and
actual datathe driver can be informed about congestions. Combined with traffic information from the
radio the driver can receive adaptive, dynamic route information. The communication between agents
and vehicles can be mutud. The vehicle can send information aboutt its trgjectory and the travel times
to the sensors. Communication with the driver will be done via speech recognition, speech synthesis
and avisua display for the maps. The in-car system should also register the actions of the driver. This
way the driver will not only be warned for a dippery road-surface, but he gets a second warning we he
does not adjust his speed. Or the driver is warned when he does not follow the route instructions.
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Chapter 3: Design

3.1 Global design

In this section we will explain the structure of the system from the viewpoint of the vehicle and its
driver. A vehicleis driving through a city and its driver wants to be informed how to get from A to B
in the shortest time. The driver enters the address where he wants to go and expects a routing system
to tell him where to go. Besides the destination the Rauting system needs to know the location where
the vehicle is a the moment. Therefore the vehicle picks up signals from GPS-satdllites (Globd
Positioning System). Thisis shown by arrow A in Figure 11. GPS is a system for determining a
position with an accuracy of afew meters. This position is measured in latitude/longitude coordinates.
In the vehicle these coordinates are trandated in a position on a certain road with the aid of a digita
map of the city. Now the vehicle has enough information to request the Routing system what route to
follow. The vehicle sends its position and its desired destination along with the request for the route to
the Routing system (arrow C). Arrow D isthe answer from the Routing system that contains theroute
that the vehicle should follow. These steps are pretty obvious, but we have skipped arrow B. This
arrow indicates that the vehicle provides the Routing system with information about the route it has
followed since the previous time. The information consists of (1) the location and time at the moment
of the previous update, (2) the location and time at this moment and (3) the route that the vehicle has
followed in between these times and locations.

All communication between the vehicle and the Routing system can be done with packet switched
communication. For this purpose a handheld computer or a dedicated navigation system could be used
by the driver. This device should enable the driver to enter a destination and it must able to present the
route to be followed. Furthermore the device should be able to derive a position on aroad from the
given GPS-coordinates. Table 2 shows a detailed enumeration of the information that is send dong the
indicated arrows (A, B, C and D).
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GPS-satellite

Vehicle

Routing system

Figure 11: Communication of the vehicle

Table 2 Communicated data between the different objects

From To Data

Arrow A | |GPS-satellite |Vehicle SEND_POSITION, latitude/longitude
co-ordinates

Arrow B | |Vehicle Routing system| UPDATE, previous time/position,
covered road A, covered road B,
covered road C, ..., current
time/position

Arrow C | |Vehicle Routing system| REQUEST_ROUTE, current position,
destination

Arrow D | |Routing system|Vehicle ANSWER_ROUTE, road A, road B,
road C, ...

Communication in time
Now we will give an idea of how the communication works out in time. Firstly, a SEND_POSITION
(arrow A) will be picked up from the GPS-satdllites. The information that is sent wth an UPDATE
(arrow B) is most valuable as soon as a new position is known. The fact is that the UPDATE must be
sent together with a current position, and the longer it is delayed the older the datais. Therefore an
UPDATE will aways be sent directly after the current position is known. This does not alter the fact
that an UPDATE does not have to be sent after every SEND_POSITION. This frequency can for
example be lower to reduce communication. Finally a REQUEST ROUTE (arrow C) and an
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ANSWER_ROUTE (arrow D) will also dways succeed a SEND_POSITION. When anew routeis
requested and acquired, the old route is overwritten. Clearly a REQUEST ROUTE needs a current
position. An old value for the position could cause a vehicle to be travelling on aroad that is ro longer
intheligt of its new route. The interval by which a REQUEST_ROUTE is sent can differ from the
former messages. After the first route is acquired it will most often be valid for the rest of the travel
time. So the frequency can be lower than the frequency of the other messages. Figure 12 clarifies
again which messages succeed each other. The time intervals could be adjustable for a driver, but in
our prototype they are given a default value.

Py

(A) SEND_POSITION
(B) UPDATE *
(C) REQUEST_ROUTE + #
(D) ANSWER_ROUTE # #

Time
Figure 12: SQucceeding messages

The occasionsin Figure 12 areillustrated by the trip of adriver in Figure 13. At occasion 1 the vehicle
determinesits coordinates and requests aroute, which is returned by the Routing system. At occasion
2 the vehicle sends information about its trip to the Routing system, after retrieving its location. At
occasion 3 the pogtion of the vehicle is determined without any succeeding messages. This should be
done to track the route of the vehicle. Thisway the vehicle knows where it is and when to inform the
driver to turn left, for example. Occasion 4 is the same as occasion 2: the vehicle sends new
information about its trip to the Routing system. Occasion 5 is the same as occasion 1. the driver
receives an updated route to follow.
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Figure 13: Some occasions during the trip of a driver
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3.1.1 Distributed routing system

The use of the ABC-agorithm alows the Routing system to be distributed. This means that the
computation is done on severa computer systems that are mutualy connected via a network.
Digtribution of computational power gives some advantages above a centra routing system. Firstly
what rormaly has to be done by one computer system is now done by severa computer systems,
which increases the speed and the memory space. Secondly, when properly implemented the failure of
one of the systems does not have to imply atotal break down of the Routing system. This does
however involve some extra communication necessary for information that is not available on the
concerning computer system. It will eventually depend on the amount of information that needs to be
communicated between the computer systems whether the actual speed will be higher than with a
centra routing system. Another possible disadvantage is that the traditiona routing agorithms cannot
be used. But the results of this thesis will have to show that the ABC-agorithm is sufficiently accurate
to route the traffic.

3.1.2 Vehicle connection

For avehicle to acquire the route information it has to communicate with the Routing system. Because
of the digtributed network we can consider two possibilities to connect with the system: directly to one
of the computers in the network or viaa server that sends the information to the right computer.
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Figure 14: Direct connection Figure 15: Connection through server

Direct connection

The vehicle could connect directly to the computer system that is the closest in distance or contains
(the mogt of) the information that the vehicle needs to be routed. Thisis shown in Figure 14. This
method is comparable with the way cdlular phones work. A cdlular phone in GSM-network chooses
to connect to the base station with the strongest connection. An advantage of this method is that the
communication can always go over a short distance. Furthermore the load of the communication is
distributed over different computer systems. And last but not least, the failure of one part of the system
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does not have to lead to a breakdown of the entire routing system. On the other side there dso have to
be more receiving gtations and the technology for the connection will be more complex.

Connection through server

The vehicle could aso connect to a centra server. This server then takes care that the request is sent to
the gppropriate computer. There the request is handled and the answer is sent back to the server. The
server again sends the answer back to the vehicle. Thisis shown in Figure 15. This method only
requires one receiving station and can make use of smpler technology for the connection to the

vehicle A disadvantage is the long range of the connection. And al communication will go via one
computer system, which causes an extremely heavy load of that system. And afailure of the central
server may cause a complete breakdown.

Used connection

In aur case we make use of asimulation where al the vehicles will run on asingle computer system.
From here the connection goes to the appropriate system that takes care of the routing. So this is most
similar to the choice to let the connection go through a server.

3.2 System design

What we want isto optimise the routes for vehicles in atraffic network, so that the sum of the travel
times of dl individudsis minima. To test such a system we need information from every driver in the
network. Therefore wehave designed a smulation of atraffic network with driving vehicles. The
chdlenge is to smulate traffic in the traffic network of a city as well as possible. Once we have the
information about the positions and times of individua car drivers we can solve the problem of routing
individua drivers. The chdlenge is to optimise the routes for vehiclesin that network given alimited
amount of information about the vehicles.

Figure 16 shows a very globd picture of the complete system. The main application isthe City
program. This is where the smulation environment, the City traffic, will run. In this environment
vehicles will drive through the road network. The movement of vehiclesis influenced by other
vehicdles and their surroundings. While driving around, the vehicles may send information to the
Routing system. There the information is handled by the Timetable updating system. This system
processes the information and stores it in the timetable. The Route finding system uses the information
in the timetable to congtruct optimal routes, which can be used by the vehicles of the city traffic. The
vehicles send arequest for an optimal route, which is answered by the Route finding system.
Furthermore there is the Control centre. Thisis the place where about al the information is showed,
from the City traffic as well as from the Routing system. Moreover everything that is adjustable can be
adjusted here. These changes can affect the City traffic aswell asthe Routing system.
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Figure 16: Systemdesign

3.3 City program

The smulation isamap of redigtic traffic behaviour in a city onto a Smulated network. In our
smulation a part of the vehicles uses the Routing system to find their way. The other vehicles use
fixed routes to get to their destination. A good smulation of the traffic network will have to find a
balance between redlism and speed. We want the smulation to be redigtic so that the Routing system
will not have a dgnificant different impact on aredl life traffic network. On the other hand the
smulation needs to generate data for the routing algorithm at a speed that makesiit possible to run
severd tests. The most important requirements of the City program are:

Realism: it is very important that the impact of the Routing system on the traffic in the smulation
will be comparable to theimpact on red life traffic in a city.
Foeed: the smulation should be fast enough to run severd test on the available computer systems
Adaptability: it must be easy to change the settings of the smulation.
Expandability: it should be easy to improve realism when the quaity of the smulation provesto
be insufficient.
Hardware/software: it should run on a PC, using Windows NT/2000 as operating system.
GUI (Graphical User Interface): the traffic network and the vehicles should be displayed for
visud inspection.

These requirements will be further explained in the next paragraphs.

Realism
In the smulation vehicles are placed on acity network. The city network consists of links and nodes,
representing the roads and crossings respectively. All the vehicles have an individud source and
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degtination for the route they have to follow. That route should go vialinks that do not differ too much
from the roads that drivers will normally take. Some of the vehicles will be routed by the Routing
system. And some vehicles should provide the Routing system with information about a part of the
route that they covered and in what time they covered that part. These vehicles that update the Routing
system could, but do not have to, be the same vehicles as the ones that are routed. The number of
vehicles that are placed on the network should have some redigtic distribution over the links. This
should ensure that heavily loaded links correspond to heavily loaded roads and the same goes for quiet
links and roads. Furthermore it should be possible to change the overal load of the network in time.
This enables to simulate rush hours. Different intersections or crossingsin the city will have a
different impact on the vehiclesin the smulation. One can think of normal crossings with priority
roads, crossings with traffic lights and roundabouts. Links should be different corresponding to
different maximum speeds alowed on the roads and the number of lanes.

Speed
A useful smulation must be ableto run in readl-time. Thisis needed for frequency of the messages,

which the vehicles send and receive, to correspond to ared life system. But when we run a simulation
it must cover aconsiderable part of the day, for example four hours. We would very much like the
smulation to run faster than red-time, so we can run several simulations in the same amount of time.
Therefore the clock speed should be adjustable to be able to execute the smulaion in red-time as well
as accelerated.

Adaptability

It must be easy to change the settings of the simulation. Changes to the network should be smple. The
load of the network and the distribution of the vehicles must be adjustable. And the load and
digtribution can vary over time. The portion of the vehicles that send update information, the portion

of the vehicles that request route information and the portion of the vehicles that do both will have to
be adjugtable.

Expandability

It should be easy to improve realism when the quality of the smulation proves to be insufficient. One
can think of the speed of the vehicles or the handling of the vehicles at intersections. These are two
important topics that could need extra attention to improve the resemblance between the smulation
and thered life situation. One should keep in mind that such improvements often go together with a
decrease of speed.

Hardwar e/software

We expect the City program to run on a common PC with Windows NT/2000. Thisis one of the most
commonly used systems nowadays. Thiswill alow others to experiment with the software, without
the need of speciadised hardware or software.

GUI

The City program requires avisual representation of the traffic network and the movement of the
vehicles. Thisis one of the best ways to test the quality of the smulation and understand the effects of
the Routing system. Furthermore some Stetistical datais needed represented as graphs. It would be
useful to be able to create these graphs from the user interface of the City program.
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3.3.1 Vehicle movement

An important component of the simulation is the movement of the vehicles. The vehicles resde on the
links. A link isaroad from one intersection to the next. All lanes between two intersections that are
directed in the same way belong to the same link. The lanes in the opposite direction belong to another
link. Figure 17 shows six links. Four links consist of two lanes and two links consist of one lane. The
links are divided into a number of blocks. There can only be one vehicle per block per lane at the same
time. This ensures a maximum dendity on the links. The indicated link has two lanes and three blocks.
So there can be six vehicles on that link at the same time. The vehicles are moved stepwise. Every step
the vehicles will be moved for example 0.2 seconds. So if a vehicle has a speed of 10 m/s (= 36 km/h)
then every time step it will be moved 2 meters. The speed of a vehicle depends on the maximum speed
assgned to the current road. All vehicles on one road will have the same speed, unless they have to

stop for other vehicles or traffic lights.

Block Link
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Two-lane —>
road
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One-lane road

Figure 17: Representation of the traffic network in the smulation

Figure 18 shows the movement of avehicle in one time step. In this case the vehicle marked with A is
moved from position O to position 7. Normally the steps are smdler unless the vehicle has avery high
speed. But thisbig step is made to illustrate how to ded with different aspects of the movement. The
vehicle cannot be moved from position 0 to 7 without making smaller steps. A number of things have
to be taken into account on its way, like obstructing vehicles and intersections for example. There can
aways be only one vehicle per block (per 1ane), so the vehicle can be moved to the end of its block
without interference. But before going to the next block it should check for an existing vehicle on that
block. And prior to being placed on ancther link, not only the occupeation of the block should be
checked, but aso the colour of the traffic lights and the precedence rules. For this purpose a flow
diagramis created (Figure 19).
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Figure 18: The movement of a vehicle in onetime step

The flow diagramin Figure 19 will be explained with Figure 18. Because it is possible that the
procedure to move a certan vehicleis caled twice per time step, it is checked whether the vehicleis
moved this time step before. Directly after that a mark is set to remember that the vehicle is moved.
Look again to the vehicle marked with A in Figure 18. The vehicle arts at position 0. According to
the size of atime step and the alowed speed on the link, the vehicle can move a certain distance per
time step. Thisis stored in movedist. Assuming that the vehicle can move to the end of the block
(blockendpos) from its current position, given the movedist, the vehicle moves to the end of its block

(podition 1). If the next block on the same link and there is no vehicle in the next block it moves

vy Ao

further to the firgt position of the next block (posgition 2). Thisis repeated until the vehicle has done its
maximum movement for this time step (movedist = 0). A specid case gppears when the vehicle is at
the end of alink in front of an intersection (pogtion 5). Then the vehicle does not only have to take
into account that there is space on the first block of the next link. It dso must be possible to cross the
intersection. How thisis handled is explained in section 3.3.2. In case of aroad with more than one
lane, the vehicle will firgt try to enter the first lane. If it is occupied by another vehicle, it will try the
second lane, and so on. Our mode does not deal with pre-sorting. When aroad consists of more than
one lane, no lanes are especidly designated for a certain direction, like going left or right. So it does
not matter where the vehicle will go, it can be placed on any of the lanes when approaching an
intersection. Even if the vehicle is on the first lane and there are more lanes with vehicles, it can turn
left without having to wait for the vehicles on the other lanes of the same road.
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Figure 19: Flow diagram of the movement of a vehicle
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Handling order

The fact that the vehicles are moved one by one each time step causes some complications. Imagine
that vehicle A follows vehicle B with a distance of one block at a one-lane road. The speed of both
vehicles might allow them to move two blocks per time step. When vehicle A is moved firg, it cannot
move to the next block because vehicle B occupiesit. But at the end of the time step vehicle B is
moved too and there would have been enough space for vehicle A. This causes an unnecessary gep
between the vehicles that would not have been there if vehicle B was moved first. To avoid this
problem we could use a complex agorithm to sort the vehicles. But instead of that we use an approach
that is less time-consuming. Every time a vehicle tries to hop to another block we just check whether it
is ocaupied by one or more vehicles. And when it is, we just move those vehicles first, before we
continue. Thisway it could possible that a vehicle is moved twice per time-step. To avoid that, we
check that every vehicle is moved only once per time-step.

3.3.2 Intersection handling

In our smulation we distinguish three different crossings or intersections. The first one is a normal
intersection, where roads with and without priority join. The second one is a crossing controlled by
traffic lights. And the last intersection type is a roundaboui.

Normal intersection

Most intersections are locations where three or four roads join. Those intersections can further be
subdivided in intersections with and without main roads. And the intersections with main roads can be
subdivided in crossings with the main roads moving straight on or with a curve to the Ieft or right. The
stated intersections are shown in Figure 20. The roads without priority are distinguished by the bold
sop line
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Equal priorities Sraight priority roads Curved priority roads

Figure 20: Examples of normal crossings

Although a classification of intersections in one of the shown categories would alow most intersection
typesto beredised in the smulation, we have chosen a more general approach. This agpproach alows
the usage of intersections with an unlimited number of joining roads and any possible angle for these
roads. What isimportant for the intersections is how the traffic reacts upon it. This means, should a
driver wait for another vehicle on a different road and give precedence or take precedence and drive.
This problem deals with three roads a atime: the current road of the driver, the road where heis
heading for, and one of the roads where other vehicles drives on. For every combination of roads that
is possible at a certain intersection, we determine and store the answer to the question whether to give
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precedence or not. Of course the precedence rules for an intersection aso depend on the vehicles
present at the intersection, but that information is dynamic. And therefore those aspects of the
gpplication of the precedence rules are postponed to the run-time of the simulation. However the
guestion whether to wait for other traffic can be computed before the start of the simulation. For that
purpose we need to know three things:

1 Doesthe current vehicle drive on aroad with priority?

2 Doesthe other vehicle drive on aroad with priority?

3 Isthe other vehicle coming from the right?

The first two questions can Smply be answered by determining the properties of the corresponding
roads. And question 3 can be derived from the geometric properties of the roads. When these questions
are answered we can determine whether a vehicles has to wait and give precedence. The generd
resultsare shown in Table 3.

Table 3: Intersection state determination

Vehidefromroad | Approachesroad  Other road is | Wait for traffic
with priority with priority on the right

Yes Yes No No

Yes Yes Yes Yes

Yes No No No

Yes No Yes No

No Yes No Yes

No Yes Yes Yes

No No No No

No No Yes Yes

Imagine for example that the roads that join the intersection dl have the same (low) priority. A vehicle
might approach the intersection from the south and want to go north. When there is a vehicle coming
from the east (right), the first vehicle will stop. This corresponds to the precedence rule that a vehicle
has to give way to the right. When judging whether there is traffic coming from a certain direction, we
do not only look at the vehicles that have areedy arrived at the intersection, but also a the vehicles
that are ill some distance away from the intersection. When a vehicle on the main road wantsto turn
left it will have to wait as long as there is traffic on the road ahead. If a vehicle drives on aroad
without priority and wants to turn left, it has to wait for dl the traffic from ahead and the right.
However it only has to wait for traffic from the l€ft if thereis a main road. The only problem that
might arise is that a deadlock appears. That problem will occur when for instance two vehicles
approach from opposite directions and they both want to turn left. Therefore it is checked whether al
vehidesin front of an intersection are waiting for precedence, and there is no traffic that is il
approaching the intersection or just crossed the intersection. If that is the case the first vehicle in the
next time step will get precedence anyway, regardless of the precedence rules.

Traffic lights

The traffic lights in the simulation are controlled with a fixed time control. This means that the green
time of atraffic light will be the same every cycle of the lights. Currently the green time is not
adjugted to the amount of vehicles waiting at that moment. This functionality can be extended in the
future. For now the state of the traffic lights is determined at the basis of atable. This table consists of
atimeintervd, in which the light should be green, for every light number mentioned in Figure 21.
Table4 is an example of such atable with time-intervas. In this example the traffic from each
direction gets 25 seconds of green light per two minutes. There is a vacation period of 5 seconds
between two green lights. The lights are red when they are not green. There is no intermediate colour.
A vehicle just has to stop when the light is not green. Every time step the state of the intersection is
determined with the aid of atraffic table. However, when two opposite directions have a green light
for going left at the same time, the cars would possibly cross each other’ s lane. Therefore the
precedence rules used with normal intersections are gpplied to the green lights only. Thisway it can
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happen that alight is green according to the traffic light table, but the vehicle has to wait for another
vehicle with a green light and priority.

Figure21: Traffic light numbering

Table4: Traffic light table

Cycle time: 120 s

Light number Start green-time | End green-time
1 0 25
2 0 25
3 0 25
4 30 55
5 30 55
6 30 55
7 60 85
8 60 85
9 60 85
10 90 115
11 90 115
12 90 115

Roundabout

Roundabouts are a very specia case. With anormal intersection the decision to crossit depends
mostly on the traffic that approaches the intersection. But the flow on aroundabout depends largely on
thetraffic that is on the roundabout, because vehicles on aroundabout have priority over other
vehicles. In any case we will not wait for avehicle from the right until it has covered a great part of
the roundabout and is actualy coming from the left. Thisillustrates that we need to modd traffic on
the roundabout itself. The easest way to do thisisto mode aroundabout like a set of normal T-
junctions. See Figure 22.
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Figure 22: The representation of this roundabout uses four T-junctions.

Needless to say the road parts on the roundabout are one-way roads. The traffic should aways turn
right when entering the crossing. As the traffic on the roundabout mostly has precedence over the
approaching traffic, the road parts of the roundabout are modelled as main roads. The default speed on
the roundabout is modelled considerably lower than the speed on the other roads. For the ease of
entering the data for a complete traffic network, a roundabout can be entered as one intersection. The
input will be converted to represent the required T junctions. There is however an important drawback
of modelling a roundabout thisway. An approaching vehicle will wait when another vehicleis driving
from the left on the roundabout. When the driver on the roundabout makes dear to turn right and leave
the roundabout, the first vehicle may drive. But in our model the vehicle will not drive, because it is
unable to detect that the other vehicle will turn. We did not model the use of direction indicators on
vehicles. Thisalso applies to the other intersection types, but there it is less gpparent. In red life there
are dill alot of driversthat do not show correctly when they are turning, for that matter. This causes
the same effects of unnecessary delay.

3.3.3 Control centre

The Control centreis apart of the City program that controls both the City traffic (Smulation) and the
Routing system. Here atraffic smulation can be started synchronoudy with the Routing system. The
speed of both systems may be different however (measured in steps per second). Controlling the
simulation and the Routing system aso means adjusting parameters used in the procedures. It might be
more customary to have a separate control centre as a part of the Routing system. But because of the
provided option to have a group of collaborating Routing system parts working as one Routing system,
it is more convenient to combine the contral in the City program. Otherwise changes in the parameters
of the Routing system would have to be entered severa times, once for every part of the Routing
system. Now we can change both the parameters of the traffic simulation and the parameters for the
Routing system in one view. The changes in the parameters of the traffic Smulation are sent to the
City traffic (Smulation). The changes in the parameters of the Routing system are sent to al active
Routing system parts.

3.4 Routing system

In this section we discuss the Timetable updating system and the Route finding system. These two
subsystems together form the Routing system. The relations are shown in Figure 23. The function of
the Route finding system will be clear: we are building a system to route vehicles. The reason why we
need the Timetable updating system is the following. The Route finding system needs information
about the state of the network. A gtatic system could use afixed set of data, but we will use a dynamic
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system that needs dynamic data. Those data are provided by the Timetable updating system. That
information can be for example the load of the parts of the network but a more direct and therefore
more practica type of information is the time it takes to cover aroad. Vehicles send information about
their covered route to the Timetable updating system. From that information this system computes the
travel times for dl roads and stores it in the timetable in the memory. Besides the timetable also a
history of measurements is stored in the memory. This history of measurements has a limited size and
old measurements are deleted when they become obsolete. The reason to keep a history will become
clear later in this chapter. The Route finding system uses the information in the timetable to compute
the shortest routes for the vehicles. When a vehicle requests route information the Route finding
system sends this information back to the vehicle.

Vehicle |<

( A

Routing system
Timetable Route

q updating » Memory > finding <
system system

Figure 23: Design of the Routing system

The most important requirements of the Routing system are:

Quality: the Routing system should provide routes that are close to the shortest possible routesin
time.

Soeed: the Routing system should be able to compute new routes in real-time and even faster for
experimental purposes.

Expandability: it should be easy to reflect lasting changes of the city network, like rew roads, in
the Routing system.

Adaptability: it should be smple to disable roads to generate diversions in cases of roadworks.

These requirements will be further explained in the next paragraphs.

Quality

We expect the Routing system to provide the drivers with routes, which approximate the shortest
possible routes in time. It may be clear that guaranteeing absol ute shortest routes is impossible for
severd reasons. Firgt of dl there is no complete overview available of the current state of the traffic.
Let done that we can perfectly predict what the traffic participants will do in the near future. We
cannot accurately predict where vehicles will go and certainly not whether pedestrians will cross a
road. We can only use historic data from the recent past to compute shortest routes.

Sped

The Routing system has to compute new short routes continuoudy, and on the other hand it hasto
handle the individual requests from driversto provide persond routes. The Routing system should be
quick enough to hardle both these mattersin red-time. For the simulation environment however it has
to be even fagter. Given the point that we want to be able to accelerate a smulation for experiments
with multiple runs, dso the Routing system must be capable of acceleration beyond redl-time speed.
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Expandability

The network of roads in acity is subject to continuous changes, like new roads, extra lanes, changing
intersections, etcetera. The Routing system should provide simple methods to reflect those changes. It
should also be easy to expand the network to alarger environment, for example to combine the
Routing system for neighbouring villages.

Adaptability

This term relates to temporary changesin a city network as opposed to the expandability requirement.
The Routing system should provide means to disable roads and change maximum speeds, to dedl with
diversions in case of roadworks, for example. Such short-term changes should be redisable very
quickly, to have the Routing system keep providing correct routes.

3.4.1 Timetable updating system

The Timetable updating system could receive its information about the traffic network in the city from
different sources. This could for example be directly from sensors in the road-surface. But the main
sources are the vehicles themsdlves. They provide the system with information about the last part of
the path they followed and the time it took them to cover it. With this information the Timetable
updating system computes the travel times for every link. The travel times are placed in the timetable.
This timetable can be seen as a two-dimensiona matrix with al intersections of the traffic network
aong both axes. When one can go from one intersection directly to another, there will be an entry in
the table that represents an estimate for the time to cover that road. The intersections that cannot reach
each other unless via other intersections will have no entry in the table. Figure 24 is an example of a
traffic network and Table 5 shows its timetable.

Figure 24: A smple traffic network

Table 5: The timetable from the traffic network of Figure 24

From: | To:

Intersection 1

Intersection 2

Intersection 3

Intersection 4

Intersec'tion 1

25s

13 s

Intersection2| [ 26 s 18 s
Intersection 3 18 s 27s
Intersection4| |12 s 25s
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We will now explain how we represent a traffic network in our mode. Figure 25 shows a simgified
part of a city map. Figure 26 shows the interna representation of that map. As one can see there are a
forward and a backward link for every road. This represents that the traffic can move in both
directions. Furthermore there can be noticed that at every point, where adriver can choose between
severd roads, the road is divided into separate links.

A

Figure 25: A part of a city network Figure 26: Internal representation of a part of
the city network

Now imagine a car driving from position 1 to position 2 over the grey line as shown in Figure 27. At
the time of 14:33:15 the car starts driving from position 1. This information is received from the GPS
satdllite and temporary stored at the vehicle. 34 seconds later the vehicle again receives its podtion
from the GPS-satdllite. Thisis shown in Figure 27. Now the vehicle sends the first and second time
and position to the Routing system (in particular to the Timetable updating system) dong with the
links it has covered between them. With the help of the available information about the network that is
present a the Routing system, the Timetable updating system can compute the time for every part of
the covered road. Therefore we need the total of the covered road since the last update of the vehicle to
compute an estimate for the time to cover the separate links:

D=3 d,
|
@
M, =

: (tz B tl)

L
D

d, is the covered distance on link [;

L,isthelength of link I;

D isthetota road covered by this vehicle since the last update;
t; and t, are the times of the updates,

M, isthe measurement of the timefor link I.

In our example the total distance D is 280 meter. (t, —t,) is 34 seconds. So if we look at the link of 50
meter then
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Hence we use those 6 seconds as an estimate for the time to cover that link. That time is used to update
the timetable. This updating is not straightforward. Aspectsto keep in mind are for example:

Severa cars provide new information, but some data is older than other;

There are no vehicles at al to provide information about certain roads.
How to ded with these problemsis explained later in this chapter.

Position 1
Time 14:33:15
44 meter on link

e e

| == |

: 126 m ! 50m

[} I

: [}

: ________________________________________________________________________
| u§

! 12

| . m—| . \/Position 2

I I H . .

i 68 m ] i Time 14:33:49
[} I

28 meter on link

Figure 27: A vehicle driving through a city

Congtraints

The most accurate results for atime estimate for a certain link are acquired when the vehicle sends
information a every corner of the road. A possible drawback is the amount of dataand
communication required. A more flexible method is to send the information at certain intervals. But
when the vehicle has covered many links before it sends new information, the average is computed
over dl those links, assuming a continuous speed of the vehicde. And the red vaue for asingle link
can deviate alot from the average value. Furthermore the delay between driving on alink and
updating the time estimate of that link might get too long. Another issue is the way the intersections
are handled. Turning left or right will dow down a vehicle considerably. But in our model turning is
handled the same way as going straight on. Another method isto treat an intersection as severd links:
on for each source/dedtination pair. Such an extension could be fit in our modd without any
adaptations. Another limitation of our modd is that is does not take into account that some drivers
drive fagter or dower on an empty road or a busy road. Besides that, there should be taken care of the
fact that drivers do not usually start and end their trip on aroad. They leave it to park somewhere,
which makes their data unrdiable. Or they stop temporary to unload something or someone. In our
simulation these problems just do not occur.

Update impulse

On quiet roadsit is very well concelvable that there will be no vehicles that send route information for
along time. When there are no updates for a certain part of aroad we till want to know an estimate
for thetimeit takesto travel that way. For that purpose we can use the length of the road, the
maximum allowed speed and some correction factor for example. The length and speed yield atime
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edtimate for the road. That time can be adjusted alittle with the correction factor to represent thet the
average peed will be some higher (or lower) than the maximum alowed speed. This yidds a default
vaue for the travel time of the road. When we look at a road with alength of 200 meter where the
average speed is 50 km/h (= 14 mV/s), the default value will be 14 seconds. When a sometime a
vehicle covers that road in 20 seconds we want the entry in the timetable to be adjusted so thet it
represents a value of about 20 seconds. This way the routing agorithm will less likely use the road for
other vehicles. But half a day later it is usdess to know that there has ever been a car that was delayed
on that road. The situation has changed many times since then. In fact information older than an hour
isusualy obsolete. So what we redlly want isthat new information gives an impulse to adjust the time,
but the effect should gradually diminish. And after for example an hour the effect of the information
should be faded out completely. If closdly after the first a second car provides the system with new
information, then we should compute a weighed average. The information of the first car counts less
than the information of the second, because it is older. And when the information of both vehicles gets
alittle older the default value should become more important. There are severa ways to accomplish
this, but we will use the following function because it isintuitively useful and essy to adjust.

D+§ W(t- )M, )
T(t) =——%5
1+g W(t-S,)
k
with > @
Wt =wel " 0£t<h
W(t)=0 dse
_/

T(t) isthe vduein thetimetable a time t;

D isde default vauein the timeteble;

M, isthe result of the k™ measurement acquired from the information of avehicle;
S isthe start time at which the information is added,

W(t) is the weight of a measurement &t time t;

w isthe weight of the measurement at the start time;

c isacongant that ensures a diminished weight in time;

h isthe period that a measurement has any effect on the outcome.

To explain this function:

Aslong as there are no results of ameasurement, only the default value D influences the vdue in the
timetable. When, at time S, the first measurement is received, that value M ; gets aweight of w (for

example 25), because tin W(t) isOwhen tin T(t) is S. Then the value for the timeteble is aweighed
average:

1xD +25xM
26
The weight of M, fadesin timewhen cis positive and less than one, for example 0.99. With the used

function W(t) the result of a measurement on the value of the timetable will be shaped like a haf bell.
Thisis shown in Figure 28.
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Figure 28: An update gives an impulseto a value in the timetable

After h time a measurement does not have any effect anymore. So al measurements must be kept in

memory for h time. The function takes care to average measurements when there are more

measurements available for a certain road. When a new measurement becomes available the values
should be computed again. But the values dso have to be computed at regular intervals because of the
fading effect.

3.4.2 Route finding system

An important aim of thisthesisis the Route finding system. This system receives requests for routes

from individua motorists. For each motorist the shortest route in time will be calculated and send back

to the motorist. The Route finding system uses the Ant Based Control agorithm (ABC-algorithm)
described in [Van der Put 1999]. This agorithm makes use of forward and backward agents. The
forward agents collect the data and the keckward agents update the corresponding probability tablesin
the associated direction. The agorithm consists of the following steps:

At regular timeintervals from every network node s, a forward agent is launched with a random
dedtingtion d: F,. This agent has a memory theat is updated with new information at every node k
that it vists. The identifier k of the visited node and the time it took the agent to get from the
previous node to this node (according to the timetable) is added to the memory. Thisresultsin a
ligt of (k, t)-pairsin the memory of the agent. Note that the agent can move faster than thetimein
the timetable.

Each traveling agent sdects the link to the next node using the probabilities in the probability

table. A random number between 0 and 1 is generated to choose one of the nodes according to the
magnitude of the probabilities. The probability for the node, where this agent just came from, is
filtered out for this agent. This way the agent will not directly go back to that node. Also the nodes
that are reached by disabled links are filtered out. Note thet the probability table is not updated yet.
If an agent has no other option than going back to the previoudy visted node or it reaches another
dready vidted node, a cycle inits path arises. This cycle is deleted from the memory of the agent.
When the destination node d is reached, the agent F g transforms to a backward agent B4. The
backward agent uses the memory of the forward agent to find the way back.

The backward agent travels from destination node d to the source node s dong the same path as
the forward agent, but in the opposite direction. It uses its memory instead of the probability tables
to find itsway.

When the backward agent steps from some node f back to some node k, it updates the probability
table in the current node k. The probability py associated with node f and degtination node d is
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incremented. The other probabilities, associated with the same degtination node d but another
neighbouring node, are decremented. The used formulas are given below.

When the backward agent has arrived at the source and has updated the probabilities there, it will
be deleted.

The probability of the entry corresponding to the node f from which the backward agent has just
arived isincreased using the following formula:

— Pold,f +DP
Pnewf - (3)
’ 1+CP

P rews 1S the new probability;
Pqq; isthe old probability;
DP isthe probability incresse.

DP should beinversely proportiona to the age of the forward agent. The formulawe useis:

DP:TA+B 4

Where A and B are constants and t is the trip-time of the forward agent from this node to the
degtination node. This trip-timeis the sum of the trip-times from this node via the node along the way
to the destination node of the forward agent. We do not take into account that the conditions of the
traffic network can change from the moment that the node is visited by the forward agent and the
updating of the backward agent.

The other entriesin the probability table with the same destination but other neighbouring nodes are
decreased using the formula:

p o= o g ©)
"t T 14+ DP

These formulas ensure that the sum of the probabilities per destination node remains 1. Probabilities
can only decrease if another probability increases. Probabilities can approach zero if other

probabilities are increased much more often. Thisis not very desirable, because in time it may appear
that the choice associated with that probability isthe best at that time, but the agents will not detect it
because they hardly ever teke that route. This problem can be solved after analogy with the natura
ants. they do not always use the pheromone trail as their guide, but sometimes just explore new routes.
Therefore we introduce an exploration probability & a minimum vaue for each probability. An
example could be 0.05 divided by the number of next nodes. After setting this minimum, the
probabilities per destination are normdised to one again. This ensures that none of the entriesin the
probability table will ever reach zero.

For agiven value of DP, the absolute and relative increese of P, is much larger for smal vaues of
P,qthan for large values of P, Thisresultsin aweighted change of probabilities. The formulas were
taken from [Van der Put 1999].

Very often the probability tables are initialised with equa vauesin such away that dl the
probabilities for one destination sum up to 1. Thisway the first agents do not have any information
about routes, let done the quality of the routes. The performance of the Routing system will, in that
case, be very bad at the beginning and cannot even be evaluated properly, because of routes with
cycles. The qudity of the routes found by the agents improves with time. At first the agents may find
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many cycles, but the number of cycles decreases as the probability tables are filled with information
that is more accurate.

We have chosen to initidise the probabilities to values that are biased to the best routes in a satic
network environment. The probahilities for these routes start with a high vaue and the other
probabilities start with alower vaue. Thisway the ants will start exploring routes with a preference

for good routes. And no initidlisng period is needed before the traffic can benefit from the Routing
system. The best routes in a dynamic network environment may very well be different from the best
routes in a gtatic network environment. The traffic will cause congestions for example. The agents take
care of finding those better routes.

Asafind point the vehicles will be routed according to the highest probatilities in the tables. They do
not have to explore other routes. They just want the best route.

Updating sub paths

We have added some extra functiondity for better performance of the Ant Based Control agorithm.
Thefird is the possihbility to update sub paths. In the origind agorithm the backward agent steps back
from the degtination to the source. On its way it updates the probabilities from its current node to the
destination. However it dso has information about the routes to other nodes on the way. Therefore the
possibility is added to let the backward agent aso update the probabilities for sub paths of the route of
the agent. We illugtrate this with the aid of Figure 29.

—0—0—0

Figure 29: The path of a forward agent

A forward agent moves from its source node A to its destination node D via hodes B and C. According
to the Ant Based Control agorithm the backward agent then moves back from D to A viaC and B. In
the original agorithm the backward agent updates the probabilities for the route from C to D when it is
in node C. Arrived a node B the agent updates the probabilities for the route from B to D. And at node
A the probabilities for the route from A to D are updated. Summarising the updated routes:

FromCtoD

FromBtoD

FromAtoD
Updating sub paths means that the agent also updates the probabilities for the route from B to C when
arived a node B. And when the agent reaches its source node A the probahilities for the routes from
A to C and from A to B are dso updated. Summarising the extra updated routes:

FromBtoC

FromAtoC

From A to B
For these extra updates no extra information is needed and the agent does not have to follow alonger
route. So there are more updates for amost no extra cogts.

Using travel time differences
Earlier in this section we discussed how the probabilities are updated. Therefore we used DP from

DP = té + B . Inthisformula t stands for the travel time from the current node to the destination node.

The consequence is that the update is smdl for large vaues of t and bigger for small vaues of t. So
imaging that an agent has for example two aternatives. along path and asmall path. Taking the long
path resultsin a smdl update for that path. And taking the small path results in a big update for that
small path. This works fine for relatively close nodes: the smdler path is preferred above the long
path. But when nodes are further away from each other, two aternative paths are both rather long.
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Even when the travel times are quite different, both paths will ill receive smal updates. Because of
these small updates none of the probabilities will offer aclear preference for one feth or the other. To
overcome this problem somewhat, we can compose at from two numbers. The first part is the usud
travel time; the other part is the experienced delay. For this delay we compute the minimum travel
time for avehicle to follow the same route as the agent did, and we subtract this from the redl travel
time that the agent measured. We cdl this the travel time difference: the difference between the
measured travel time and the minimum travel time for the same route. This minimum travel time can
be computed with the maximum speed for the given links and the length of the links. These two times
can be combined in any relaion you want. For example, they can be combined fifty-fifty: using 50 %
of the red travel time and 50 % of the travel time difference. The combined valueis used for variable
t. Using trave time differences makes the updates of the probabilities less dependent on the distance
between the nodes.

3.4.3 Distributed components

The Routing system is composed of severd distributed components. Both the Timetable updating
system and the Route finding system are divided over the distributed components. Every component
takes care of a part of the traffic network. So every component has the functiondity of the Timetable
updating system and the Route finding system. Furthermore every component contains the dynamic
datafor the part of the network concerned. And findly, they al have the same Static data. Information
required by one component but stored at another component must be communicated.

Communication of Timetable updating system

Some of the vehicles send information about their covered route to the Routing system. This
information is handled by the Timetable updating system. This system might consist of severa
distributed components, but only one of the components receives the information. The information is
processed by this component. The result can be one or more measurements for one or more roads. See
Equation 1 in section 3.4.1 for the computation d the measurements. These measurements can be
designated for roads handled by this Timetable updating system component as well as for roads
handled by other Timetable updating system components. In the latter case the measurement will be
sent to the appropriate component. At each Timetable updating system component the measurements
for some of the roads are collected. These measurements are regularly used in the computation of the
weighed average travel time for each road. See Equation 2 in section 3.4.1

Communication of Route finding system

The Route finding system uses ants to compute the shortest routes with the available information.
When the Routing system is distributed over severd components, so is the Route finding system. This
means that such a component only takes care of some of the nodes in the network. The ants hop from
node to node to collect information and compute the shortest routes. Hence it can happen that an ant
has to move from one node, handled by one Route finding system component, to another node,
handled by another Route finding system component. In that case communication between the
components takes care that the ant is moved from one component to the other. There are separate
messages for forward ants and backward ants. See section 3.4.2 for a description of the Ant Based
Control agorithm. The Route finding system aso handles the requests for routes from drivers. Such a
request is sent to one of the components. In many cases however, this component cannot provide a
complete route because it does not take care of al the nodes of the route. The route is composed of a
list of nodes to be followed by the vehicle. The information in each node can provide one step of the
route and for every next step the next node must be consulted. So it is very well possible that some
parts of the route requested by the driver must be taken from another component. For this purpose
similar requests as the one from the driver are sent to other components, but with a different starting
point of the route. This way the route will be composed of small parts from several components. When
the route is complete or the maximum number of nodes in aroute is reached, the response is sent back
to the driver.



Chapter 4. Implementation

4.1 Introduction

This chapter is a guide for the reader who wants to know how the design, discussed in the previous
chapter, isimplemented. It will dso provide help to anyone that needs to adjust the resulting program.
Furthermore it dso contains some design details for anyone that found the previous chapter was too
scanty. And last but not least this chapter contains information needed to understand the working of
the experimenta environment for researchers. The implementation is made in Delphi, using Borland
Ddphi 5.0 Professional. This development environment was chosen because there was software
available as an example of an implementation of the ABC-agorithm. Furthermore this environment
makes it easy to implement a user interface that can show a smplified traffic network of acity. In the
same way graphics to show the statistics of the performance are easily added. The applications are
developed for Windows 2000, athough they should work with most other versions of Windows. Asa
reminder the system design from the previous chapter is repeated below. The figure makes it clear that
two applications have to be built: the City program and the Routing system.

( )

City program

City traffic (simulation)

i

Control centre

A
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Routing system
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Figure 30: Systemdesign

In this chapter the implementation will be discussed in the following order:
1 Trafficamulation

Loading atraffic network

Changing the traffic network

Saving the traffic network

Automatic Smulation preparation



2 Routing system
Loading the agent network
Automatic Smulation preparation
Saving routing tables

3 Running asimulation
Manud smulaion preparation
Running the smulation
Evauating the smulation

4. Specid functiondity
Zooming
Integer queues
Integer rings

4.2 Traffic simulation

We gart with adiscussion of the traffic smulation. Below is a sample of a screenshot of the program
where the traffic is Smulated. Displayed is a network of streets with vehicles as moving bullets. It may
look like there is depth in this view, but that is actudly the result of fitting the network in the window.
The network is stretched in width to fit, and resizing the window would aso rescale the network.
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Figure 31: Example of a traffic network
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4.2.1 Loading a traffic network

To create atraffic network as shown in Figure 31 alot of datais needed, such as the characterigtics of
roads and intersections, capacities etcetera. This datawill be stored in severd datafiles. Thisway the
network can easily be adapted to changes. Now the first implemented madule takes care of reading
this information from files. Without any information there is nothing to visudise or to route.

To make aredigic smulation of the traffic network the following data are needed in the programs.

- A network of roads and intersections:
Wewill cal the intersections ‘nodes and the roads are called ‘links . Nodes are typically the
points where roads split and a driver can choose between severa directions to continue his way.
For every node we need the position on the map. This position consists of anonnegative x- and y-
coordinate. For alink we must know which nodes it connects and in what direction, because the
links are directed. So we need the node where the link starts from and the node where the link
ends. In most cases there will be two links between two nodes, because the traffic can drive in
both directions. For this and other purposes the nodes and links have to be identifiable. So every
node and every link gets a number. These data are both required by the City program and the
Routing system. The datais stored in files with the extension *.map’.
Intersection properties
For every node we need to know the type. This can be anormal intersection, an intersection with
traffic lights or a roundabout. This information will ke used in both programs. The dataiis stored in
“int’ files.
Road properties:
For every link we want to know the number of lanes, the length, the average speed and the fact
whether or not it is amain road. Because the priority of aroad can change half way, it is important
that we only mark aroad to be a main road, when it has precedence at the intersection whereiit is
going a. So aroad, going from an intersection where it has precedence to an intersection where it
does not, will be marked with alow priority. Only the City program needs the number of lanes and
the priority of the road. The length and speed will be used in both programs. Thisinformation is
stored in *.road’ files.
Routing distribution information:
For every node we need to know which part of the Routing system will take care of it. For every
number of Routing system part that is found, there will be a Routing system set up. The Routing
systems will deal with the updates that the vehicles send about their position and with the request
for routes from the vehicles. Thisinformation is needed both by the City program and the Routing
system and will be stored in *.dis files.
Traffic light tables:
For every node of type ‘traffic lights we need atraffic light table. As mentioned in the previous
chapter, atraffic light table describes for every road that ends at the intersection a what time the
light is green. These times are used periodically. Therefore a cycle time is needed for every
intersection with traffic lights. Such a cycle time canfor example be 60 seconds. This would mean
that every 60 seconds the time for the traffic light is set to 0. Now we identify each road to this
intersection by the number of the intersection where the road starts. And for every ‘from’ node and
every possible direction (l€ft, right or ahead) the start and end time of the green light are stated.
Only the City program needs this information. It will be stored in *.light’ files.
Default routing tables:
Every node gets a default routing table. In that table dl possible destination nodes are summed up,
that is, al nodes except the node for which the table is destined. And for dl these destinations a
neighbouring node of the current nodeis set to be the best choice to go. Thisinformation will be
used by the vehicles of the City program. The Routing system will use this information for an
initid state of the probability tables and to be able to count the difference between the default
routing tables and the current settings of the Routing system for statistical purposes. The
information will be stored in ‘.route files.
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Source and degtination rates:

For every link we need to know a source and degtination rate. A source rate determines how many
vehicleswill gtart at the link relative to how much vehicles will start at the other links. For
example there could be three links: link 1 has a source rate of 100, link 2 has arate of 200 and link
3 has arate of 0. Then the relative source rates are 100/300, 200/300 and 0/300 respectively. So 33
% of the vehicles will gtart at link 1, 67 % of the vehicles will start at link 2 and no vehicles will
dart at link 3. The dedtination rate determines how many vehicles will choose the link as their
degtination. Only the City program will use this informetion.

City environment;

In onefile al the files that belong together are stated. Thisis donein afile with a‘.city’ extension.
In thisfile seven variables are assigned a vaue that determines which files are used together. This
isthe main file. Loading thisfile will automaticaly load the gppropriate files of acity

environment. The extension of thefileis*.city’.

File structure

The module Script makesit possible to read files that are written in a C-like Syle (dightly different
from the Delphi-style, the used programming language). This style enables the information files to be
structured and supplemented with comments. In this style white space characters like spaces and tabs
areignored, just as comments following ‘//" or comments between ‘/*’ and **/’. The datafilesfor the
City program are text files that can be edited with any ordinary text editor. The necessary structure is
made clear by giving an example of the files below. The sample files are supplemented with comment.
Comment is skipped when afile isread. The sample files would result in a network with three nodes
connected as atriangle with six links (Figure 40).

/1 Wse this file to point out the files I/l Wse this file to construct the map
/1 needed to run a simlation
Il First enunerate the intersections
I/l The required files are: /1 Then connect the intersections wth
/* /1 roads
map_file
intersection file
road file i ntersections
distribution_file { [/ {nunber, x-pos, y-pos}
light file {1, 50, 0}
route file {2, 100, 100}
rate file {3, 0, 100}
*/ }
r oads
map_file = "Sanpl e. map" { [/ {nunber, from to}
intersection_file = "Sanple.int" {1, 1, 2}
road_file = "Sanpl e. road" {2, 2, 1}
distribution_file = "Sanple.dis" {3, 2, 3}
light file ="Sanple.light" {4, 3, 2}
route file = "Sanpl e. route" {5, 3, 1}
rate file = "Sanpl e.rate" {6, 1, 3}
}
Figure 32 Sample.city Figure 33: Sample.map
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Figure 34 Sanpleint Figure 35 Sample.road

Figure 36: Sample.dis Figure 37: Samplelight
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Figure 38 Sanpleroute Figure39 Samplerate

Loading this environment into the City program would result in the following screenshot.

_ = |
o |
e
|

Figure 40: Screenshot of the City program with the sample environment loaded
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4.2.2 Changing the traffic network

Changing the traffic network can be done in two ways. The first way isto edit the files with atext
editor program like Notepad or Wordpad for example. The other way is to load the environment into
the City program. Then the map will be shown. Clicking on anode or alink will pop up aform where
the properties can be changed. Saving the environment will change the text files. A few things cannot
be changed from within the program. These things are adding and removing of nodes and links, and
changing the ‘from’ and ‘to’ node of alink. These things have to be done by changing the *.map’ file
with atext editor program.

4 City Beverm]k 4F City Beverwijk
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Fun !EI of IB i Bun IL'I of I3 s

Traffic steps per second |5 .\. 6 Traffic steps per zecond |5 \ %
Figure 41: Check if data complete Figure 42: Supplement missing data

Use the green check button to check if the environment information is complete. All nodes and links
are checked until one of them is incomplete. Missing data can be added as described in the former
paragraph, but there is dso a button in the program to automaticaly supplement data where missing.
For most properties a default value is used. But for the length there is a scaling factor. When alink has
no length yet, the distance between the two nodes it connects is computed by using the node co
ordinates and the acquired length is multiplied by the default scding factor. Adding a default traffic
light table is done with the aid of a default cycle time and a default evacuation time. The cycletime is
divided over the incoming links and the evacuation time is subtracted from the time per link. Suppose
the default cycletime is 60 seconds, the default cycle time is 5 second and there are 4 incoming links.
Then every link gets ((60/ 4) —5 =) 10 seconds green light. So the first incoming link will have a
green light from 0 to 10 seconds, the second incoming link will have a green light from 15 to 20
seconds, etc. The gap between the first and second link is the evacuation time. The green times are by
default set to the same values for al outgoing directions (left/right/ahead). When there is no default
route entry for a certain destination the first outgoing link is added. Thiswill mostly not be the best
choice and it is very likely that the vehicles will not reach their destination &t al when using this

default value. Therefore there is dso a button named Dijkstra. When pushing this button Dijkstrals
agorithm for shortest pathsis used to compute the shortest paths from dl (source) nodesto al
(degtination) nodes. The agorithm uses the length and speed properties of the links to compute the
travel time per link. These travel times are used to determine the shortest paths. See section 2.1.1 for a
description of Dijkstra s algorithm.

4.2.3 Saving the traffic network

Saving the traffic network can be done by pushing the save button. Thereis aso a button to change the
filenames. To save files with a different name than the loaded files, first change the rame(s) and then
push the save button. When saving the files the comment from the loaded files is skipped. Instead of
that the standard comment is added to the files. Take thisinto account when adding your own
comment to thefiles: it is replaced with the standard comment when saving the files from the City
program. It is recommended not to save an environment after transforming the roundabouts (see next
section). It is not easy to change the situation back to the roundabout, because the origind nodeis
removed, new nodes are created, links are changed and added and al default routing tables are

adjusted. There is no need to save the transformation of the roundabouts unless the default
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transformation settings do not satisfy the requirements. See the next section for a description of the
changes made when transforming a roundabout.

4 City Bererwijk
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Figure 43 Savethiscity Figure 44: File names

4.2.4 Automatic simulation preparation

Transforming roundabouts
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Figure 45: Transform roundabouts

Before a smulation can be started afew things have to be done. The firgt thing is to push the button to
transform the roundabouts (if any). All roundabout nodes in the network (blue) are transformed to sets
of normal nodes (white). This process includes a number of steps that are not directly visible,
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Figure 46: Map with untransformed Figure 47: Map after roundabout
roundabout transformation

For every link that approaches the roundabout node a new node is created. Also anew node is created
for every link that leaves the roundabout but is going to another node than the approaching nodes.
Simply spoken, this means there will be one new node for every one-way link and one for two bi-
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directiond links. These new node are positioned on the links alittle away from the origina

roundabout node, let us say 5 meter. The Routing system numbers for the new nodes are inherited
from the original node. The links that were connected to the origina node are then connected to the
appropriate new nodes. When there is alink from the new nodes going to a node with traffic lights, the
node numbersin the traffic light table are changed from the origina node number to the new node
number. The new nodes aso have to be connected to each other. This is done by comparing the
relative positions of the new nodes. This makes it possible to creete a circle of new nodes and new
links, were the links are directed counter clockwise. The new links get a default length and speed, one
lane and a source and destination rate of zero. The nodes around the composed roundabout that have
default routing tables pointing to the origina node are adjusted to point to the gppropriate new node.
The default routing tables of the new nodes are inherited from the original node were possible and for
al other dedtinations traffic is routed around the roundabout. The default routing tables of al nodes
are extended with the new nodes as possible dedtinations, where the next nodes in the tables are copied
from the original node. All these steps together will be done after pushing the button to transform
roundabouts. There is no automatic reversing procedure, so it is recommended not to save the
environment &ter transforming the roundabouts. This way it is easier to change the intersection type
from roundabout to something else.

Direction determination

In the previous chapter we discussed intersections controlled by traffic lights. For every road at any
intersection with traffic lights there can be three sets of traffic lights: one for going left, one for going
ahead and one for going right. When a vehicle wants to go from one road approaching an intersection
to another one that leaves the intersection, it needs to know what direction it is going (left, right or
ahead). Thisinformation is not directly available, but derived from the geometry. The computation is
done automaticaly after every change in the network. In the smplest case the vehicle has only one
possible road to go to (going back not taken into account). Then the name of the direction can be
derived from the angle that the vehicle will make. Thiswill be explained with Figure 48.

.. ahead .

... 45:..
.. \.

left 4 right

Figure 48: The name of the direction depends on the angle of the roads

When the angle is 45 degrees or less the direction is caled *ahead’ . When the angle is larger than 45
degreesthe directionis caled ‘left’ or ‘right’ according to the Sde the road is on. The case, when the
vehicle has two possible roads to go, is alittle more complex. This can most easily be described by
summing up al possible situations with two roads. All situations with two roads can be categorised in
one of the following templates, according to section the roads are in.
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left «——3 left - right

b: one road |eft and one road ahead c: one road |eft and one road

right
ahead . .
.. A .. .. 0.
%o, . %o, . ahead
." > > rlght righW
d: two roads ahead e oneroad ahead and oneroad right f: two roads right

Figure49: All possible situations with two roadsto go to

Thisway of labelling, resultsin most cases to the most intuitive names for the directions. But there
might till be some instances where people would choose another label. The cases where the vehide
has more than two choices to go to are much easier classified. The leftmost road is called ‘left’, the
rightmost road is called ‘right’ and dl other roads in between are called ‘ahead'. Thisis certainly not
adways the best way to label the directions, but it makes the system more predictable. When a complex
agorithm would be used to label the directions, the system would be badly understood by the user and
might do unexpected things the user cannot explain. One must notice that the backward road is always
left out when counting the number of possible roads to go.

Creating roadblocks

Another thing that is done automatically after changesin the network is the (re)creation of roadblocks.
Every link is divided into a number of roadblocks. Every roadblock can at most contain one vehicle.
Thisis used to avoid vehicles bumping onto each other and keep a distance between vehicles. The
number of roadblocks per link depends on the length of the link and the number of lanes. Thereisa
roadblock for every 10 meter (for example) and for every lane. So alink of 25 meter and two lanes
will have 3 roadblocks on both lanes, which makes 6 roadblocks. Every time alength of alink or the
number of lanes of alink changes, the number of roadblocks is computed aggin.



link of 40 meter
A

4 roadblocks of 10 metet

Figure50: Creating roadblocks on a link

Setting up a Routing system

Some vehicles in the traffic smulation of the City program will use a static default route. Others will
use the Routing system for a dynamic route. This Routing system will use the current state of the
network to determine the best routes for the vehicles. The Routing system is a separate program or a
group of cooperating programs. It can be started from the City program. The first thing to be done for
the set up of the Routing system is the inventory of the Routing system parts used by the nodes. When
there are for example 4 different numbers of Routing system parts then there will also be 4 different
port numbers that identify the different parts of the Routing system. These port numbers will be saved
in atemporary file. Then (in this case) 4 Routing system programs are started. These programs will
start minimised, so they will be visble in the taskbar. They read their port number from the temporary
file and open a connection at the given port. The other port numbers are aso read to be able to connect
to each other. In the city program the port numbers are stored a every node. This way information can
be sent from a node in the city program to the appropriate Routing system part. Finally the Routing
system programs connect to the city program to acknowledge their readiness. Now the smulation can

be gtarted. Setting up a Routing system is done automaticaly after pushing a button. See Figure 51 and
Figure 52.
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Figure 51: Sart distributed routing system
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Figure 52 The taskbar shows the City program and four Routing system parts

4.3 Routing system

The traffic from the traffic smulation is partialy routed by fixed routing tablesin the City program.
Driversfallow this route because of their knowledge of the environment or because they follow the
advice of adtatic route planner. Another part of the traffic uses the Routing system to find their route
based on dynamic data. This Routing system maintains dynamic routing tables. These routing tables
are adjusted to the current traffic in the traffic network. This means for example that the routing tables
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are adapted to route traffic via quiet roads when these are fagter than the busy roads, which might be
faster at quiet times. In generd the traffic is routed via paths, which are not necessarily the shortest in
distance, but the shortest in time. Another important aspect of the Routing system is the distributed
handling of the problem. The Routing system is prepared to run on several computer systems at once.
The different parts of the Routing system will cooperate by communication through TCP/IP. Each part
of the Routing system takes care of a portion of the traffic network. Thiswill increase computer speed
and space for better performance of the system. Opening one or more Routing system programsis
done automaticaly from the City program by pushing a button as described earlier in this chapter.
Opening a Routing system program directly will terminate the program because of improper command
line parameters. The Routing system program is not intended to be opened otherwise than from the
City program.

A Routing system part 1 = ||:| l&
a3l
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Figure 53: An example of a Routing system program

4.3.1 Loading the agent network

When the Routing system program is started it automatically tries to load a network for the agents. For
this purpose it evauates the command line parameters, which were set by the City program. A subset
of thefiles that the City program used is now loaded into the Routing system program. Firgt of all the
‘.city’ fileisloaded to read the location of the other files. Then the *.map’ fileis read to construct the
network topology for the agents. Also the *.int’ file is read in which the intersection types are stored.
These data are read for the purpose of identifying the roundabouts. As transforming roundabouts
changes the network topology. The *.road’ file with the road properties is reed. From thisfile the
number of lanes and the priority per road are read only for visudisation purposes. The number of lanes
determines the number of arrows per road, and the priority determines the line width. These vduesdo
not contribute to the operation of the program. The length and speed per road do contribute to the
operation of the program. The length is used for travel time estimations per road. The speed is used for
default travel times. The digtribution fileis read aswell. In thisfile is stated which intersections are
handled by which part of the Routing system. This information is needed to be able to communicate
the right information to the right Routing system program. In Figure 53 the intersections handled by
that part of the Routing system are coloured green. The * light' fileis not read, because the Routing
system will not use the information that controls the traffic lights. The *.route’ file, which contains the
information of the default routes, is read. These default routes can have been entered manually or
computed by Dijkstral's agorithm for shortest paths. This information is used to initiaise the
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probability tables. The probakility tables could dso beinitidised with equa probabilities for dl
possible route options. In that case however, it may take some time to find the best probabilities for
optima routes. To avoid that problem the default routes are given a dight advantage with regard to
other routes, assuming that the default routes are a considerably good starting point. In addition the
default routing tables are used to compare the results of the probability tables, so we can show the
differences. Findly the ‘.rat€' file, which contains information about the traffic distribution over the
network, is skipped because it contains no information for the Routing system.

4.3.2 Automatic simulation preparation

The first thing that is done automaticaly after loading the agent network is the transformation of the
roundabout nodes. This procedure is the same as the transformation of the roundabouts in the City
program described earlier in this chapter, except for one thing. The Routing system program does not
use traffic light control information, so there are no treffic light tables adjusted in the Routing system
program. For the extended description of the procedure to transform the roundabouts, see ‘ Automeatic
smulation preparation’ within the City program. Another automatic action is the creation and
initidisation of the probability tables. As mentioned earlier the probability tables are initidised with a
dight precedence for the default routes. As alast thing the connection with the City program is
established and the Routing system program receives the parameters for the simulation from the City
program.

4.3.3 Saving routing tables

The save button in the Routing system can be used to save the routing tables. Every node in the
Routing system has a probability table, which is used for routing the traffic. In such atable only the
highest probabilities are used for the traffic: the nodes belonging to the highest probabilities determine
the routes provided to the drivers. Saving this information will result in a*.route’ -file like
‘Sampleroute’ in section 4.2.1. The name can be entered in adiaog. In thisfile not the probabilities
are saved, but the current best choices for the vehicles. This way the file will contain the default
routing tables that could be used to route the standard vehicles: the vehicles that do not use the
Routing system to be guided. In case that the Routing system is distributed over several Routing
system parts, not al the probability tables are available in one Routing system part. So when saving
the information from the probability tables in one part, not dl routing tables can be made. And thus
one has to save the routing tables from all Routing system parts to acquire dl routing tables. This
information can then be combined in one file, by smart copying and pasting wth atext editor.

4.4 Running a simulation

When the data is complete, the roundabouts are transformed and the Routing system is Sarted, a
smulation can be gtarted. This can be done by smply pushing the play button. But there might be a
few settings to be adjusted before starting.
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Figure 54: Run simulation
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4.4.1 Manual simulation preparation

The City program shows alist of parameters that can be adjusted before starting the smulation. These
parameters will be discussed one by one.
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Figure 55: The parameters of the smulation

Traffic step: the number of steps that the traffic in the smulation makes. The first box showsthe
number of steps aready done. The second box shows the maximum number of steps pa run of a
simulation. This vadue is the multiplication of the parameters ‘ Seconds' and * Traffic steps per
second'.

Second: the number of seconds that a run of a simulation takes. The first box shows the number of
seconds passed. The second box shows the maximum number of seconds per run of a smulation.
This value can be adjusted in arange from 0 to 999,999.

Run: the number of runs of a smulation. The smulation can be run a number of times without a
pause. The results of different runs will be different, because arandomiser is used. Thefirst box
shows the current run. The second box shows the maximum number of runs. This value can be
adjusted in arange from 0 to 999,999.

Traffic steps per second: the number of steps that the vehicles will make per second. This value
can range from 0 to 99. Setting this value to low will result in an inaccurate traffic smulation.
Setting this value to high will make an unnecessarily high demand on the computer system.

Ant steps per second: the number of stepsthat the ants will make per second. This value can range
from 0 to 99. The ants will hop from one node to another every step. So this value determines the
speed of the ants.

Generate vehicles: whether the smulation should run with or without vehicles. In most cases it
would be usdess to run a smulation without vehicles.
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Generate ants. whether the Routing system should generate ants. Not generating ants would make
it usdlessfor vehicles to update the timetable or request a route from the Routing system (see
concerning parameters), because the probakility tables will not be updated.

Vehicles per second: the number of new vehicles per second. At the beginning of arun of a
smulation thereis no treffic at al. This parameter controls the number of vehicles that will be
added per second. The vaue can range from 0.00 to 9,999.

Ants per steps per node: the number of new ants generated at every node and every step. The
value can range from 0.00 to 9,999.

Vehicdles

Update timetable: the percentage of the vehicles that will send update information to the timetable
of the Routing system. This vaue can range from 0 to 100.

Request route: the percentage of the vehicles that will request a route from the Routing system.
This vaue can range from 0 to 100.

ABC-agorithm:

Condgant A: a parameter used in the dgorithm to update the probability tables. The value can
range from 0.0000 to 999,999. See the description of the ABC-algorithm for further details.
Congtant B: a parameter used in the adgorithm to update the probability tables. The value can
range from 0.0000 to 999,999. See the description of the ABC-algorithm for further details.
Exploration probability: a parameter used in the dgorithm to update the probability tables. The
value can range from 0.0000 to 999,999. See the description of the ABC-agorithm for further
details.

Usetrave time differences. instead of the redl travel time of the vehicles the ABC-dgorithm can
aso use the difference between the redl travel time and the minimum travel time. Use this
parameter to define how the time is composed from these two options. The value can range form O
to 100.

Update subpaths. check this option when the agents should not only update the route to their
degtination, but also the route to al other intersections on their way.

The button at the bottom is not actualy a parameter:

Dijkstra: pushing this button will start the computation of the shortest paths with the aid of
Dijkstra s dgorithm. The agorithm uses the length and speed per road to compute the time per
road. The outcome corresponds to the one of a static routing system. It does not take into account
any possible delays. The results will be stored a the routing tables of the intersectionsin the

traffic network. Thisway all vehiclesthat do not use the Routing system will follow the resulting
routes of this computation.

A number of these parametersis also (or only) used by the Routing system. These parameters cannot
be changed from a Routing system program. They can be changed in the City program and will then
be send to al parts of the Routing system automatically. Thisway al parameters can be changed from
one view, whileit affects dl parts of the Routing system at once.
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Figure 56: The parameters of the Routing system
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After the smulation is started the first eight buttons cannot be used any longer. To be able to use these
buttons again the smulation must be stopped and reset by pushing the stop button.

4ff City Beverwijk
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Figure 57: Sop and reset smulation

4.4.2 Running the simulation

Now we will discuss what happens during a step of the simulation. Thisis explained with the aid of
Figure 58. All initiatives tart at the Centra controller in the City program. First the Centra controller
(1) sgndsthe Traffic smulation to do atime step. This will make the traffic move. Then the
Timetable updating system is instructed to (2) compute the travel times for al roads (again). And
findly (3) the Route finding system is stimulated to find new best routes by letting the ants hop from
node to node. Thereby they re-compute the probabilities in the probability tables. These steps will now
be explained in further detall.
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Figure 58: The central controller commands the Traffic simulation, the Timetable updating system
and the Route finding system

1 Time step of the Traffic simulation

Before the traffic can be moved two things have to be done. The state of al traffic lights has to be
computed. And there will be a check to detect the occurrence of deadlocks. The computation of the
treffic lights is described in section 3.3.2 The deadlock detection will now be discussed in more detail.

Deadlock detection and solving

Imagine for example an intersection with four equivaent roads. When at the same time four vehicles
are gpproaching the intersection from al four roads and they dl want to go ahead, then they dl need to
give precedence to the vehicle from the right. The fact that al vehicles are waiting for each other and
there is no more progress in the movement of the vehiclesis caled adeadlock. In red life such
situations do not occur, because people foresee such situations autometicaly and avoid unnecessary
waiting. I n that case the first or the boldest driver would take precedence without redlly having
precedence. This needs to be detected in the smulation too.

S PSR

Figure 59: A deadlock, all vehicles are waiting for each other

Firgt of al thisis done by registering per intersection whether there are vehicles waiting for
precedence this time step. Secondly it is registered per intersection whether there has been avehicle
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thistime step that did not have to wait for precedence to cross the intersection. When there is no traffic
waiting for precedence or there has been a vehicle that was alowed to cross the intersection there is
certainly no deadlock detected yet. When there is traffic waiting and no vehicle crossed the

intersection, it is fill not certain that there is a deadlock. A vehicle might be waiting for another

vehicle that has amost reached the intersection but has not yet crossed it. So another check looks
whether there is no traffic at all that has dmost arrived at the intersection. In that case a deadlock is
detected and can be solved. Therefore, in the next time step, the first vehicle to compute whether it has
precedence will get precedence, no matter what other traffic is approaching. This will keep the
vehicles diving and solve the appearance of deadlocks. There is however another possibility for the
occurrence of deadlocks:. the circular deadlock. This occurs when roads are fully occupied with
vehicles and some of those saturated roads form a chain. This problem is not dealt with, but it may
only occur in heavily loaded networks.

Vehicle actions

The movement of the vehicles consists of three actions. First new vehicles have to be generated with
an apparent random source and destination, according to the distribution rates of the links. These new
vehicles cannot be placed on alink without checking whether there is space on the link. Therefore
each link has alist with vehicles waiting to enter the link. The newly generated vehicles are placed on
that (invisible) list. The next step is to place the vehicles from that list on the middle of the links.
Before placing the vehicleiit is checked whether thereis space. If one of the lanesis free at the middle
of the link, the vehicle will be placed. Otherwise the vehicle will stay in the list until the next step. The
lists have an unlimited capecity to store vehicles. The vehiclesin alist will not be visible on the
screen, until they are positioned on the link and removed from the list. The find step for the vehicles s
the shift over the links. The order in which thisis done, is the same order asthe link numbers. Link 1
is handled firgt, then link 2, etcetera. Per link we start with the vehicles at the beginning of the link.
For movement rules the vehicles make use of the procedure ‘VehicleMove . A smplified version of
that procedure is given in pseudo code on the next page.

The procedure for moving the vehicles starts with computing which distance can be covered according
to the steps per second and current speed at line 6. Then it getsinto aloop that does not end until there
is no more distance to cover this turn. Thefirst question in the loop is whether the vehicle can move
out of the block it is currently in (line 15). If the vehicle stays in the block it canjust move without
bothering about other vehicles. When the vehicle moves out of the block the next question is whether
the next block is on the same link or on the next link (line26). When staying on the same link the only
question left before moving is whether there is space in the next block (line 29). If there is space the
vehicle will be moved into the beginning of that block. Otherwise the vehicle will stop moving this
turn and the loop is exited (line 39). When the vehicle wants to move to ancther link, we must first
determine what the next link of the route of the vehicle will be (line 45). Then the question is whether
the vehicle can go to the next link (line 47). This depends on (1) whether there is a green traffic light
(or no light at al), (2) whether the vehicle has precedence to dl other gpproaching vehicles and findly
(3) whether there is space on the next link (no other vehicle standing gill). When al these conditions
are met, the vehicle movesto the beginning of the next link (line 50-52). Otherwise the vehicle will
stop moving this turn and the loop is exited (line 66). When the vehicle moves to the next link, the
remaining distance to move might need to be adjusted, because another speed is dlowed at that link
(line 54-59). The loop is repeated until there is no more distance to be covered |eft (or the vehicle
cannot move any further).
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Figure 60: Vehicle movement in pseudo code




Disabled roads

The City program dlows the user to disable roads. This way aroadblock can be smulated.
Roadblocks can occur in case of atraffic accident or roadworks, for example. To disable aroad, click
on it with the right mouse button. A message box will popup (for every road under the mouse pointer)
asking whether to disable the road or not. Disabled roads are coloured red instead of black. The
Routing system will aso be notified of any disabled links, so it can compute dternative routes.
Disabling roads will of course affect the vehiclesin the traffic smulation. Firgt of al the vehicles that
are on aroad when it is disabled are stopped. They will not be moved until the road is enabled again.
Secondly there are vehicles that would like to take a route via a disabled road. How thisis dedlt with is
explained with the aid of Figure 61. This flow diagram is actudly an extension of the *VehicleMove
procedure in the former paragraph.

Start )

Is next road

Choose next road disabled?

No—p Go to next road

Yes

next road or its
reverse is
destination?

Compute number of
alternative roads

i4—No

Yes Remove :/c?::jcle from Cn d )

Subtract a possible
reverse road of the
current road from the
number of alternatives

Go to a random
alternative road

Are there any

alternative roads? Yes

Figure 61: Flow diagram of vehicles dealing with disabled roads

In easy words the flow diagram explains that a vehicle about to take a disabled road will choose a
random dternative road. If the vehicle hasits destination at the disabled link, the vehicle is removed
from the network, assuming that the driver parks his car and travels the remaining distance by feet. If
there are no dternatives links for the disabled link, but the disabled link was no destination for the
driver, then the vehicle is al'so removed from the network. Although this might not be very redidtic, it
isasmple way to avoid the network from getting silted up. Going back from where the vehicle came
from is not considered an dternative, because when the vehicle will arrive at the previous intersection
it will be sent back to the point where the road was blocked again. This would cause the vehicle to get
in aloop. Choosing arandom dternative does not guarantee that the vehicle will notend upina
circling around but it is a better option. Vehicles that use the Routing system to determine their route
will in most cases not just take a random dternative. They will not receive a route from the Routing
system with disabled links on the way, because the Routing system is aware of the disabled links and
provides an dternative. Because the Routing system uses probabilities to determine the best roads, it
samply chooses the road with the second best probability when the highest probability belongs to a
disabled road.



Vehicle communication

Some vehicles communicate with the Routing system. There are two purposes for communicating with
the Routing system. The most obvious reason is of course to request a route. Some of the vehicles use
a default route but others request a route from the Routing system. The route, that the Routing system
returns, depends on the traffic load on the network. This way, heavily loaded roads can be avoided.
Because the traffic load on the network changes over time, also the best routes change over time.
Therefore the vehicles need to request a new route every now and then. When a vehicle receives a new
route, the old route is overwritten and from then on the vehicle will follow the new route. The other
reason for communicating with the Routing system is to provide the Routing system with new
information about the load of the traffic network. Not al the vehicles provide new information and the
onesthat do, do not necessarily also request routes from the Routing system. The information that they
send consists of the covered route, road per road, and the time it took them to cover that path. The
Routing system uses this information to determine the load of the traffic network per road.

2 The computation of travel times by the Timetable updating system

After the vehicles have been moved, the Timetable updating system is instructed to compute the travel
timesfor al links (again). New measurements have been received from the vehicles. These
measurements are used to compute a new travel time for every link. The measurements are not directly
used asthe new travel time, but aweight function is used to combine several measurements, taking
into account the moment of the measurement. This function is described in more detail in section

3.4.1. Also when no new measurements are available, the travel times till need to be computed again
as the weight of measurements decreasesin time.

3 The search for new routes by the Route finding system

When the Timetable updating system has computed new vaues for the travel times of the links, the
Route finding system is ingtructed to execute a step in the Ant Based Control algorithm. Such a step
consists of generating new ants, and after that moving al existing ants. These ants can be forward ants
aswdl as backward ants. The forward ants move from their source searching to their destination.
When arrived at their degtination the forward ants are transformed in backward ants. The backward
ants follow the same route as the respective forward ants, but in the opposite direction from
dedtination to source. See section 3.4.2 for a detailed description of this algorithm.

Communication messages
Below you will find a description of the message accepted by the Routing system. The messages are
grouped by their function. Thefirst group takes care of setting the parameters to the desired values.
These vaues are added to the messages.
- sat max seconds

set max runs

set ant steps per second

Set constant a

set constant b

st exploration probability

<t travel time differences

set update subpaths



The next messages are generated by the vehicles in the traffic network. One message provides the
Routing system with new information about the load in the network. The other messageis used to
obtain a route from one locetion to another.

update routing system

request route

The following two messages are used to notify the Routing system of changes in the traffic network.
disablelink
endble link

The next messages are used to run and stop asimulation.
do timestep
reset

The following messages are used for mutual communication between distributed components. Here
‘ds standsfor atenth of a second, the accuracy of a measurement. With the ants also their memory is
sent in the message.

add forward ant

add backward ant

add measurement_ds

The last group of messages are used for statistical purposes, such as the construction of graphs.
get number of ants
get number of backward ants
Oet totd ant age
get number of differing next nodes

Smulation speed control

To run the smulation, use the buttons on the upper right part d the City program (see Figure 62).
Before the gtart of a smulation the stop button will be down. The second button from the left will
execute one step of the simulation and then switch to the pause state (fifth button). The play button
(third button) will run the smulation at norma speed. This speed can be adjusted with the scrollbar on
the right of the buttons. The fast forward button (fourth button) will run the smulation at maximum
speed. The smulation will not update the visua network in this state. The pause button will pause the
smuldion.

Al City Beverwijk 13 x|

NEFIENEEER RDNn [ _»]I

Traffic step!u of {4500 f_l ................................................... ‘
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Figure 62 The buttons that control the running of a simulation

4.4.3 Evaluating the simulation

During and after asimulation nine different graphs are available for evauating the results of the

smulation. They can be opened by pushing one of the B puttonsin the City program. Moving the
mouse cursor over the icons will show a hint about the indicated graph. The available graphs are:
Total number of ants
Totd number of backward ants
Average living ant age
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Totd number of differing next nodes
Average standard vehide age
Average smart vehicle age

Total number of vehicles

Average standard route time
Average smart route time

See section C.2 in the appendices for further details about graphs.

4.5 Special functionality

Here we will discuss two simple structures used for storing data during program execution. These
structures had to be added because they were missing in the standard librar ies, a least in the right
format. The firgt structure is an integer queue. It can be used to store integers and fetch them again,
first in first out. The other structure is an integer ring. It can be used to store integers and fetch them
again in any order. But when datais added to afull ring, the oldest values are automatically
overwritten.

45.1 Integerqueue

Internaly an integer queue is an array of integers with a fixed length, assigned a crestion.

Additiondly there is a pointer to the first eement of the queue (not necessarily the first position of the
array), asize of the current queue and a maximum size of the queue. Figure 63 is a representation of
an integer queue at arandom time. The maximum size of the queue is 10, the current Sizeis 7, and the
first and oldest ement is 24.

|24 |3 [19 |7 |41 |12 [19 | | |

Figure 63: An example of an integer queue

The alowed operations for the queue are:
- Push
Add an integer value to the end of the queue, after 19 in the first empty space. Adding to afull
queue will raise an error.
Pop
Fetch the firgt and oldest value from the queue and remove it from the queue. In thiscase 24 is
returned and removed from the queue. Now 3 isthe first and oldest value and an extra space
becomes available.
Clear
Remove dl vaues from the queue. Now al 10 spaces are free again.
Read index
Return the value at any given position. For example, reading index 4 returns 7. The value is not
removed from the queue.

4.5.2 Integerring

Interndly an integer ring is an array of integers with afixed length, assigned a creation. Additionally
there is a pointer to the first ement of the ring (not necessarily the first postion of the array), asize
of the current ring and amaximum size of thering. Figure 64 is arepresentation of an integer ring a a
random time. The maximum size of thering is 8, the current size is 5, and the first and oldest element
is24.
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Figure 64: An example of an integer ring

The alowed operations for the ring are:
- Push
Add an integer vaue to the end of thering, after 3 in the first empty space. Adding to afull ring
will overwrite the first and oldest value, in this case 24. Afterwards 19 will be the firg vaue.
Pop
Fetch the first and oldest value from the ring and remove it from thering. In this case 24 is
returned and removed from the ring. Now 19 is the first and oldest value and an extra space
becomes available.
Clear
Remove all vaues from thering. Now all 8 spaces are free again.
Read index
Return the value at any given position, counted from the first. For example, reading index 4
returns 15. The value is not removed from the ring.
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Chapter 5: Exploiting the applications

This chapter should give an impression of the possibilities and the limitations of the applications we
developed: the City program and the Routing system. The City program is asimulator of atraffic
environment in a city. We will explain what aspects from ared traffic environment can be redised in
the simulator and what restrictions there are. For a description how to do this we refer to the user
manual in appendix C. The Routing system is a guide for drivers that navigates them through a city.
How well it works for this purpose will be discussed in the next chapter, but here we will go into some
of the performance issues considering the computational power of one or more PC-systems.

5.1 City program

First we will discuss the possibilities of the City program. And afterwards we will point out some
limitations of the program.

5.1.1 Possibilities

We will discuss the possihilities to create a traffic environment from ared city using Beverwijk as an
example. Figure 65 shows a picture of Beverwijk from bird' s-eye view
[www.prentenkabinetbeverwijk.nl].

#;

Figure 65: Picture of Beverwijk frombird’ seye view

Map creation
Of course this picture is not the easiest starting point for creating a virtua traffic environment. A better
way isto use a2D-map of the city. This map should at least contain the roads that we want to realise
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in the virtud traffic environment. Figure 66 shows the map used to create an environment for
Beverwijk. From this map the intersections can be measured in x and y-coordinates. Then the roads
can be added as connections between two intersections. The roads will be displayed as a straight line
between the two intersections that it connects. Extraintersections placed in the curves could be used to
approximate the curvature of aroad. This would improve aredlistic view, but it is not necessary for
the accuracy of the simulation. And many extraintersections may cause the simulation to work sowly.
More important is the construction of one- and twoeway roads. Most roads are bi-directional, which
means there is traffic possible in two directions. In that case two separate roads have to be created in
the traffic environment, one for each direction. This obvioudy alows for the crestion of one-way
roads. Another topic that directly associates with thisis the number of lanes per road. Thisinformation
is often not available from many maps. This is however important information for the virtud traffic
environment, because it significantly affects the cgpacity of aroad. The number of lanes can be set per
road. If the number of lanes changes halfway of aroad, an extraintersection could be introduced that
splits the road in two. A vehicle will automatically use the second lane when the first lane is occupied.
Another matter that influences the capacity of aroad is the length. To limit the maximum number of
vehideson aroad, it is divided in pieces with a fixed length. There cannot be more than one vehicle

per piece of aroad on each lane. The length of aroad also affects the travel time of the vehicles on that
road, obvioudy. The road lengths can be set manudly, but they can aso be computed from the given
intersection coordinates using the Pythagorean proposition. The obtained lengths can be multiplied by

a congtant factor. This will give reasonable results for most roads, but some manual adjustment will be
necessary for curved roads. The traffic environment that was created from the 2D-mgpin Figure 66 is
shownin Figure 67.
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Figure 66: A map of Beverwijk
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Figure67: Virtual traffic environment of Beverwijk
Traffic rules

For intersections we digtinguish three types: normd, traffic lights and roundabouts. At normal
intersections just the usual precedence rules apply. Traffic on aroad with priority gets precedence over
traffic on aroad without priority. And traffic from the right precedes other traffic from roads with the
same priority. Thisimplies the ability to assign a priority (high or low) to al roads. Intersections can
aso be controlled with traffic lights. Only fixed time contral is possible, but for any road approaching
the intersection the amount of time that a traffic light is green can be set per direction (l€ft, right,
ahead). For convenience a reasonable default is given. When the treffic lights for traffic from different
directions are green a the same time, normal precedence rules apply again. The last intersection type
is the roundabout. Roundabouts in the traffic environment will be transformed to a set of extra roads
and intersections that are connected counter clockwise. On these new roads and intersections the
normal precedence rules for roundabouts are applied to the traffic.

Traffic flow

The speed at which the vehicles in the traffic environment will drive is determined by the given speed
per road. Data from local authorities can be used to compute redlistic values for the speed per road.
Available data can be some speed measurements of the vehicles at some point of the road. Another
approach is to use a map with the maximum allowed speed per road. The most important aspect of the
traffic flow might be: where it flows, i.e. where do the vehicles start, where do they go and what route
do they follow. Where the vehicles start and where they go, can be set by assigning a rate to each road.
The higher this rate the more vehicles will start a a road. The same goes for the degtination of the
vehicles. The route they follow is given by the Routing system or read from default routing tables.
These default routing tables can be changed manualy or computed by using Dijkstra's agorithm for
shortest paths. Because vehicles get a random starting point and a random destination accordingto the
given rates, it cannot be determined on forehand what roads will be used. So it is not possible to assign
aroad, for example, 50 vehicles per hour. A different gpproach is required. When an experiment
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should smulate an afternoon rush hour, a high rate for starting vehicles should be assigned to roads in
aregion with alot of companies. And when an experiment should Smulate a Stuation on atime that
many people go out shopping, the detination rates should be high at places with car parksin thecity
centre. The rates should aso be high for highways, that is, only the point where they enter and leave
the borders of the traffic environment. The total number of vehiclesin asimulation will be zero &t the
gtart. And then a parameter determines the number of vehicles added per second. So in the beginning
the total number of vehicles will only grow. And after some time when the first vehicles have reached
their degtination the number will be stable on average. Some testing is needed to adjust the par ameter
to achieve the desired load on the traffic network. Figure 68 shows the traffic in the smulation some
time after the start of an experiment. The different coloured circles represent vehicles with different
communication with the Routing system.
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Figure 68: The traffic in a smulation after some time
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5.1.2 Limitations

The smulation of the traffic is not perfect. Some aspects are smplified as opposed to red life traffic
for severd reasons. Too much detail would lead to dow smulation. Another reason for the congtraints
is the fact that the smulation is not the main goa of this thesis. The emphasis should be on the ABC-
routing. This means that some choices are made for the sake of convenience. But there is dso the
proof of concept: using too much rules, variables and parameters may lead to the risk of not being able
to spot the problem when things go wrong. Below alist is given of the most obvious congtraints.

All vehicles are the same:

All vehicles move with the same speed, acceleration and deceeration. There is no difference in the
type of vehicles or the driving behaviour of the drivers.

Congestion only appears in front of intersections.
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A traffic jam will dways start with a car waiting in front of an intersection. Following cars will be
waiting for the predecessor vehicles. A curve in the road will not be a reason for dday. Just as
other traffic that breaks to park or that leaves the road will not be a reason for any deceleration.
There are no other traffic participants than the standard vehicles:

Cycdligts, pededtrians and other possible traffic participants are not modelled. Traffic lights do not
turn green for them. Nor does any driver have to stop for pedestrians on a zebra crossing.
Distances to the predecessor are independent of speed:

A vehicle will keep the distance to his predecessor equaly large regardless of his speed and the
speed of the other car. When the driver in front has to stop, he will stand gill immediately, just as
the following car will stop directly in response to thefirst car.

When a deadlock situation occurs the first vehicle in a time step is allowed to drive:

In case dl vehicleswaiting in front of an intersection are not alowed to drive according to the
precedence rules, a deadlock would occur. When such a situation is detected, the firgt of those
vehiclesthat will do atime step is given permission to go ahead. In ared-life Stuation the boldest
driver would probably go firgt.

Traffic lights use a fixed time control:

The green time of the traffic lights is not influenced by the traffic that is or is not approaching the
light. There is afixed time that the lights are green and red. There is dso no yellow light state for
thetraffic light.

A vehicle can choose a direction independent of its current lane:

When avehicle drives on aroad with multiple lanes, it does not matter which lane it chooses.

Even when a driver chooses the l€eft 1ane on athree-lane road, he can turn right without waiting for
vehicles on the other two lanes.

Turning back can only be done at intersections:

Guided drivers who receive a route, which tdlls them to turn around and go back, and unguided
drivers that notice a congestion, might want to turn half way between two intersections. In red life
this would sometimes be possible, sometimes turning is impossible even at the end of alink. The
smulation dlows for turning at the end of alink, assuming the road is bi-directiond.

5.2 Routing system

The Routing system uses a map of atraffic network and recent route information of vehiclesto
compuite fastest routes through a city. It can consist of one application or a set of applications working
together by communication. First we will discuss this distributed character, then we will address some
performance issues.

5.2.1 Distributed Routing system

The routing task of the Routing system can be distributed over any number of applicationsin the range
from 1 to the number of intersections in the traffic network. This means that the task does not have to
be executed on one computer. For example the routing for a city can be split up in sectors. Each sector
should be a natural subdivison such as adigtrict of acity. Figure 69 and Figure 70 show the
communication of the City program with different configurations of the Routing system. Every
Routing system part takes care of some part of the traffic network. New information from vehicles
about the state of the traffic network is sent to one of the Routing system parts. This information is
processed and if necessary sent to the appropriate Routing system part(s). The ants, which take care of
the computation of the shortest paths, move through the Routing system. So they are also sent to other
parts of the Routing system if necessary. And when a vehicle requests aroute, this request is sent to
one of the Routing system parts. This part may not know the entire route for the vehicle. In that case
the remaining part of the route is requested from other parts of the Routing system. Hence some
communication is necessary between the different parts of the Routing system. This means that some
consideration has to be taken for the optimum number of Routing system parts.
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City program

City program

Routing system
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Routing system <« Routing system
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Figure 69: Routing system Figure 70: Routing system consisting of four parts
congsting of one part

TCP/IP is used for communication between the City program and the Routing system. For this
communication an address is needed consisting of an | P-address and an |P-port. For the ease of setting
up a Routing system dl parts of the Routing system currently get the same |P-address as the computer
where the City program is running. And accordingly dl parts of the Routing system are

(automatically) started at the same computer. Only the |P-port numbers are different. This means that
both the City program and al parts of the Routing system are currently only able to work on the same
computer. Therefore no benefit can be gained by running several Routing system parts. This dlows us
however to set up a Routing system by just pushing one button.

5.2.2 Performance issues

We will now discuss which environments can be smulated and which environments are no longer
appropriate because of their size. Keegp in mind that the Routing system is prepared to be distributed

over several computer systems, but can only be executed on one computer at the moment. So the City
program and the Routing system will use the same computer concurrently. Tests have indicated thet
the City program consumes about 20 % of the CPU-time and 80 % of the CPU-time is consumed by
the Routing system when a computer system is loaded to its maximum. For these tests only one
Routing system part is used, because more parts only give an unnecessarily extraload on one

computer. The most likely reason for the Routing system to use more CPU-time than the City program
is because there are more ants in the Routing system than vehicles in the City program. The City
program does not only provide the possibility to change the speed of the smulation, it dso provides
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the option to run a maximum speed without visua changes. This feature is added in case that screen
updating might be too dow. However, the gain in the maximum speed of the smulation islessthan 1
% when not updating the screen. The minimum requirement for the smulation speed is about red-time
speed. This means that smulating traffic for one minute will take one minute on the computer. More
desirable would be that a smulation could be speeded up, so that we can run an experiment of, for
example, an hour in only ten minutes. In that case the speedup-factor would be 6.

It may be clear that alarger network implicates alower maximum simulation speed. Thisis true for
severa reasons. The most important reasons are related to the Routing system, because it will
consume most of the CPU-time. First of al, because ants in the Routing system will be generated per
node, more nodes imply more ants in the Routing system. Secondly a larger network leads to larger
distances to be covered by the ants. And the longer the distances, the older the ants get. And the older
the ants get, the more ants will reside in the Routing system concurrently. A larger network also
providesmore possible aternative routes for the ants. And so the ants have even longer routes to
cover. This aso contributes to alarger sum of present ants. It will be clear that more ants consume
more CPU-time.

A good indication of the Sze of the network is the rumber of nodes. We have tested the speed on a
computer with a 1000 MHz CPU and 256 MB RAM. An experiment with a traffic network of 50
nodes resulted in amaximum speedup-factor of 2.7. Thisis an acceptable value for experimenting. A
more realistic network of asmadl city containing 500 nodes provided a speedup-factor of 0.4. This
means that smulating one minute of traffic will take 2.5 minutes. Such a network size is not suited for
experimenting on this compuiter.



Chapter 6: Experiments and results

In this chapter we will discuss the results of some experiments. The experiments were executed in
different environments and with different parameter settings. The resultstell us something about the
quality of the smulation and, more important, about the quality and effectiveness of the Routing
system. The used environments are a little small to be very redlistic and they might appear alittle
artificial. Thisis done for the speed of the smulations, to be able to execute many runs. And these
environments are essier to check and to predict. Another reason isthat large redistic environments
take alot of time and data before some realism is accomplished. For al experiments we will describe
the goal, the environment with the settings, the expectations and the results.

6.1 Experiment 1: Adaptation speed

6.1.1 Goal

With this experiment we want to test the adaptability of the Routing system when some roads are
disabled. When the Routing system isin an optima state and the state of the traffic network changes,
the Routing system has to adapt to the new situation. Thisis done by the ants. they congtantly move
through avirtud traffic environment and change the probability tables. By judging whether they have
found good routes, they increase the probabilities for that route more or less. We would like to
measure the time it takes for the Routing system to adapt to the new situation.

6.1.2 Environment and settings

The traffic network isagrid with 4 x 4 intersections (see Figure 71). All the vehiclesin the smulation
will drive from the road between intersections 1 and 2 to the road between intersections 15 and 16 or
vice versafrom 15/16 to 1/2. Thisis accomplished by setting the source and degtination rates of al
other roads to zero. Because al roads have the same length and maximum speed there are four
possible routes the traffic could take to accomplish the shortest travel time. Indicated by the numbers
of the passed intersections, these routes are;

2-3-7-11-15

2-6-7-11-15

2-6-10-11-15
- 2-6-10-14-15
The vehicles driving from the road between intersection 15 and 16 to the road between intersections 1
and 2 should choose the reverse order of one of these routes. When computing the shortest path with
the built-in Dijkstrd s agorithm, the first one is chosen as the shortest route (in time). This does not
mean that the other routes are longer, but just one has to be chosen and this happens to be the firt.
This route will be used by dl vehicles that do not use the Routing system. The vehicles that do use the
Routing system will initialy also use this route, because the initid state of the Routing system is
copied from these dtetic routes. So in the beginning dl vehicles will be driving viaintersections 2, 3, 7,
11 and 15 (or in reverse order). Now we will disable the roads between intersections 7 and 11 (one
road in each direction) as if there was a roadblock because of an accident or roadworks. The vehicles
that do not use the Routing system will choose a random dternative when arriving at the blocked road.
In most cases this means that the vehicles will take alonger path than necessary. The vehiclesthat do
request the Routing system for aroute, will probably make that same mistake at first. But the Routing
system can adjust this route dynamicaly. We will initidly use the default parameters for this
smulation. These defaults are:

Traffic steps per second =5

Ant steps per second =5

Generate vehicles = True
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Generate ants = True

Vehicles per second = 1.0

Ants per step per node = 1.0

Update timetable = 50 %

Request route = 50 %

Congtant A = 0.8

Consgtant B = 0.01

Exploration probability = 0.1

Trave time differences = 50 %

Update subpaths = True
We will aso change these parameters, one at atime, to find out what the most appropriate settings are.
For every set of parameters we will do ten runs of the simulation and then compute the average. What
we will measure is the time (in seconds) when thefirst vehicle, which is on its way from intersection
1/2 to intersection 15/16, will chose intersection 6 instead of intersection 3. When avehicle drives via
intersection 3 it will have to make alonger route than necessary, because the road between
intersections 7 and 11 is blocked. When a vehicle drives via intersection 6 instead, it can avoid the
blocked roads without making alonger route (see Figure 71).
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Figure 71: Traffic environment for experiment 1

6.1.3 Expectations

From the ABC-agorithm we know that to find an dternative route many ants have to follow that route
and depodit their pheromone aong this route. Initidly the probability to chose intersection 3 from
intersection 2 will be high, because this is copied from the static routing algorithm of Dijkstra. But
whenthe ants follow this route their travel time will higher than when following an aternative route
viaintersection 6. In the beginning most ants will chose the longer route, because of this high
probability. But there will dso be some ants that chose a shorter route. The ants with a shorter route
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will increase the appropriate probability more than the ants with alonger route. At some moment the
probability for taking the shorter route will become higher than the probability for the longer route.
From that moment vehicles that request a route from the Routing system will be guided aong the
shorter route viaintersection 6 instead of intersection 3, because the vehicles follow the route with the
highest probability. When a vehicle receives this new route and then reaches intersection 2 it will
chose intersection 6 as the next intersection to go to. The first occurrence of this event will be
measured.

6.1.4 Results

The results of the experiments with this environment are enumerated in Table 6. In the first series of
ten runs we left al parameters to the default vaues. In the rest of the series we changed only one of

the parameters at atime. This dlows us to compare the results of the other series with the results of the
first. The results of the separate runs are given in appendix B.1.

Table 6: Results of experiment 1

| Series | Description | Average | Standard deviation (withn-1) |
[ 1 | default parameters | 1928s| 834s |

2 no updating of sub paths 4222s| 3030s

3 2 ants per step per node 1218s 60.4 s

4 10 ant steps per second 99.6 s 87.1s

5 constant A = 0.6 1849s 821s

6 constant A = 1.2 1579s 111.2s

7 constant A = 1.6 126.7 s 56.4 s

8 constant A = 2.0 1290 s 79.0s

9 constant A = 3.0 77.7s 488s

10 constant A = 4.0 71.7 s 51.7s

11 constant A =5.0 63.3s 251s

12 constant A = 6.0 419s 152s

13 constant A =7.0 595s 346s

14 constant A = 8.0 61.1s 545s

15 constant A = 9.0 70.7 s 558s

Default parameters

When al parameters are left to the default, the firgt vehicle that takes the shorter route is noticed after
alittle more than 3 minutes (on average). Thisis arather good result but it can be enhanced by
adjugting the parameters. The standard deviation shows that the result may vary quite abit. There are
two main factors that cause this. The first is the randomness of the ants: they walk through the virtual
traffic network using the probabilities to determine their path. And the second factor is the randomness
of the vehicles: when thereis no vehicle, neither will there be avehicle to take the short path. This
may occur when there are more vehicles coming from intersections 15/16 than from 1/2 (50 % on
average). Another reason can be that the vehicles coming from intersections 1/2 do not use the
Routing system to be guided (50 % on average). And findly a traffic jam can stop vehicles from
ariving a intersection 2.

No updating of sub paths

Figure 72 shows a graph of the average living ant age. This graph is the result of three runs of 500
seconds of the smulation with default parameters. The average living ant age is alittle more than 3
steps. This means that the average ant is killed after 6 to 7 steps (assuming a uniform distribution of
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themaximum ant age). The length of the path of aforward ant is hdf the path of the forward ant and
backward ant together. So the average forward ant makes a path of alittle more than 3 steps and then
returns as a backward ant. The backward ant updates al probabilities to the destination of the forward
ant a the nodes that it passes. So this would be a little more than 3 updates on average for this case.
Now when the backward ant aso updates the sub paths, he would update 6 probabilities instead of 3
(see Figure 73). Thisimprovement is very noticeable, because leaving this option out resultsin poor
behaviour of the Routing system in this experiment. It takes more than twice as much time to adjust
the Routing system to the new situation with the disabled roads.
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Figure 72: Graph of the average age of the living ants
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For this experiment where the backward ants make three steps to get back (on average), twice as much
probabilities are updated when aso updating sub paths. But when the path of the ant islonger the
difference is even greeter. Table 7 shows the number of updates for some path lengths, when also

updating sub paths.

Table 7: Number of updates with a given path length

Path length

Number of updates

1

3

6

10

o Ol |WIN|F

15
21
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For apath of length n the number of updatesis n when no sub paths are updated. But when also
updating sub paths the number of updates can be computed as follows:

t,, =t, +n+l,
witht; =1

Using the theory of difference equations, this can be rewritten to the following function:
f(n)=4n*+in

So the effect increases quadratic with longer paths. Note that the advantage affects the shorter paths
more than the longer paths. In our experiment the longest optimal path has a length of 6 steps (from
intersection 1 to intersection 16 for example). So the path to be adjusted (from intersection 2 to
intersection 15) is rdaively long (4 steps), but even then this option is an important improvement.

2 ants per seps per node

Generating 2 ants per step per node instead of 1, results in a considerable improvement. Using 1 ant

per step per node caused the Routing system to be adjusted after more than 3 minutes. And the

Routing system needed only about 2 minutes when using 2 ants per step per node. It can be expected
that using even more ants would result in even better times. But there is a price for usng more ants.
More ants will use more CPU time and more memory and more communication is needed between the
different parts of the Routing system. Because time and memory are sparse, the number of ants that
can be used islimited. This limit depends on the size of the traffic network and the speed and memory
of the computer system(s).

10 ant steps per second

Increasing the speed of the ants from 5 to 10 steps per second produces even better improvements than
doubling the number of ants generated per second. Thisis because the ants do not only finish their
route quicker but there are aso generated twice as much ants per second. When the number of ants
generated per step (per node) is the same and there are more steps (per second), then there are more
ants generated too. This explains why the results are even better than when doubling the number of

ants to be generated. Of course this improvement has the same price for time and memory as
increasing the number of ants.

Changing congant A

The choice of 0.8 for constant A as the default value was rather random. Lowering this constant to 0.6
appears to give some improvement but it is expected to be caused by randomness and the rather small
sample size of 10 runs. Increasing the vaue resulted in more spectacular improvements. A vaue of 6.0
gave the best results. In our traffic environment we are interested in the change of the probability for
degtination node 15 in the probability table of node 2 (Figure 71). The antswill register aminimd path
of 4 gepsto get there. The minimum travel time per step/road is 23 seconds according to the given
length and maximum speed. So the virtud travel time of the ants from node 2 to node 15 is about 92
seconds, assuming that the vehicles do not suffer from too much delay. For the computation of the
update of the probability not only the travel timeis used, but aso the extratime caused by a delay.

This delay has shown to be irrdlevant on the path from node 2 to node 15. Because the setting ‘use
travel time difference’ is set to 50 %, the timethat is used for the computation of the update of the
probability is about 46 seconds (50 % of 92 + 50 % of 0). Thistime is used in the computation of ?p
in the formula

Dp=-2+B
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The best results were achieved when congtant A was 6.0. The constant B was |ft as the default value
of 0.01. Thisresultsin avaue for ?p of 0.14. So a backward ant updates the probability a node 2 for
dedtination 15 with steps of approximatdy 14 %. Thisis arather high vaue that resultsin quick
adjustments. But there is also arisk of instability, which causes the probabilities to change according
to the randomness of the ants. The choice of the value for congtant A is very dependant of the
environment. Higher values of A are better suited for large paths and lower values are more
appropriete for shorter paths. Herein lies an opportunity to enhance the used dgorithm to update the
probabilities.

6.2 Experiment 2: Effectiveness

6.2.1 Goal

The god of this experiment isto determine the effectiveness of the Routing system. In other words the
question is: How much travel time reduction can we gain by using the Routing system? The function
of the Routing system is to navigate vehicles via the shortest roadsin order to minimise their travel
time. We assume that some vehicles use this Routing system and others do not. We assume that the
vehicles that do not use it, follow fixed routes, which are not adapted to the dynamic situation of the
traffic. Vehicles navigated by the Routing system should be able to avoid traffic jams and other causes
of delay. So one way to compute the effectiveness is to compare the travel times of these two groups
of vehicles. But when some vehicles are deducted from the heavil y loaded roads this gives some relief
to the vehicles on those heavily loaded roads too. So the vehicles that do not use the Routing system
aso profit from the Routing system. This leads to another way to compute the effectiveness. compare
theaveragetrave time of dl vehicles without using the Routing system to the average travel time of

dl vehicles when some of them use the Routing system.

6.2.2 Environment and settings

The traffic network for this experiment is shown in Figure 74. The vehiclesin this experiment have
four possible starting points, namely the road between intersections 1 and 2, the road between 9 and
10, the road between 5 and 6, and the road between 6 and 7. There are only two possible degtinations,
namely the road between 1 and 2, and the road between 9 and 10. The start and end points are dways
a the middle of the road. Because dl the start and end points are equdly likely to be used by the
vehld&s the following can be stated about the routes of the vehicles

25 % of the vehicles will drive from 1/2 to 9/10 on average.

25 % of the vehicles will drive from 9/10 to 1/2 on average.

125 % of the vehicles will drive from 5/6 to 1/2 on average.

12Y5 % of the vehicles will drive from 5/6 to 9/10 on average.

12% % of the vehicles will drive from 6/7 to 1/2 on average.

12Y2 % of the vehicles will drive from 6/7 to 9/10 on average.
Inter%ctl on 6, which may be expected to be quite busy, is controlled by treffic lights. These traffic
lights are used in the Smulation to create extra congestion. The cycle time of the traffic lightsis 60
seconds and the vehicles from dl four directions each face a green light for 10 seconds. These green
phases are separated with a period of 5 seconds, in which dl lights are red. The roads between
intersections 5, 6 and 7 have double lanes. We ran this experiment twice. The first time the parameters
were set to the following values:
- Seconds = 2400

Runs=1

Traffic steps per second =5

Ant steps per second = 1.0

Generate vehicles = True

Gengate ants = True
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Vehicles per second = 1.0

Ants per step per node = 1.0

Update timetable = 50 %

Request route = 50 %

Congtant A = 0.8

Congtant B = 0.01

Exploration probability = 0.1

Trave time differences = 50 %

Update subpaths = True
ThIS run alows us to compare the travel times of vehicles that use the Routing system to the travel
times of the vehiclesthat do not useit. To compute the overdl effectiveness of the Routing system on

both types of vehicles a second run is executed. This time none of the vehicleswill use the Routing
wstem The parameters are set as follows:

Seconds = 2400
Runs=1
Traffic steps per second =5
Ant steps per second =5
Generate vehicles = True
Generate ants = True
Vehicles per second = 1.0
Ants per step per node = 1.0
Update timetable = 50 %
Request route =0 %
Congtant A = 0.8
Congtant B = 0.01
Exploration probability = 0.1
Travel time differences = 50 %
Update subpaths = True
Note that the use of ants and the parameters used by the Routing system are ineffective when there are
no vehicles using the Routing system.
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Figure 74: Traffic environment for experiment 2
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6.2.3 Expectations

For vehicles from the road between intersections 5 and 6 or 6 and 7 there is only one reasonable path
to their degtination. The dternative paths, which go viaintersections 3, 4 and 8, will hardly ever be
more attractive for those vehicles. For the vehicles from the roads between intersection 1 and 2 and
intersection 9 and 10 there are two reasonable options. They can take the northern path via
intersections 3, 4 and 8, or they can take the southern path viaintersection 6. Taking the length and
maximum speed into account, the path for avehicle from 1/2 to 9/10 can be covered in 75 seconds
when passing intersections 2, 6 and 9. The dternative viaintersections 2, 3, 4, 8 and 9 will cost at least
82 seconds. So al vehicles from 1/2 to 9/10 and vice versawill initidly take the southern route. But
intersection 6 of the southern route is a point where many vehicles from different roads join and cross
each other’s path. Therefore it is controlled by traffic lights. These traffic lights make the crossing
safer and the priority for vehicles from different roads is distributed more fairly. On the other hand the
traffic might perceive a considerable delay at thisintersection because of the heavy load and the traffic
lights. Thiswill cause the northern path to be more attractive for vehicles from intersection 1/2 to 9/10
and vice versa. So we expect the vehicles that follow the advice of the Routing system to drive viathe
northern roads, where there are no delaying intersections. This should result in faster routes for these
vehicles as opposed to the vehicles that do not use the Routing system.

6.2.4 Results

The first run of this experiment provided the following graphs (Figure 75 and Figure 76). These
graphs show the differences in the average travel time of standard and smart vehicles over period of 40
minutes (2400 seconds). The standard vehicles do not use the Routing system, the smart vehicles do.
The value at the end, after 2400 seconds, is the average of al measured travel times since the start of
the experiment until the end.
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Figure 75: Average standard route time Figure 76: Average smart route time

When we zoom into the graphs (Figure 77 and Figure 78) we see that the (rounded) value for the
standard vehiclesis 88 seconds and the vaue for the smart vehicles is 79 seconds. So the overal profit
for the smart vehiclesis 10 % on average as opposed to the standard vehicles, which do not use the
Routing system.
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Note that the differences are only caused by the vehicles driving from intersections 1/2 to 9/10 and
vice versa, and these make up only 50 % of the smart vehicles. The other smart vehicles use the same
paths as the standard vehicles. So the effectiveness for the smart vehicles driving from intersections
1/2 to 9/10 (and vice versa) againg the standard vehicles with the same source and degtination is even
bigger. To be able to compare these paths, we have measured the travel time of al vehicles per road.
The acquired average travel times (per road) are given in Table 24 of the appendix. With these
averages per road we can compute the average path lengths for dl paths of the vehicles. But we are
interested in the differences between the northern path and the southern path. The results are shown in
Table 8. Note that we computed the path from the middle of the road between intersections 1 and 2 to
the middle of the road between intersections 9 and 10, because that was the complete path that the
vehicles covered. The average profit for vehicles that used the northern path (because they were routed
by the Routing system) is 19 % against the travel time of the standard vehicles.

Table 8: Trave time differences for the northern and southern path

Northern path Southern path Profit for smart
vehicles
From west to east 85.89s 101.78 s 16 %
From east to west 83.05s 10551 s 21 %
Average 8447s 103.65s 19%

We have to bear in mind that these results are specific for this environment. We cannot say in genera
that using the Routing system provides this gain of time. We have created an environment in which
condderable profits were to be expected. In redl life most times these percentages are not redlissble.
Very often people that drive from home to work every day know the shortest routes by experience and
they might not take very much advantage of the Routing system at dl. For example, if you know there
are treffic lights at intersection 6, you could avoid them without the aid of a Routing system. More
advantage is possible in places that the driver does not know.

Another effect of the Routing system that we wanted to measure was the impact on vehicles that do
not even use the Routing system. Therefore we ran the same experiment without the Routing system.
Figure 79 shows the graph of the average route time. A close-up of the vaue a the end of the
experiment shows that the average route time was 129 seconds. As we remember the average route
time for the vehicles that did not use the Routing system was 88 seconds in the first run of the
experiment. So in this period of 40 minutes the average profit for the sandard vehiclesis 32 %. The
graph aso shows us that the route times are till growing. Thisis explained with Figure 81, whichisa
screenshot of the City program at the end of the simulation. It can be seen that one of the roads to the
intersection controlled with traffic lights (intersection 6, between 5 and 7) is completely saturated,
causing even the vehicles on the road from intersection 1 to 2 to wait for the same red light. This
congestion occurs because none of the vehicles take the dternative route via the north. Of course the
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vaue of 32 % profit is specific for this environment and with this parameters, but it shows that a
considerable advantage can be taken from the Routing system in some cases, even for vehiclesthat do
not use the Routing system.
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6.3 Experiment 3: Stability
6.3.1 Goal

In experiment 3 we will examine the stability of the ABC-agorithm. The stahility isthe degreeto
which the system remains in the same dtate. In this case it means that the agents (or ants) in the
Routing system continue to move and update probabilities, but the Routing system will provide the
same routes for the same requests of the vehicles. The route that the Routing system returns depends
on the probabilities in the probability tables of the nodes. The highest probability for agiven

degtination will determine the next step of the route to that destination. So the system is stable as long
as the highest probabilities remain the highest. We measure the stability of the system by computing
theingtability, i.e. how many times does the highest probability switch to an aternative node. Of
course neither the stability nor the instability can directly be used to evaluate how well the Routing
system performs. When the Routing system is completely stable, it does not adapt to changing
network condition. So the vehicles will always obtain the same route, whether it is the shortest or nat,
whether it is congested or not. A high degree of instability does not guarantee good performance
either, because this could mean that every vehicle receives a random route. What we want is a Routing
system that quickly changes to the state where it provides the shortest routes in time and then stays
stable until there redly are shorter paths. So we will andyse the gability in combination with the

speed of adaptation.

6.3.2 Environment and settings

First we will explain the environment used for our experiment and the pplied settings. For our
experiment we used the traffic network as shown in Figure 82 A Smilar network is often used to
explain the principles of ant behaviour that we use as the base for our routing algorithm. According to
that analogy the vehicles start at the road between intersections 1 and 2 (the nest) and go to the road
between intersections 6 and 7 (the food). Because we only want to measure stability at one
intersection, we are not interested in the vehicles that go back from intersections 6/7 (the food) to
intersections 1/2 (the nest). Therefore we will not send vehicles in that direction. The vehicles from
1/2 to 6/7 redly have two possible roads to choose: viaintersections 2, 3, 5 and 6 or viaintersections
2, 4 and 6. The same speed is dlowed on dl roads and al intersections are normd, i.e. the usua
precedence rules apply and al roads have the same priority. So it is obvious that the southern road via
intersections 2, 4 and 6 is faster (without congestion). The trave times for the two dternatives have a
ratio of 55/45 with respect to the north/south route. As explained before we are interested in a stable
Routing system that does quickly adapt to changes in the traffic network. To be able to evaluate this
we have crested an environment in which the Routing system has to adapt to a new stuation, but the
environment provides a reasonable dternative, so the stability is not obvious. For this purpose the
vehides are initidly routed via the longer northern path. This means that the probabilitiesin the
probability table of intersection 2 for detination 6 are et to:

0.6 for going to next intersection 3 (taking the northern route)

0.2 for going to next intersection 4 (taking the southern route)

0.2 for going to next intersection 1 (going back)
Because intersection 3 has the highest probability the vehides will (initidly) be routed dong the
northern path, which is not the fastest path. But the differences are not too big: 55/45. To visuaise
what the highest probability at some timeis, we need vehicles that use the Routing system to be
guided. The vehiclesthat do not use it are not interesting, so we set the parameter Request route to 100
%. We will not use vehicles that send update information to the Routing system, because congestion
(caused by the application of the precedence rules) might disturb the relation of 55/45. So the
parameter Update timetable is set to 0 %. The consequenceis that dl vehiclesin the smulation will be
coloured blue. The vaue of the parameter Travel time differencesis set 0 %. Otherwise the ants not
only collect travel times but aso delays. In this experiment the delays are not measured, because no
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vehicles send update information to the Routing system. Therefore it is useless to compute a delay.
Changing this value does however affect the desired value for constant A.
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Figure 82: Traffic environment for experiment 3

We have run a number of different experiments, but the following parameter vaues have remained
congtant:

Seconds = 120

Runs=1

Traffic steps per second =5

Ant steps per second =5

Generate vehicles = True

Generate ants = True

Vehicles per second = 0.25

Ants per step per node =1

Update timetable = 0 %

Request route = 100 %

Exploration probability = 0.1

Usetravel time differences=0%

Update subpaths = True
ThIS means that we have been searching for values for constant A and B to achieve a stable Routing
system that does quickly adapt to provide the shortest routes. We are however not interested in the
optimal values for constant A and B, because they vary for different sizes of the network environment.
More important is how different values for congtant A and B affect the stability and the ability to
adapt. Firgt we have done some series for varying vaues of congtant A and an unvarying vaue for
constant B. Constant A was subsequently setto 1, 2, 4, 8, 16, 32 and 64, and constant B was set to
0.01. Then we have executed some series where constant A was kept to 4 and constant B was set to O,
0.005, 0.02 and 0.04. All series conssted of 6 runs.
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6.3.3 Expectations

In most cases the firgt vehicles will take the northern route and after some time new vehicles will
follow the southern route. Thet is, if the parameters are well set and the Routing system works fine. To
see the effect of the parameters constant A and B we recall the update function for the probability of
the chosen path:

Dp=+B

?p represents the increase of the probability for going to a certain next node for some destination. So
both constant A and constant B can be increased to achieve bigger updates. And lower values for
congtant A and B will cause smaller updates. The influence of constant A depends on the travel time t
of the ants. The influence of constant B solely depends on the number of ants that teke a certain route.
High values for both constants will cause quicker adaptation but more chance for instability. Low
vaues may prevent or delay the Routing system from adapting. The value for constant B is expected
to be responsible for extra randomness in the course of the vaue for the probability. Notice that even
if the update of the probability is samall from one ant, many ants can have alarge enumerated effect on
the probability. So if many ants take the longer route, the probability for this route will increase.

6.3.4 Results

The resulting graphs from experiment 3 can be found in appendix B.3. Here we will only show the
most typica graphs. When looking at the graphs, one should bear in mind that node 4 is the best
choice for the traffic, so in the best Situation the darkest line is the highest of dl. Figure 83 shows that
for low values of constant A the probabilities change dowly. But even then there is no guarantee that a
reached optimal Situation is stable. Notice that the probakility for node 1 dowly decreases to dmost
zero. There is no positive update at dl. The reason is smple: if ants choose node 1 as their next node,
they can only reach their destination node (6) by returning to node 2. In that case they have crested a
circular path, which will be removed from their memory. So when they return from their destination
back to the source node (2) as a backward ant they will never give a positive update to the probability
for node 1. Hence al the updates for this probakility are negative, as a consequence of positive
updates for the other probabilities. The only reason that the probability does not actually reach zero, is
because of the use of the exploration probability. No probaility can be diminished to a vaue below
the exploration probability divided by the number of neighbouring nodes. In this case the exploration
probability has avaue of 0.10, so the probability for node 1 will get to 0.033 after sometime. This
will be the same for al runs of this experiment.
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Figure 83: Praobabilitiesfor destination 6 (A= 1, B= 0.01)
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The graph d Figure 84 shows more desirable results. The Routing system adapts much quicker to the
best situation. And aso the system is rather stable after reaching this Situation.
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Figure 84: Probabilities for destination 6 (A= 4, B= 0.01)

In Figure 85 the value for constant A was rather high: 32. This causes the probabilities to change with
big jumps. Most of the time the Routing system provides the best route, bt probabilities can change
from over 0.9 to lessthan 0.1 in less than 10 seconds.
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Figure 85: Probabilities for destination 6 (A = 32, B = 0.01)

Figure 86 shows that the use of congtant B has no significant effect on the performance of the ABC-
agorithm. Disabling the use of constant B (setting it to zero) resultsin a performance that is
comparable to the case when it was set to 0.01, as shown in Figure 84. The Routing system quickly
adapts and the best probability reaches an even higher vaue, which makes it more stable in the long
run.

79



0,8
0,6
04

0,2

WMVN

YA

T

vV

I

AN

v
I
L4 M

l 3

11 ]

—
N M <

—

o 4 A A
n © ™~ 0w O

101

—
—
—

Node 1

Node 3 Node 4 |

Figure 86: Probabilities for destination 6 (A= 4, B= 0)

As shown in Figure 87 high values for constant B cause the Routing system to produce rather random
routes. This might be an advantage in some cases, when looking at the generd traffic distribution. But
of coursein most cases it resultsin a poor performance, especidly for individua drivers.

1
0,8
0,6
04

0,2

A

_— v
r/VM A AM/

e

) SO0

A
VRN L
W
— — — — — — - — — - — —
- N (92 < wn © ~ [ee] (o)) o -
- -
Node 1 Node 3 Node 4 |

Figure 87: Praobabilitiesfor destination 6 (A= 4, B= 0.04)

We can conclude that the ABC-agorithm il routes some vehicles dong the longer pathsin time,
even with optimal parameter settings. The Routing system will rarely send vehicles viairrationa roads
to get to their dedtination. Although in some cases shorter routes may be possible. Thisresultsin a
very good usage of the network capacity, even though the results for individua users may not dways

be optimdl.
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Chapter 7. Conclusions and recommendations

In this last chapter we will discuss the results of our study and draw some conclusions. Furthermore
we will present some suggestions for extenson and enhancement in the future.

7.1 Conclusions

In this report we have examined the feasibility of a red-time route planner based on dynamic traffic
information. Many tatic route planners are available, but they are not capable of deding with
congestions in cities and on highways. We have investigated the gpplication of Ant Based Control for
dynamic vehicle routing. Next to that we have explored the possibilities for gathering red-time traffic
information from individual vehicles. We assumed that the position of vehiclesiis tracked with GPS
and this information is communicated to a routing system with GSM or GPRS. These subjects are
modelled and combined in a prototype of arouting system. To andyse the operation of the routing
system a smulation environment has been build. This environment is capable of Smulating traffic in a
city. The artificia drivers are confronted with multi-lane roads and one-way roads. They have to ded
with precedence rules on norma crossings, with traffic lights and even roundabouts. This alows for
quite good traffic smulation. A lot of settings can be adjusted for very redligtic traffic behaviour. A
disadvantage of this approach is the effort that is needed to create a city with traffic. To meet these
inconveniences a condderable good default vaue is given to most settings.

From route information provide by vehicles we can compute travel times per link in the traffic
network. We have developed an dgorithm that takes into account that there can be zero, one or more
vehicles providing these data. It so considers the age of the information: older information has less
influence to the estimated travel time of alink than new information. The quality of the estimatesis
aufficient for the routing agorithm to compute the shortest paths, athough there may be some
unredlitic pesks on roads with traffic lights or significant congestions.

From the dynamic data about the traffic network a routing agorithm computes the shortest routesin
time from every node in the network to every node. The routing agorithm makes use of the Ant Based
Contral agorithm. This agorithm, based on the natural behaviour of ants, has proven to be able to
route individua drivers, and to reroute them in cases of congestions or blocked roads. In a short time
drivers are advised an dterndive route, when the origina route would delay the driver unnecessarily.
We assume that not al vehicles will use this Routing system, but even the vehicles that do not use it
do benefit from the system. Because when some vehicles are routed around the congestion, there will
be less congestion for the other vehicles.

When the difference in travel time between two good aternatives is smdl, the parameters A and B in
the update formula of the Ant Based Control dgorithm have to be adjusted accurately. They are
however dependent on the size of routes. Well-chosen vaues for constant A and B can result in stable
and adaptive routing. Some improvements to the routing algorithm have to be made to guarantee even
better result, especidly for larger networks with more differences in the size of possible routes. We
have introduced two new features in the Ant Based Control algorithm since the version of Van der Put
[Van der Put 1999]. The firdt is the introduction of the possibility to judge the qudity of aroute not
only by the complete travel time, but also the experienced delay. Thisis one step forward in the
qudlity of the routing dgorithm. Another improvement is the updating of sub paths. In the origind
approach the agents used in the ABC-agorithm only updated complete paths. We let the agents aso
update sub paths of the complete paths. This way the agents use their knowledge more efficient. This
has proven to be a consderable improvement for the routing agorithm.

We can conclude that we have succeeded in building a smulation and a routing system that meet the

requirements. The smulation is redidtic, sufficiently fast, adaptable and expandable. It is capable of
rea-time visudisation of the traffic network and the vehicles on a Windows NT/2000 PC. The
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Routing system is capable of providing good routes, athough no optimal routes can be guaranteed.
The speed istolerable for medium-sized networks. Lasting changes to the network can easily be
reproduced in the Routing system and temporary changes, like route disabling, are redlised
sraightforwardly.

7.2 Recommendations

In science most answers arouse even more questions. This also applies to this graduation subject.
Every time we redlised some features, there wherenew ideas for improvement. Fortunately, this
section provides some excellent opportunities to log the ideas that did not make it to the

implementation. The recommendations can very well be worked out within the research of TRAIL, the
Netherlands Research School for TRAnsport, Infrastructure and Logistics [TRAIL], headed by Bovy.
One of their research programs is Seamless Multimoda Mobility (SMM): the utopiain transportation,
where travelers are guided during their journey and never have to wait when changing transportation
mode, since a centra planner knows their detination and allocates transportation means to handle all
demands.

7.2.1 Simulation environment

Soeed variation

The most unredistic feature of the vehicles in the smulation environment is currently that they dl
have the same speed on the same link. While in redl life the differences between drivers and between
vehicles may be a cause for congestions or delay, this will not happen in our smulation. To solve this,
some probabiligtic variation should be used in the computation of the speed of avehicle. This variaion
should be dependent of the vehicle to represent the type of vehicle and the behaviour of its driver. And
the speed should vary per time (period), to represent that drivers never kegp a constant speedin a
constant environment. Furthermore the speed should be dowly decreasing and increasing when
breaking or accelerating. This creates another challenge: the minimum distance to a predecessor or
crossing must depend on the speed (of both vehicles). Especidly the solution for deceleration and
acceleration may be atime consuming process and the necessity should be well considered.

Traffic lights

For the control of the traffic lights we presently use fixed time control. This means that the traffic
lights are green or red according to a given (fixed) time period. So the presence of vehiclesin front of
atraffic light does not influence the colour of the light. In red life thisis often not the case. For
example the lights for the main road are often green as long as no traffic is detected. So when avehicle
does approach the traffic light, the driver will not have to wait for the light to turn green. Or the green
time of traffic lights is extended when there is till traffic detected. Adding these features would
improve the traffic flow at intersections with traffic lights. It is however recommended to use fairly
good default values for such a control, because it would be unfeasible to copy the exact control
mechanism for every crossing with traffic lights.

7.2.2 Timetable updating system

A current disadvantage of the Timetable updating system is the periodic updating. If the vehicles send
update information with alarge intervd, they have travelled severd roads and the derived trave times
per road are less accurate. If the vehicles update very quickly there is a big chance that they did not
move a dl, for example because were waiting for the traffic lights to turn green. But when the
movement in some time is zero, the computed travel time for the entire link would be infinity. Because
when you are not move you will never complete the link. In our modd we assume that the vehicle
moves a least 1 cm to avoid a division by zero. But then some very high estimates for the travel time
are computed. In most cases these will be unfair and the result may be that vehicles will be routed via
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alonger dternative. On can think of two reasonable dternative methods. The vehicles should send
update information at the end of each link. Or the vehicles should send update information after
having covered afixed distance.

7.2.3 Routing algorithm

Probability update formula

We have redised that we cannot judge the qudity of aroute only by looking at the complete travel
time. The shortest route between two very distant points will still have alarge travel time, but it should
receive a big update. A first step to overcome this problem has been made. We have made the size of
the update not only inversaly proportiond to the size of the travel time, but the updete is aso

dependent on the experienced delay of the artificid ants. An improvement for the update formulais to
keep a history of paths found by the ants together with the travel times. Then newly found paths
should be compared to formerly found paths and the size of the update should depend on whether the
new path is shorter or longer. See [Di Caro 1998] for their gpproach in this matter.

Hierarchic routing

The size of the network isalimiting factor for the ABC agorithm. The agorithm does not perfam as
well for big networks as for small networks. To overcome this problem a hierarchy of network could
be introduced. In that case al main roads and intersections should be part of a network. And separate
networks should be used to route in smaller districts. Then a vehicle will first be routed via the main
roads and when it gets in the neighbourhood of its destination, the routing is done with the aid of the
digtrict network. This way the network can be smaller and the routing algorithm will be more
effective. This gpproach can be extended with more levels, like a network with highways, or even
internationd routing. One should bear in mind thet there is arisk that dternatives on alower level may
be missed when routing on a higher level. For example when there is congestion on a highway, a good
dternative may be to go off the highway. Such an aternative will not be offered when routing on the
highway level.

Routing to closest car park

We have used the ABC dgorithm to route vehicles from a given location to another given location.

But in some cases a driver may not be interested in or may not know the exact destination. For
example, the user wants to go to the town centre. He does not know where to park, but he just wants
theroute to the closest car park from his point of view. So when he comes into town from the south,
he wants to go to the most southern car park in the town centre. And when he enters the town from the
north, he wishes to be routed to the most northern car park in the town centre. So hisdesired
degtination depends on his current position. For this purpose the ABC agorithm isin fact perfectly
suited as opposed to many other routing agorithm. Remember the origina application in nature from
thered life ants. They use the method to find the shortest way from their nest to afood source. When
there are severd food sources with the same volume and nutritiond vaue, they just look for the
closest (until it isfinished). If we now add an identica identification number to the locationswith a
car park and we let the artificial ants also search for routes to this destination type, the problem is
solved. From then on the driver can enter a car park as destination and will automaticaly be routed the
closest car park. Of course this can dso be used for severd other purposes, like the closest petrol
station, the closest restaurant, the closest shopping mall, etcetera, etcetera.
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Appendix B: Experimental results

B.1 Experiment1

Environment
This experiment is executed using test4.city for the traffic environment. Before starting the smulation
roads 25 and 26 were disabled.

Default parameters
All runs of this experiment have used the following default parameters unless specified otherwise.

Traffic steps per second =5
Ant steps per second =5
Generate vehicles = True
Generate ants = True
Vehicles per second = 1.0
Ants per step per node = 1.0
Update timetable = 50 %
Request route = 50 %
Congtant A = 0.8

Congtant B = 0.01
Exploration probability = 0.1
Trave time differences = 50 %
Update subpaths = True

Sies 1: all parameters as default
In this series none of the default parameters were changed.

Table 9: Series 1 of experiment 1

Run First time adaptation of smart vehicles

126 s
122 s
348s
183 s*
313s
194 s*
211s
174 s
181 s
76s

2O 0(N[O]|0T BW[IN| -

o

Average 1928 s
Standard deviation (with n-1): 83.4 s
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Series 2: No updating of sub paths
In this series the sub peths are not updated.

Table 10: Series 2 of experiment 1

Run

Firgt time adaptation of smart vehicles

572s*

371s*

218s

962 s*

121s

401 s*
918s

218 s*

285s

2O[0(N OO~ [W[IN]| -

o

156 s*

Average 4222 s

Standard deviation (with n-1): 303.0s

Series 3 2 ants per step per node

In this series 2 ants per step per node are generated (instead of 1).

Table 11: Series 3 of experiment 1

Run

Firg time adaptation of smart vehicles

136's

95s*

46 s

213s

129 s

67 s

73s

224 s*

149 s

2O N[O OB WIN| -

o

86s

Average 121.8 s

Standard deviation (with n1): 60.4 s
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Series 4: 10 ant steps per second
In this series 10 ant steps per second are done (instead of 5).

Table 12: Series 4 of experiment 1

Run Firgt time adaptation of smart vehicles

63s*

s

25s

91s

79s

110s
333s

118s*

73s*

2O[0(N OO~ [W[IN]| -

o

70s*

Average 996s
Standard deviation (with n1): 87.1 s

Sries5: Congtant A= 0.6
In this series constant A is set to 0.6 (instead of 0.8).

Table 13: Series 5 of experiment 1

Run Fird time adaptation of smart vehicles

326's

107 s*

202s*

173 s*

93s

254 s

296 s *

152 s

OO N[O~ WIN|F-

123 s

S

123 s

Average 1849 s
Standard deviation (with n1): 82.1 s
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Sries6: Congtant A= 1.2
In this series constant A is set to 1.2 (instead of 0.8).

Table 14: Series 6 of experiment 1

Run Firg time adaptation of smart vehicles

357s

73s

117s*

126 s*

9% s

364 s
83s

67s

OO OO0~ |W|IN|F-

121s

S

175s

Average 1579 s
Standard deviation (with n1): 111.2 s

Series7: Constant A= 1.6
In this series constant A is set to 1.6 (instead of 0.8).

Table 15: Series 7 of experiment 1

Run Fird time adaptation of smart vehicles

143 s

123 s

108 s

252 s

125s

55s

176 s

74s

OO N[O~ WIN|F-

83s

S

128 s*

Average 126.7 s
Standard deviation (with n1): 56.4 s
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Sries8: Congant A= 2.0
In this series constant A is set to 2.0 (instead of 0.8).

Table 16: Series 8 of experiment 1

Run Firdt time adaptation of smart vehicles

136s

155 s

42 s*

307s

32s

72s
139 s*

89s

OO OO0~ |W|IN|F-

156 s

S

162 s

Average 1290 s
Standard deviation (with n1): 79.0 s

Sries9: Congant A= 3.0
In this series constant A is set to 3.0 (instead of 0.8).

Table 17: Series 9 of experiment 1

Run Fird time adaptation of smart vehicles

3HAs

66 s

57s*

70 s

52s

52s

177s

67s

OO N[O~ WIN|F-

158 s

S

44 s

Average 77.7s
Standard deviation (with n1): 48.8 s

9C



Sries 10: Constant A= 4.0
In this series constant A is set to 4.0 (instead of 0.8).

Table 18: Series 10 of experiment 1

Run Firg time adaptation of smart vehicles

115s

3s

71s

44 s

50s

21s
50s

78 s

OO OO0~ |W|IN|F-

199s*

S

55s

Average 71.7s
Standard deviation (with n1): 51.7 s

Sries11: Congtant A= 5.0
In this series constant A is set to 5.0 (instead of 0.8).

Table 19: Series 11 of experiment 1

Run Fird time adaptation of smart vehicles

62s

41s*

25s

56 s*

122 s

60 s

64 s

6ls

OO N[O~ WIN|F-

65s*

S

77s

Average 63.3 s
Standard deviation (with n1): 25.1 s
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Series 12: Congtant A= 6.0
In this series constant A is set to 6.0 (instead of 0.8).

Table 20: Series 12 of experiment 1

Run Firg time adaptation of smart vehicles

3Hs

26s

57s

22s

44 s

52s
3ls

68 s*

OO OO0~ |W|IN|F-

32s

S

53s*

Average 419s
Standard deviation (with n1): 152 s

Series13: Condant A = 7.0
In this series constant A is set to 7.0 (instead of 0.8).

Table 21: Series 13 of experiment 1

Run Fird time adaptation of smart vehicles

3HAs

60s*

84 s

37s

138s*

21s*

37s

41s

OO N[O~ WIN|F-

6ls

S

82s*

Average 59.5s
Standard deviation (with n1): 34.6 s
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Series 14: Congtant A= 8.0
In this series constant A is set to 8.0 (instead of 0.8).

Table 22: Series 14 of experiment 1

Run Firg time adaptation of smart vehicles

74 s
93s
26s
11s*
30s*
20s
44 s*
141 s
11s
161 s

OO OO0~ |W|IN|F-

S

Average 61.1s
Standard deviation (with n1): 545s

Sries 15: Congtant A= 9.0
In this series constant A is set to 9.0 (instead of 0.8).

Table 23: Series 15 of experiment 1

Run Fird time adaptation of smart vehicles

85s

70s*
57s

204 s*
12s*
60 s

75s*
104 s
24s*
16s*

OO N[O~ WIN|F-

S

Average: 70.7 s
Standard deviation (with n1): 55.8 s

* = The state of the Routing system was not stable enough, so some vehicles took the wrong way after the first vehicle had
taken a shorter way.
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B.2 Experiment 2

Environment

This experiment is executed using test3.city for the traffic environment.

Parameters

For this experiment the parameters are set to following values.

Seconds = 2400

Runs=1

Traffic steps per second =5
Ant steps per second =5
Generate vehicles = True
Generate ants = True
Vehicles per second = 1.0
Ants per step per node = 1.0
Updatetimetable = 50 %
Request route = 50 %
Congtant A = 0.8

Congtant B = 0.01
Exploration probability = 0.1
Travel time differences = 50 %
Update subpaths = True

Results
In this table the average travel times per road are shown, which were computed over a period of 2400
seconds.
Table 24: Trave times per road for experiment 2
Road number | Fromnode | Tonode | Length | Minimum travel time Average travd time
1 1 2 320 m 23.04s 28.70 s
2 2 1 320 m 23.04s 22.98s
3 2 3 330 m 23.76s 23.39s
4 3 2 330 m 23.76s 23.98s
5 3 4 80m 576s 586 s
6 4 3 80m 5.76s 596 s
7 2 6 358 m 25.78s 50.28 s
8 6 2 358 m 25.78s 26.69 s
9 5 6 320 m 23.04s 7058 s
10 6 5 320 m 23.04s n/a
11 6 7 320 m 23.04s n/a
12 7 6 320 m 23.04s 71.80s
13 4 8 80 m 5.76s 5.85s
14 8 4 80 m 576s 598s
15 8 9 330 m 23.76s 24.93s
16 9 8 330 m 23.76s 23.09s
17 6 9 358 m 25.78s 25.64 s
18 9 6 358 m 25.78s 54.78 s
19 9 10 320 m 23.04s 23.02s
20 10 9 320 m 23.04s 25.10s
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B.3 Experiment 3

Environment
This experiment is executed using test5.city for the traffic environment.

Default parameters
All runs of this experiment have used the following parameters. Only constants A and B where
changed per series.

Seconds = 120

Runs=1

Traffic steps per second =5
Ant steps per second =5
Generate vehicles = True
Generate ants = True
Vehicles per second = 0.25
Ants per step per node =1
Update timetable = 0 %
Request route = 100 %
Exploration probahility = 0.1
Trave time differences = 50 %
Update subpaths = True

Results
For al runs of this experiment a graph is made from some values in the probability table of node 2. It
concerns the probabilities for destination node 6 and dl neighbouring nodes (1, 3, 4).
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Series 2: constant A = 2, constant B = 0.01
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Series 3: constant A = 4, constant B = 0.01
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Sries4: constant A= 8, constant B = 0.01
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Sries5: constant A = 16, constant B = 0.01
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Sries6: congtant A = 32, constant B = 0.01
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Series 7: constant A = 64, constant B = 0.01
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Series 8: constant A= 4, constant B= 0
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Sries 9: constant A = 4, constant B = 0.005
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Sries 10: constant A = 4, constant B = 0.02
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Sries 11: constant A = 4, constant B = 0.04
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Appendix C: User manual

Here we will explain the operation of the system. From the design we know that our system is
composed of two basic modules. These are the programs * City.exe’ and * RoutingSystem.exe'.
‘City.exe isasmulation of atraffic environment. The user can load one of the environments existing
in our database or he can add his own environment. ‘ RoutingSystem.exe’ is program used to route the
vehicles in the traffic environment. First we will show the basic steps needed to run a smulation with
an exigting environment. And further more we will explain al the possibilities that the programs
provide. This chapter is definitely a must for any researcher that wants to use the system to its fullest
extend, but it is aso important for anyone who wantsto give a smple demondiration.

C.1 The basic steps to operate the system

The program should be started by running the file ‘ City.exe'. This would produce Figure 154 or a
smilar one.
0@ i sl [m »i[» [ [u ] 1 0

Trafficsteplﬂ_ofw +I_|’,J.
Second IG_ of Iﬁﬂ__ ;

Run ID_ of IS— :

Traffic steps per second |5—
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=] Beverwilk.city @ testZ. city
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[
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!
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.> Request route ﬁ
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; ¥ Draw first | he righl
Diikstral @ ﬁ g
[Indicated link[z): none e

Figure 154: The opening screen from the City program

The program will automaticaly popup an ‘Open’ didog in the middle of the screen. The rest of
the screen is not important yet. Choose afilewith a“.city’ extension by clicking on the file and
choose open. Now thefile of your choice will be loaded together with al other needed data that
belongs to the file of your choice. Imaging that you chose ‘testl.city’ then Figure 155 or asmilar
one will be shown.
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Figure 155: The City program has loaded a simulation environment

Now use the #-button to check whether the data are complete. If the program does not respond
with the message ‘ Data complete’, the data have to be competed first before running asimulation.
The simplest way to accomplish thisis by using the D button, which automaticaly supplements
missing data with default values. These changes must be saved by using the E-button. Check
again if the data are complete. If the data are till not complete, they probably have to ke adjusted
manualy by editing the data files. How thisis doneis explained in section 4.2.1.

If there are any roundabouts in the traffic network, the &-4-button has to be used to transform these
intersectionsto rea roundabouts. Roundabouits can be distinguished by light blue circles. If there

is any doubt about whether there are roundabouts in the environment, just push the button. It will
not have any effect if there are no roundabouts.

Now push the s8a-button to start the (digtributed) Routing system. This may take some time for
very large traffic networks. Wait until the program(s) appear(s) minimised in the task bar. If sound
is enabled you will here a beep when ready.

If wanted the settings a the left pand can be changed to the desired values but the defaults will
work as well.

Usethe ™ -button to start running the simulation.

Upon closing the City program, do not forget to close the Routing system parts too. Do this by
first clicking on the icons at the taskbar.
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C.2 Features of the City program

Now we will explain the features of the program one by one. The order isthe same as seen on the
screen when the program is opened (see Figure 155). First we discuss the features of the City program
and then the features of the Routing system program.

Top/l€eft button group

b

&

Create empty city
This button will open anew empty environment. The current environment is closed and the
view of the traffic network will be empty.

Open exigting city
Use this button to open an existing environment. The current environment will be discarded.

Save this city
Save this environment with al data belonging to the traffic network. The parameter settings
on the right panel will not be saved.

File names
A didog will popup with dl used filenames for this environment. These filenames can be
changed then. Changes will affect the used files when saving the environment.

Check if data complete

Pushing this button will check for al intersections and dl roads if they are canplete. First dl
intersections are checked until the first error. When an error isfound it is reported by
displaying a message box. Further intersections will not be checked. Then dl roads are
checked until the first error. This error is aso reported and no more roads are checked. If no
errors are found, the program will respond with the message ‘ Data complete’ .

Qupplement missing data

Thiswill supplement the missing data to the intersections and roads. Default values will be
used. This should take care of most errors occurring when checking if the data is complete.
However this will not solve the problem of errors in intersection and road numbers, neither
will it solve the problem of missing incoming or outgoing roads a an intersection. These
problems have to be worked out by editing the data files manualy.

Transform roundabouts

This button will cause the transformation of al roundabout intersections in the environment. It
will create new intersections connected in the shape of a circle and remove the origina
intersection(s).

Sart digtributed routing system

Pushing this button will gtart the (distributed) Routing system. This can be just one program or
agroup of programs, connected by communication via TCP/IP. This program will guide some
of the vehicles in the traffic smulation. The City program will respond with a beep when the
Routing system is readly.



Top/right button group

Sop and reset smulation

This button is down when the program is started. It indicates that the smulation is not
running. Pushing this button will stop arunning smulation and reset al data that is produced
after starting a simulation, among which the graphs. When the smulation should be

interrupted to check the current status and perhaps be continued af terwards, use the I -button
insteed.

Do one step of the simulation

Pushing this button will execute one traffic step of the smulation. After this step the
smulation will go into the paused state indicated by the I -button. When the number of
traffic steps per second is the same as the number of agent steps per second then the agentsin
the Routing system will also make one step. But when the number differs, the agents may
execute more steps or no step at all.

Run simulation

Use this button to start running the smulation a norma speed. With asmall environment this
means that about one second of the simulation is executed in one redl-time second. The larger
the environment the dower the smulation runs. The speed can be adjusted with the scrollbar
a the top/right. When the maximum number of seconds of a simulation has passed the next
run (if any) is automatically started and the current second is set to zero. This means that all
traffic is removed from the network and the process starts all over agan. The newly acquired
datais added to the old data dreedy in the graphs. The data from the graphs are not cleared

until the I -button is pushed.

Run simulation at maximum speed (no visual change)

When using this button the smulation will run at maximum speed. To increase the speed the
traffic is not moved visudly. Updating the screen can sometimes be time-consuming, so
skipping this might improve the maximum speed.

Pause smulation
Push this button when you want to interrupt the simulation. The smulation can be continued
afterwards.

-—l -'—l Smulation speed
Use this scrallbar to control the smulation speed. Move the bar to the left to dow down the
speed and to the right to increase speed. When the bar is placed in the middle the speed of the
smulation will be about red-time, assuming the environment is not too large. This scrollbar

will only affect the speed when the ™ -button is pushed.
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Left pand with parameters
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Figure 156: The parameters of the simulation

Traffic step: the number of steps that the traffic in the smulation makes. The first box showsthe
number of steps aready done. The second box shows the maximum number of steps per run of a
smulation. This vaue is the multiplication of the parameters ‘ Second’ and ‘ Traffic steps per
second'.

Second: the number of seconds that a run of a simulation takes. The first box shows the number of
seconds passed. The second box shows the maximum number of seconds per run of a simulation.
This value can be adjusted in arange from 0 to 999,999.

Run: the number of runs of a smulation. The smulation can be run a number of times without a
pause. The results of different runs will be different, because a randomiser is used. Thefirst box
shows the current run. The second box shows the maximum number of runs. This vaue can be
adjusted in arange from 0 to 999,999.

Traffic steps per second: the number of steps that the vehicles will make per second. This value
can range from 0 to 99. Setting this vaue to low will result in an inaccurate traffic smulation.
Setting this value to high will make an unnecessarily high demand on the computer system.

Ant steps per second: the number of steps that the ants will make per second. This value can range
from 0 to 99. The ants will hop from one node to another every step. So this value determines the
speed of the ants.

Generate vehicles: whether the smulation should run with or without vehicles. In most cases it
would be usdess to run a smulation without vehicles.

Generate ants. whether the Routing system should generate ants. Not generating ants would make
it usdess for vehicles to update the timetable or request a route from the Routing system (see
concerning parameters), because the probability tables will not be updated.

Vehicles per second: the number of new vehicles per second. At the beginning of arun of a
smulation there is no traffic at dl. This parameter controls the number of vehicles that will be
added per second. The vaue can range from 0.00 to 9,999.
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Ants per steps per node: the number of new ants generated at every node and every step. The
value can range from 0.00 to 9,999.

Vehicles:

Update timetable: the percentage of the vehicles that will send update information to the timetable
of the Routing system. This value can range from 0 to 100. These vehicles will be yellow or green:
yellow if they do not also request a route from the Routing system, and green if they do.

Request route; the percentage of the vehicles that will request a route from the Routing system.
Thisvdue can range from 0 to 100. These vehicles will be green or blue: green if they adso send
update information to the Routing system, and blue if they do not. The white vehiclesin the
simulation do not send update information to the Routing system nor do they request a route from
the Routing system.

ABC-algorithm:

Congtant A: a parameter used in the dgorithm to update the probability tables. The value can
range from 0.0000 to 999,999. See the description of the ABC-algorithm for further details.
Congtant B: a parameter used in the algorithm to update the probability tables. The vaue can
range from 0.000 to 999,999. See the description of the ABC-adgorithm for further detalls.
Exploration probability: a parameter used in the agorithm to update the probability tables. The
vaue can range from 0.0000 to 999,999. See the description of the ABC-agorithm for further
details.

Usetravel time differences. instead of the red travel time of the vehicles the ABC-agorithm can
as0 use the difference between the red trave time and the minimum travel time. Use this
parameter to define how the time is composed from these two options. The value can range form O
to 100.

Update subpaths. check this option when the ants should not only update the route to their
degtination, but dso the route to all other intersections on their way.

The button at the bottom is not actualy a parameter:
Dijkstra: pushing this button will start the computation of the shortest paths with the aid of
Dijkstra’ s agorithm. The agorithm uses the length and speed per road to compute the time per
road. The outcome only applies to an environment where there is no delay. The results will be
stored at the routing tables of the intersections in the traffic network. Thisway al vehiclesthat do
not use the Routing system will follow the resulting routes of this computation.
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Traffic network view
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Figure 157: The traffic network view
Zooming

When atraffic environment is loaded the program will show it in the traffic network view. Upon
loading the entire network will fit in the view, but it is possible to zoom in on a specific part of the
network. The easiest way to do thisisto point the pointers of the track bars to the location where
you want to zoom into. The track bars are located at the top and to the left of the network view.
Then use the up-arrow of the up-down contral at the top left of the network view to zoom in. Use
the downarrow to zoom out again.
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Intersections
In the network view you can click on an intersection This will popup an intersection view likein
Figure 158,

#fF Intersection 5
Mumber: #-position;  y-position;
-
D efault routing table:
Type: !Houndabout vl B
R e I.I_ Destination | Mext

wlom|~|o|s|wlr]—
== = R SR R S

Figure 158: Intersection view

In this view there is a field with the number of the intersection. This field cannot be changed. Next
to that the x- and y-coordinates can be changed. The type can be sat to Normal, Traffic lightsor
Roundabout. The colour of the intersection depends on this type. Normal intersections are white,
yelow is used for traffic lights, and the roundabouts can be distinguished by their blue colour. The
number in the field of the Routing system determines which Routing system part takes care of this
intersection. The Routing system can consist of different parts. How many parts, depends on how
many different numbers there are for the Routing system. The number can range from 1 to 999.
The default routing table contains two columns: one with the possible destinations and one with
the next intersection to go to. The vehicles that do not use the Routing system to guide them will
use this table to find the route. For example when a vehicle reaches intersection 5 and uses the
default routing table shown in Figure 158 then it reads from the table thet it hasto go via
intersection 4 when it wants to reach intersection 3. This table can be adjusted manualy or it can
be computed by using the button called ‘Dijkstra (reopen the view to see the changes). Push
‘Clos2’ to close the view. Changes are accomplished upon leaving the view.

Roads (left-clicking)

When |eft-clicking on aroad the following view will popup.

Al Road 4
Murnber: From intersection:  To intersection:
o T B
MNumber of lares: ai]— Source rate: F
Length: 283 Drestination rate: ]10—
Speed: !30— Remove when saving: [
Priciity: Lo -

Figure 159: Road view

Thefirgt field in this view is the road number. Then there are two fields with intersection numbers.
Thefirst is where the road starts and the second is where the road ends. Note that the roads are
directed, so the road with the numbersin reversed order is a separate road. These fields cannot be
adjusted. One can changes the number of lanes from 1 to 9. The length (in meters) can be setin
the range from 1to 9999. The speed can range from 1 to 999 and is measured in km/h. All
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vehicles on aroad will drive with this speed, unless of course they are hindered by an intersection
or other waiting vehicles. The priority of aroad can be changed to High or Low. This setting is
used to determine whether a vehicle should wait for vehicles on other roads when crossing an
intersection according to the precedence rules. The source rate can be changed from 0 to 99,999.
The higher this number the more vehicleswill (on average) start on this road. When it is zero there
will not start any vehicles on this road. The same range from 0 to 99,999 goes for the destination
rate but the higher this number the more vehicles will have this road as a degtination. When you
check the field * Remove when saving' this road will not be saved when the E-button is pushed.
Thiswill be noticed when reopening the environment. Push ‘Close' to close the view. Changes are
accomplished upon leaving the view.

Roads (right-clicking)

When right-clicking on aroad you will be asked to disable or enable the road. Disabled roads will
be shown red insteed of black.

Vehicles

When there are vehicles in the network view you can aso click on them. This will popup a
message box with some properties of the vehicle. These properties are: the vehicle number, the
source road, the current road and the destination road. And if the vehicle requests its route from
the Routing system and it has any intersections left in its memory, it will show the next
intersection of its route. This‘next’ intersection is not the oneit is heading for, but the one after
that, because the intersection whereit is heading for istrivia when looking at the movement of the
vehicle. Thisinformation can be used to track a vehicle and foresee where it is going.

Bottom/right buttons and options

[+ Show intersechions

|
-ﬁ ﬁ :ﬁ V| Draw first lane at the right
HiEE

Figure 160: Graphs and network view options

At the bottom/right of the program there are nine buttons and two checkboxes. Behind every button is
a different graph. Move the mouse cursor over a button to see what graph it will show. The graphs will
be filled with data when running a smulation. They can be closed and (re)opened a any time. Any
graph can be saved to an Enhanced Windows Metéfile (.emf). To do this, use the [ -button on the
graph view. Along the x-axis of al graphsisthe number of time steps of arun. These steps are
measured in traffic steps. This can be different from the number of ant steps. The available graphs are:
- Total number of ants

This graph shows the number of antsin (dl parts of) the Routing system at every time step.

Total number of backward ants

This graph shows the number of backward ants in the Routing system at every time step. This will

be afraction of the total number of ants, because al ants are forward ants or backward ants.

Average living ant age

This graph shows the average age of the vehicles that are currently in the Routing system. Note

that the average age at which the ants die is about twice this vaue. The age is measured in the

number of steps that the ant has made.

Total number of differing next nodes

The Routing system uses a probability table to route the vehicles. Because this table changes

dynamicdly during asmulation it will be different from itsinitid gate. In itsinitid satethe

intersections with the highest probabilities are the same as the intersections in the default routing

tables. The intersections with the highest probabilities that differ from the initid ate are counted

and represented in this graph.

Average sandard vehicle age
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This graph shows the average age of the standard vehicles, which are currently in the traffic
network. Standard vehicles are the ones that do not use the Routing system to be guided. Note that
the average age a which the vehicles reach their destination is about twice the value in the graph.
The age is measured in seconds since the vehicle Sarted.

Average smart vehicle age

This graph shows the average age of the smart vehicles, which are currently in the traffic network.
Smart vehicles are the ones that use the Routing system to find their route. Note that the average
age at which the vehicles reach their destination is about twice the vaue in the graph. The ageis
mesasured in seconds since the vehicle started.

Total number of vehicles

This graph shows the total number of vehicles currently in the traffic network.

Average standard route time

This graph shows the average route times of al standard vehicles that ever arrived at their
degtination since the start of the run of the smulation. Standard vehicles are the ones that do not
use the Routing system to be guided. The time is measured in seconds.

Average smart route time

This graph shows the average route times of al smart vehicles that ever arrived at their destination
sincethe start of the run of the smulation. Smart vehicles are the ones that use the Routing system
to find their route. The time is measured in seconds.

The checkbox ‘ Show intersections' can be unchecked to hide the intersections. Especidly in large
networks this will make the roads much clearer. The hidden intersections cannot be clicked to open the
intersection view. Vehicles are dways drawn at the right side of the road. But when a road has two or
more lanes, the vehicles have to be drawn next to each aher (and at the right side of the road).
Normadly the vehicle in the first lane would be drawn most right and a vehicle in the last lane would

be drawn most l€ft, but directly right from the road. In this case when there isa vehicle in the first lane
and none in any other lane there will be a gap between the vehicle and the road. This gap will only be
filled when another vehicle comes next to thefirst in the second lane. Because vehicles will make use
of thefirgt lane as long as they can, this gap will appear rather often on roads with more than one lane.
And especidly when the traffic network is large it may be difficult to recognise on what road avehicle
is driving. Therefore you can uncheck the checkbox ‘Draw first lane at the right’. In that case the
vehicles on the first lane will be drawn directly at the right of the lane, without a gap. Note that the
difference can only be seen on roads with more than one lane. These two checkboxes do not influence
the running of the smulation at al. They only have visua effects.

Satus bar at the bottom

At the bottom of the program there is a status bar. This status bar indicates which roads the mouse
pointer is pointing at. The mouse pointer can point at severd roads at the same time when these roads
are close or on top of each other, because the mouse does not have to point exactly on the road. This
may be useful to recognise roads without having to click on them to see the road number.
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C.3 Features of the Routing system program

A Routing system program can only be started by using the aBa- button from the City program. It will
be started minimised, that is, the icon of the program is only visible in the taskbar & the bottom of the
screen. Click on thisicon to see the program. Note that there can be several Routing system parts
opened for one simulation. The program will look something like the following picture (Figure 161).

=1
Time step FJ— of W i-l T J .........................
Second Iﬂ— of FJDC— i _ {:@
Fun IG— of E— 5

Ant steps per gecond i‘iD—

Aints per step per node i1—

“ABC-algotthm————————
Constant & lF
Constant B W
Exploration probability !EH_
Usze travel time differences iELI_

Update subpaths 73

Q

¥ Show interzections

Figure 161 The Routing system program

The features of the Routing system program are discussed in the order in which they appear on the
screen. So firgt the left Sde of the program is explained asindicated in Figure 162
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Left sde of the Routing system program
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Figure 162: The left sde of the Routing system program

= Save the probability tables as default routing tables
This button will popup a didog in which you can enter a name for thefile to save. What is
saved, are the probability tables in the form of a default routing table. So from the probability
tables the highest value in each row is used. The concerning intersection is used to construct a
default routing table, which can be used to route traffic that does not request the Routing
system for aroute. Only the intersections that are handled by the current part of the Routing
system are save. In other words, only the green intersections will be saved in the file. Thisis
because the probability tables from the intersections handled by other Routing system parts
are unknown at this Routing system part.

G File names
A didog will popup with al used filenames from this environment that are necessary for the
Routing system to work. These names cannot be changed here. They are copied from the City
program.

The parameters of the Routing system cannot be changed in the Routing system program. They should
be changed in the City program and these changes will then be sent to the Routing system parts.
Time step: the number of steps that the ants in the Routing system make. The first box shows the
number of steps aready done. The second box shows the maximum number of steps per run of a
simulation. This value is the multiplication of the parameters ‘ Second’ and ‘ Ant steps per second'.
Second: the number of seconds that a run of asimulation takes. The first box shows the number of
seconds passed. The second box shows the maximum number of seconds per run of asimulation.
Run: the number of runs of a smulation. The smulation can be run a number of times without a
pause. The results of different runswill be different, because a randomiser is used. Thefirst box
shows the current run. The second box shows the maximum number of runs.
Ant steps per second: the number of steps that the ants will make per second. The ants will hop
from one node to another every step. So this value determines the speed of the ants.
Ants per step per node: the number of new ants generated at every node and every step.
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ABC-algorithm:
Congtant A: a parameter used in the algorithm to update the probability tables. See section 3.4.2

for a description of the ABC-dgorithm.

Congtant B: a parameter used in the agorithm to update the probability tables. See section 3.4.2
for a description of the ABC-dgorithm.

Exploration probability: a parameter used in the agorithm to update the probability tables. See
section 3.4.2 for a description of the ABC-agorithm.

Usetravel time differences. instead of the red trave time of the vehicles the ABC-agorithm can
aso use the differences between the red travel time and the minimum travel time. Use this
parameter to define how the time is composed from these two options.

Update subpaths. when this option is checked the ants should not only update the route to their
degtination, but aso the route to al other intersection on their way.

Right side of the Routing system program
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Figure 163 Theright side of the Routing system program

Zooming

The traffic network view will not only be vishble in the City program, but dso in any Routing
system part. Here too you can zoom in on a specific part of the network. The easiest way to do this
isto point the pointers of the track bars to the location where you want to zoom in to. The track
bars are located at the top and to the left of the network view. Then use the up-arrow of the up-
down control at the top |€eft of the network view to zoom in. Use the dowrrarrow to zoom out

again.



Intersections
In the network view you can click on an intersection. This will popup an intersection view likein
Figure 164.

4FF Intersection 2 [ x|

Murnber: w-position:  y-pozition:

B |25 {50

Type: INuJ.rmai
Routing spstern: Il Part: I4[]i]2
Prabability table:
Dest\lext]1 1 [10 [6 li”
1 0.1333333 01333333 0.1333333
3 01333333 0.1333333 0.6000000 0.1333333
4 01333332 01233332 0.6000000 01333332
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Figure 164: Intersection view

In this view none of the vaues can be changed. The firgt field shows the number of the
intersection. Next to that are the x- and y-coordinates. The field type can be Normal or Traffic
lights. Note that the type cannot be Roundabout because roundabouts are automatically
transformed to a set of normal intersections when loaded in the Routing system. The number in the
field of the Routing system determines which Routing system part takes care of this intersection.
So if this number is equal to the number of this Routing system part then this intersection is
handled by this Routing system part. In thet case the intersection will be green. All other
intersections that are handled by another part of the Routing system are white. The fidd for the
port is the port number that TCP/IP uses for the communication between the different parts of the
Routing system and the City program. In the probability table in the first column al possible
degtinations are enumerated. In the other columns there is a probakility for every neighbouring
node. All probabilities are set to zero if this intersection is not handled by this Routing system part
(the intersection is white). Otherwise the sum of the probabilities per row is dways one. These
probabilities represent the chance for an ant to take the gppropriate next intersection given their
degtination. The highest probability in arow is used for the vehicles. They will be sent to the next
intersection with the highest probability considering their destination. Push ‘Close' to close the
view. To see the changes that the ants have made in the probakility table, close the view and

reopen it again.
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Roads (left-clicking)
When Ieft-clicking on a road the following view will popup.

4 Road 6 ]
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Speed: !50
PFricirity: High

Figure 165: Road view

None of the valuesin this view can be changed. The firgt field in this view is the road number.
Then there are two fields with intersection numbers. The first is where the road starts and the
second is where the road ends. Note that the roads are directed, so the road with the numbersin
reversed order is a separate road. The field for the number of lanesis not used in the Routing
system. The fields for length and speed are used to compute the travel time of aroad when there is
no congestion. The field for the priority is aso usdless in the Routing system. Push ‘ Closg’ to
close the view.

Roads (right-clicking)

When right-clicking on aroad two message boxes will popup (per road). In the first message box
all the measurements stored for this link are shown together with the time at which they were
received. These measurements are the computed travel times from the vehicles that send updates.
These measurements are used to compute some weighted average for the travel time of the road.
This result is shown in the second message box. Thistravel timeis used as avirtud delay for the
ants.

The checkbox ‘ Show intersections can be unchecked to hide the intersections. Especidly in large

networks this will make the roads much clearer. The hidden intersections cannot be clicked to open the
intersection view.
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