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Abstract

Disasters caused by human action or nature are part of life. Preventing disasters from
occurring is often not possible. Lives can be saved or lost depending on our response to the
disager. Determining the fastest route to the people in need is therefore important. The
determination of this fastest route is however not straight forward, since the environment the
route is determined in has become chaotic as a result of the disasterréseharch attention
focuses on ways to take thiecumstances the environment into considerationan

automated way. A distinction is made between changes that can be predicted and changes that
cannot be predicted. Based on literature the lattes tomhto be done best by choosing a
process of revaluating the route determined. Based on the degree of dynamism a static,
semistatic, iterative or dynamic approach can be taken to ttesatiationIn a static

approach the route is determined onlg®based on the most current information at that time.
When the circumstances changesx@luation of that determined route can take place every
time a change occurs (sestatic), every couple of minutes (iterative) or constantly
(dynamic).In this researh a preference was given to use a combination between the semi
static and the iterative approach. This results ireveduation after a number of changes

have occurred and if there are only little changes teaduation should take place after a
settime. The incorporation of predictions in the algorithm is a second focuByrea.
incorporating predictions one is able to anticipate changes to the network and take them into
consideration in the route determination process. Incorporating predictighsnog

movement and bridge openings and closings introduces also a need to balance between
travelling extra kilometres and waiting. To investigate the implications of incorporating
predictions into the routing process a routing algorithm was designed.ijkegdalgorithm

was adapted to read the closing times from a file and decide whether it is better to wait or take
an alternative route. Tests show that the estimation of travel times are more accurate when
these are created with the algorithm that inocaifes predictions into the routing process.

Based on this research it is concluded that using the adapted algorithm routes can be
determined that will prove to be fastard safethan the result of a shortest path calculation
based only on the travel desn the network.
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1 Introduction

1.1 Problem Description

The occurrence of disasters is part of [lfaey can be caused by either human actidoyor

nature. Though disasters cax always be prevented from happening, a lot of lives can be
saved or lost depending on our response to the disaster. Losses can be minimized by quickly
responding to a disastdmough evacuating people from the disaster area, fighting the disaster
and providing (medical) help to the victims. To do thist of organizations have to

cooperate in a relative chaotic environment. This chaotic environment is caused by the scale
of the disaster, the panic of the people, the destruction of roads, the scale of the help
operations, etc. There is a risk in such a situation that the evacuation of people over available
roads makes it hard for other organizations to get into the disastéo éighd the disaster.

The disaster area might be contaminated with dangerous substances or the area might be
flooded limiting the safe options of emergency response units to do their work. This
information needs to be shared between the emergency respgasizations, to improve the
effectiveness of the operations and avoid unnecessary risks. As Geurts (2008) and Bruynooge
(2008) state a central role is needed in such situations to deliver information to the different
organizations.

The road network foexample can suddenly change due to the disaster and route planners
therefore need to retrieve the information dynamically from the information entered by the
emergency response units to be up to date. Also information about the changing plume of gas
is needed to make sure that the emergency response units are not guided right through the
plume by their route planners. This research therefore focuses on the automatic determination
of routes into the disaster area taking the changing gas plodiemporarglosed roadsmto
consideration

To determine the shortest route to the disaster area the road network alone does not deliver
sufficient information. In case of a disaster some roads might be damaged or blocked, they
can be impassable because they aediéd, concealed by (toxic) smoke or in use as an
evacuation route. The route generated should take all these factors into consideration to
deliver the safest fast route to the disaster area. The most challenging issue in this case is that
not only the pasion of the vehicles change over time, but also the road network and its
accessibility.

Furthermore the concentration of a hazard in a particular area has implications for the ability
to travel through that area. In case of a flooding an area coveege@®ygentimetres thick

layer of water could be traversed if necessary whereas an area submerged for more than a
meter cannot be traversed by car for example. The same distinction can be made for areas
with different concentrations of toxins, though thdigbio travel through that area is in this

case related to health and not the physical condition of the network. Though it is not
impossible to travel through the plume, the time one can remain inside the plume is restricted
by the concentration of toxinsor the gas plumes another important restriction on the route to
follow should be taken into accouiitisis the directiorof thewind. If the windblows the

gas towards the emergency services the risk they end up inside the gas plume is considerably
larger than when the wind is blowing the gas plume away from the emergency services. The
route should therefore be calculated in a way that the emergency services approach the
disaster area from the north when the wind is blowing from the nidrib.is caled a
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downwind approach and is advocated by NVBR(2006& wind direction is also subject to
change over time and so the time element remains an important part of the route calculations.
Though wind direction is an important variable, the main aim iskttee changing gas

plume into consideration. This gas plume getshape from the wind direction and speed. In
addition the relative position of the plume with respect to its source is a direct result of the
wind direction. This means that by taking fileme into consideration an important part of

the wind characteristics are taken into consideration as well.

Position related tahe Geospatial Data Infrastructure for Disaster Management project
Thisresearch will be conducted lookingthae results bthe RGI project: Geospatial Data
Infrastructure for Disaster Management (GDI4DM). This project aims to create tools to
respond better to emergency situations. These tools therefore should use the most recent
information and deliver consistent resultsatidition new information should be handled well

by these tools, while data is coming from different sources both in the field and stored at the
separate emergency services. The goal is to help the people working in the process of
emergency response to bagecisions on the most recent informationrieasy way. To help

them focus on actually fighting the emergency (GDI4DM, 2006). The determination-and re
evaluation of routes is one of the goals. The people travelling should not have to be concerned
with finding the route themselves. Apart from the inconvenience of having to navigate in a
stressful situation, sommvisible dangers, such as plumes of gas, can be incorporated by a
computer where a person might not be able to spot them.

Though GDI4DM aimed torganize and use the most recent data, it does not necessarily aim
to reevaluate actions while these are performed, such as changing the route while driving to a
destination. This is where the research deviates from the requirements as were set in this
project.

1.2 Researchquestions

The research question is formulated as follows:

How can routes into and oof adisaster area be generatedtomatically takinga changing
gas plumend waiting timesinto consideration.

The answer to this question da@ found by answering the following sghestions:
¢ Which methods are already used to use predictions in route determination
¢ Which dynamic elements influence the determination of routes

e How can a downwind approach be implemented within the route detdiom
process

¢ Which events can change the availability of the road network during the
disaster

e How can the changes to the road network be implemented
¢ In what way should the costs of travel for the disaster area be altered

e How canpredictions of futue changebeanticipaedby thealgorithm
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e Under which conditions should a new route be calculated for a response unit
already on its way

Thedetermination of routes can be done eigtatic omonstatic The static determination of
routes would only usthe available information that is current at the moment of determining
the route. This approach thiecomes more and more unreliable with increasing route lengths
especially in case of a disaster, where the road conditions can change in a split dexoad. T
evaluation of the route chosen therefore is very impqrthist corresponds to a natatic

approach such as the sestatic, the iterative or the dynamic approa@i reevaluatng the

route thedetermination of routes can be made more reliabguse an update in the

information is incorporated in the-svaluation of the routédnother approach would be to
incorporate predictions into the route determination process. The reliability of such a route
determinatiorapproactdepends on the reliakii of thepredictions and hence tipeediction
models. Because these models for the prediction of congestion and the development of a toxic
plume are notreated heréheincorporation of predictions intihe route implies the creation

of these models. Thidoes however not mean that preditdidone by external sources gan

be incorporated when determining the roiiteis method of determining a route is still static

in a sense that the predictions done at the start of the process will be snapsimets in ti
Meaning that there is little interaction with the environment to alter the prediction made at the
start based on the current situation once underway. In this research the determimatitasof

will be static in the sense thattedictions done beforahd will be taken into consideration.

This means that the route calculation is based on the information as is present at that moment
and does not try to forecast for example teeaiopment of a plumer@ change in wind

direction. There are howevassumd to besome externally provided forecasts of the plume
location at different times, which will be incorporated in the route determination. Once these
forecasts are altered during the trip, the route should-bealeated to take the new

information intoconsideration.

The project will be builup in three phasek the first phase a simple static route

determination algorithm will be created and tested. In the second phase this algorithm is
adapted to incorporate predictions. In the third phase theafiffes are examined and
conclusions are drawn based on the findings from this phase. This comparison should help to
draw conclusions on the actual benefits of determining routes using plume predictions for
emergency services. In addition this separatitm pimases helps &plit upthe researcin

clear steps.

1.3 Methodology

Theattention in this thesis is divided over two main areas. The first area isekaluation
of routes to adjust the route to comply with changes made to for example the nétvisrk.
area is covered in literature by for example Montemanni (2002), Larsel) @@ Golshani
et al(1996). The incorporation of predictions is the second area attention will shifthizo
will be done by implementing an adapted algorithm.

The firstarea of interestRoute reevaluation

Apart from the more technical questions concerning the actual alteration of the travelrcosts,
importantaspect in delivering a reliable route in a dynamic environment is the way to deal
with changes occurring to tliata Montemanni (2002), Larsen (200and Golshanet al

(1996) use route revaluation to deal with these changBso main options are using
predefined reevaluation moments or cstantre-evaluationln chapter two their approaches
are described andassified.
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Second area of interest: the incorporation of predictions into the route determination process
The main goal of this research is to establish a method to determinearaluate routes

using predictions of data that changes over time. Therefprocess will be developed and
tested. Simulations will be used to test the performance in terms of outcome quality and
changes to the process will result from these tébis first phase wllconsist of determining

routes in a static manner. The rost®uld take road closings, wind direction and the disaster
area into account. The second phase will focus on incorporating the temporal element into the
analysis in the form of predictions. While the environment changes, for example when more
roads are dsed, the routes the emergency vehicles follow may have tedwalieated. In

addition some roads that were closed might be open again by the time the routed subject
arrives at that road segment. A third phase will focus on a comparison of the stascarit

the routes that result from incorporating the predictions. The different phases are described in
more detail below.

Phase 1:static route determination

During this hase only the data that applies to th@ment of departure will be used for the

initial determination of the route. The main focus here is on altering the costs of travelling
along a road in a way that guides the emergency services around the plume and makes them
travel down windhrough the plumeThis typically is a static case, wieano predictions

whatsoever are incorporated.

In a normal situation a route will be determined as shown in figure 1. This is what the
commercial navigation software basically does. It calculates the shortest route to the
destination. Now in case of a ds$ar the first thing that can change in the road network is that

a road becomes blocked. In figure 2 such a road block is depicted. In this casalaaton

of the route is not necessary because the road block is not located on the determined route. In
figure 3 another situation is depicted. Here the road block is located on the route determined
initially and a reevaluation of the route is necessary. This will result in an alternative route.

Il n both these cases i-dvaudtonefshe totte isTdartet er whet he
continuously or only in case a road block proves to be on the currentlrocéses where a

block is removed however a-evaluation of the route might result in a faster route. Soethe
evaluation of the route caat be limitedto changes occurring on the current rodteother

thing that is important to incorporate is the gas plume. It is important to take into account that
a gas plume cannot be determined without accepting some uncertainty. This means that one is
most likely ateady in danger when getting close to the plume drawn on a map. This means
that determining a route that stays out of the gas plume alone is not a satisfactory solution.
The route determined should also keep some distance from the plume even if thithateans
some extra time is needed to get to the disaster area when doing so. The exact distance that
should be kept however is not clear. The idea is depicted in figure 4 and figure 5.

The assumptiothat the uncertainty around the outline of the plume eadly included in the

plume provided to the algorithm is made during this phase. The effects of this assumption are
described during this phase as well.

When this phase is completed the route can be determined taking wind direction and the gas
plume intoconsideration. It does however not incorporate any predictions for the gas plume.
Therefore the result of this phase will both be input to phase 2 and phase 3. Phase 2 will
consist of incorporating predictions into the determination of the route. Dugrthitd phase

the results of both phases will be compared
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Phase 2: incorporating predictions into the route calculation
Though responding properly to the challenges presented by the environmpsribherkate a
safer andnaybefaster route to the destination, another improvement is expected to be made
by incorporating predictions into the process. The facukis phasés on incorporating the
predictionof road closings and openings for bridg&sother prediction that can be
incorporated is the prediction of tokangingplume.Because predictions are always
concerned with a measure of uncertainty the main focus here is not on the prediction itself,
but on the incorporation of these predictions.
In relation to the gas plume predictiotizree different cases can be thought off. These three
cases are summed below.
1. Predicted plume does not interfere with the determined route: in this case the
determined route does not have to be altered
2. Predicted jume spreads over the determined route: the determined route needs to be
altered in a way that no conflict arises with the plume in intertal T2 (see figure
6)
3. Predicted plume drifts away from the determined route: whether the determined route
should ke altered depends on the time it takes the fire truck to get to the edge of the
plume. When the fire truck arrives at the edge of the plume befrediting at
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approximately the blue dot might be the fastest and safest option. When the fire truck
arrivesat the blue dot after2the fire truck can without a problem continue its way to
the green destination point (see figure 7).

Tl 12

Figure 6: Alternative route as a result of the plume prediction

@ -

] ]
Tl 12

Figure 7: Possibility to wait for the plume to move awawrfr the route

Incorporating these three possible actions asks for the creation of a method to use time
dependent travel costs. These should not only be added up but even compared with each other
across time and space. The possible outcome might be toweditdor the plume to pass,

drive around the plume or the conclusion that the plume will already be gone when the fire
truck arrivesThis decision will be made based on predictions that will be incorporated into

the algorithm created in this phase. Thill be done by extending the Dijkstra algorithifo
investigate the implications of théglaptedhlgorithm for the routes, the algorithm is teshed

five scenariobs

Phase 3: Comparison between theimple static routesand the routes respecting

predictions

Thoudh in theory the usage of predictiongautes can have rather big advantages, the

guestion whether it has advantages in practice remains unanswered. Therefore a comparison
between the result of the first and the second phase will be mad@&lhisreomparison will

be done by creating a numbersoknariogor which both a staticouteand a route
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incorporating predictionwill be determined. Based on the test results conclusions can be
drawn on the value of including predictions in the procéssuie determination.

Focusof the research

Because the different response units (fire fighters, police, ambulance) have different data
needs, the fags in this research will not lwn all of these units. Fdhis research the focus

will be on the fie fighters, because this response unit has to deal with a lot of information
relating to navigation. The fire fighters are the people that go into the disaster area to fight it
and collect information about toxics. Apart from information collected by tbles they

also receive information about road closings, evacuation routes and the location of a field
hospital from the other units. The method used to determine the routes should however not be
that different for the other response units.

Apart from detemining the target group also a choice needs to be made fasleet ofoute
determination to focus on. The focus can either be on the differences in possibilities and
performance between for example a GIS and a database. Aaspigeican be to deterime

which algorithm for theomputatiorof routes suits this case best. These two elements focus
on a comparison between different methods or approaches and not as much omlthe actu
determination of the route in relatively chaotic conditiohso elemets that do relate to the
chaoticconditions present during a disaster are the time element and the network element.
The time element consists of the incorporabbpredictionanto the determination of routes

and the incorporation of unexpected chang&antples of thespredictionscanbe a moving
plume of smoke, enoving flooded area or bridges that close and opbka network element
focuses more on the determination of shéable subsaif the completaetwork to use in a
specific case. This meansatlsome kind of classification method should be developed to
automatically determine which road network should be used depending on the severity of the
disaster and the type of response unit. In this research the focus will be on incorporating the
wind direction into the route determination and secondly the incorporation of the time
element. The main reason for this is that the challenge in a disaster setting is to determine a
relatively safaoute that is as short as possible.

Scopeof the research

Thoudh routes are determined from a particular point towards a particular destination, this
research does not aim to deliver a route planner. Apart from the route line no user interface,
spoken directions or address locators will be created.

Apart from roads éing closed because of the disaster, some disaster response units might be
able to leave the paved roads. For these units the determination of routes should also take the
dirt roads into consideration. For the other units the severity of the disastesteanide

whet her the cycle paths for example will or
roads not only results from the damage caused by the disaster but also by the type of vehicles
used and the severity of the disastérough this wouldmprove the results of the route
determination process, this does not involve another way of determining routes. Merely this
means that the input network is different for the various types of vehicles and disaster levels.
Though the determination of trawahes or costs for cycle paths and dirt roads can become a
rather challenging task it will not be considered in this researabther challenging task

would be to allonthe emergency units to cross open areas, such as fields in a park or rural
area. Bemmalen et al (1993) wrote on this subjeomparing the results of different

algorithms Though leaving the road could improve the results and help to evade the plume it
is not considered in this research.
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1.4 Structure of the thesis

All information neededo answer the research question is structured in a number of chapters.
In chapter two attention will turn to literature on approaches to incorporate changes in the
information into the routing process. In the third chapter possible changes in information i
disaster area are explored to arrive at some assumptions and needs for the design of an
algorithm. The assumptiorisat have an influence on the adaptation of the algomthmell

as the user needs related to the route determination in disasteraardasfound in chapter

four. The fifth chapter focuses on the design of the algorithm and the presentation of a couple
of test cases. The first basic routing algorithm is created and tested in chapter six. In chapter
seven the routing algorithm createcchmpter six is adapted to incorporate predictibomghis
chapter a description is provided transformation of the static Dijkstra algorithm inte a non
static algorithm that is, an algorithibased on the Dijkstra algorithm that incorporates
predictions imo the route determination proce$te adapted algorithm is also tested on the
cases in this chapter. Based on the results of the algorithms used in the sixth and seventh
chapter a comparison is made in chapter eight. In chajptethe resultsare discgsed.
Conclusions based on the results of this research are drawn in chapter ten.
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2. The process of routing: dealing with changing information

2.1 Introduction

In this chapter approaches to accommodate for changing circumstances when determining a
routeare presented. These approaches are collected from literature and present ways to re
evaluate a route that was created using a static algorithm. The first paragraph introduces the
subject. In the second paragraph attention focuses on the routing paesha@e and in the

third paragraph the approaches to thevaluation are classified and described. Apart from

that the importance of using predictions is signalled. To get an overview of ways to
incorporate these predictions some routing algorithmdeseribed in the fourth paragraph.

2.2 General requisites for routing

In everyroute calculation information is needed on the origin, the destination and a network.
The origin is the position where the route starts and the destination is the positreriivehe

route ends. The route is calculated between the origin and a destination based on a network. A
network can be a set of lines or an area. The choice between the two depends on the type of
transport a route is calculated for and the type of netwanleslare most used to represent

road or cable networks and areas can be used to represent gugresdandr the sky.

Though using lines or areasems an importadifference in determining a route, the actual
process runs down to determining the sqer elemendr distanceln the case of lines the

costs can be determined per line segmiarthe case of areas a cost can be calculated per
distance unit within a cefbr exampleg(Bemmelen et al, 1993The actual calculation of the
routeconsists okearching for the route with the lowest cogteugh algorithms for line

networks differ from raster algorithm& more challenging task is to deliver a route that is

best in qualitative terms. Calculating the safest route for example not only chatheeges

guantify safety but in addition asks for a balancing act between the length of the route and the
safety of that route. Once these costs are determined they can either be considered constant or
changing over time. Apart from the costs, the destinégjoand the network can be dynamic

too.

The aim of the routing process is to minimize the cost of travel. The circumstantctse

network theoptimization takes plade is in many cases different. The main focus here will

be on some researches thatifssed on incorporating dynamic data in the process of routing
(for Example: Min et al (2006), Montemanni et al. (2002), Larsen (2001), Golshani et al.
(1996), Wang and Crowcroft (1992), Wang and Crowcroft (1990)s can either be

changing costs of tv@l or a changing set of destinations. Though the two seem rather
different, the process of dealing with this dynamic data shows similarities. Before looking into
the different methods used to incorporate dynamic data, first some attention will be given to
the process of routing and some basics of routing algorithms.

2.3 The routing process

Determining the optimal route is not something that is limited to onlyygeeof network.

This processs useful for all kinds of traffic along any kind of infrasttuie. Golshani et al

(1996) use an area as the medium to travel through, focussing their attention on a balancing
act between safety of travel and travel distance using incompletsatfon. Wang and
Crowcroft (1992 1990)take a computer network as timedium for travel. Their attention
focuses on dealing with a heavy traffic load and a dynamic network environment. Their goal
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is to minimize congestion on the fastest route without causing congestion on the alternative
route.Hanshar & OmbukBerman (2007andLarsen (20@) on the other hand focus on the
dynamic vehicle routing proble(®VRP), where destinations can be added while travelling.
The aim here again is to find the optimal route between all the nodes that need visiting.
Though the networks antle type of traffic can vary widely, the parameters that are input to
the calculation are very similddi Caro et al 2008 state that routing problenadten consist

of a source and destination between which a shortest path needs to be estélidishethe

cases abovthere is a travel cost associated with each segment of the infrastructure and there
is a source and a destination. In all cases the travel costs for all segments in the network
should be known or estimated for the result of the procdss teliable.

The algorithms found differ because these are designed to take a specific characteristic into
consideration such as incomplete information on awsts raster networfGolshani et al.,
1996),minimizing congestion on a lingetwork (Wang & Cowcroft, 1992 1990 and the
incorporation of additional destinatiortdgnshar & OmbukBerman, 2007t.arsen, 200@).

Wang and Crowcroft (199@listinguishes between four procedures in a distributed routing
algorithm. Though these procedures apply to aprdser network with a number of routers,
that maintain a table with the shortest paths to all destinations in the network, it can be
translated into four procedures that apply to navigating on a road network.
1. distance measurement: acquisition of data atvauél times and availability of the
road segment&urrent and predicted)
2. information distribution: delivering the information gathered and the changes made to
this data tdahe algorithms or devices that are going to calculate a route.
3. route computatiorbased on the information delivered in the previous phases a route
can be calculated and existing routes can be updated
4. packet forwarding: driving to the next point of the route

In contrast to computer networks these four procedures cannot be integthtedne

algorithm. The first procedure consists of integrating data from numerous sétocesad
networks me carthink of traffic announcements anabbility data neasureds well as

predictions on road availability and plume movement

For road network Min et al (2006) advocate the use of previously measured travel times as
the costs associated with a segment instead of calculating the costs based on road length and
speed limit.The second phase is concerned with exchanging the information. The exoliang
informaton canbedone beforehand in cases where the information is considered constant. In
the case of Wang and Crowcroft (1990) this assumption was made implicitly, since they state
that the information gathered will be used to route that packette hext hop. A route

consists of a series of hops with their intermediate networkcds$ts of an edge between two
hops are considered constant for the time the routed package travel over thioedgeating

over networks that do not have these haptsdo have dynamic information this phase is
reinitialised for each revaluationLarsen (200)Lfor example expect® receiveinformation

on travel timesnd thedestinationslf the new destinations are added these are delivered by
the second procedeiiand the route taking the new destinations into consideration is calculated
in the third phasdn cases presented Bin et al (2006) and&Vang and Crowcroft (199Qhe

route is calculated similarly as in the case of Larseri(R @it informationon travé costs

gathered during the travel is reported bank used as input for the routing of new subjects

The actual route computation is done in the third phase. The information gathered in the
second phase entered in an algorithm that is often tailande to incorporate the type of data
gathered (Examples are: Larsen, Z0Bolshani, 1996\WWang and Crowcroft, 1990)
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The final procedure is to guide the package or the vehicle, along the optimal route determined,
to its destination. During this procedure measurements are made on the actual travel time

in case the travel costs are considered constant. This is hB¥&¥ described by Larsen
(2001). In cases where the travel costs are considered to be subject to change the first two
procedures run withithe fourth procedure. Golshani et al (1996) consider a case where a
helicopter receives information dinreatsn its environment and adapts its own route based

on this information. The information is partially retrieved from the environment by the
sensos of the helicopter and partially from other sour€&ating this back to the four
procedures identified one can see that the routed subject in this case acquires information,
receives information from external sources, calculates it route, and taémedsthe route
autonomously. During the fourth procedure information is gathered and the route recalculated
and the course adapted if necessaryhénresearch of Min et al (200the integration of the
procedures differs from the case presented by @Goisdt al (1996)n that the result of the
subjects information gathering does not mean that the subjects routvauatedThe
information is gathered during the travel but delivered to a database. The database can be
gueried again to route a new fadi. In this case the four procedures are used and the first two
procedures are also incorporated into the fourth procedure, but the information gathered
during the travel is delivered to a database and does not become input for the sulnjects

third phase.

Based on the use of the different procedures in the different researches a difference between
the travelling subjects between vehicles and packages becomes apparent. Packages in
computer networks as described by Wang and Crowcroft (1990) have nd ceetrthe

route they take to their destination. The hobs in the network decide in which direction the
package is going to travel neXtehiclesareon the other hanish control of their travel. These
vehicles have the information on their travel on b@ardcouldre-evaluate the route based

on new hformation (case of Larsen (2001in addition thevehicle can gather and deliver

travel information to a database (case of Min et al (2006)) and ultimately the vehicle eould re
evaluate the route based onomhation just gathered (case of Golshani et al (1996)). Based
on this it can be stated that if the travelling subject is a vehicle it fulfils the rolelzakivba
computer network to some extent.

Differences in the capabilities of the travelling sulgetgtermine the extent to which it is
possible to find reliable routes in different environments. If the travelling subject is unable to
gather information from the environment itself it has to rely on information gathered and
delivered by others. In eneinments where network attributes are rapidly changing this might
mean that thenformation in this case reaches the travelling subject too late. In very dynamic
environment travelling subjects that gather their own information and share that information
with other travelling subjects are more likely to find the actual optimal route than travelling
subjects that do not gather and share information.

Forthe incorporation of the new information into the route the existing route should be re
evaluated. All thenew information is entered again into the third procedure; the procedure
where the route is determined.

24 Handling data changes in the routing process

When it comes to iterating the route determination process, there are a couple of approaches
that can b chosen based on the situation the route determination takes place in. Based on
Montemanni et al. (2002), Larsen (2008plshani et al. (1996nd Wang and Crowcroft
(1992)the following approaches can be distinguished:
1. Static route determination: a reus calculated using the data available. The route is
not corrected or recalculated when changes to the original data occur.
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2. Semistatic route determination: this approach expands the static approach by
recalculating the route every time a change ocautise data.

3. lterative route determination: a route is calculated using the data that is available. The
route is recalculated at the end of a time window. This time window can for example
be 1, 2, 3, 4 or 5 minutes. The route is recalculated every timéevtibere have been
any changes or not.

4. Dynamic route determination: the calculation of the route is performed constantly.
This means that the calculation is restarted as soon as it is finished.

The first approach to routing is the simplest approach.n/¢heosing this approach one
assumes that the network is not changing or only changing on the long term (Wang and
Crowcroft,1992. According to this statemetttis approach can be expected to deliver the
best result in stable environments. Since chang&avel costs are not considerede

shortest route found does not have to be the shortest route in practice. The result of the static
route determination approachtiereforesufficient for finding a routéetween an origin and
adestination If onehoweveraims to arrive at the destination as fast as possible, finding the
actualfastest route becomes more important. In this oasgvants to have more informati
about the actual travel costs on the segniegtiseen origin and destinatiofhe travel osts

can be influenced by congestion for examplecause this information is only valid for a
relative short periodhe travel costsf the routemaychange during the travelo take these
changes to the travel costs into consideragigemistatic raite determination approach can

be adopted. Using this approach a change to the travel costs leadst@mation of the
route.This means that the information used to calculate the route istasdape as possible.
Though the travel times are updatealjting choices made just before the update limit the
options to find a faster alternative. The difficulty finding a fasterétigve are likely to be
largerwhen one is getting closer to the destination.

Larsen (2001) anGolshani et al. (199) state hat calculating a series of static situations is

the easiest method but does not necessarily deliver the optimal solution. The alternative
however is to accept a saptimal route at first, hoping a future event will better fit in with

this route than itifs in with the optimal route. This involves accepting a lot of uncertainty and
possibly accepting a stuiptimal route that remains swiptimal throughout the entire trip.
Larsen (2001) and Golshani et al. (198®&refore choose to always search for thinoal

route based on the information available at that time. When one is able to predict more and
more events, the risk of an optimal route turning out to beoptilnal as a result of an event
becomes smallemhe incorporation of these predictions candone by having time

dependent travel costslso Montemanni et al (2002) signals that even thahghapproach,
re-evaluating routes without incorporating predictiomgght not deliver the optimal result,
choosing the optimal route based on the avkdlatiormation at that momerg the best way

of dealing with uncertainty.

Larsen (200)Lstates that a disadvantage of this approach appears when the environment
becomes more dynamic. Following this approach theveduation of a route will be
interruptedwhen changes are occurringquick succession. Larsen (20@qitoposes slightly
differentapproactto overcome this disadvantage, which is the iterative route determination
approach.

In theiterative route determination approable route is recalculadesvery couple of minutes.
Though the third approach is expected to perform better in more dynamic environments than
the second approach, teemistatic approachims, in contrast with the iterative approaich

be upto-date at every moment in time.

Thefourth approach is designed to deal with rapidly changing circumstances. The continuous
recalculation of the route will in practice be similar to the third approach. The recalculation

28



with the dynamic approach will have to deliver a result before bestgrted. The time
window of the successive calculations will in this approach be the same as the time it takes to
determine a route.

When the degree of dynamismasfe kind ofenvironment changes/er time,it will be

harder to tie one specific approachthe particular kind of environmerithis asks for a
combination of approaches that is generic in a way that it usesdgie information without
calculating the same route over and over again when the information has not changed. Itis in
such an envanment that the dynamic route determination approach would seem the best
approach at first. The downside would be that the route is still recalculated when the
environment is in a relatively stable phase. The approach that best suites the relatively stable
environment is the senstatic route determination approach. This approach however will

have disadvantages when the environment becomes more dynamic as was pointed out earlier.
During the more dynamic phase of the environment an approach such as tive itera

approach will be more suitable. As a general approach to environments with a changing
degree of dynamism a combination between a-static and an iterative approach seems

most appropriate. This hybrigpproach should revaluate a route when a chartps

occurred during the relatively staljbase of the environment and switch approaches towards
the iterative approach when clusters of changes are recorded during the more dynamic phase
of the environment.

When looking at the actual-evaluation proess one can choose teenealuate the entire
network or only the portion of the network that is affected by the changes. The latter of the
two is more efficient in terms of calculation time and resources (Xiao 20@®. Xiao et al

(2003 developed a ethod to limit the rebuilding of the network to the part of the network
that is affected by the change. This means that the algorithm they developed checks whether a
distance has increased or decreased. If thererigbeen an increase in travel costemige

B, all child nodes including the end node of edge B amvatuated. A similar thing happens
when there is a decrease in travel co$y on edge B and the total travel cost to the from

node of edge B plus the new travel cost along edge B is sihialethe total travel time to

the end node of edge B. textbox1 the method of this algorithm is clarified even more.
Implicitly this algorithm is an implementation tife semistatic reevaluation approactOnly

a change to one of the edges is triggganreevaluation. This appeeh is according to

Larsen (200Lcumbersome in a very dynamic environment. In a less dynamic environment
however the benefits of this approach to partial netwedveduation can prove to be
considerable, because the routeedmination can be done quicker and the resulting route is
always upto-date.Important here is that the destination of the travel is not subject to change.

A combination between the pwach advocated by Larsen (20@hd the approach used by

Xiao et al(2003 would deliver an algorithm that-evaluates at best once every 1,5 or 10
minutes. The reevalation will only take place if anghanges occurred in the previous time
window and the r@valuation will only be done for the parts of the network #nataffected

by these changes. Though this approach seems to be a combination between two approaches
that proved to be efficient under different circumstances, the combination of the two will not
necessarily deliver the same benefits as the two sepapateaabes.
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Approach to partial network re -evaluation (Xiao et al, 2003)
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NN
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Figure 8: Rirtial network reevaluation(edited from Xiao et al., 2003

In the figure above a hypothetical network is depicted in frame A. For all the nodes |
network the shortest path can be determined. The bold edges in frame B show the s
paths to the ifferent nodes, in the pseudo code below these are depicted with the let
In frame C the travel cost of only edge B (in red) is changed. Edge B has a from no(
(BF) and a to node (BT).
In a simplified version of the algorithm the following happenddtermine whether node
need to be revaluated or not.

When the travel cost of ed@echanges: TC(bh TCo6 ( b))
fTCO6 ( b) ANDOpPa@oOE)
Re-evaluate route to BT and its descendants, taking all edges into considerat
that have BT or a descendahB as its end node
Allowing for descendants of BT to be assigned to another ascendant
Elseif TCO(b) MANDTEC$§D3Y BF + TCO6(b) < costs
Re-evaluate route to BT and all its descendants, taking all edges into considg
that have BT or a desceamt of BT as its from node
Allowing for new descendants of BT to be found
Else
Wait for other changes to occur

Textbox 1: Partial network revaluation

Although the approaches differ considerably, they have one important similarity. All of the
above approaches use the mostatdate data for the calculation, but no predictions of the
travel timedby the time the driver is assumed to be at that location. This means that the
determination of the route is in all cases reactive. Consider the below example, where the
travel times on one of the roads towards the destination city have changed conshmetiabl
timethe driver arrived at that segmexthen this was known at the moment of departure, the
at first longer alternative would have proved to be the faster route in the end.
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Example: Travelling around rush hour

A driver is travelling between twaties. When mainly using highways there are two

alternative routes. Route A is 5 km longer than route B. Route B however is well known for its
traffic jams around rush hour. Now the navigation device finds route B, because this is the
shorter route. By thtime the driver is half way route B the rush hour has started. On route B
the delay because of traffic jams is 1 hour more than the delay on route A. Looking back the
driver would rather have chosen the longer alternative to bypass the traffic jamsrauedad

the destination earlier.

Using predictionsin the form of time dependent travel cogtsthe process of routing adds an
approach to the approacthmaentioned before. If all thehangeselevant for determining the
fastest routeouldbe predictd the disadvantages of-svaluating the route can be countered.
Incorporating predictions in the algorithm will remove uncertainty and thus the disadvantage
brought forward by Montemanni et al (2002) of previous routing choices pney&ms

optimal roue to bedeliveredeventually.Similarly the risk of not reevaluating the route using

the semistatic approach, because a new change occurs before the previous change has been
incorporated into theoute, identified by Larsen (20pwill be countered as MleBased on

this one can conclude that incorporating predictions into the route determination procedure
will improve the resulting route.

The static, sermstatic, iterative and dynamic route determination approach have in common
that the information aviible when determining or+@valuating the route are assumed to be
effective immediately. In the case of a prediction part of the information available does not
apply when the route is determined, but will become valid after a certain period of time. For
the algorithm this implies that not only the identification of the next edge is needed, but also
the time of arrival at that edge. Based on this time of arrivaighé information contained in

the predictions should be selected.

In the next section soarouting algorithms and the way these deal with dynamic data are
discussed. Even though these algorithms are reactive, thesm e@ftable insights in the

wayto dealwith predictions Since the predictions will be implemented by having time
dependentravel costs it is important to insert the adaptation to the algorithm in the part where
the travel cost of an edge is first retrieved from the data.

2.5Routing Algorithms

For the calculation of routes there are a large number of algorithms availabke oSthese
algorithms will be explored here.

2.5.1 Dijkstra Algorithm

This algorithm assumes that there is a graph with a single source and all weights assigned to
the edges of the graph are aoegative. It starts by updating the vertex closest tedlece

in a distance arrafPuhuparampil, 200;7Cormen et al, 199Dijkstra, 1959.

The distance array contains all vertices at the start of the process. To indicate that none of the
vertices have been processed, the distance values in the distap@reset to infinity for all

the vertices at the start. What the Dijkstra algorithm does is merely updating the distance
values in this array, starting with the source vertex which has a cost ¢Pzroparampil,

2007 Cormen et al, 1992
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The valuesn this array represent the shortest distance found between the source and a vertex.
The vertices that are now connected to the source through edges are added to a priority queue.
A priority queue is a list of values that is ordered with the smallest aalhve topThe

minimum value in this queue is added to the distance array. This means that the shortest path
to the vertex just updated in the distance array has been found. The vertex that was just
updated in the distance array is removed from theifyrigueue. In the next round the

vertices, that are connected through an edge with the last updated vertex in the distance array,
are added to the priority queue. This process continues until the shortest path to all vertices
has been founPuhuparampil2007 Cormen et al, 199Dijkstra, 1959.

The Dijkstra algorithm implies a search in all directions. This means that in the case of a

single destination that has to be visited, the search area is bigger than netassary.
disadvantage can be countebsdimplementing an algorithm that takes the approximate

direction of the path to be found in consideration. An example of such an algorithm is the A*
algorithm.

2.5.2 A* algorithm

The A* algorithm uses a heuristic estimate of the distance from anytodide destination
(Puhuparampil, 2007Hart et al, 196§.

The heuristic distance from any node to the destination is based on the straight line distance
between that node and the destinatiogster, 200k The way the algorithm searches for the
shortes path from the source to the destination using this heuristic estimate is described
below.

Add the starting point to the closed list. Next add all the traversable neighbours of the node in
the closed list to the open list.

The distance to the nodes iretbpen list is a summation of the distance between the nodes

and the heuristic distance from the node in the open list to the destination.

Add the node in the open list with the smallest total distance to the closed list, storing also the
predecessor nodégain all the traversable neighbours of the nodes on the closed list are
determined and the distances of these neighbours are (re)calculated. Again the node with the
smallest total distance is added to the closed list. This process continues unstitteide

node is reached.éster, 2005Hart et al, 1968

The difference with the Dijkstra algorithm is that A* does not search equally in every
direction. This is done through defining a heuristic value that guides the searching into the
right direction The Dijkstra algorithm has no heuristic value so the search is done in all
reachable directions. The downside of the approach of Dijkstra is that is takes mdee time

find the shortest path to the destination. If one wants to find the closest destiratica

group of destinations the Dijkstra algorithm has the advantage overeAtef, 200%h

2.5.3 Bellman-Ford algorithm

The concept of this algorithm is similar to the Dijkstra algorithm. The main difference is that
this algorithm $ able to handleegative costéPuhuparampil, 20077Black, 2005).To make

sure that a shortest path exists, the algorithm checks the graph for negative cycles (Black,
2005; Cormeret al, 1992). If a negative cycle exists in the graph, a shortest path cannot be
found. Ths is caused by the fact that travelling along edge A with a negative cost will lower
the total travel cost. If a route exists back to the start of edge A with a net negative weight the
costs have become smaller when arriving back at the start of edgawalling along edge A

will again lower the costs. Hence there is a negative cycle where travelling along a set of
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edges, connected to each other, will lower the total costs every time. If one is calculating the
shortest path to any destination one wiitfthat the shortest path will only be within reach

when travelling an infinite number of times along the cycle. The destination will therefore
never been reachelh case of routing over a road network, as is presented in this research,
the costs are uikkely to be negative.

The algorithm updates the distance array for the source vertex and sets its value to zero. All
adjacent vertices are relaxed and updated in the distance array. This procedure is repeated for
all the edges. The second step is to wlsithe vertices in the graph again to make sure that no
negative cycle exists. A boolean value is returned indicating whether a solution exists. If there
is no negative cycle the algorithm returns that a shortest path exists (Black, 2005; €ormen

al, 192)

2.6 Towardsan algorithm for routing in a disaster area

In the case of a DVRR numbeof locationshave to be visitedf which only a certain

amount are known beforehand. This means that the destinations one has to travel to are
dynamic. In this caskarsen (20Q) states that the more information is known beforehand the
more optimal the route can be determirBus statement advocates the usage of predictions
in the route determination process to arrive at better results. To incorporate the piedictio
routing algorithm should be adaptiedbe able to evaluatarie-dependent travel costss was
determined earlier.

Though in the DVRP the destinations are considered dyn#mggcan be considered

relatively constanin case of a disasteFhe dyramic information isn the caseof a disaster

more likely to beablock that need to be avoided instead of destinations that need to be
visited. The actual goal however remains the same; the best route should be determined.
The theory on the approacheshe reevaluation apply to the case of a disaster since new
information should be incorporated into the route similarly as in the cases described earlier.
Larsen (20Q) states that the emergency services operate in a very dynamic environment.
Reasons he méions for this are incomplete data, uncertainty about the needs of customers
and their location. In general however the destination the emergency services are dispatched
to are relatively clear. According to Kieboom (2008) the emergency services aregathe

field stations outside the disaster area and dispatched from there. The routing towards this
field station does therefore not involve uncertainty about the destination. However in case of
toxics the uncertainty concentrates around the spreadihg adxics. This spreading changes
with time introducing a dynamic component into the determination of the routes. Larsen
(2001) expects that including morepaiori information and expectations will improve the

routes found.

By incorporating predictionsroroad availability by defining timedependent travel costs,

into a routing algorithm part of the dynamic information becomes known beforehand. This
reduces the uncertainty about road availability and thus reduces the degree of dynamism of
the environmentFollowing this argumentation a choice could be madedace the re

evaluation approach from dynamic route determination to iterative or even-gtaimroute
determination approach. The need however to work with the mastdgge information
combned with a risk of still encountering a large number of changes in a very short period.
The best approach of-evaluation therefore is considered a combination between the semi
static and the iterative route determination approach.

Because ideas on-maluation of the routes have already been developed and implemented
(for example: Montmanni et al., 2002; Larsen, 2Q@olshani et al., 1998Vang and

Crowcroft, 1992attention will focus here on incorporating the predictions into an algorithm.
Before deeloping and testing such an adaptation to an algorithm the dynamic information for
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the case of a disaster, which is considered here, should be listed. This is done in the next
chapter. Also in this chapter a concept of the adaptation of the algoritmeséenfed.
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3. Data changes in case of a disaster

3.1 Introduction

The process of route determination consists of a couple of elements. These elements are
information, route determination and user response. In order to get the optimal result all these
elements should be integrated perfectly with each offfer.different elements are described
separately in this chapter.

3.2 Information element

The information element is build up out of two things:

1. the location information; the source and the destinatif the route to be determined,

2. the network information; the actual trawelsts(nodes and edgeahd the available

roads

In both groups thenformation can either be changiagstatic. For location information the
source can be a vehicle driving arduhe network and the same applies to the destination. In
many cases the destination is assumed to be a static location, sn@uddeeas, an
intersection or a building. In case of a pursuit or an interception of a vegheldestination is
a moving dject and thus a form of changingormation. Information on the velocity, the
direction and goal of the moving destination helps to predict the location of the destination by
the time one is able to be somewblaser to that destination.ttie predictio is of good
quality one is able to determine the location where one can arrive or intercejiMing
destination. The source can also be a dynamic location. For the route determination however
the source is often assumed to be static during the detgromr\With network information
all information on road availability and travel times are meant.
The road availability aosists of a static and a changoc@nponent. The roads in the network
represent in general the roads that are available to a vahitdeigate on. Based on static
restrictions or characteristics some of the roads can be unavailable to particular modes of
traffic (bus, train, car, bicycle, foot, fouvheeldrives), closed in a particular direction (one
way traffic and restricted turhsr impose restrictions on passwghiclesbased on their
dimensions (maximum height, weight, width or length). All this information is static and
ideally known beforehand. It is however possible that due to some event the availability of the
roads is iereased or decreaséddese events introduce a tempam@nponent to the
availability of the roads. For example some roads can be closed to particular types of traffic
because of tough winds (trucks on dikes for example) or rubble alongside the roatif(miose
traffic with a particular width). On the other side roads can be closed to all types of traffic
becaue of some form of danger damage (for example: road construction, large accident,
collapsed bridge, flooding, toxics, danger of explosion, &itl.jhese events change the
availability of the roads and therefore thimatic networkAnother thing these events share is
that they happen at a particular moment. Vehicles that are already past the event location by
the time the event takes place willtii@ave to take this event into consideration.
In addition to the road availability the travel costs along each road segment are important for
the determination of the optimal route. Similar to the road availability the initial costs are
static and can bieased on a combination of the speed limit and the length of the road
segment. Though this is an easy and rather quick method to estimate the travel costs of a road
segmentit is rather optimistic aMin et al (2006)show in their researci he travel cost
generated using this estimation method assume that one has a constant velocity along the
entire road segment not taking into account the time needed to accelerate to that velocity and
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the time needed to decelerate when arriving at the next interséotamdition it takes

additional time to make a turn or wait in front of a traffic lightis is an example of @ost at

a nodeThough these considerations apply to all roads in different degrees, the enhanced
estimate of the travel costs taking all fastmmentioned earlier into account is still an example

of a static estimate. In practice however these travel costs will also depend on weather
conditions, accidents, road maintenance, number of vehicles and the type of traffic (cars,
busses or trucks). The are all examplesd often hard to predict dynamiactors. Taking

these factors into account could however improve the reliability of the route found and of the
total cost estimaténcorporating informatiomn events like road construction, expectedef

times and a link with the traffic lights system also turns up in work of the NVBR (2006).

Within the network information one can also have temporal road closingsipotal changes

in travel time.

All this information should be gathered and groupedn efficient way for the algorithm to

be able to access and use the information. The actual quality of the output depends on both the
assumptions in and the quality of the algorithm and on the other side the quality and
availability of the input informtion. The algorithm itself once created processes the

information the same way every time. The differences in quality of the output between two
cases is therefore most likely to be caused byuiffces in information quality.

The final and very importarlement is the responeéthe user to the route returned by the
algorithm. This user response however is not limited to only the understanding of the meaning
of the directions but also the ability to comply with the directions provided. If the useeslecid
for any reason to leave the route provided to him by the route determination process, the total
travel costs will change and the route will not be the most optimal one anymore. Fhis sub
optimal result could have a higher cost than anothepgtimal result, that had a smaller

chance of accidentally leaving that route.

Within the categories defined earlier some events that seem unlikely to appear can exist
simultaneously in case of a disaster. For this particular situation it is therefoestinigto

see how these everttan beused in the route determinatidfirst it is necessary to identify

the kind of eventthatcan exist in a disaster area that imply routing choices for the

emergency units.

Location information

In case of a disaster the actdaktination and source of the route can be considered static.

The emergency vehicles are very likely to move towards a central gathering point close to the
disaster area to be dispatched from there or perform their work at that location (Snoeren,

2009; Kidboom, 2008). For the emergency units that move into the disaster area to perform
measurements the actual destination can be updated. The destination however is not a moving
object but merely one or a series of static locations. The input to the processnaf can

therefore simply be two points, a source and a destination.

Network information

The main dynamidimension of the route determination in disaster areas is related to the
information on travel times and road availability. In the case of atdisaselative large

amount of changes to the network can be thought of which are located in a relative small area.
This means that the combined impact of the changes to the network can be relatively large.
The correct implementation of this informatiomdaerefore help to considerably improve the
quality of the route founds was advocated Byontemanni (2002), Larsen (2004nd

Golshaniet al(1996) in the previous chapter

The availability of the network segments in a disaster area can be influentteddaymage to

the roads and road blocks. Both these cases appear at some point in time on the particular
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segment and are valid in many cases for a longer period. This can be anything from a couple
of hours to a number of weeks or even months. For an emeygesponse unit it means that

the period the road segment is closed is longer than the time it takes to travel to a destination.
This information therefore typically asks for aeealuation of the route and not for the

creation of models to predict tioecurrence of damage or road blocks. Another thing that
influences the road availability is the closing and opening of bridges and rail crossings. These
are both temporal in that there st@dpen or closed) changes oviene. The fact that the
bridgeisc | osed for traffic when the emergency re
that the emergency unit will have to wait for the bridge to go open again when it arrives at the
bridge. The same goé&sr the opposite situatiof the bridge is open faraffic when the
emergency response unit starts drivingt h at d thesbsidgeéig stillogen when it

arrives there. This typically calls for the incorpavatof predictions for thepen and closing
timesof bridges Any delay during the travel the disaster area can result in additional loss

of life and commoities. Based on this ideaseens to be very interesting to avoid any

bridges or rail crossings that might be closed at some jpdiime. This would no doubt

result in a higher averageest duing the travel. A route crossing a bridgaroducing two

minutes of waiting timgmight however stillresult in an overall shorter travel time.

The travel timeshemselvegan also change. In general one can think of traffic jams and road
construction. Around the disaster area an additional hazardous area might exist such as a
flooded area or a toxic plumé/hen the layer of water is thin enough to travel through the

travel costs can also be altered. As the characteristics of the flooded amga thieainavel

costs of the flooded road segments should be adjusted accordingly.

In thecases considered hettbe detination is located inside the restricted area, but can also

be located outside the restricted ald®BR (2006) states that the restricteea should not

be crossedn cases where the destination is outside the restrictedlaiseis the desired

solution for the routing problem. There can however be cases where the restricted areas need
to be entered. The destination of the rast@eside the area that case. In these case®

simply has to enter the area in order to reach the destingtrore the NVBR (2006)

advocates a downwind approach with respect to the restricted area, going into the restricted
area will have to be done dowmdi as well. The possibility of a destination to be inside the
restricted areaneans that even though the road segments in that area should in some cases be
unavailablethese segments should be traversable if neededoiily way to keep them

available inthe cases that the destination is inside that area is by altering the travel costs. The
alteration of the travel costs should be done in a way that it is highly unlikely that the route
would lead through the restrictadea when the destination is outsodet.

3.3Route determination

Emergency units operate in a veggndmic environment (Larsen, 200This is also the case
when a disaster strike&.lot of unusual thingsanhappen at the same time and ask for a
quick and special response. In this ditaraa lot of information is gathered under a lot of
pressure. The assisting systems such as a route planner should take some of the pressure away
from the people fighting the disaster. All the information about the traffic situation and travel
times can 8ll be gathered the same way as would be done usually, but in a chaotic
environmenttiis bound to change faster. When the information has dgretbveredthe

information should be implemented in the route determingtioness. In addition temporal
data ae possibly preserdboutclosing and opening times bfidges and rail crossing&part

from temporal blocks such as bridges, there can also be temporal blocks that remain for a
longer period. Examples aread closings as a result of damage or artifidiasings set up by

the police. Because this information is likely to change onceotite has been determined,

37



the route needs to be-ewaluated to incorporate the changing informatie@mporal blocks
temporary higher costs that exist oroad segmestfor some timesuch as bridgesan be
incorporated using predictions. Apart from the route calculation and the availability of the
data a route can also change as a result of choiads bythe user

3.4 User response

Though the actual useful dynanaata for the algorithm is not found in the route

determination ahthe user response elemddth introduce a dynamic element into the

processas a wholeln the case of the user response the actual actions of the driver form the
dynamic information. Asong as the actions of the driver comply with the route suggested no
re-evaluation is necessary. Once the driver leaves the road by taking a wrong turn or making a
U-turn, the current location of the vehicle is the input again for teatiation.

3.5Using predictionan the algorithm.

All these sources of dynamic information are to be considered once the incorporation of this
information into a larger process is desired. In this case the algorithm is mainly focussed on
the incorporation of the networkformation on road availability and travel times. In routing
the complete set of road segments form a graph. Mostly the graph is considered to be 2D.
With the incorporation ofime dependat data into the route determination process a third
dimension igntroduced into the originall®D graph.The third dimension is the time

dimension in which the dynamic data andithelications of the time dependiedata for the
algorithm can be visualized.

A 2D graph consists of vertices and edges. Those are sprerad ggographic area which

will be referred to as the XY field in which the X is the weast orientation and the Y axis
represents the souttorth orientation. All the edges connect to vertices and all the edges are
part of the connected set of edges, ghaph. When introducing the time element into the
graph an extra axis is introdugeshich will be referred to as theakis. The location athe
secondvertex will be an X, Y, Z location that represents both the geographic location of the
vertex as welhs the minimal travel time to that point.flgure 9the graph is showim 2D,

the Y-axis is left out of the picture since all the vertices have the same value oraitie Y
Figure 10depicsthe 3D graphas can be seen the points all have the satoe ea the ¥
axis.The graph shown in figure @akes it easier to demonstrate the idea of the 3D graph and
the incorporation of predictions
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[ (time)

¥ (distance)

Figure 9 2D graph

Figure 10 3D graph

The travel time between two points depends on the distance betwserpthints and the

speed of traveln figure 9 and10this is visualized by the slope of the edge connecting the
two vertices. If the travel time or the travel costreasethe slope increases.

One of the dynamic components is the introduction of teatfibocks such as the bridges and
the train crossings. This means that the possibility to wait is introduced to the graph which
transforms all the vertices to lines spanning in the Z direction. All the edges that connect the
vertices transform into polygsnnto the Zdirection.Someone travelling from vertex A to

vertex B is able to move freely through the polygon connettiagwo vertices. The result of
this representation that the unit can choose the speed of travel freely and iscelkait half
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way along a segmenthe unavailability of road segments because a bridge or rail crossing is
closed limis the options of the unit to choose its own speed and waiting moments. These
temporal blocks can be represented as a series of holes in the polyigas.répresented in

figure 11 In this picture the block itself is represented as a straight line represehtackin

The hole that is the result from this block is not entirely square but has a slope relating to the
travel time along this road segméot the vehicles that move across the road segment just
before and just after the block is in place. This drawing is therefore directional and only
applies to situations where the vehicles are moving from A to B and not to situations where
vehicles are mawug from B to A.

]

|u|

Time

listance

Figure 11 The influence of a Block on the 3D graph

The fastest route that can be found to a location is a route that results in the lowest value
the Zaxispossible fothat location Alternative routes can be identified as welhege are all

the arrivals to the location with a higher value on tkexis. The difference in travel time can
be determined using the difference between the values of the two arrivals eaxise A

figure 12an example is given of the way the informaton alternatives can be derived from
the 3D graph. In addition it is shown that in this case it is better to wait for a temporal block
(green linehanto choose an alternative routed line)
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Figure 12 Getting information fronthe schematic regisentation of the graph

In this representation of the graph the time assocwit&dcrossing an intersectiomaking a
left turn or makinga right turnis not incorporated. Theselditionalcosts at nodewill be
referred to as the intersection impedanthis intersection impedance is not implemented in
the current version of the algorithm. The implementation of this intersection impeddhee in
algorithm can be done different ways, which can best be represented by modifying the 3D
graph.
1. Introducing a waiting time, which is the same for each intersection that isectoss
2. Introducing a waiting time that differs based on the turn one takes. For example a
small impedance is encountered when turning right, a slightly higher impedance for
moving straighbhead and the highest impedance for making a left turn.
3. Incorporate the average intersection impedance in the average travel time for a
segment.
4. Changing the travel costs of the first and the past of the road sectiagimilar to
option 1
5. Changing theravel costs of the first and the Igstrt of the road section taking the
kind of turn that one is about to tagienilar to option 2

This graph only applies to situations where waiting is an option and not to situation where the
speed of travel can beas$en freelyThis is caused by the slope of this 3D graph. In cases

where the speed can be chosen the slopes can take all possible forms. Though there is
obviously a maximum speed that is possible on a particular road and with a particular car, but
that sged can hardly be determined. This also means that if the temporal blocks can be placed
half way along a road segmetitatthe maximum feasible speed should also be determined
within the road segmenthis leads to a rather complex situation in whichsipeeds driven

can differ between road segments and within road segments. Within the road segments the
difference depends on the road design, the widths and bends that are present.
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4. Assumptions and user needs for the adapted algorithm

4.1 Introduction

Before the Dijkstra algorithm is described in chapter 5 and the improvement of the algorithm
in chapter 6, the assumptions and user needs that have a bearing on the algorithm are
described here. The assumptions are described first followed by the uwdemmte second
paragraph.

4.2 Assumptions

4.2.1 Introduction

When determining a route for disaster response units a large amount of data needs to be
processed. fis is to ensure that the outcome of the routing process is a route that is both safe
and fast. To arrive at such a result input is needed from different experts and expert models. In
addition the location of the unit that needs to be guided and a representation of the network
they need to be guided over is needed. The creation and acquikitisinformation

involves the cration of models, the executiah computations and the acquisition of

information in the field. In the process of routing this information is however only the starting
point. The process of routing aims to combine thisrmation from these data sources to

create new information, the optimal route. So in this research the focus is on the routing
process, taking the information that is available for granted. This means that the processing
and aligning of the units ggecation, the determination of the closed area (gas plume or
flooded area), thmodels tgpredictthe movement atis closed area, the travass and the
network availability will not be subject of study here. The subject of this study will be how to
combire and incorporate this information to arrive at an optimal route. To be able to limit the
research area to this subject a number of assumptions are made which are described below.

4.2.2 Study area

The area of study will be limitet one city outline or @rt of a city This is to limit the

computation time andtkeep a clear overview of the possible alternatidesing a number

of cities the potential influence of the city design on the results of the routing algorithm can be
identified.

4.2.3 The network dataset

The route will be determined using a network of roads. The road data provided in the
TeleAtlas Multinet set is assumed to be complete. The travel times present in the attributes of
the roads are assumed to be good estimations of the actehtitreas encountered on these

roads in reality.

For developing a method to incorporate waiting tingeshoving plumend a downwind

approach the use of turn restrictions and one way traffic are assumed not to be important. In
addition the emergency resganunits are assumed to ignore these restrictions during a
disaster, when they are close to the actual disaster area. The actual method implemented is not
different for a network without one way traffic and restricted turns, since the implementation
of these two restrictions comes down to filtering the number of options one has at every
intersection. The challenge in this case is to introduce a method to overrule this filter when
getting close to the actual disaster area.
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4.24 The plume and other restricted area

The method developed in the research will among other things aim to route a vehicle around a
predefined area. This area could be any area the vehicle should not be travelling through. One
can think of flooded areas, toxic plumes, fog, dangeroghheurhoods, combat areas,
environmental zones in cities or national parks. Here the case focuses on a disaster area where
fire fighters have to navigate to the disaster area. During this trip they should travel as little as
possible through the restrictadea. The restricted area can be clearly outlined or be nearly
invisible in this case. When an area is flooded the approximate outline of the restricted area
can be seen from the field. In case of toxics this area is completely unclear when walking in
thefield without any additional information. Because of the difficulty of identifying the

outlines of the area in this case, the added value of information sources outlining the restricted
area is obvious. In practice models are used to produce theseyutimese of this valuable
information for routing is however not in plad& exampleof a model that is used in the
Netherlands is the GasMal modeNO (2009 describes the process of delivering such a

model that is intended to provide information ba &rea affected by a chemical inciddiite

outline produced by sucmodel is assumed to be present, usable and correct for this

research. Under these assumptions the result of the models can be used directly as input to the
routing proess. Any changesincertaintie®r inaccuracies should therefore be incorporated

into the process of creating the plume or bygn@cessing the input to the routing process.

The input to the process should in all <cases
unless absolutely needed.
Whet her one cannot be in an area or doesnboét

multiplication factor for the travel times within that area. This multiplication factor can be
different for different parts of the restrictacea, but in this case is assumed to be constant
across the entire area.

4.2.5 Movement of theplume

In most of the cases mentioned above the shape and position of the restricted area can change
over time. This change should be incorporated in the pparfesuting. Since it is assumed

that thepredictions of the restricted area dadivered by other models and can be useid as

as the input for the routing process any change to the shape or location of the area should be
delivered as input as well.it assumed that both the restricted areas are polygons and have

an attribute stating the time it applies to in some sort of start and end time. Furthermore it is
assumed that the end time of the first polygon coincides with the start time of the second
polygon. This means in practice that it is assumed that at any moment in time there is only

one polygon applicable as the restricted area.

4.2.6 Waiting times

Another consideration when developing the routing algorithm is to incorporate the possibility
to wat. This means that a vehiclewd wait for a particular duration. This duration is based

on the time of arrival and the point in time where the road is traversable again. A temporary
block of the road limits one to travel from the start of a road setitre end of that road

section. When the temporary block is gone one can travel again from the start to the end of
that road section. The waiting time therefore alters the time needed to traverse a road section.
The amount of time one needs to wait dejseon the time of arrival. The exact time of arrival

at the actual block depends on the length between the start of the road section and the
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temporary road block. It is assumed that the road sections within an urban area are relatively
short, due to the tersection density, and the waiting times relatively long compared to the
travel time along a road section. This enables the assumption that the time of arrival at the
road block can be considered equal to the time of aaivile start of theasticularroad

section.

Waiting times can be used in relation to the plume and in relation to bridges and railway
crossings. With regard to the plume the waiting time can be estimated for roads that are within
the first plume, but not within the second plume basethe end time of the first plume and

the time of arrival. This waiting time should be taken into consideration before the emergency
unit actually drives onto the respective road section. This means that the waiting time is
calculated based on the timeaofival at the start ofhe road section in the plume. This

calculated waiting time is used for the determination of the route, but in the field the waiting
time should be applied to the road section preceding the road section within the plume and be
recdculated to make sure that the unit remains outside the plume until the time is equal to the
end time of the first plume.

4.2.7 Emergency unit location

In order to be able to determine the source of the route to be determined the vehicles location
is nee@d. This information is input to the router and is considered given. It is assumed that
the position of the vehicle is located exactly on a road segment that is connected to the
network. The actual process of snapping the location to the road netwogt twittie

inaccuracies of either the network or the-gigsation is assumed to be done outside of this
algorithm and is therefore not considered in the algorithm itself.

4.2.8 Navigation

When producing a navigation device a number of models, processexhndjties are

integrated. One can think of determining the position, designing an user interface, spoken
instructions, the determination of the route and the display of the maps and the route. Except
for the determination of the route it is assumed aliahe other models, processes and
techniques are in place.

4.3 User needs

Though from a theoretic point of view it is interesting to see how the predictions of data can
be incorporatedt is also very helpful to determine whether this possibilityge desired in
practice. The user needs described here are all related to the process of routing and data
handling and represent the needs identified for the fire departments. All the information on
user needs is derived from a report of NVBR (2006) andtarnview with Snoeren (2009).

The needs are grouped here in a number of themes.

4.31 The retwork configuration

Based on the priority a vehicle is travelling with restrictions such as one way traffic, restricted
turns and maximum speeds should be swicbff or on. Though this need applies to all

roads, the highways are some sort of an exception to this rule. It is allowed to travel in the
wrong direction along a highway, but it is only in very special situations that it is actually
done.
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4.3.2 Real time data

Apart from the static network representing the roads and a travel time based on road length
and maximum speed there is a need to incorporate real time data in these travel times. Some
needs are indentified that ask for the incorporation of infoaomaelated to road construction

and the real time traffic situatiqguch as traffic jams)

4.3.3 Dynamic data

In addition to the real time data there is a need to incorporate dynamic data into the routing
process. The dynamic data is different fromreed time data, because real time data is data
that is delivered at the moment it occurkis is a change that is not predicted and it can
therefore only be incorporated byegaluating the route determinélche only difference

with static data is that is not the same every time. Dynamic data focuses more on the
incorporation of the knowledge, that the data changes over time, into the routing process.
dynamic data consists of predictions of events and changes oveNg&gus identified for

this theme are the incorporation of the predictions of the plume. The need however is not as
important since the plume changes relatively slow. More attentiones &skthe

incorporation of the predictions of opbridges. When the times a bridge is openkai@vn
beforehand this data should be incorporated in the routing process (Snoeren, 2009). The
NVBR (2006) however have a different approach to this challenge. They identified a need to
warn the bridge personnel that an emergency vehicle is coming theilhajdea is that the
bridge remains open for traffic until the emergency vehicle has passed. Though the approach
to the same problem is rather different the incorporation of one of the needs does not
necessarily mean that the other should be excluded.

4.3.4 Routing process

For the process of routing the needs are a little less directly formulated. It is for example
unclear whether a route should be recalculated when an alternative route becomes faster. The
need to have a route be calculated automagicallhe emergency vehicle itself is clear. The
desire to have a route that remains the same during a trip or is adjusted every time a change
occurs is not explicitly stated. What can be expected is that another route becoming five
minutes faster than thairrent route due to a changetiiavelcostswould lead to a desire to
change the route. The exact boundary however is not stated in the docuinaenaiste is

changed for every gain in travel time or travel costs the time associated with chanbatg to t
new route. For example when one has to take a left turn in for example 20 meters where the
old route was going straight ahead at that point. The additional costs of performing such an
unexpected manoeuvre might be larger than the travel time gairgbging to that new

route.A clear desire that is stated is that the route should never cross the gas plume and that
the destination when it is within the plume should always be reached travelling downwind.
Snoeren (2009however states thdependingnthe kind and the concentratiofthe gaghe

route mightiead through the plume if a large additional travel time is associated with the
alternative Another need is to have the Estimated Time of Arrival (ETA) atlibygosal of

the emergency unit.
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5. Algorithm design and design of test cases

5.1Introduction

The initial step towards the implementation of the dynamic data into the algorithm is the
creation of a reference situation. This first phase of the creation of the algorithm delivers such
a refeence situation. This means that the results from the algorithm that incorporates the
dynamic data will be compared with the results from the algorithinthe static situation,

created here. During this phase only the data that applies to the momepatice will be

used for the initial determination of the route. The main focus here is on altering the costs of
travelling along a road in a way that guides the emergency services around the plume and
makes them travel down wind. This typically is aistafise, where no predictions whatsoever
are incorporated. The algorithm will later be extended to incorporate the predictions of
closings. The algorithm is created here from scratch to make sure that the comparison is only
and entirely based on the incorption of the predictions. To test the algorittome subsets

of the road set wemmade. In addition information on the plume is necessary as well as an
origin and a destination.

5.2 Test data and algorithm design

Because the road set covers the enttentry containing a couple of million records some
subsets were created to demonstrate the algoriach set only contains the road segments

of one city or part of a city to limit the calculation time and to keep an overview of the
possible alternativethat exist.The subsets are presented in five cases located in three

different cities with a distinct layout. The first case is located in Rotterdam, the second case is
located in Groningen and the third case is located in Delft. These three cities ase ch
because the location of the potential blocks are known by the researcher. This means that the
cases present real life block locations and their potential impact on the determination of a
route. To make it possible to alter and reset the travel tifrtee 0coad segments one field

was added to the table containing a copy of the original travel times. This field is called

ASt Travel 6 and can be found a couple of t
The source and destination points used for the algorithm h&vermm attribute that is used to
denote the unit number the source and destination apptys@ssumed that each emergency
unit can be identified using its unit IDhis number has no particular length or logic behind it
during this researciThe numbecan be used within the algorithm as long as it is an unique
integerand the main reason it is used is to differentiate between the Tagesource and the
destination are located in different sets. The unit ID should be unique both within the source
ard the destination set but identical between the sets. This results in a set of one destination
and one source with the same ubit

The third element that is input for the algorithm is a fictive plume. This plume is an ellipse
stored in a shapefile withbany additional attributes attached to it. The only function of the
plume is to select the roads that cross the area in order to alter thedstsef the road

segment. The algorithm does apart from that nothing with the plumdrdé&gure 13 an

example situation is shown that demonstrates the situation before the algorithm starts.
Because a plume has a bearing on only the travel costs it is left out of this figure.
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/ Destination set: dest_v, UnitID
[ |

K_/_—————“‘“M
Temporal block (B)

time, end time

:Edge ID, start

Source set: start_v, UnitID
Road set (G): Edge ID, start_v, dest_v,
edge travel cost, St_travel

Figure 13: input information at algorithm start

Here it can be seen what infortiom is stored in which set of data. First of all the source and

the destination set is separated in two and they both have an unit ID attached to it. This unit
ID could for example be 50, which means that the source is the current destination of unit 50
and the destination is the location unit 50 should move to. All the road segments are located in
a road set depicted with the letter G. Here one can see that both the travel cost as the standard
travel time (St_travel) for each edge is stored. St_traveaomthe travel times along an

edge and the travel costs of an edge also include a penalty for driving through a plume for
example. The temporal blocks are collected in a differergrsetontribute to the travel costs

of an edge. These additional caspresents the waiting time and is not stored with the edge,

but added up during the computations. So the travel costs of an edge and of a route can be
described with the following formula:

Travel costs = travel time + costs for driving through a plumeaiting time

Figure 14 depicts the initial step in which the edge the source is on (yellow) is added to a
travel costs list with a travel cost of 0. This is to represent the fact that the unit is already on
this edge, so there is no additional travel cassociated with traveling to this edge. The last
node on this yellow edge is set as the start node of the iteration of which one is depicted in
figure 15 and figure 16.
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¥

new start_v

Travel cost (T):
A: 0 min

Figure 14: initial step of the algorithm
In figure 15 the three edges connectethyellow start edge are collected and stored in a

gueue. Note that the travel time is corrected for the temporal block which is open at the time
this edge will be reached.

B, 9 min

 Block:C.0.1

D, 4 min .,

(uewe {0): edge ID, toial travel costs, predecessor
C. 2 min, &
_ D, & min, &
7 B, 5 min, A
Waiting ime (veait) of | min. The total
travel cost for this edge is
1+1=2 minutes

Figure 15: collecting the connected edges and storing them in a queue

In figure 16 the next step of selecting the edge with the smallest total travel cost from the
gueue is displayed. As can be seen here this step also involves adding this edge to the list with
travel costs (T), storing the predecessor of this edge in a predeg$rand deleting this

edge from the queue.
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N
A C
|
Travel cost (T):
A: 0 min
D C: 2 min, A
Predecessor (P): Queue (0): edge ID, total travel costs, predecessor
current edge, predecessor, watting time D, 4 min, A
C, A, 1 min B, 5 min, A

Figure 16: retrieving the edge with the smallest totaltsos

Edge C has now been explored and the blue node becomes the new start node in the search for
connected edges. When the destination node hagéaamed by repeating the steps depicted
in figure 15 and 16, the route (R) can be determined. This is depicted in figure 17.

l ETA: 6 min

f Route (R):
edge D (start_v and interim_v), waiting time
F, 0 min
E, 0 min

D C. { min

4, 0 min

Figure 17: retrieving the route

This is done based on the predecessor list which helps to trace back the optimal route from
destination to source.

In textbox2 the pseudaode of the algathm to be created is depicted and the separate parts
are linked to the figures.

Implementation issues and choices connected to the creation algibvishm will be

explained in chapter 6 arrd
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HiHHHHHHHHH A Dictionaries and lists see fiQurel TSt HHHHHHHHHHHHHHHHH
G Graph
Containing all the edges that participate in the network and their associated costs
Values in the dictionary represent the from node, the to node and the edge costs
Q Queue
Containing all unexplored vertices that share an edge with a vertex thatdyalrea
explored.
Values in the dictionary represent the unexplored vertex, the predecessor of this v
and the total travel cost from the starting vertex to this unexplored vertex.
T Travel cost
Containing the smallest travel cost to every explored vamtthe Graph including the
starting vertex.
Values in the dictionary represent the vertex and the total cost involved in arriving
point.
P Predecessor
Containing every explored vertex with the predecessor of that vertex following the
shortest pth.
Values in this dictionary represent all the explored vertices and the vertex number
their predecessor on the shortest path.
B (temporal) Blocks
Containing all the edges that are temporally blocked
Values in this list represent the edges that lzatemporal block on them.
R Route
Contains all the edges that are part of the fastest route.
Values in this dictionary represent the edge identifiers (this could also be a layer in
ArcMap)

HHHHHHHHHHHHHH R Variables: see figure 13 #tHHHHHHHHH##HHHHE
start_v = starting vertéx

interm_v = intermediate vertex

dest_v = destination vertex

wait = waiting time

t =time

edge _tt = edge travel cost

tot_tt= total travel costs

edge_ID = edge identifier # consists of start_v en interm_v in @ha

e = edge

HHHH IR HAH A R INitial: see figure 14 #HA#HHH TR HHHHHTHHHH T
start_v = origin

t = current time # the start time of the trip

T[start_v] =t # add the origin to the dictionary with the smallest travel times
tot tt=0

wait = 0

dest_v = destination

Textbox 2: pseudoode for the algorithm
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HHBHHHHHHHHHHH T Routing: see figure 15 #H#####HHHHHHHHHHHH I
While start_v not equal to dest_v: # continue these steps until the destination is rehche
For start_v in G[edge_ID]: # extract all edges where start_v is part of the edge

# identifier
interm_v = edge_ID start_v # interm_v is the part of e that is not
# start_v
tot_tt = T[start_v] + edge_tt # tot_tt is supposed to be a cldoke
For interm_v- start_v or start_vinterm_v in B: # if this line is in the set of

# temporal blocks
If tot_tt < B[end time] AND tot_tt >= B[start time]: # and it is closed then
wait = B[end time} tot_tt
else:
wait =0
tot_tt = tot_tt+ edge_tt + wait # time of arrival at interm_v
Append to Q[interm_v]: interm_v, tot_tt, start_v, wait # add the other part
# of the edge identifier to Q
HHHHHHH . Change to a new current edge: see figure 16 #HHHHHHHHHHHHA
e = minimun{QJinterm_vy]) # the least total travel time edge
If interm_v not in T or tot_tt < T[interm_v]:
Append to T[start_v]: e (interm_v, tot_tt) # append the intermediate point ar
the total
# travel costfrometo T
Append to P[interm_v]: e (interm_v, start wait) # add the edge to the list of
# predecessors
delete e from Q[interm_v] # make sure this edge is not used again
start_v = interm_v # set the explored vertex as the current vertex

HHBHEHHHHHHH A Returning the route: see figure S HHHHHHHHIHHHHHEH
If start_v is equal to dest_v:
While start_v in P[interm_v]: # as long as current vertex is a vertex with
# predecessor
Append to R: start_v, interm_v, wait # add the line and not only the
# vertex to the route

start_v = P[stdr V] # set the predecessor as the input of the next lo
While start_v in R[start_v]: # as long as current point is a from point in R
select from G where edge_ID = R[startR{interm_v]
or edge_ID = R[interm_vR|[start_v] #select line in G
start v = R[interm_v] # set the to point as the from point

return total wait, selectionin G # return total waiting time and a selection that
# represents the route

! The starting vertex is a location somewhere along an edge. The starting vertex cdreeith
the vertex closest to the location of the actual starting point or both the from and the to v¢
the edge the starting point is located on.
% The destination is a location somewhere along an edge. The destination vertex can eith
the vertex cleest to the location of the actual destination or the first vertex reached on the
the destination is located on.

Textbox 2: pseudoode for the algorithnjcontinued)
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5.3 Description of the cases

To be able to compare the results of the different phases, five test cases were set up. The test
cases are located in different cities with different city desidpart from that the straight line
distancebetween the source and the destination varies as well as the location and orientation
of the restricted area. This was done to test the algorithm for different circumstances and trip
lengths.The city designisould be different between cases since it influences the number of

fast alternatives and the difference in travel time between them. If the city is set up with
square blocks and straight connecting roads the alternative route will involve a relatively
smaler amount of additional travel time, than in cases where one has to move around the city
centre on the other side because a road has become unavailable.

5.3.1Case 1: Rotterdam

In this situation the source is located on an island. The destination sdacatn

neighborhood on the mainland. Between the source (green) and the destination (red) the
plume is located blocking the route that at first sight seems to be the most straightforward one.
The island in this case has a limited number of roads congdbt island to the mainland. It

can be expected that waiting is an option here since the alternative road leaving the island
connects to the mainland on the wrong side of the river with respect to the destination. The
main roads in Rotterdam are relatywstraightforward running through the center of the city.

This could result in relatively straight routes. When such a main road is blocked however the
alternative would include traveling towards another main road, since the other road segments
are mainlypositioned perpendicular to the main roads.

Figure 18: Case of Rotterdam

Reference route

Using the algorithm created in this researchréference route was determindthe plume

input and the temporal blocks (bridges) were not included in thislatdou This route is the
fastest route in terms of travel time based on the travel time attribute of the input set of edges.
This reference route will be used for comparison with the results of the route determination
process, taking the plume into coresigtion. One can see here that the blue line follows the
main connecting roads for the majority of the trip.
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5.3.2Case 2: Groningen

The second case is located in Groningen. The subset created heiresdbeteoads in and
around the city centre. The route to be determined most likely crosses the city centre
connecting the destination (red) and the source (green) located on the edges of the subset.
Between the source and the destination the plume isdévis plume is blocking the

reference route in order to examine the impact of the plume on the route. This makes it
possible to see the impact of the algorithm on the route more easily. The network in this case
is characterized by ring roads positionedusmd the city center. Within these rings the area is
split up is square blocks by the other roads. In contrast with the case of Rotterdam no major
connecting roads are running completely from one side of the subset to the other side,
crossing the city cere. The majority of the roads provide access to the main square (blue) in
the city centre and are crossed by the ring roads. The city centre is surrounded by bridges.
This means that when the bridge closing times are taken into consideration a baletncing a
between waiting for a bridge and entering the city centre over another bridge takes place.
Here the plume blocks a considerable number of options, but still there is enough room for
alternatives.
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Figure 20: Case of Groningen

Reference route

The ref@ence route for this case was, similar to the case of Rotterdam, created with the same
algorithm as was used for the route determination in the other phases. As can be seen here the
reference route (blue) starts by following a section of the ring roadhardjes to one of the

access roads in a later stage. The routes calculated in the next two phases will be compared to
the reference route.

Figure21: Reference route for the case in Groningen
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5.3.3Case 3: Delft

The case of Delft is a combinatiohthe case of Rotterdam and the case of Groningen. In

Delft the inner city is located on a manmade island, but the roads through the inner city and
directly around it connect the north and the south of the subset in a relatively straight line. So
the structuref the roads resembles the case of Rotterdam more, where the location of the
inner city is more similar to the case of Groningen. In this case only closing bridges is less
likely to have an effect on the eventual route since the destination (red) isadhalvle

without crossing the bridges around the inner city. These bridges are in reality unable to close
for traffic. On the other hand there are a number of other types of temporal blocks in the inner
city of Delft. The city has some moving cones thaseloff some of the roads in the city

center. Some people are able to let these cones move down and pass with their vehicle. These
cones can be opened at virtually every moment in time. It takes some time to have the cone
move down completely. This addstte total travel time. Though these automatic cones

might at first sight seem to function as a temporal block, these only slow down the travel in
practice. These cones are not considered here as temporal blocks, but as delays. The main
reason is that thescones can be operated manually and the delay caused by these cones are
independent of the time of arrival. This case will be extended by adding constant blocks,
caused by road construction or a road block. This is done both to demonstrate the possibility
to integrate constant blocks into the algorithm as well as force the route through the city
centre. This will result in a balancing act between traveling extra distance or waiting for a
bridge to open again.

Figure22: Case of Delft

Reference route

Also for the case of Delft a reference route was calculated using the algorithm that was used
in all cases. The route leads the unit around the inner city using one of the connecting lines
completely. This route is also covered by the plume. This helpsipare the results of the
additions to the algorithm.
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Figure23: Reference route for the case in Delft

5.3.4Case 4: Moving plume

In the cases above the dynamic data has all been related to the bridges. Using the same
method a constant road block hasrbeeplemented in the third caskhis case is intended to

show that the implementation of a dynamic plume is similar to the implementation of the
bridges and the implementation of the constant roadblock. The results will be compared with
the reference roatas is done in the other cases as well. The red plume applies to the time the
route determination starts. The orange plume represents the same plume after a change in the
wind direction and applies from a moment in the future. For comparison there wibbe

other routes that function as a reference. The first is the reference route that is created for all
the other cases as well. The second is the route using only the first plume as a constant block

Figure24: Case in Rotterdam with a moving plume

Rderence route
Here the reference route is relatively straightforward. And not crossed by the outline of the
plume. The route however will be altered since an additional threshold of 100 meters is used
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for closing the roads around a plume. The other esuilt be compared to this reference
route.
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Figure 25: Reference route for the case in Rotterdam with a moving plume

5.3.5 Case 5: Destination insidée plume

In case of a disaster including toxics the exposure of people to these toxics should be
prewented. It is however possible that an emergency unit will have to enter the restricted area
to rescue some people who were left behind in the chaos for example. For cases like this, it
should be possible to determine a route into the restrictedzetamining the least cost path

in this case means that the plume, that cannot be avoided, should be traversed as short as
possible Therefore this case represents a situation where the destination (red) is inside the
plume. The start point (green) is positidne a way that leaves the position of entering the
plume open. This provides the possibility to see what influence the penalty applied to the
roads underneath the plume has on a route that has to get into the plume itself.
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Figure26: Case of Gronigen with a destination inside the plume

Reference route

In this case the reference route is an almost straight line connecting the source with the
destination point. It might be expected that the route changes when the plume is taken into
consideration.

—_

A
Figure27: Reference for the Groningen case where the destination is inside the plume
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6. Building an algorithm for static route determination

6.1 Introduction

Routes similar to the reference routes can be generated using normal route plannegs as thes
are in use today. The difference of this algorithm compared to the normal route planners is
twofold. These two main differences are represented in the two separate phases defined in this
research. The first difference is that it is possible to defiestacted area, that should not be
crossed by the route unless the destination or the source is inside tAderean be handled

by the normal Dijkstra algorithm by altering the travel coBbte routes resulting from

evading the restricted area wik ldescribed in this chapter. In the next chapter the second
difference of the algorithm will be implemented and described. That chapter focuses on the
incorporation of dynamic data into the algorithmthe first sectiorthe algorithm for the
incorporatian of the restricted area into the route determination process will be described. In
the next sections the results for the different cases will be examined. The comparison of all
the results against the reference route will take plaGhapter 8The texboxes presented in

this chapter contain fragments of the actual code written in python.

6.2 Building the dgorithm

Forthe calculation of the routes atgorithm was produced, based on the Dijkstra algorithm.

To keep the algorithm relatively simple, thetians needed for the calculation of the route

were split up into different functions. The algorithm consists of these functions, which are
called in a particular order.

The algorithm starts with collecting some basic information and preparing the data an
environment. This part of the script is depicteteixtbox3. Using the ArcGIS geoprecessor
object (ArcObject) some environment settings are made. The first environment setting is set
for overwriting the outpufThis allowsto safe the route calculatéda shapefile. This

shapefile will then be overwritten every time the algorithm is fOm.achieve this the

Aover writeoutputo i s set to 1. I n the next
is set. This is the workspace environment sgtti

After the environment settings have been made, the input information is specified. Here the
files that contain the source and destination points are specified for example. All these files
receive an internal name, to call the information later in¢hipts Now all the information is
hardcoded in the script, but these base information variables can also be used to give the user
the possibility to specify its own input before each run of the script.

In the next steps the data itself is prepared ugistpm functions.
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1. import arcgisscripting, string

2. gp = arcgisscripting.create(9.3)

3. gp.overwriteoutpt="1" # environment setting: do overwrite the
# output

4. gp.workspace = r"DDijkstra" # environment setting: default folder

5. roads = "roadshp" # variable with input data

6. sourcepoint = "Startpois.shp" # variable with input data

7. destpoint = "Endpoints.shp” # variable with input data

8. plume = plume.shp" # variable with input data

9. UnitlD = 1010 # variable with input data

10.# set the traveltimes of the roads in the network
11. AlterTraveltimes(roas, plume)

12.# determine the line ID's of the lines the source and destination location are
located on

13.source = determineLine(UnitID, sourcepoint)
14.dest = determineLine(UnitID, destpoint)

Textbox 3: Basic settings and preparations

The first function (AlterTraveltimes) calculatthe new travel costser road segmenthese
travel coss are altered based on the location of the plumiexibvox 4this function is shown.

As can le seen the function consists of three ArcGIS tools. One can verify this because the
toolname i s preceded by dAgp. 0.

1. defAlterTraveltimes(roas, plume):

2. gp-MakeFeatureLayer(roads, "rlayer")

3. gp.SelectLayerByLocation_management(“rlayer”, "INTERSECT",
plume,"100 meter”, "NEW_SELECTION")

4. gp.CalculateField_management('rlayer”, "MINUTES", "[St_Travel]* 4")

Textbox 4custom function to alter the travel within the restricted area

First the roads are prepared for a seledtidime 2 followed by a selection of these roands

line 3. This selection of roads based on their intersection with the plume. All the roads that
are underneath the plume or are within 100 meters of that plume are selected. The third tool
in line 4, multiplies the travel times of the selected road segments with a faagjoa facto

of 4). The determination of thedsor was done in this phase by performgsaogne small tests

using the standard Network Analyst extension available in ArcGIS. The test results are
described intextbox6.

After the calculation of the needgetravelcoss based on the location of the restricted area,

thestartingroad segment artie destination road segmerged to be determined. The
source and destination of the route is depicted by points by default. Therefore a function was
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created that searches tbe roadsegment that has a point onTihe function called in the
algorithm is depicted itextbox5.

1.
2.
3.
4

©ooNOO

10.
11.
12.

defdetermineLine(UnitID, point

gp.MakeFeatureLayemanagement(pointsourcepoint”, "Id =" + str(UnitID))
gp.MakeFeatureLayer_management(roads, "linesLyr")
gp.SeletLayerByLocation_management("linesLyr", "INTERSECT",
"sourcepoint")
scur = gp.searchcursor("linesLyr")
lineList =[]
row = scur.next()
while row:
lineList.append(int(row.getValue("1D")))
row =scur.next()
linelD = lineList[0]
return linelD

Textboxs: function to find the road segment that has a specified point on it.

In this function the points and the roads are prepared for selection in the first two lines of the

function. In the third line theoed segment, that is underneath the point, is selected. In the
next lines of the function the possibility that the point is on an intersestimnsidered. Here
all the road segmengse stored in a list. In lingl of the function only the first of thienesis
selectedhnd returnedSo even though there could be more lines in the road dataset

intersecting with the source or destination point, there is only one line that is returned. This

line is used in the remainder of the algorithm asitise dr las line of the route.

The output of théunctionis the ID of the road segment the startendpoint is on. This ID

will be used tdook-up information on travel costénding the connected roads and building a

statement to export a route dataset.
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Implementing the restricted area

To determine in what way the restricted area can best be evaded, Udfgreraches
were tested. To compare the approaches to closing the area, the destination of the
is located inside the plume. This is a situation that only exists in the fifth case cons
in this research.

Consider the following case. A startipgint in the south and a destination in the nort
The destination is located inside a plume. The routes are calculated using a geom
network, created with ArcGIS Network Analyst.

Figure 28: Normal route determination without limitation on tratlelough the plume

The reference route (figure 28 right) obviously runs straight through the plume sing
plume is directed towards the start point. On top of that the plume is not yet consid
in the route determination process. The route createdihéne fastest route possible
between the starand endpoint along this network. Question now is what the best
method is to arrive safely at the destination. This means that the travel time within
plume should be minimized.

Blocking the plume

A fir st method would be to block all the roads entering the plume. This can be don
easily using standard tools of the Network Analyst extension in ArcGIS. When all t
roads into the plume are blocked, there is no route leading towards the destination
the destination is inside the plume. One option would be to search for the blocks w
smallest Euclidian distance towards the destination point. When the closest eight &
are deleted there is a fair chance that there will be a route possiblesadherd
destinationThe route determined in the case that eight blocks are deleted, does ng
deliver the desired results.

Textbox 6 Implementing the restricted area
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Figure 29: Route determination with blocks around the plume

The problem with this gpoach is that one cannot predict the number of entrance rog
into the plume. If there are only eight entrances, deleting eight blocks would mean t
the entire plume is opened. Basically this results in a route that is the same as the 1
determined \thout the plume. In another extreme case the eight closest blocks coul
be positioned on a dead end street, not giving the opportunity to arrive at the destin
As a third problem the majority of the access roads could be concentrated on titk fg
of the plume. Meaning that though only a part of the blocks are deleted, the route c
still cross the entire plume.

So in summary this approach does not deliver a solution for the problem to keep th
outside of the plume as much as possiblés Ehcaused by the fact that by using the
blocks, there is no limitation other than the block to find the shortest path through th
plume. If the block happens to be deleted, because it is one of the closest eight blo
that plume the route can rumrough the plume without encountering an additional
penalty. Another approach would be to change the travel times of the road segmen
inside the plume.

Raisingthe travel costswithin the plume

When raising the travel costs of all road segments witlmplhme, there is a penalty fo
traveling over every single road segment within the plume. Not only does it pay off
travel around the plume, but it also pays off to take the shortest route into the plumg
towards the destination. This means that depgndn the magnitude of the penalty the
chance is relatively small that the route will run through the plume if the destination
outside of the plume. The chance however always remains that at some point the r
will be calculated through the plume, gilym because the access roads into the plume
open. Question now remains what kind of a penalty should be introduced. This is n
factor that can be calculated. It depends on the ratio between the distance or costs
shortest route and the distenar costs of the alternatives available. This ratio depend
the roads that are available, the type and concentration of the gas in the plume, theg
of the road network in the area, the distance between the source and the destinatio
the diffelences in costs per meter between the roads.
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If there are for example two roads towards the destination. One road that allows one t
120 km/h and another road that only allows 20 km/h as amoax speed. Adding a penalt
to the fastest road will not automatically lead to another routing decision. The faster rg
might well deliver a faster route despite the additional penalty. If the factor is too high

the other hand it will take longer farroute to be found, when the destination is inside th
plume. This is caused by the design of the Dijkstra algorithm itself.

Assume that the destination is within the plume and that the access road into the pluni
a cost of 1 minute. In addition theavel time from the source towards the access road is
minutes. If the penalty for that road segment entering the plume will be set to 99 timeg
travel time, the new cost of that access road will be 99 minutes. So if you want to mov
the plume iwill cost you 99 minutes plus the 2 minutes it will take you to get to that ac(
road. The total travel cost of the travel to the end of the access road will is 101 minutg
Because the Dijkstra algorithm has a greedy approach and explores the edgested to
the line with the lowest total travel costs, one can see that it will take a considerable a
of exploration steps before the access road into the plume would become the edge wi
lowest total costs. The edges connected to the acceswilbadly be explored as all the
other loose ends of the explored network have a higher travel cost than 101 minutes.
simply is an performance issue, but since the route needs to be determined fast it is a
important consideration for the design bétalgorithm.

The above demonstrates that choosing the factor for the penalty is a balancing act. Tk
approach here is therefore one of trying a few numbers and see what the results are.
factor however can be changed later as the results of theatasssamined. The picture o
the left depicts the result when a factor of 2 times the travel costs is chosen. This resu
obviously not the optimal result. Due to the one way traffic restriction on the data the r,
runs twice through the plume despite penalty. In an optimal situation the route would
have moved around the plume first and into the plume from the north towards the
destination. The factor was therefore changed to 4. The result of using this factor is dg
in the picture on the righ

Figure 30: Altering the costs of travel with a factor 2 (left) and 4 (right)

The case where the factor of 4 is used delivers the expected Tésutbute moves around
the plume and enters the plume in the north and moves downwind through teefqiam
very short distance. Based on this result a factor of 4 is used for determining a penalty
now. Based on the results of the cases, as has been mentioned earlier, this factor mig
altered.

Textbox 6Implementing the restricted area (contike




After establishing the source and destination edge of the route, the actual algorithm can start
to deternme the best route connecting the two. In order for the algorithm to work however
some additional dictionaries and lists have to be created.

### create the lists and dictionaries needed during the determination of the route
Graph= createRoadDictionary(roads)

queue =] # list

dests = {} # dictionary (keyvalue pair)

e

o

print "road segments collected"”

6. ## set initial values; the line tls@urce is on gets a travel cost of zero and has no
## predecessor

7. ID = source

8. dests[ID] = [0, 0.0]

TextboxX7: creating dictionaries and lists for the algorithm

The creation of these lists and dictionaries is depictéekibbox 7 A dictionary is a list witha
key. In this case the kedf the dictionary in line & the ID of the road segment. By storing

the key one can quickly find the attributes attached to a particular road 1D, without knowing
which entry in the dictionary contains the information asked fo

The first dictionary(Graph)created contains all the roads and is the result of a custom
function. This custom function is depictedt@xtbox8.

a. defcreateRoadDictionary(roads):

b. scur = gp.searchcursor(roads)

C. srow = scur.ext()

d G={}

e while srow:

f. G[srow.getvalue("ID")] = [srow.getvalue("F_JNCTID"),
srow.getvalue("T_JNCTID"srow.getvalue("MINUTES")]

g. srow = scur.next()

h return G

Textbox 8storing the road segments in a dictionary.

In this custom function a curs@ine b)is created which is set on the first row of tbads
table(line c). For each row in this table an entry is created in the dictionary with the ID of the
road as the kefline e and f) Since the entries in a dictionary consist of akalye pair some
additional information can be stored as the valuereHhe value is a list of three attributes
(line f):

1. The Afromo vertex of the edge

2. The Atod vertex of the edge

3. The travel costs of the road segment
When the row in the table is added to the dictionary, the cursor is set to the nékieay
until all the rows have been processed.
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Basically this function copies the important attributes from a table towards a dictionary.

Though copying data that is available already seems pointless, retrieving information from a
dictionary is quicker than retrieving tsamenformation from a table. After creating the

dictionary with the roads and returning this dictionaryist is created for storing the queue

(line 3). The queue will be filled with road segments that touch the explored part of the road
network. The oad segment in the queue with the lowest total costs will be added to the
dictionary called Adestso. This dictionary ¢
that edge. Additionally the preceding edge is stored here as well. This enablesraoe t

back the shortest path, when the minimal travel costs to the destination haveteesimed.

Inline 7 and 8n textbox7t he source edge is added to the d
this edge is the starting edge of the route there peteding edge and the travel cissset

to A0. 00.

Now all the input variables, lists and dictionaries have been created. The next step is the
actual algorithm. The algorithm is depictedentbox9.

1. while ID != dest:

2 con = fndConnectedRoads(ID, Grapttests, queue)
3. for x in con:

4 queue.append(x)

min = MinQueue(queue)
dests[min[0]] = [min[1], min[2]
gueue.remove(min)

ID = min[0]

©NOo O

Textbox 9The algorithm

The algorithm is a loop that runs asdpas the ID of the road segment currently investigated
initially the source edgés not the same as the destination road seg(heatl). In the

second line a custom function is called that searches for the road segments connected to the
current roadsgment. This custom function is depictedertbox10.

a. deffindConnectedRoads(IIzraph dests, queue):
junctions = GrapHD]
connected =[]
for x in Graph
tmplist = Graplx]
gueu€oniains= Containgqueue, x)
if tmplist[0] == junctions[0] or tmplist[1] == junctions[1] or tmplist[0] ==
junctions[1] or tmplist[1] == junctions][O]:
if len(dests) == 0 and len(queue) == 0:
print "error in input, source is not entered in destination set"
elif (x I= ID) and (not x in dests) and (quét@ntains== 0):
listP = dests[ID] ## list of values of the predecessor
listC = Graphjx] ## list of values for the segment under consideratio
travelTime = float(listP[0]) + float(listC[2])
connected.append([x, travelTime, ID])
return connected

O3 T FTTDS @m0 ao0ooT

Textbox 10: fuction that searches for the connected road segments
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In this function the current road segment is looked up imlitteonarycontaining all the

roads(line b). From thisdictioar y t he @Af r o moareausedtoteleetdhit 00 nod
connecting road segmer{t;me di g).Bot h t he Af r o moareasediforthBe At oo
selection since the vehicle is allowed to move in both directions over anyredgaery road
segment in the dictionary oef croorepdasr etdh ewififhr ot nt
and the Atoo edge of the current road segmen
Afromo or a Atoo node gain access to the nel
a road segment that has already been exiterthe set of destinations or a road segment that

is already in the queyéne j).

To determine whether the connected road is already in the queue another custom function is
caledThi s cust om f u nfdhe coonected reashgmentssn thetqueuding

4and 5@ nd Aifitasinat alréady therdine 6 and 7) The custom function is depicted in
textbox11.

For the road segments entered in the loop the total travel time is cal¢lirgdd m) . This

is done by retrieving the mimum total travetostof the current road segment from the

Adest s o (lohe kyand tlerravetgstsof the connected road segment from the road
dictionary(line 1). The two travel times are added up, resulting in the minimum total travel

costsfor the connected road segmélitie m). A list with the ID, the minimum total travel

costsand the ID of its pregecessor are added to a parent list with the connected road segments

(line n). Intextbox9 line 3 and 4ne can see that the next step is toesith connected road

segment to the queue.

1. defContains(queue, ID):
2. a = false
3. for x in queue:
4. if Xx[0] == ID:
5. a = true
6. else:
7. a=a
8. return a
Textbox 11: function that determines whether the connected road is the same as the cur

The next step is to retrieve the entry in the queue with the minimum totaldcestshnd add

t hat road segment (textbox® line57)iThie mdars that the miimumn ar y
total trave costsfor another road segment has been determined. The road segment just added

to the Adestso dict i otaxthox9lind8andiswees inthédhrextc ur r en
iteration of this loop.

When the destination edge has been reached the los@aerddhe minimal travebststo the

destination has been determined. The next step then is to trace the route back using the
predecessor of the destination edge. The code used to do this is depitetbox12.
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print "collecting results..."

ETA = dests[dest][0]

path = ReturnRoute(source, dest, dests)
print path

hrwpE

selstat = SelectRoute(path, roads)
print selstat

o o

7. ResetTaveltimes(roads)
8. gp.MakeFeatureLayer(roads, "Rlyr", selstat)
9

. gp.CopyFeatures_management("Rlyr",

10.del gp
11.print "route determined"

12.print "The total travel time is " + str(ETA) + " mines."

Textbox 12: returning the shortest path

route.shp")

#selecting the edge featureq
#copy the selected features

First the btal travelcostsfrom source to destination is stored, including the penalties

encountered for travel

ng

t (Ime 2). Togrhce laackghle u me ,

route from the destination towards the source edge another custom function W linea
3). This custom function simply follows the trace left by storing thelgmessor for every

road segment. This can be seeteixtbox13.

a. defReturnRoute(source, dest, dests):
b route =[]

C. v = dest

d. route.append(v)
e while v != source:

f. v = dests[Vv][1]

g route.append(v)
h return route

Textbox 13: function that lists all the edges that participate in the shortest path

The prelecessor of the destination edge is entered along with the destination edge into a list
(line c). In a loop the precessor of the destination is set as the currége @end the current
edge intered into the list of participating eddése ei g). The loop continues until the
current edge is the source road segn(lerd e) The resulting list of participating edges is

returned(line h).

With these lines the actual algorithm has ended its computation. To display the route in
ArcGIS however two more functions were added to the script. These functions select the
edges that are part of theute and export these to a separate Tite firstcustom function is

depicted inextbox 14
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selstat = selstat + ' OR "ID" ="' + str(a)
return selstat

a. defSelectRoute(path, roads):
b. a = int(path[0])

C. selstat = "ID" ="' + str(a)
d. path.remove(path[0])

e. for x in path:

f. a = int(x)

g.

h.

Textbox14: Building a selection statement

In the line b and a start of the stamert is made. With the loop the statement is extended for

every edge in the list with participating edgastil all the participating edges have been

processedline el g). The selection statement is returrfiagde h)and is used to select all the

edge features and add them to a new route set. This is done after the travel times of the road

segments have beeeset to their original valugextbox 12line 57 8). The selection and the

copy were made using ArcGIS tools as can be setxibox 12(line 8 and9). The custom
function used to reset the travel times is depictdeditbox 15

defResetTraveltimes(roads):
gp.CalculateField_management(roads, "MINUTES", "[St_Travel]")

Textbox 15: resettina the travel times

Thisfunctcn si mply contains one ArcGIlIS tool
field back to thdravel costdield (MINUTES). This makes sure that the next route
determination process will be performed on a clean dataset.

The final steps of the script casisof printing information on the travebststo the screen
and deleting the geoprocessor object (gp) from the me(textpox12line 1071 12). The
compete script can be found irppendixl.

6.3 Testing the algorithm
Using the script described above tresults for the different cases can be explored and

t hat

assessed. This will be done case by case, comparing the results found when taking the plume

into consideration against the reference route. In the pictures thdrafferadisplayed

around the plumwith a red line. The penalty for moving inside the plume is also applied to

this buffer. Thisbuffer (orsecurity arepaims to deal with the uncertainty that might exist
about the actual location of the plume.

6.3.1Case 1: Rotterdam

In this case a roatis calculated between a source on an island in the south and a destination
in the north. The plume is located between the source and destination blocking a route that

would run in a straight line from the source to the destination. The situation itedepic

figure 31including the reference route (dark blue) and the resulting route when considering
the plume (light blue) in the route determination process. Apart from a difference in the routes

geometry, obviously the length of the route is differenwels The difference inravel time

is hard to comp& however since the additional time spesults in a smaller health risk for
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the people travelling along the route. The trdaiee of the different routes are depicted in
Tablel.

Table 1: Change itraveltimewhen considering the pluni€ase 1)

Route Total traveltime (Minutes)
Reference route 5,625
Route considering the plunfactor = 4) 7,274

6.3.2Case 2: Groningen

In this case both the source and the destination of the travel are on the edge of the subset. The
reference route runs along one of the ring roads around the city centre. This ring road is
however blocked by a plume. The route resulfiogn the algorithm that considers the plume

is depicted in light blue ifigure 32 along with the reference route (dark blue). Here it is clear

as well that the plume has an important bearing on the result delivered. The difference in
travelcostsis depided intable2. The difference between the reference route and the route
around the plume in this case is relatively large compared to the difference between the routes
in the previous case. This is caused by the fact that that the start point is machodbe

plume here. This causes the route to move away from the plume first and move in the

direction of the destination after the distance to the plume has increased.

Table 2: Change in travéimewhen considering the plume (Case 2)

Route

Total travé time (Minutes)

Reference route

2,146

Route considering the plunfiactor = 4)

5,165
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6.3.3Case 3: Delft

In this case the source and destination are on thesdpgsides of the city centre. Between the
source and the destination there are a couple of connecting roads moving around the city
centre on both sides and some of the connecting roads are moving through the city center. The
plume in this case is positied on one side of the city centre, blocking an important access

road to the southern part of the city. The implications of this block are depidtgdra33.

Though based on the picture the difference between the reference route (dark blue) and the
route around the plume (light blue) is consideratable3 shows that the difference in travel

timeis less than a minute.

Table 3:Change in travelimewhen considering the plunf€ase 3)

Route Total traveltime (Minutes)
Reference route 3,198
Routeconsidering the plum@actor = 4) 4,054
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Figue33: Reference route (dark blue) vs routing around the plume (light blue) (Case 3)

6.3.4Case 4: Moving plume

The difference between this case and the other cases in this phase of the researclyik the len
of the travel. The route to be calculated here is shorter than the other routes. In addition the
number of alternatives to get from the start point to the destination is small. As can be seen in
figure 34 this results in an undesired result. The refeeeroute (dark blue) is determined as
expected, but the route around the plume is not respecting the safety zone of 100 meters
around the plume. The route calculated here is even passing through the plume, which
imposes a health risk on the people witthia vehicle being routed. The actual traule of

the newly calculated route tise same as the travel time for the reference route, as can be seen
in table4. This result indicates that the factor used to calculate the penalty for traveling
through theplume or to close to the plume might well be too low. Because this result is
considered unwanted the factor will be increased to a value of 10. As explained earlier raising
this value has the drawback that the optimal route will take longer to be deténwihien the
destination is inside the plume. It does however have the advantage that the chance that the
route will move through the plume, as it did here, becomes smaller.

Table 4:Change in travel time when considering the pli@®ase 4)

Route Total travel time (Minutes)
Reference route 2,348
Route considering the plunfactor = 4) 2,348 (costs 4,646
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Figure 34: Reference route (dark blue) vs routing around the plume (light blue) (Case 4)

Because the results for this case indicate that arfattbis insufficient to deliver the desired
result the factor was increased to 10. The results using a factor of 4 will be compared with the
results using a factor of 10 after the next case.

6.3.5Case 5: Destination within the plume

The final case wacreated to see what the result would be if the destination was inside of the
plume. The possibility to calculate the quickest route into or out of the plume is needed,
because it could happen that the emergency response unit has to move into the area to
evacuate some people that cannot get out of the area. On the other hand the emergency
response unit might find that during measurements the plume moves over their heads. Itis in
such a case very convenient if the routing algorithm is capable of deliveeifigstest route

out of the area. As can be seeffigure 35the route considering the plume (light blue) is very
similar to the reference route (dark blue). Obviously this could mean that the reference route
already followed one of the shortest patiite ithe plume. In this case however it needs to be
considered that the destination point is relatively close to the northern edge. This means that
thesmallestpossible time inside the plume can only be achieved by moving into the plume
from the northeast

Table 5 Change in travel time when considering fiteme (Case 5)

Route Total travel time (Minutes)
Reference route 1,965
Route considering the plunfactor = 4) 2,131 €osts 4,831)
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6.4 Adjustingthe penalty factor

The factor used to increase the tras@dtsis the result of a balancing act between the

additional time needed to travel around the plume and the increased risk associated with
traveling thraigh or close to the plume. During the cases presented above a factor of 4, which
was established earlier, did not result in the desired result. Especially in the fourth case the
distance to the plume became too small. This is caused by the fact tha thdyeone

alternative available. The additional travel time associated with this alternative is relatively
large, since the reference route is relatively short.

In the fifth case the route was almost the same as the reference route, where it wad expecte
that the route would enter the plume in the nedit Similar to the fourth case the alternative
might result in a relatively high additional travel time compared to the total travel time of the
reference route. This is caused by the layout of thesrgatihg access to the plume in the

north. These roads are relatively long without any intersection with roads from the direction

of the start point.

Though it is easy to just increase the factor used to determine the penalty on traveling near the
plume, t should not have negative effects on the routes generated for the other cases.
Therefore the script was adapted and tested on all cases. The first three cases are presented in
the next section. In the two sections after that, case four and five aretpdessparately. In

these three sections the new results will be compared to the results of the algorithm with a
penalty factor of 4.

6.4.1 Implications of the new penalty factor on the routing results in caske3

In the first three cases the route creates alreadyvoiding the plumeAny change in the
algorithm should not affect the travel time of the routes for these cases. This means that the
travel times found should remain the same. As is showabie6 this is thecase here

Table 6 Influenceof increasing the penalty factor (Casé B)

RoutaTotal Travel Case 1l Case 2 Case 3
Time (Minutes) Rotterdam Groningen Delft
Route penalty factor | 7,274 5,165 4,054
4

Route penalty factor | 7,274 5,165 4,054
10

In figure 361 figure 38the routes areegpgraphically depicted in a yellow and a black line. As
can be seen here the routes exactly overlap.
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Figure 36 Penalty factor 4yellow) and 10(black) in Rotterdam

Figure 37 Penalty factor 4 (yellow) and 10 (black) Groningen
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Figure 38 Pendty factor 4 (yellow) and 10 (blackin Delft

6.4.2 Implications of thenew penalty factor on the routing results in casd

The first penalty factor used produced a route that was considered undesired. The reason that
the alternative was not found as theckest route is that the alternative bridge over the

Meuse is simply too far away. The penalty factor can be translated into the maximum
accepted additional travel time. If a factor of 4 is used an alternative with an additional travel
time of just unde# minutes will be preferred over a route that is traveling through the plume

for one minute. A similar line of reasoning can be set up for a penalty factor of 10. In this case
a comparison between an additional travel time of just under 10 minutesramdlditne

through the plume of 1 minute will be decided in favor of the additional travel time. As can be
seen irfigure 39 the alternative is desired over the penalty time in this casgbl/ the

travel times of both alternatives are shown.

Table7: Influence of increasing the penalty factor (Case 4)

Route Travel time (Minutes)
Route penalty factor 4 2,378 tosts 4,646
Route penalty factor 10 4,958
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Figure 39 Penalty factor 4 (yellow) and 10 (blackyound the Meuse

6.4.3 Implications d the new penalty factor on the routing results in casé

In the fifth case it was expected or desired that the route considering the plume would enter
that plume in the nortkast In figure 40 the change to the route as a result of the penalty

factor isshown. Though the route does enter the plume in the-eadfit still moves west

through the plume. This is caused by the security zone around the plume, which influence the
travel west outside of the plume.thble 8the difference in travel time iegicted.

Table 8: Influence of increasing the penalty factor (Case 5)

Route Travel time (Minutes)
Route penalty factor 4 2,131 ¢osts 4,831)
Route penalty factor 10 3,470 €osts 9,824)

Figure 40: Penalty factor 4 (yellow) and 10 (blackjith dedination inside the plume
If it is assumed that the security zone is included in the actual plume, the additional security

zone can be dropped. The implications of this assumption will be presented in the next
section.
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6.5Removing the security zorewound the plume

By removing the security zone around the plume the route is able to move close past the
plume without receiving a penalty. In cases where the plume is between the source and
destination, this is likely to result in shorter routedidnre 417 figure 45the routes are
represented. To be able to make a comparison the route calculated without a security zone
(black) is presented together with the route calculated taking a security zone into
consideration (yellow). Both routes were calculateédgia penalty factor of 10.

_em

Figure41: Case 1 with(yellow) and without(black) a ecﬁrity zone

R
% SO

Figure 42 Case 2with (yellow) and without (black) a security zone
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Figure 44: Case 4with (yellow) and without (black) a security zone
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Figure 45 Case 5with (yellow) and without (black) a security zone

From these pictures it can be deducted that the removal of the security zone had the largest
impact in terms of route differeneé the second and third case. The differences in travel
time are depicted itable9.

Table 9 Influence of removing the security zone (Ca$eb)

RoutdTravel | Case 1: | Case 2: Case 3: | Case 4: Caseb:

time Rotterdam| Groningen| Delft Moving Destination within the
(Minutes) plume plume

With security | 7,274 5,165 4,054 4,958 3,470 tosts 9,824)
zone

Without 7,274 3,718 3,796 4,958 3,389 tosts 7,223)
security zone

As can be seen in this table the remlayf this security zone has a snialpact on thdravel
costsfound. The routes generated here will be used for comparison against the routes that
consider the dynamic data. The routes considering the dynamic blocks will be created and
described in the next chapter.
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7. Adapting the algorithm to incorporate plume and temporal
block predictions andintroducing the possibility to wait

7.1 Introduction

In the first phase the routes were calculated around the pluangtatic mannein this phase

the algorithm will be extended to incorporate dynamickdo This means that all routes
created here encounter a penalty for traveling through the plume and that the factor used to
calculate the penalty is 10. First the extension of the algorithm will be discussed. In the
section after that the results of inporating the dynamic data are presented for each case.

7.2 Adapting the lyorithm

For the algorithm to incorporate the dynamic data some changes need to be applied. The first
thing that is needed is a custom function that can read the dynamic datafleom a

The custom function that was created is depictadxtbox17.

Obviously such a custom function can only be created when the type of file and the storage of
the data inside that file are known.téxtbox16 such a file is presented.

1,15280002378729,0.0,10.0

2,15280002378729,12.0,18.0

3,15280002378729,25.0,30.0

4,15280000797650,0.0,15.0

5,15280001446365,0.0,2.0

6,15280001446338,0.0,2.0

7,15280000682808,0.0,20.0

Autonumber, roadIBZlosed from(minutes) J8sed unti{minutes)

Textbox16: method of storage for the dynamic data

The bridges are stored in a comma separated value (CSV) file that contains one line for every
event This line contains the road segment ID of the bridge, the time the closing starts and the
time the closing ends. The bridge ID is an integer with 14 cteasathat need to be added
manually to the file. The main advantage of this setup as opposed to storage in a shapefile is
that it is easily read by the algorithm. It allows for the multiple storage of one bridge ID with
different opening times.
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1. defwaitTimeBridge(ID, time):
2 waitingtime= 0
3 t = float(time)
4. ident = int(ID)
5. bridges = open(r'DDijkstra\bridges.txt")
6 while 1:
7 line = bridges.readline()
8 brdg = line.split(",")
9. if brdg[O] !=""
10. if int(brdg[1]) == ident and t > float(brdg[2]) and t < float(brdg[3]
11. waitingtime= float(brdg[3])- t
12. else:
13. waitingtime = waitingtime
14. if not line:
15. break
16. bridges.close()
17. return waitingtime
Textbox 17: Reading the dynamida&om a file

In the first lines some values aregte 21 4 ) . The variablepieaeéent gt
total waiting timeassociated with a segment based on the time of arfikaltime of arrival

at the edge is stofedhas ritadl azmwmd st derradadsl B
the file with the dynamic data is opengdide 5) the code checks every line in the ¢8g to

see whether the road under consideration is listed in th@rfige67 15). In cases it is listed

and thetime of arrival is within the timeframe thtiteroad is closed the waiting time is

calculated and returned. Now that the waiting time has been established it needs to be added

to the total travel time of the road segment. This is done by adjustingsim@xiustom

function. This custom function is depictedt@xtbox18including the adjustment made.

1. deffindConnectedRoads(ID, Graph, dests, queue):

2 junctions = Graphl[ID]

3 connected =[]

4. for x in Graph

5 tmplist = Grapfx]

6 gueueContains Containgqueue, Xx)

7 if tmplist[0] == juncions[0] or tmplist[1] == junctions[1] or tmplist[0] ==
junctions[1] or tmplist[1] == junctions][O]:

8. if len(dests) == 0 and len(queue) == 0:

9. print "error in input, source isat entered in destination set"
10. elif (x '=ID) and (not x in dests) and (qué&lmntains== 0):

11. listP = dests[ID]

12. listC = dict[x]

13. wait = waitTimeBridg e(int(x), listP[0])

14. travelTime = float(listP[0]) + float(listC[2]) + float(wait)

15. # wait = waiting timdor bridges

16. connected.append([x, travelTime, ID])

17. return connected

Textbox 18: custom function adapted to incorporate waiting time
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The place where lines were added are botéxtbox18. The waiting time for the edge under
consideration is entered into the @mtfunction that reads the efile in line 13. The waiting

time that 1Is returned by the cust oiableisuncti on
used inline 14 to compute the total travel time to the end of the edge currently under

consideratia.

The rest of the algorithm was left unchanged. For all cases the adjusted algorithm was used

and the results are presented in the next section.

7.3 Testing the adapted algorithm

7.3.1Case 1: Rotterdam

Using the algorithm described above a number ioigless were closed for traffic. At first the
bridges depicted ifigure 46 were closed for traffic. The labels in the picture represent the
time the bridge is closed for traffic in minutes. The travel starts at time 0.

Figure 46: Bridges closed for traf€ in Rotterdam (suirase 1)

The resulting route taking the plume and the bridges into consideration is depitjeden
47.
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Figure 47 Resulting route (swzase 1)

In the second subase some additional bridges were closed for traffic as is depdigdre

48. The closing times of the bridge in the north have changed in this case. This bridge is
closed twice for a shorter period instead off closing the bridge once for a longer period. The
route calculated for this stiase is presented figure 49.

s &
%, 70
LR

Figure 48 Bridges closed in Rotterdam (stdase 2)
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Figure 49 Resulting route (suitase 2)

In both subcases the resulting route crosses a bridge that was closed for a particular amount
of time. The difference in the closing times of the northeitige and the addition of some

bridge closings in the south result in a route that moves north instead off the south, as was the
case in suzase 1.

In table10the travel information for the routes created heepictedln this case there are

no peralties involved for traveling through the plume.

Table 10 Driving and waiting time for the sutases of case 1

Driving time Waiting time Total travel time
Subcase 1 7,770 0,583 8,353
Subcase 2 7,291 1,807 9,098

The resulting route of the secongbscase will be used in the comparison between the
different routing algorithms.

7.3.2Case 2: Groningen

For this case the algorithm was forced to balance waiting time with the additional travel time
needed for each alternative. All the bridges that cbaldeached without crossing the plume
were closed in the second scdise. In the first subase however the most remote bridge with
respect to the plume was left open. The bridges and their closing times for the fcassub

are depicted ifigure 50.
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00-20
3.0-50

Figure 50 Bridges closed in Groningen (sudase 1)

As can be seen here tlosver bridge is closed for two periods of 2 minutes. This leaves the
option open to move across that bridge between the closings. The bridge in the north is closed
for a longemperiod. The result of the algorithm is depictedigure 51 It can be seen here

that the algorithm found a faster route by moving around the bridges and not use the option to
cross the lower bridge in figure 50 between the closing.

Figure 51 Resulting route (subcase 1)
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Since the route of sutase 1 moves across the open bridge this bridge was closed in the
second sufzase. The bridges and their associated time schedule for closing are depicted in
figure 52.

0.0-2,0
3,0-50

Figure 52 Bridges closed in Groningefsub-case 2)

The result of the balancing act the secondaagde calls for is representedfigure 53 Here it
becomes clear that the balancing act results in waiting for the middle bridge and cross that
bridge when it is open for a short period. Thetimgiand driving times associated with the

two routes are shown table11. From the table as well as from the pictures above it becomes
clear that the route in the first sahse does not involve any waiting time as opposed to the
route of the second stdase. In the first subase the travel time accepted is higher than the
travel time of the route of the second s#tse. The higher travel time however resulted in an
avoidance of any waiting time, making the eventual route found shorter than the ribete in
second suizase.
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Figure 53 Resulting route (suiase 2)

SR

Table 11:Driving and waiting time for the sutases of case 2

Driving time Waiting time Total travel time
Subcase 1 4,503 0,000 4,503
Sub-case 2 4,205 1,389 5,594

For the comparisomade in chapte8, the second subase will be used for this case.

7.3.3Case 3: Delft

Delft is a city with relatively straight connecting roads between the northern and the southern
part of the city. Due to the large amount of water in the city thera aumber of key bridges
connecting the southern part to the rest of the city. In the first@s# one of these bridges is
closed. Infigure 54 this bridge is depicted including the period it is closed for. With this

bridge being closed the fastest mirtom the source to the destination is depictddyure 5.
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Figure 54 Bridges closed in Delft (suloase 1)

Figure %: Resulting route in Delft (sufrase 1)

As can be seen here the route moves around the city center. In the seecasksihiis aute
is closed permanently using a constant block. The constant block is created by blocking an
edge from moment 0 until moment 99. This means that the edge is closed during the first 99
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minutes of the travel. The constant blgoéd) and the new bridgesided are depicted in
figure 56

10-30

Figure %: Bridges closed in Delft (swoase 2)

The resulting route in this stdase is presented figure 57. Though the routes seem to move
around the blocks to avoid waiting time, but as can be sdableil2 the vénicle being

routed needs to wait for a small amount of time. Since the secorzhsealis more complete
in the amount of implemented bridges, this-sabe will be used for the comparison in the
next chapter.
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Figure 57: Resulting route in Delft (suzase2)

Table 12:Driving and waiting time for the sutases of case 3

Driving time Waiting time Total travel time
Subcase 1 4,054 0,000 4,054
Sub-case 2 4,419 0,129 4,548

7.3.4Case 4: Moving plume

This case is different from the other cases dueddatt that not the bridges will be part of

the dynamic data, but only the plumes. The area the first plume covers will be closed for two
and a half minutes. The area covered by the second plume will be closed from two and a half
minutes after the start ¢ifie routing process until 99 minutes after the start of the same

routing process. This value is the same as the value used in the previous case to close a road
permanently. The closings are displayefignre 3. To make sure that the route calculated
produces the right result, a minor change had to be made to the algorithm. In all cases up to
this point a penalty was applied to the area underneath the plume by multiplying the travel
time with a factor. To prevent the plume to be taken into considetatios, this factor was

set to 1 instead of 10. Now travelling through the plume at the expense of the additional travel
costsis no longer possible. A route using the roads that are covered by the plume will only be
returned when it pays off to wait fdré plume to wear off.
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Legend

PlumeBlocks
= First plume
m Hoth plumes

Figure 8B: Road closings caused by the dynamic plume

The area affected by the plume locations is relatively large compared to the amount of
closings presented in the earlier cases. The number of closings that have an effeiws the

are on the other hand relatively small. The route that is calculated based on this dynamic data
is depicted irfigure M. This route will alsde used in the next chapter to compare against the
results of the previous chapter.

Figure ®: Resultingroute in the Rotterdam Meuse area

The travel times associated with this route are depicta@blal3. Since this is the only route
created for this case in this phase, it will be used in the comparison performed in the next
chapter.

Table 13:Driving and waiting time for case 4
Driving time Waiting time Total travel time

Moving plume 2,348 2,385 4,733
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7.3.5Case 5: destination inside the plume

In this case some of the bridges around the city center were closed to force the algorithm to
choose beteen moving around the city or waiting in front of a bridge. In the firstcaise

only one bridge was closed. This results in the obvious evasive route to get around that
bridge. This closed bridge is depictedigure 60 and the resulting route figure 61.

Figure 60: Bridge closed in Groningen (sudase 1)

Figure GL: Resulting route with the destination inside the plume (sabke 1)

In the second subase more bridges are closed as is depictédure 62, which close all the
options for altern@vesroughly located along a straight line between the source and the
destination As can be seen howeverfigure 63, it does pay off to take an alternative route

over waiting in front of one of the bridges. The associated travel times are depietele in

14. The result of the second sabse will be used in the next chapter to compare the

differences between calculating a route considering only the plume and considering the plume
and the dynamic data.
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Figure62: Bridges closed in Groningen (suimnse?2)

Figure63: Resulting route with the destination inside the plume ¢sabke 2)
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Table 14:Driving and waiting time for the sutases of case 5

penalty: 7,556)

Driving time Waiting time Total travel time
Subcase 1 3,404 (Including 0,000 3,404(Including

penalty: 7,238) penalty: 7,238)
Subcase 2 3,722 (Including 0,000 3,722 (Including

penalty: 7,556)
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8. Simple route determination vsroute determination
incorporating predictions

8.1 Introduction

Though the routes created for all the casethe previous chapters representidast cost

route, the circumstances they were determined under are different. This resulted in different
routes in terms of geography and also in terms of traveldimdgravel costdn this chapter it

is assumedthat at one particular moment in time the two different algorithms were used to
determine a route between the same source and destination. The difference in routes
calculated in this case is not caused by different circumstances, but by incompletetaput da
In this case it will help to investigate the advantages or disadvantages of using dynamic data
in the algorithm. In the next section the differences between the routes will be compared per
case. In all cases the route determined considering the loiatgeg times are represented

with a black line. The route not considering the bridges is represented by a yellow line.

8.2 Comparison of the Results

8.2.1Case 1: Rotterdam

In the first case a route is determined through Rotterdam. As can be figareif4, the

routes determined axery similar Both in the case the bridges are considered and in the case
the bridges are not considered the algorithm chooses this route. As can befigeen6b a

small differencen route and as a result of that hettravel time is caused by a small

difference in the route at the start.

>

Figure 64: Route considering the bridg@lack) versus normal routé¢yellow)
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Figure65: Small difference in route around the bridge

To represent the difference in travel tinegween the two routes a schematic overview is
given infigure . In the left part of this schema the route considering dynamic data is
represented in green. The horizontal axis represents the driving distance of the two routes.
The green line represeritge path of a vehicle and the vertical axis represents the travel time.
When the green line runs vertically, this means that one has to waiT herklack lines

casting a gray shadow over the schema are the bridges. As can be seen the green line runs
vertically along the bridge, meaning that the vehicle only travels in time at that point. This
means the vehicle waits.

On the other side the route is represented, that was calculated without considering the bridges.
The small blue line represents the rotlt&t was returned by the algorithm and the red line is
the travel of a vehicle that chooses to follow that route. In this case the arrival of the red and
the blue line at the destination differs because the algorithm used to calculated this route did
not wnsider the bridges.
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Figure66: Schematic representation of the two routes

Table 15: Difference in anticipated travel time and actual travel time (Case 1)

Anticipated Waiting time Actual travel time
travel time
Route considering 9,098 1,807 (expected) 9,098
predictiong(black)
Route without considering 7,274 1,842(unexpected) | 9,116
predictiong(Yellow)

The table above shows that even though the difference in travel time in this case is relatively
small, the main difference here is that in theedh® bridges are not considered the actual

travel time is not known beforehand. In a sense this route is delayed due to the bridges
whereas the route considering the bridges arrives at about the same time but was not delayed
with respect to the predictécvel time. So in a case where no alternative route is generated
the algorithm considering the bridges produces a better estimate of the trip length in minutes.

8.2.2Case 2: Groningen

In the case in Groningen all relevant bridges were closed. This itiedir@y route would
either lead through the plume or involved crossing a bridge. The bridges could at the time
these were crossed either be open or closed. The two routes generated using the two
algorithms are depicted figure 67.
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Figure67: Routeconsidering the bridgéblack) versus normal roufgellow)

As can be seen here the routes in this case are also relatively similar. A close up of the
difference between the two routes is depictefigunre 68. Apparently here it pays off to move
around tle first bridge and take the second bridge over the wEes.is caused by the
disadvantageous opening times of the upper bridge in figure 68.

Figure @8: Alternative route around the closed bridge

To represent the difference in actual travel timeshematic representation similar to the
representation produced for the previous case is depictigglire 69.
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Figure69: Schematic representation of the two routes
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In this case the difference in travel times is larger as can also be deducté¢akfielb.

Table 16: Difference in anticipated travel time and actual travel time (Case 2)

Anticipated Waiting time Actual travel time
travel time
Route considering 5,594 1,389(expected) 5,594
predictions(black)
Route without considering 3,718 4,640(unexpected) | 8,358
predictiong(Yellow)

In this case the advantage of incorporating the route becomes clear. The saving in time that
can be achieved by using the bridge times is considerable. The large period the bridge is open
for triggers this differencélhis means that using the algorithm that does not consider the
dynamic data, a route is produced that in this case is almost three minutes longer than
necessary.
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8.2.3Case 3: Delft

In the case of Delft the two algorithms produce very different rouéshvididepicted in
figure 70. The route considering the bridges moves through the city center, where the route
not considering the dynamic data moves around the city center.

Figure 70: Route considering the bridg@lack) versus normal roufgellow)

The difference in travel times are depicted in a schematic overview of the two rofigesen
71as well as inablel7.

Tablel7: Difference in anticipated travel time and actual travel time (Case 3)

Anticipated Waiting time Actual travel ime
travel time
Route considering 4,548 0,129(expected) 4,548
predictiong(black)
Routewithout considering | 3,796 1,158(unexpected) | 4,954
predictiong(Yellow)
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