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Summary

With the increasingly growing populationrban areasare becoming denser. A direct
consequence igcreasingraffic congestionFor this reasorcontinuous gotimization ofthe
transport networkis vital. However, dr continues optimizationthe transport network
performance first needs to be measured.

Problem description

The increasingly growing population will have very serious consequences in the future.
Especially for small a country with an already enormoogutation, like the Netherlands.

Apart from available resources, oved2 LJdzf F G Ay 3 Ay |y |t NSFReé& GRSy
social problems. Two social problems that already exist are the cost of housing and job
availability. When these two cross patlesen more problems arise. These include long travel

times and traffic congestions. These problems have a negative effect on the productivity and

the wellbeing of people and the companies they work for.

This thesis proposes an entirely different way &atmg a solution for this growing problem.

By proposing a method with which any transport network can easily and at low cost be
evaluated the government can optimize its public transport system and its city planning. The
problem areas can be identified dntargeted. Additionally the method can be used to
simulate future scenariosThisthesis describesa way to evaluate the performance of a
transport network by using performance measures which relate to traffic congestion. The
proposed method will providdecision makers with a better understanding of current travel
demand and transport infrastructure problems as well as help them in creating effective
solutions.

Research motivation

The research idea originated in wanting to create a method to optinfizettansportation
network regarding railway transportation. The research would include using smart card data
from OV chip cards to build OD matrices and eventually create a model, which policy makers
could use to analyses the transportation network andioyte it if needed. Unfortunately

due to unavailability of O¢hip card data, the original study was altered to investigate road
transportation network instead of rail transportation network.

Over the years different solutions have been applied to eas#i¢rcongestion. As a solution

the Dutch government has invested in their public transport system for years and encouraging
its citizens to use it. But with a growing population the capacity of this system will reach its
limits at some point.

This thesigproposes an entire new way of creating a solution for this growing problem. By
proposing a method with which any transport network can easily and at low cost be evaluated
the government can optimize its public transport system and its city planning. rbiséem
areas can be identified and targeted. Additionally the method can be used to simulate future
scenarios.
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Methodology and data

In the literature different approaches were identified. To filter the best fitting approaches
they are assessed on twoiterria. These include applicability and feasibility. The applicability
of each method highly depends on its relevance to the objective of this thesis. Additionally on
the aspect of feasibility of the methodology depends on the available data and howbiecan
utilized. From the identified approaches the most relevant ones are chosen. These contain
important features that are then used to form the methodology of this thesis

The methodology of this thesis is divided in five main steps. These include:
1) Procesing GPS data
2) Modelling region wide travel patterns
3) Generating performance measures
4) Detect regions with serious mismatch problem
5) Method evaluation

Data

For this study GPS data, collected by the Technical University of Eindhoven, was used. The
data is forthe period March until May of the year 2014. This collected data was recorded in
the Noord Brabant region of the Netherlands, and is part of a massive data collection which
was held the entire year of 2014. The year was split into four parts and in emth p
respondents were recruited to join the survey for three consecutive months.

The GPS data consists of location information which uses the geographic coordinate system.
Here each recorded locationdescribed as a set of coordinates: (longitude, latd). Other
important information the data contains includes timestamp information and the method of
transportation.

Methodology

The analysis starts by utilizing and cleaning the raw GPS data. The available data consisted of
three parts, which includgourney data, stage data and GPS trace data. Each part contains
important information for the analysis method and therefore were combined to one data
table. Generally GPS data contains random errors due, which needed to be filtered out before
continuing. Wthin this context data with longitude and latitude zero were removed.
Additionally all data with transportation method other than caasfiltered out. The actual
distance and speed are calculated and as a very last filter all data with speed high&2éan

km/h was removed. These commuters do not experience any serious problems in the
transport network and are therefore left out of the scope of this thesis.

Once the data is utilized trip characteristics can be extracted. These include the distance from
origin to destination, the distance from each recorded location to the following recorded
location and of course the speed and route directness between each recorded locations.

After the characteristics are extracted the performance measures can be aedeby
applying spatial and temporal travel partition for modelling commuter travel patterns. Spatial
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partition includes applying a grid based method which splits the study area into smaller study
regions. Temporal partition includes making each trip sabjo the time of day and the type

of day, e.g. weekday or weekend day. After this the performance measures V, R and TT can
be generated.

With the generated measures the problem regions can easily be detected by comparing the
measures to their respectvthreshold values. For example, any speed lower than a threshold

of 20km/h indicatesthat 1t KS OF LI OAG& 2F GKS NRdziSa gA0GKAY
to meet the current travel demand. A lower speed could also imply that people have no other
OK2A0Sa dKIy (2 G11S (KS&aS AySTUOASY(d NRdziSa
and 2016B). Within this context, by comparing each of the three measures, which include V,

R and TT, with a threshold valuie regions experiencing these problems are detected.
Additionally regions with serious congestion problems are detected by congpthe three

different measures into one, this forms the problem indicator: V<TVand R>TRand TT<TTT
and M > TM (combination of temporal, spatial and travel time reliability performance
measures).

The evaluation of the methodology consists of a panmson of the proposed approach in this
thesis with the approach found in literature (Cui, et al., 2@)6Here taxi data is generated
from a fractionof the raw GPS datapproximately one week data, which was used in the
approach of this paper. Aftehe measures are generated for both approaches, the problem
regions are identified using a variation of threshold values. In this way each approach will
identify a variety of regions with serious problems. The results are then statistically analyzed
and thequality of each approach can be derived.

Results

The analysis method

Regarding the data processing this thesislGPSlata fromthree monthsis used This data
was first utilized before it could be analyzed andtfa very first step in utilizing th&PS data
the software MS Excel and MS SQL were uski. step mostly consisted of merging tables
containing vital information.

Regardingravel pattern modelling, he first step in doing so is the spatial and temporal
partition of the trips.For the spatial partition agrid was created for the Netherlands using
Maplinfo Professional and generating a total of 90117 cells or regions with a size éf 1 km
After this, the coordinates were imported and each GPS point was linked to a region. This was
done by pining the grid table with the data tables for March, April and May 2@fter this

the temporal partitionwas executedby dividing the trigs according to the time afay andthe

type ofday.For this study the focus is on weekdays which are equivalebtiginess days,
because this is when most people travel to work and when poor network performance has
the worst implications Additionally thechosentime of dayis during the momning peak,
between7:00 AM ¢ 9:00 AM.



TU/e

After the temporal and spatial partan the performance measures were generated for all
three months. These include the average speed per trip V, the average route directness per
trip R, the average amount of trips and the average travel timekpemeterper trip TTHere

the performance masures wereanalyzedfor each month on business days during the
morning peak.

FigureO-1. Travel pattern April 2014

After this the generated performance measures were usestlel the travel pattern of the
commuters for each of the three months in 2014. Figuré present the travel pattern of
April 2014.

Identifying serious mismatch regions

After the performance measures are generated, the next step is to set to identify the regions
with serious mismatclproblems. This step begins bytracting the threshold values for the
performance measures frontérature. These include TV, TR ard. The threshold value for
travel timereliability, TTTis estimated using the percentile statistical methddis method
estimates the probability of the worst travel time that commuters may experience once per
month in percentages. This estimation is done using IBM SPSS Statistics 22

Finally the problem regions are identified using findicators whichinclude:VM, RM, VRM
andVRTTMThese indicators are used to detect the areas in which certain problems occur. T

Figure0-2 presentsthe amount of regions detected by each indicator. Further in the thesis
thematic maps are presented which show exactly in which part artNdrabant each
problem occurs
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March, April, May 2014 (totals)
2500

2000

1500
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Figure0-2. Results identified regions

Method validation

With regards to the method validatiothe thesisapproach was compared with an approach
from literature. Here the same data was used and analyzed using both methods/ approaches.
The results werehten statistically analyzed and compared. All in &k gstatistical analysis
revealedthat the thesis approach yieldsore accurateand more reliableresults than the
approach from the literature With this it can the validation of the method is conclade

Conclusions

Thisthesis provides a reasonably easy wayreasuretransport network performance as it
proposes an approach to evaluate network performance by identifying regions with a serious
mismatch problem between travel demand and transport netikveervices.

The approach is validated with the most effective validation method. The approach is
compared to the original approach it is based on from literatlree validation procedure
revealed that the thesis approach produces better and more aceurasults than the
approach from the literature. This is proven by the fact that the statistical analysis of standard
deviation and the coefficient variation of the identified regions using the variation of average
speed, travel time, and the amount offis yield lower values for the thesis approach.

All in allthisthesis can serve as a guide for measuring performance using easily obtained GPS
data. The thesis approach provides policy makers ad traffic managers with a way to evaluate
transport networkeasily and at low cost. Additionally the data collection method is not labor
intensive. The approach can be used strategically in solving congestion related problems in
different phases. In this sense policy makers can use different problem indicatolesofy
regions with specific problems, which they can solve faster. Additionally, due to the fact that
many regions experience more than one problems, policy makers and traffic managers can
strategically identify regions with experiencing multiple probseand find one solution to

solve them both.
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Recommendations

The analysis method can be used to detect in which parts of the transportation network
certain problems occur and at what time. The recommended next step is to examine the
problem area and maka route cause analysis for thegblem. After thecause orcauses for

the problemis identifieda sustainable solution can be tailored for the probldinis also
recommendedthat the seriousness of a problem in a certain asdeould be taken into
accountfor tailoring sustainableThe seriousness of the problem can be measured by
calculating the occurrence of a specific problem in a certain area with probabilities. By
determining the probability of a problem occurring more times than a certain threshold
amount, traffic managers and policy makers can strategically target these areas first. It is also
recommended to study the sideffects of targeting these areas first, as this could cause the
probability of certain problems occurring to decrease or eveagpgar in other areas.

In this thesis the travel time reliability is estimated using the 95 percentile method. However
a more accurate way of determining the travel time reliability would be to calculate it. By
using traffic flow data the travel time ralility can easily be calculated. This calculated value
of the travel time reliability will provide a more accurate threshold reference point as it takes
a lot more aspects of the transport network and the commuter into consideration. This
includes stoppig times etc. However it should be noted that traffic flow information is very
hard to obtain. Most traffic flow information is only available in real time. Creating a database
which stores this information is also highly recommended.

A large portion of tk analysis described in this thesis was executed using MS Excel and MS
SQL. Although these tools did get the job done, the GPS data was almost too much to process.
The aim was to do the analysis in this study in a way that everybody could understand and
replicate without buying expensive special software tobleweverthese special tools are
more advancedand created to process large portions of data easily. For this reason it is
recommended that for future work other, more advanced tools are used whachpcocess

bulk data in a shorter amount of time. The recommended tool to use for follow up research
is FME deskto=ME is a software to@hich has the ability to process bulk data easily and is
basically an integrated collection of Spatial ETL toolsdfda trarsformation and data
translation andcontains a library of over 5,000 coordinate systems and providésena
support for location datalt is highly recommended that FME be used for follow up research
on this topic in the Netherland#\part from te fact that the GPS data can be processed very
fast, thisdata canalso be translatedrom the basic geographical coordinate systeito data

which is coherent to the RNew coordinate system of the Netherlands. This will lead to
higher accuracy of the sailts overall. As the FME software can translate GPS data from one
coordinate system to almost any coordinate system designed for a given country, it is also
highly recommended to use this tool for follow up research for evaluating transport network
performance in other countries.

11
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Abstract

This thesis proposes an approach to measure transport network performance by identifying
the mismatch between travel demand and transport network services. For this analysis three
performance measures are used, whicitlude temporal performance measures, spatial
performance measures and travel time reliability performance measures. These measures are
generated by analyzing individual commuter travel information in the form of GPS data. The
generated measures are thersed to construct problem indicators for detecting regions
where commuters experience serious mismatch problems. These problems in turn relate to
the measures and include poor connectivity, slow driving speed and longer travel Tilrees.
results show thevaidity of the proposed approach and that it produces accuratel reliable
results. The thesisalso proved theeffectiveness of using GPS data measure transport
network performance The approach also proved to have social benefits, as it provides
commuers, policy makers and traffic managers with a modern, easy and relatively cheap way
to identify problem areas in a transportation network.

12
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1. Introduction

1.1 Problemdefinition

The Netherlands is a small country with an enormous population, which is growing fast. This
will have very serious consequences in the future. Apart from available resources, over
LJ2 LJdzf F G Ay 3 Ay couytry il a8 dalR@ sodaRp&llems. §wo social problems
that already exist are the cost of housing and job availability. When these two cross paths,
even more problems arise. These include long travel times and traffic congeslioase
problems hae a negative effect on the productivity and the wellbeing of people and the
companies they work forThe two afore mentioned issues relate to poor transportation
network performance. A transportation network can be described as the foundation of any
kind o movement or flow from one location to another. This includes road networks, rail
networks, bicycle lanes, etEor this reason, anyottlenecksin the network today will surely
result in even worse problems in the near future.

Network performance candanalyzed in different ways, and from different perspectives.
With the helpof emerging technologyjew data collection methods and availktyi of open
data source informatiomnew opportunities are presentedto better understandand to
improve the network performance analysisin the last few& S | dtRmuters, traffic
managersand policy makerhave also showed much interestthe reliability oftravel time,
making ita very importantperformance mdicator(Mahmassani, Hou, & Bari, 2013)

To optimize thetransportation network, it first needs to be analyzethis partstarts by
identifying the bottlenecksin the network. To do so information about the network is
necessary, and depending on the type, the amount and the guafitdata thebottlenecks

can be identified easily. The difficult part is collecting and processing the data. There are
different types of travel data and for each there are different ways of collecting them.

GPS dathas gained a lot of popularity the field of transportationin recent years due to its
high accuracy, high resolution of spatial and temporal information and light burden for
respondents. By utilizing GPS devjcdse movements of a persoror vehiclescan
automatically be recorded with gh accuracy. This information can themdsed to construct
OriginDestination (OD) matrices. OD matrices aravay of representing travel patterns
across a network and can be seen as a fundamental mefitrodescribing how commuters
move through a networkAn OD matrix is built with different information. This includes the
type of day, the time of day etc. AdditionalBPS data can also provide information needed
for determining travel time reliability.

1.2 Research motivation

The research idea originated wanting tocreatea method to optimize the transportation
network regardingailway transportationPersonal observatioof longer than a year shows
that during the morning and evening peak trains are full &nadfic congestion orroads is
normal. Another observatiorshows that the majority of the commuters, using the traane

of a certain ageategory. For this reason it wae assumed that these commuters are living
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and working or going to school in different cities, and that the main consequericafis
congestion during morning and evening peakise research would include using smart card
data from OV chip cards to build OD matrices and eventually create a model, which policy
makers could use tanalysesthe transportation network and optimizet iif needed.
Unfortunately due to unavailability of Gdhip card data, the original study was altered to
investigate road transportation network instead of rail transportation network.

Over the years different solutions have been applied to ease traffigestion. As a solution

the Dutch government has invested in their public transport system for years and encouraging
its citizens to use it. But with a growing population the capacity of this system will reach its
limits at some point.

Thisthesisproposes an entire new way of creating a solution for this growing probByn.
proposing a method with which any transport network can easily and at low cost be evaluated
the government can optimize its public transport system and its city planning. The problem
areas can be identified and targeted. Additionally the method can be used to simulate future
scenarios.

1.3 Objectivesandaims

Research objectives

The main objective fothis study is todevelop a methodo evaluate the performance of a
transport networkby using performance measures whialate to traffic congestionThe
proposed methodwill provide decision makers with a better understanding of current travel
demand and transport infrastructure problems as well as help them in creating effective
solutions.

Aims

1 Themethod should be clear and the indicators should be extractable from travel
information
The travel information should be availalieeasy to obtairandat low cost
Theevaluation method should benefit commuters, traffic managers and patligkers
The method should provide a way to detect congestion areas
The approaclshould be applicable for diffent types of transport networks and for
different modes of transportation

= =4 -4

Research limitations
The research boundarieme presented in tabld and are chosen based on the outcome of
the literature study in chapter 3 and the available data.

Tablel. Research limitations

Data type GPS datgourney, stage and traces)

Study area Regional scale: Noor@rabant

Study perod March, April andMay of 2014 (threemonths)
Mode of transportation Car

18
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Time of day Morning peak(7AM- 9AM)

1.4 Research questions

In this paper the following research questi®answered to ultimately achieve the main
objective:

G¢2 oKI G BEYEYS NIy Mérivd$fom GPS data, bealyzedwith the
transport network serviceand travel time reliabilityin order toevaluatethe performance
of atransportationy SG 62NJ] Ay GKS bSUKSNI I yRaKé

In order to preserve the quality of the stydthe main research question is divided into the
three subquestions:
1 Whichmeasuresare needed to accurately analyze network performahce
1 To what extent can travel time reliability of the transportation network be generated
from commuters travel data, sgifically GPS data?
1 In what way does the travel time reliabilitglate to the overall performancef the
network?

1.5 Research design

1.5.1 Research approach

The literature study on the performance of transport network and the applicability of modern
data soures within this field is the bases of this research. It provided the study wihiple
methodologies, a guide favhat kind ofdata was needed and from what sources it could be
obtained. Additionally it contributed a lot into the overall execution of gtedy.

The research approach is dividedlimee steps

1. Utilize GPS data

2. Extend the approach for performance analyaisl mplementthis method
3. Evaluate proposed approach

1.5.2 Research model

19
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Figurel-1. Research model
1.6 Expected results

The expected results of the developed method should describe the objeatideanswer all
research questionsWVithin this contextthe results will:

1 Show policy makers detailed information about tleéfect of current travel demand
onthe transportnetwork performance

1 The results should also give an insight on the performance of the transport network,
with regards to identifying and displaying poor problem areas and areas with poor
travel time reliabiliy.

9 Overall this paper should act as a guide for policy makers or traffic managers to
accuratelyanalyzetransportation networks and identify problem areas. In this way it
will contribute to designing effective solutions to current probkemwithin the
transport network.

1.7 Validation

As this paper actually proposes an extension on an exisippgoach the validation is very
important. For this part, a sample data set is created to represent taxi trip data. A random
experimental week will be chosen. Thetaldrom this weak will be processed not only with the
proposed extended method and the existing method, but also with combinations of both. Here
after the results and the methods will be evaluated statically on their sensitivity and reliability

1.8 Report stucture

The remainder of this thesis report is structured as follows:

1 Chapter 2 describes the glossary, and includes the list of tables, figures etc.

1 Chapter 3describes the literature review results. Relevant references fitben
literature are discussecepgarding network performance, travel time reliability and the
use of GPS data in travelemand modelling. The focus here is on identifying
approaches, used in previous studies, to measure network performance;
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Chapter 4containsthe methodologyused to answver the research questions and
process the data

Chapter 4comprises the resultsf the performanceanalysis, regardingravel time
reliability andnetwork mismatcheselated totravel demandand transport network
services Furthermoretraffic flow information is extracted fronthe GPSlatafor the
purpose of measuring travel time reliability on network level

Chapter6 presentsthe conclusions from the resear@nd considershe implications
of the results Each conclusion describes answer to eachresearch questions
Ultimately someadditional conclusionare added

Chapter7, thefinal chapter presentshe recommendations based on tliermulated
conclusions. Thee recommendationsalso include advice ontilization of the
methodology and resulteegarding further research.
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probability distribution or frequency distribution.
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Spatial partition

Standad deviation
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Travel pattern
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Trip

Trip duration
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Individual travelling from one place to another.

The final location of a trip, where theert activity is performed.

The distance between two locations measured by a straight line between tl
The peak period of travel demand during the evening. In this researct
evening peak is defined from 4 pm to 6 pm.

The distance between two pointbased on the law of Haversistates.

Any national holiday in the Netherlands

GPS data where missing (raw) data was replaced with substituted values.
A journey is comprised of multiple journey sequences and each jou
sequence cotains one or more stages/ trips.

The peak period of travel demand during the morning. In this researcl
morning peak is defined from 7 am to 9 am.

The start location of a trip.

A quantifiable indicator used to assess the performance of a transport:
network (howwell a transportation network is achieving its desired objectivi
Raw data collected with GPSwilees. This datamostly containsirrelevant
information as w# as errors and recording time gaps.

Study area divided in smaller parts or "regions".

Division of the study area into smaller areas using a grid based met
A quantity expressing by how much the members of a group differ from
mean value for the group.

Division of each trip into different time periods of a day and differ
type of days.

A thematic map displayisformation regarding a specific data set, such as
averagespeed with which commuters mowe a certain area

A specific period during the day.

The trace data is basically the raw GPS data of each commuter, and cont:
location data from a commuter from when it starts recording until it stc
recording

Atransport network, ontransportation networkis arealization of a spatial
network, describing a structure which permits either vehicular movemen
flow of some commodity.

The type of transportations, relating to the infrastructure and vehicles usel
The common movement of people between different locations.

The reason for travelling, related to tlaetivity that is performed.

A transport network performance measure which describes the consisten
dependability in travel times, as measured from day to day or across diffe
times of day

The travel of an individuatdm one activity location to another, which me
consist of one or more trip legs

The amount of time between the start and end of the trip

Weekday, Holiday or Weekend day

Monday to Friday excluding holidays.

Saturday and Sunday excluding holidays
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3 LUterature review

Thethird chapter of this paper describéle findings of the literature study, which took place
during thefirst phaseof the research.

This literature study is the bases of the reseaasodd was performed having the goals:

1 Firstly the literature study must provide alecessary background informatioifihis
information provides a guide to understanding the applied data, methods and
limitations of the study.

1 During the literature study difi@nt research methods should be assessed with the
goal of finding the most fitting methodology options. The results from using this
method should provide realistic awers to the research questions.

1 The literature study should provide the necessary infaiorg which is important for
the assessment framework. This includes formulating a comprehensive and consistent
framework of assessment criteria for the methodology choice.

1 Lastly the literature study is very important as it also registers previous papkeish
are relevant to this paper and ultimately used as reference. The goal is to compare
this study with previous studies, to get a more insight on the research topics, and to
extract important information from these studies to finallyeate a newor cambine
discoveredmethodologies applicable for this paper. The literature study also serves
as the foundation for corroborating conclusions and recommendations made in this
paper.

A transportation networksthe foundation for moving from one place to amatr. A transport
network is a complex network that usually includes road netwoikis networks and bicycle
lanes(Buhl, et al., 2016)Jnderstandably angroblens in the network today will have severe
consequences in the nedinture. For this reason it is important for policy makers, traffic
managers and even commuters that there is a reliable method to evaluate transport networks
on performance aspects easy, fast and at low c@éthin this context the main focus is on
traffic congestion, because congestion is a growing issue for almost any transport network
anywhere in the worldTsekeris & Geroliminis, 2018)etwork performance can banalyzed

in different ways, and from different perspectivéd/ith the help of emerging technology, new
data collection methods and availability of open data source information new opportunities
are presented to better understand and to improve the network performance analgdisis
literature study previous stlies on this topic are reviewed and the necessary information is
gathered to form a methodology with which an attempt to evaluate the performance of a
transportation network in the Netherlands will be made.

The remainder of this chapter iggctured as bllowes

Firsttransport network performance is discussed

After thisthe performancemeasuresare identified in the literature

Then these measures are used to identify different methods

After the previous step the discovered methods are discussed

Then thenecessarydata is defined using the findings from the literature and the
availability of data

= =4 =4 4
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T In the end the different methods are assesseddiffierent criteria and an outline of
this thesis is presented

Important to mention is that from here afted (A (i #eScéibesitiishesis,for which the
literature review was conducted.

3.1 Introduction: Transportation Network Performance

A transport network can be described as the basis of all movement within a certain area, and
is basically a network of infstructure designed to realize vehicular movement or flow of
some commodity from one location to another.

The objective ofthis thesis paperis to measure and evaluate the performance of a
transportation network. For this reason various literature wasieered to firstly get more
insight on what network performance actually entails. After this it was important to identify
what studies have already been conducted on this topic, the methodaolsgyg in these
studiesand lastly the findingsf these studiesAnalyzing the results was equally important,
because they revealed the research limitations, the gaps and how their proposed method
could or could not fit into the context dhis thesis paper

In recent years transport network performee has gained mudttentionas it is a key aspect

in traffic planning and management. Transport networks can be measured in different ways
depending on different characteristics of the network itself. A report by the Board of
Transportation ResearctResearch Board of Transportation, 2080)i I 4 S& GKIF G ay ¢
performance measurement is an attempt to evaluate the transportation system as a whole,
considering all modes of transportation, all potential strategies (e.g., capital versus
operational Y S a i YSydaovz FyR ff 2dNAARAOGAZ2YEA 0Sd:
methods of evaluating network performance are called transport network performance
strategies. The indicators to assess these strategies are called transport netwantparte

measures.

To strategically identify information relevant to the topic tbfs thesis a suitable network
performance analysis process was developed based on the information found in the
previously mentioned repoitReseach Board of Transportation, 201)his process is divided
into several stepswvhich include:

Identifyingperformancemeasures

Identifying strategies

Assess strategies using measurements

Defining the necessary data

= =4 4

3.2 Identifyingnetwork performanceneasues

As mentioned earlier, network performance has been a hot topic for some time Imathis
sense numerous studies have been conducted to better understand transportation networks
and evaluate their performancé@hese include studies iWu, Thai, Yadlowsky, Pozdnoukhov,

& Bayen, 2015)XAmini, Peiravian, Mojarradi, & Derrible, 20183illen & Hasheminia, 2016)
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and (Mishra, Welch, & Jha, 2@} In these studies authors have identified and validated
performance measures which can effectively asses the performance of a network. Depending
on the objective of the research and on the network which was assessed during the research
different perfoomance measures were found in the literature. By linking the objective of the
previous studies to the objective olis thesis several relevant studies were filtered and
investigated further.
In the paper ofCui, et al., 201-8\)three particulamperformance measures were foun@hese
include:
1) ¢ SYLIR2 NIt GNI @St . B&lnodsBefda@Esonthd tedpmsdBspect
of the travel in the networkand includes travel speed, travel times and congestion
situations.
2) { LI QAL f NI @St . Srst) Ddasiys Orcludey ®uted dirdeidess or
circuity, which comparethe ratio between the actual travel distance between a pair
of origin and destination in the network and the Euclidean distance of these two

locations.
3) Accessibility measuresvhich take into account both the spatial and temporaivel
STUOASYOASaA I & g St f-use and activity foBationsRadrassi NA 0 dz

the urban area.These measures investigate the ease and extent to which the
combination of laneuse and transport systems enable commuters to reach activitie
and destinations by means of certain transport modes.

Additionallythe literature also revealed thencreasingmportance oftravel time reliability

as a network performance descriptor for both travelling public and traffic managers and policy
makers(Mahmassani, Hou, & Saberi, 20IB)javel time describes the time it takes an average
commuter to move from one location to the other locati@@lefteriadou & Cui, 2005)ravel

time reliabilityisa peformance measure which indicates how dependable the travel time on
a given transport network id.yman, 2007)Althoughthe definition of this measurscan vary

in different contextsgach definitionis closely related to thevariation of travel time

3.3 ldentifyingnetwork performancetrategies

Transporinetwork performance measurement studies have been conducted numerous times
in the past Each study was executed from a different perspective and with a different
objective. fer this reason, mosstudieshaveused different transport network performance
strategies. A transport network performance strategy represents the methodology which
researchershaveused to evaluate the transport network performandae. this part of the
literature study the identified network performance measures are used to identify
transportation strategies that are aligned with the aimtloifs thesis

Within this contexttwo main strategiesor methodswere identified in the literatureThese
include:

1) Evaluating transport network conditions
Transportation networks are designed for commuting between two or more locations.
Therefore the performance of these networks is also dependent on the mobility
demand of commutersThis method focusses on the macropic characteristics of a
transportation network and the travel demand of its users. This method is essentially
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designed for detecting congestion areas within the network. As this strategy can be
assessed with different measures, the detection processvaiit depending on thee
applied measuresln the literature three studies were identified which contained
three different assessments of this strategge€Table 2)

2) Evaluating transport network reliability
In transportation networks in large cities tmace for space is becoming increasingly
intense, and this issue effects both experts and residents who often face congestion
(Oliveira, Portugal, & Junior, 2016) this sensehe reliability of such a network
represents an aggrt of congestion that is a consequence of unpredictable travel
conditions, rather than everyday delayEhe main performance measwwhich can
be used to asses this strategy inclsdee travel timereliability (Uchida, 2014)in the
literature three studies were identified in which the transport network reliability was
evaluated on the basis of travel time reliability (see Table 2).

Although the two strategies use completely different performance measures and investigate
different aspects of the transport network, ultimately boeapproaches were proposeto
solvedifferent congestion issues. The first strategy was created to detect congestion areas
within the network and the second one was createdl&dect the possible levelf congestion

a transportation network. In this sense the two strategies are perfect ingredients for
developing a suitable methodology for this research paper.

Based on the performance measures different assessaswdrihe strategies were identified
in the literature. These are presented iafle 2.

Table2. Identified performance strategies and measures

Performance Performance measures Assessmen(found in literature)

strategy

Transport Temporal efficiency meaires OriginDestination (OD) predictiofLu & Li, 2014)

network Temporal and spatial efficiency Identifying mismatch between travel demand and transpu
conditions measures network servicegCui, et al., 201-8\)

Temporal, spatial and accessibility = Detecting network accessibilif€ui, et al., 201-8)
efficiency measures

Transport Travel time reliability Assessing transport network reliability and vulnerabil

network (Oliveira, Portugal, & Junior, 2016)

reliability Travel time reliability Two fluid model strateg{Hong S. , Lee, Bong, & Kho, 200
Travel time reliability Connecting travel time reliability and the Network

Fundanental Diagramof Traffic Flow (NFD{Mahmassani,
Hou, & Saberi, 2013)

The next part of this chapter will describe the assessment of the performance strategies
Additionally the limitations, the gaps and how each particulaategy could or could nottfi
into the context ofthis thesiswill be described.

3.3.1 Assessmemetwork performance strategies

G LINBSRAOUAZ2YE

In (Lu & Li, 2014)he authorsused temporal travel efficiency measures to buildravel
demand model directly based on an enormous amount of GPS @htobjective of this
paper was to propose a method which could predict travel demand up to several hours later.
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For the foundation of this approach authors used temporal efficiency measarduild a
time dependent Origin Destination matrix. After the origin and destination position were
obtained, they were matched into statistical sectors to form this tidependent OD travel
demand matrix. The input data for this approach was colleateBebruary of the year 2010

in Singapore, and consisted of an enormous amount of taxi trip data.

Although theobjective of this 2014 studig very interesting, it imot aligned with the one of
being conducted fothis thesis The approach only takes ontype of performance measures

into consideration and thus making the OD matrix only time dependent. For this reason this
approach has room for improvement. Combining or adding more performance measures
should make the approach more accurate andrereliable.

Comparativelythis thesis also aims to identify and calciaperformance measuresThe
difference is that the methodhould include not one, but multiplperformance measur®
For this reason the nestrategies weradentified.

GLRSYGATER yAS YASSY GIONI St RSYFYR FyR (NI yaLR
In 2016 (Cui, et al.,, 2018) sought to measure network performance by identifying
mismatches between travel demand and transportation network services. In this study the
authors used the previously mentioned approach proposedlhy& Li, 2014as foundation

and extend itby assessinthe network performance witlwo performance measur® instead

of one These performance measures includenpord efficiency measures argpatial travel

efficiency measures.

The study was conducted in @hinese city Harbiandfocused on using travel data fronaxi

trips to model the travel behavior within the network. For this study the aim was to also use

a moden data source, with the intention of making the proposed method easily transferrable

G2 20KSNJ OAGAS&ad ¢KS | dziK2NRa LISNELISOUALBS 2y
most common technique in the realm of transport modelling. This include$-tbating Car

Data (FCD) method, which uses a batch of sampled vehicles equipped with navigation systems

or any type of GPS technology, as moving sensors to build Intelligent Transportation Systems
(ITS). The popularity of this method is due toits abiliti 2 Y2y A G2NJ NSt GAYS
Ff2y3 NRIFIR fAyl1a&a YR LINBRAOGO aK2NI GSNX OGNI T
to be very effective.

By extending the original approach with a second type of performance measures, the spatial
travel efficiencies measureghe evaluationmethod improved greatly as it was able to
systematically identify region pairs with poor transport performance on a city scale.

In the latter this approach includes multiple performance measures to assess the transpo
network performance, and thus making it an applicable candidate di@ating the
methodology ofthis thesis On the other hand, similar to the original approathe input
information was collected in the form tdixi trip data. And although taxi tripatia canprovide
accurate travel information, in generdbxis do not behave the same way common
commuters do, in a network. Often the travel demand of a commuter taking a taxi differs
from one using a private vehicle. Additionally taxi trip data contangel time gaps, which
make it hard to determine the exact path the vehicle followed from origin to destination. For
this reason the study does have room for improvement.

29



TU/e

G5SGSOGAY3T ySGg2N] | O0OSaaAroAfAdes

Afterthe authors completed the previously describeesearchpaper, they sought to improve
their method further by incorporating the third type of performance measuin their
approach(Cui, et al., 2018). Within this context the authors proposed an approach which
could meaure transport network performance based on temporal travel efficiency measures,
spatial efficiency measures and accessibility measures.aim was to evaluate the current
urban land use and road network conditions, and to alsmidly poorly connectedaccessible)
regions.

The input data for this study consisted of the same taxi trip data used in the study on
identifying mismatches between travel demaadd transport network service3he results
revealed the potential and effectiveness of the proposeéthod in identifying accessibility
problems related to mobility by car. However, it can be arguedti@Biccessibility measures
only play a vital role when the transport network is being measuredesy large scale.

Ultimately the improved method l®ws much potential in evaluating transport network
performance and it uses multiple performance measures. On the other hand, the main focus
of this approach iso determinenetwork performance on the basis of how accessible it is.
Unfortunately this doesot align with the research objectiva this thesis However it does
provide more insight on how different measures can complement one another by combining
them.

G! aasSaairy3a O NNIDIALIONTE AYUSBU gr2yNJ| Odzf Y SNIF oAt AG &€
In (Olveira, Portugal, & Junior, 20163uthors conducted a study on two road network
performance attributesThese include network reliability andilnerability. For each of the

two, indicators or measures wheresed to develop their approach.

The objectie of thisstudyis to comparghe networkreliability and vulnerabilityn complex
networks to ultimately get more insight on the way they are related to each otNéhin the
area of transport network reliability the authsused travel time reliabilityneasures. The
results revealedho correlation between reliability and congestion. Instead it was discovered
that reliability is related to increasing road saturationlevel of congestion.

In the latter, the study revealethe nature of travel time redibility. In this way more insight
was obtained on how travel time reliability could be applied as a performance measure for
the assessment of the transport network performance within the contexhisfthesis

G¢og2 FEdzAR Y2RSTE ¢

In (Hong S. , Lee, Bong, & Kho, 208fgearcherssought to analyze the reliability of
transportation networls with the two flood modelproposed by Herman and Prigogine 1979.
As most reliability studies, this model used travel time reliability measwieich included
travel time andstop- and running time per unit distancd o obtain values of thesaeasures
researchers propogkto build the input data for the twdluid model usigy GPS devices. The
obtained data was used in the model, after which tlesults werecomparel with previous
work for validation purposeshe results of this study proved that GPS data could indeed be
used to utilize the two fluid model and provide reliable results, when implemented in the
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model, for analyzing urbratransport retwork performanceAdditional findings alscevealed
the high level of importance the cudff speed threshold hawithin this model.

The findings of the two fluid model showebat the values of the travel time reliability
measures could be extractedin GPS data and it revealadlifferent way of collecting travel
information. Here the data was obtained using individual GPS devices. In comparison to taxi
trip data, this data could be collected from any type of commuéatditionallythe time gaps

will be smaller and the exact path could be identified. T¢ositributes enormously to
development of the methodologyf this thesis in particular the applicable performance
measures and the data collection method.

G/ 2y y Sravél thng BEliability and the Network Fundamental Diagranof Traffic Flow
O0bC50¢

In 2013 the authors ofMahmassani, Hou, & Saberi, 20X8sented a research method
which could describe network reliability using the Network Fundamental Diagram (NFD) of
traffic flow. By linking NFD and travel time reliability performance measures, the authors
sought to first establish a bridge between network traffic flow theory and travel time
reliability and then to use this bridge to extend travel time variability modiem the link

and path levels to the network level.

Theapproach was tested on simulated data and later validated with actual real world data
from New York City. Here taxi trip data from one weekday was used to extract trajectory data.
The results of thissalidation were positive and also showed that travel time variability
increases with network density and flow rate.

The findings of this paper show that NFD and travel time reliability can be used for the
assessment of performance measures to improve téliability of travel in a networkThis
reflects the aim ofthis thesisperfectly, which makes thapproach an applicable candidate to
contribute in the development of the methodology thiis thesis

Additionally,this paper provides a macro level dysis of travel time reliability with regards

to transport network reliability. However only data from a single day was used in the method.
Different days in different months or different seasons could yield different redudtger the

less this studyives more insight and contributes a lot to choosing length of the period for
which data will be collectetbr this thesis

3.3.2 Performance assessment input data

3.3.2.1 |dentifieddatatype

Within the context of this study variouseasuresvere identified in the liérature which can

be used to evaluate network performandeéach measure is generated wdlfferent kind of
information. For the temporal measureghich include travel timetravel date and type of
day,timegsamp information is essentiakor spatial effiency measures location information

is important. This includes information on the place of origin (start of the trip) and the place
of destination (end of the trip). Additionally information on the study area is also necessary.
With this information the oute directness can be derivethe travel time reliability measures

31



TU/e

are much similar to the temporal efficiency measures. However the difference is that travel
time reliability measures focus on the variation of travel time rather than travel time itself.

The type of data necessary to extract the performance measoagsbe obtained using
different methods. These include traditional methods and modern methods. The traditional
methods basicallinclude conductingurveys and interviews. Although these tetls cost a

lot of time, money ananergy,they have proveno be very effective. On the other hand this
method does not always deliver the most accurate results. The modern methods focus on
digital information from the Global Positioning Systéatorey & Holtom, 2003)his type of
data can be collected very quicklg,huge amounts and at low cosiowever GPS data does
not contain all necessaigformationthe performance measures require. For this reason the
necessary datah®uld bedextended GPS data. Thean beachieved withimputation of the
GPS data. Also it should be noted thia distribution function of travel timedr the travel

time reliabilitymeasuresshould ideally, be estimatedsing historical data. Howevedue to
unavailability or incompleteness of this dathe distribution of travel time can be
approximated if some of the statistics are knowinese include the mean and the standard
deviation.

One of the aims dthis thesisis to develop a method, with kich policy makersananalyses
performance of a transportation network easily and at low cdsir this reasorand in
accordance with what the literature reveale@PS data will be used as the main source of
information. The application of GPS data hasmgal a |d of popularity in recent years, which
has madeobtaining data from this soge typeincreasinglyeasier. Within the context of this
thesis GPS dat#&sthe optimumchoice to generate the performance measures

3.3.2.2 Data ollectionmethods

GPS datasi information collected from the Global Positioning System. This system was
created to accurately measure specific positions and timesyecific location on eartlEach
position on earth or geographical position can be described in coordiriBdesmos common
choice of coordinates is one which consist of a longitude andtadat(Vuren & Carey, 2011)

In present times GPS is applied in almost every field of technology, but it is most commonly
used in navigation systems w€hicles. Here, the output data is mainly used for real time
processing.

The advancement of the Global Positioning System (GPS) creates the opportunity to use this
technology as a new data collection method to overcome the lack of reliable travel data in
transportation researcliCastro, Zhang, & Li, 201Zhere are multiple ways of collecting GPS
data, depending on the quality araimount of data neededlhe literature revealed tw&PS

data collectiondeviceswhich include GP8evices mounted itvehicles(cars, busses, taxis,
etc.)and standalone GPS devigssued to individual commuters.

Collection from vehicles

In 2011(Vuren & Carey, 2011jsed data from a GPS management system for goods gshicl

in his research paper. Here researchers fitted 15,000 diffeheatry goods vehicles (D + Qa 0
across England with the specific GPS devisesilar approaches have been used in recent
studies, in which GPS data frataxis were collected. Most taxis areqgeipped with GPS
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devices and make daily trips through entire network. For this reason the collection method
provided a relatively cheap solution with very accurate results

One of the first times this method was implemented wasingapore in 201d.u & Li, 2014)
Two years later the same method was used in China in Chiraewdsearchers buila travel
demand model based on massive taxi GPS dali@cted for thecity of Harbin(Cui, et al.,
2016-A). Generally thizollection methodhas a unique take on measuring transport network
performance as it focusses on both spatial and temporal transport efficiencies.

Individual collection

The method of travel data collection has changed a lot in the paars. AqOrtazar &
Willumsen, 2011, p. 5%xplains in his paper, this change is due to thaor advancesn
telecommunications. Now general use of personal GPS units offer specific advantages in
tracking movement oar longer periods of time. Individual GPS collection carebbzedin a
number of ways. These include the usespécial GPS devices issued to individuals.

(Feng & Timmermans, Using Recurrent Spaamporal Profiles in GPS Parmta for
Enhancing Imputation of Activity Type, 20ld43ued GPS devices to a large number of
respondents. With their help activittyavel diaries for several months could be created and
stored. This data containgot only origin destination informatim of each individual but also
individual GPS traces of each tiglditionally, with the help of the respondents, the collected

data was transformed into complete travel diaries.

From theliterature asummarywasbe made containing the advantages anditations of
using GPS data as a data source, which are relevant to this papen & Carey, 2011The

results are presented in Table 3

Table3. Advantages and Limitations of using GPS as a dataesourc

GPS data source

Advantages

The collection process has no effect on the road network
congestion

During the collection process no permits are needed and thel
no need to ask permission or assistaficen the police

The collection process does not involve any health or safety |

Privacy issues by respondents are irrelevant and so the quali
data remains highAdditionally data collection does not involv
interviewing respondents. In this wakie obtained data is not
subject to mood, humor or misunderstanding.

Data can be collected for long periods of time, depending on
amount of data needed. Additionally recorditigne-gaps carbe
sete.g. every other minute or random.

Post processing of the data enables namiform days in terms
of traffic can be removed e.g. local train services not worki
poor weather conditions etc.

GPS data provided origidestinationdata for the whole network
and are not limited to survey locations. Additionally even t
traces are recorded easily

Collecting or obtainigp GPS data is relatively cheap and alm
effortless compared to conventional survey methods

Limitations
GPS data has a limited sample size

Depending on the data collection method or device vehicle type cc
play a role in the uniformity of the data. Different size vehicles mu
differently through a network

The accuracy of the origin is highly dependent on when the devi
first turned on

GPS data is comprised of a significant amount of individual loce
information, and it much virtual memory to be stored. For this reas
there are sftware and hardware requirements toost and analyze
the large volumes of data

From GPS data is hard to distinguish and wémme, and the reasor
why, breaks or stoppages occur.

For GPS data to bapplicable additional infamation has to be
inferred. For example, GPS data does not contain any spe
information on vehicle type, driver behavior or route choicéisT
information can be addedf the respondents complete a travel dian
As the quality of GPS data is linked to the amount of data the
collected, processing it is very time consuming

In some countries GPS data is hard to collect and interpret. Most
because the information on transportation system is out of date.
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3.4 Conclusins from the literatve study

This par of the chapterdescribes the findings of the literature studyrsE all findings are
listedand discussedhen anoverview on theelevantmethodologiess given Then the best
fitting approaches are filtered, based on their applicdypind feasibility for this thesis. And
at the endof this chapter a suitable approachformulated.

3.4.1 Overall conclusions

Fromthe literature study it was concluded that transpdrnetwork performance has been
studiedvarioustimes, by different people ahusing different measures. Eaelpproach has
been able to analyze the performance in one way or the othkee objectiveof this literature
study was to examine previous research and use it as a guide to develop aduolety for
the remainder othis thesis Some important and relevant findings include:

1) Identified performance measures include: temporal efficiency measures, spatial efficiency
measures, accessibility efficiency measures and travel time reliability meaduares.
previous research these meass have been used individually and in combination.
Previous studies reveals that tiperformance of a transport networksan bemeasured
on different aspectgOliveira, Portugal, & Junior, 201@&ui,et al., 2016B). By doing this
a better understanding can be derived for how the network works and how it performs.
In this sense different measurean alsde used in combinatiowith each other.

2) ldentified strategies or methods include: evaluatitiginsport network conditions,
evaluating transport network reliabilitgnd evaluating transport network vulnerability
Previous work(Oliveira, Portugal, & Junior, 201p)joved the possibility of evaluating
transpat network perfformance using afusion of network reliability and network
vulnerability.Althoughvulnerability is not an aspechis thesis aims to studhe concept
of fusing transport network conditions and transport network reliabi§itsategieswould
be great contibution for forming the methodology ofthis thesis.At the end of the day
both strategies are assessed with the relevant performance measures.

3) The link betweenevaluating transport network conditions and evaluating transport
network reliability is that bth strategiesevaluate the transport network performance in
terms of congestion. By evaluating transport network conditions areas with severe
congestion are identified and evaluated, and by evaluating the travel time reliability the
level of congestion cabe determined and evaluated.

4) The performance measuresan be generated with travel information collected with
various methodsln this thesis the focus is on using GP&gdahich can be collected with
GPS devices mounted in vehicles or standalone GR#&edeissued to individual
commuters.

In general commercial vehicles (taxis and busses) do not behave the same way normal
commuters do in a network, because the travel demand of a commuter taking a taxi or
bus often differs from one using a private vehichnd although taxi trip data can

provide accurate travel information it contains large time gaps, which make it hard to
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determine the exact path the vehicle followed from origin to destination. For this reason
input information collected in the form obii trip data is not recommended.

3.4.2 Overview methodologgndchoice

In the literature different approaches were identified.o filter the bestfitting approaches

they are assessedising two criteria. These include applicability and feasibilityhe
applicablity of eachmethod highly depend on itsrelevance to the objective of this thesis.
Additionally on the aspect of feasibilitpf the methodology depends othe available data

and how it can be utilizedrables lists all the approaches found in the litgure and assesses
each on the basis of the twariteria. The goal is to filter approaches which contain important
features that can be used to form the methodology of this thesis. At the end of the assessment
an outline of the methodology is presented.

Table4. Criteria quality methods

Criteria  Applicability Feasibility
Approach
Al by(Lu & Li, 2014) ScoreModerate ScoreModerate
FocusNetwork performance  Approad based on temporal T Indicatorscan be generated using GPS data
by building OD matrix performance measures 1  However the available data through universit
Data: GPS taxi trip information §  Time based OD matrix differs from the data used in this approach
1  Approach has room for

improvement
A2 by(Cui, et al., 2016\) ScoreHigh ScoreModerate
Focus: identifying mismatch  Approach for analyzing transport §  Indicators can be generated using GPS data
between travel demand and network performance basedon 1  However the available data through universit
transport network services. temporal and spatiaperformance differs from the data used in this approach
Data: GPS taxi trip information measures
A3 by(Cui, et al., 2014) ScoreHigh ScoreModerate
Focus: Accessibility as 1 Approach for analyzing transport §  Indicators can be generated using &ePata
performance attribute network performance basedon  {  However the available data through universit
Data: GPS Taxi trip informatior temporal, spatial and accessibility differs from the data used in this approach
Land use data: activity locatior performance measures
information 1 Accessibility focusses orraiity

within the study area and to

directly outside of the study area.

However this paper only aims on

the study area

1  As an extended method it shows

how a previous approach can be

extended and optimized
A4 by(Oliveira, Portugal, & ScoreModerate ScoreModerate
Junior, 2016) 1  Uses two strategies for 1  Method showshow simulated data can be
Focusevaluating network performanceassessment used for extracting measures
performance based on networl Insinuates that network reliability
reliability and network is mostly based on travel time
vulnerability reliability
Data: simulatedlata
A5 by(Hong S. Y., Lee, Chung ScoreHigh ScoreHigh
& Kho, 2005) 1 Approach for analyzing transport {  Indicators can be generated using GPS data
Focus: Application of two fluid network performance basedon  The available data through university differs
model for reliability analysis travel time performance slightly from the data used in this approach
Data: GPS test vehicle measures
information
A6 by(Mahmassani, Hou, & ScoreModerate ScoreModerate
Saberi, 2013) 1 dataalone 1 Indicators can be generated using GPS data
Focus: ApplicatiohlFD for 1  Moderate implementation 1 However the available data throughiversity
reliability analysis 1 More for theoretical analysis differs from the data used in this approach
Data: Simulated data and GP< (some indicator®.g. network density hard to
taxi trip information extract from GPS
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Based on theassessment of the approaches using the taniteria an outline of the
methodology can be formed. This includes:
1) Methodology based on a combination of network reliability and network conditions
strategies
2) The performance measures include temporal, spatial and travel time measures
3) The data which will be used is individual inferred GPS data obtained from the Technical
Universty of Eindhoven

Generally the methodology will ban extension of the recent analygi8ui, et al., 201-3\)
involving the performance analysis of the road network of the Chinese city Harbin. Essentially
it will complementthe previous studyy using more accurate data, more accurate calculation
methods and by extending the analysis further with a travel time reliability analysis in the very
end.

Thenext chapterfocusseson the applied methodology. The chapter starts with
description ofthe identified problem and the importance of developing a solution for it.
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4 Methodologyand data

This chaptedescribedthe methodology to ultimately answer the research questions. In the
literature study different methodologies were wented aml finally the most relevant ones
were highlighted. In this chapter the applied methodologyidided irto different parts
which are describeds the research outlineAdditionally the reasoning for each step is also
included.The chapter beginwith the description of the data that wased during the course

of this study The following part contains the research outline. Then the analysis framework
is presented. The chapter egdith a set of conclusions regarding the methodology.

4.1 Data descripbn and collection procedure

For thisstudy GPS datacollected by the Technical University of Eindhgweas used. The
data is for the period March until May of the year 2014. This collected data was recorded in
the Noord Brabant region of the Netherlasidin 2016(Feng & Timmermans, Integrated
imputation of activitytravel diaries incorporating the measurement of uncertainty
measurement of uncertainty, 2016¢searched the imputation of activityravel diaries. For
their work they collected GPS data from different years. This data was retrieved and used for
this thesis The next paragraphs descritiee entire data collection procedure.

The data used ithis studyis part of a massive data collection which was held the egteae

of 2014. The year was split into four parts and in each part, respondents were recruited to
join the survey for three consecutive months. They were each issued unique login information
for the web survey webpage. With this information they had actess personal account,
where they could manage their activityavel data. Each respondent was compensated
around 40 euros after the three month participation. The exact amount of the compensation
relied heavily on their consistency in validating the @arand the condition of th&PS
devices after three months.

The activitytravel data for day was collected with the help of portable GPS devices, model
747pro, and a web survey system. The devices were issued to a set of respondents, who were
instructedto keep them active while commuting. Additionally it was requested to upload the
recorded GPS traces using software that was provided to them, and eventually verify and
correct the imputed GPS traces with a walrvey on a dedicated website.

After the GIS traces are uploaded they are automatically transferred into a sequence of
annotated activities and trips using a data processing program. These traces were processed
with an embedded processing application called Trace Annotator, which ran in the
backgraund of the Web system. The application uses a merge procedure to divide the
activities and trips at an aggregated level and an imputation model at the epoch level.

After the data is processed and transformed into imputed daily activatyel diaries,
respondents were requested to validate these diaries, via a prompted recall survey
instrument. Important to mention is that prompted recall instrumerage not necessarily
error free.
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Additionally respondents were also given the opportunity to provide somditiadal
information that could not be derived from th@8PS traces. The main idea heresvi@obtain

the socalled ground truth data of activities and trips. This includes information such as
specific travel party information, trip related financial infaation and opinions on travel
experiences.

4.2 Analysis procedure

Theresearch method is divided in five main steps. These include:
1) Processing GPS data
2) Modelling region wide travel patterns
3) Generating performance measures
4) Detect regions with serious mismatphoblem
5) Method evaluation

Figure4-1 presents the overall structure of the approach, and is discussed in full detail in the
next sub chapter.

Figure4-1. Analysis procedure

Data processing:
1 GPStrajectories
9 Datafiltering

{1 Datacombining Detecting regions with

serious mismatch:
¢ M >Tm
V<Tv

Extracting travel patterns: R>Tr

9 Spatial partition: Grid TT>TTT
creation to divide study area
into regions :Reg(go,ho)

9 Temporal partition: TimeP
(time of day) and DayT( type
of day)

 Travel information: M
(trips), vk (travel speed), rk
(route directness), travel
time, travel distance

Bvaluation:
_ Generate taxi data
Generating measures to assess Compare old method
transport network to proposed method
performance: Make statistical
1 V/(average travel speed per analysis
region trips)
9 R(average route directness
per region trips)
9 TT (average travel time per
region trips)
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4.3 Analysis framework

4.3.1 GPS Data Processing

Before the data can be used it first needs to be processed. This step is necessary for the
utilization of the GPS data for further analysihis subchapteincludesthe trajectory
description of the data and uidation

The inferred GPS data was available in three parts, which include journey data, stage data and
GPS trace datal'he trace data is basically the raw GPS data of each commuter. In this sense
a GPS trace contains all location data from a commutenfwhen it starts recording until it

stops recording. In this thesis and these two are represented by the origin and destination
and for every individual day during the study period of three months.

A journeyis comprised of multiplgourney sequences aneach journey sequence contains

one or morestages$ trips (see figure 4). Unfortunately the journey datanly describes

origin and destination of each journey sequenthe trace data on the other hand was split

in separate user files. Each user file teamed each and every GPS trace of that person during
Y2y (GKaAaQ GAYSed® | Dt{ GNIXOS A& olaArortte 2y¢
a timestamp, location coordinates, etc. Such a bundieformationis recorded almost every

other second All GPS data was available in CSV file format, which means it could easily be
imported in MS Excel or any other type of data base.

< Joumeyseq.2 3:55 In figure4-2 a hypothetical journey from
‘ Tips e » * hometo work is describedThe person
i <>~ walks to the house of a eaorker. From
e ? there they drive together to workThis
-'.‘\\ // describes the first journey sequence and
“ T Journeyseq1 first two stage sequences or tripAfter
Stage seq. 1 =tip 1 7ﬁ\;9§ : Trip 2 work the coworker drops the person off
i at home. This describes the second
Figure4-2. Journey sequence vs. stage sequence/ trip journey sequence and the third stage

sequence (or third trip Important to
mention is that journey sequence is based on destination location and each stage i®hased
the method d transportation

Figure4-3A f f dzZa N> 6Sa GKS 22dz2NySeé RIS NEWBwhiolK LIS NA
they could be distinguised. The columns M\, O and P illustrate the origin and destination

(OD) coordinates, respectively. From the figure it can be concluded that the journey data only

has OD information of each journey. Information on mode of transportation and each step in

the journey are missing. This information was extracted from the stage data and trace data,
respectively.The location information in this data type is in the form afgeospatial
coordinatesetm: e .
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A B C D ; i G H | J K ! M N 0 P

1 (persno travday joursey nstages  tleft tarr purfrom purto minsfrom minsto  totkm  totmins lonfom  [atfrom lonto  latto

2 BT 140 | 1 14-201408:56 1-4-201409:06 home  betaald we 0 ™ 10 2461.87 4790042 5160176 4773001 51.58819
I 597 140 1 1 140141539 1-4-2014 15:48 betaald wedagelikeh 392 19 9 67428 4773091 5138819 4780130 5158738
47 B 1401 ] 1 14-201416:08 1-4-201417:19 dagelike b dagelike b 19 3 71 768949 4785136 5158738 5133061 52.07459
518y 140 4 3 L40041751 142014 18:01 dagelike brie tid 1 MW 19 1165742 5.133561 52.07459 5.288088 5205151
b 3 |

1 1

1397 142014 14-201423:11 1-4-201423:14 vrietiid  home m M 11599 5.288088 5205151 5.288101 52.05207
2397 242014 | A0140148 1420140836 home  betaaldwe 168 509 45 6187459 514014 5204311 4772703 5158639
Figure4-3. Journey data

Figue 4-4 illustrates the stage data. Eaday iscomprised of journey sequences. And each
sequence is comprised of stages.sequence is based otie travel purposeand travel
method of acommuter. If, for example, a commuter tragdb work on a certain day by first
walking to the train station and then taking the train this first journey sequence is split into
two stages. The first stage is chamzed by walking as the method of transportation and
the second stage by the train as method of transportatidhe second journey sequence
would be when the commuter would go grocery shopping by bike later that day. All reall t
stage data tableontans the first piece of the missing information which includes the mode
of transportation.Because this thesis focussas commuters travelling by cathe missing
information had to be added to the journey data. By combining the two tables on the basis of
0KS GLISNRERY2¢ | yR & NI Othwhich theindiviBuals, theday§ ¢ o &
which, and the time at whicla carwas used could be extracted.

A B C D E F G
1 |persno _l‘fra‘n.-f::la‘gwr jourseq stageseq method travmins travkm
2 2397 1-4-2014 1 1 EBIKE 10  2461.87
3 2397 1-4-2014 2 1 WALK 9 674.28
4 2397 1-4-2014 3 1 CAR 71 76894.9
5 2397 1-4-2014 4 1 TRAIN 5 8439.89
6 2397 1-4-2014 4 2 CAR 9 2769.56
7 2397 1-4-2014 4 3 WALK 5 447.97

Figure4-4. Stage data

Figure4-5 shows the trae data, which includes the timestamp and coordinates of the
individual every other second.y G KA & FA3IdzNBE (KS s(dza SHNREY K&
previous oneAlthough the time gaps do vary sometimasyisualization othe datawould

show the entie path of each trip for each journey the individual went on each day of the

months March, April and May of the year 2014.

By comparing the combinethble of journey and stage data with trace data, information
could be extracted which contaits  LJS NI gayeDday, Ibcation at each point in time for
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when a car was used. This dadaised for further analysis in the thesi&n impression of the
merged table is presented chapter 5

. A B C D E F G H

1 |userid routeid  timestamp X % accuracy speed heading

2 2397 608152 1-4-2014 08:56 4.789835 51.60246 48 0 0
3 2397 608152 1-4-2014 08:56 4.790042 51.60176 32 0 0
4 2397 608152 1-4-2014 08:56 4.790042 51.60176 24 0 0
5 2397 608152 1-4-2014 08:56 4.789897 51.60185 8 0 0
6 2397 608152 1-4-2014 08:56 4.789887 51.60185 6 0 0
7 2397 608152 1-4-2014 08:56 4.790046 51.6016 4 15.22354 151

Figure4-5. Trace D&

After the GPS dates utilized, the driving speed at each point, representedspged, can be
calculated by dividing the direct distanoétwo following points with the time duration of
moving between these two points (see formula Dalculating ths speed is important as it
provides the first data filter. Datécars) with a speed highd20km/h are filtered out.The
reason for this, is that the speed limit in the Netherlands is 120 km/h. records showing a
higher speed are therefore considered asalid or errors.

‘00 direct distance two following points

0 0 the time it took to move from theifst point to the following one
Formulal. speed

The direct distancef two following points can be calculated in numerous ways. In past
literature the Euclidean distance was used, because of its easy implementation and
straightforwardnesgCui, etal., 2016A). However, this distance represents the distance of
GKS aGdN}XYA3IKG tAYS 0SGsSSy Go2 O22NRAYIFGSa
not the real distance. For this reason the real distancelss used in this stdy, which is
extracted from a Hversire equation and will be represented as the Haveednstance (HD).

This formula was extracted froifiFeng, Moiseeva, & Timmermans, Processing of National
Travel Survey GPS Pilot Data, 2@ is illustratedn formula 2.
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Where

R= the radius of the sphere (earth) = 6731 km

m. e ju. = coordinates first point & 1171 AOAOAOT |

m e fn. = coordinates following point 1 TTHAOOI

Formula2. Haversire distance

Apart from calculatingt | 56£&3LJS S Rémbvin gad with a higher spegtian 120km/h,

it is alsamportant to clean the GPS data in tfiist step of the analysiflRaw GPS data usually
contains random errors. These errors mostly occur when less than four satellites are in range
of the GPS devicéyr sending signajsvhile thedata is being recordedt is important thatall

data is compatible for further analysis. In the latter good quality data will give the best and
most accurate results. Within this context the data is cleaned by removing data with latitude
and/ or longitudezero.

4.3.2 Extracingtravel patterns

For the construction tithe travel pattern model the trip characteristitewvel speed and route
directness are needed. After this the study area is divided into smaller study cells and each
day is divided and categorizeBy doing this each part of the modeladelled which makes

it easy to focus on specific segments. Within this context chapter 4.3.2 starts with determining
the trip indicators, followed by spatial partition of the study area and temppaatition of

the trips in accordance with thstudy period.

4.3.2.1 Determining ttip indicators
In order to analyzepassengetravel patterns two indicatorscharacteristicsare needed.

The first one describes thactual travel speed. This @alculated bydividing the actua
distance of the jotney bythe travel time(See formula 3)
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0 Qzot
0 o0
Where,
vi=travel speed each trip k

0O O travel time origin to destination

0 "Qéath B'O0Oa i represents sum of the actual travel distance of eadhrals,
and it is estimated with the sum of theaversire distance between each two following
pointsalong the path.

Formula3. Average speed at each point

The second indicator represents the route directness or circlitye drcuity or route
directness of travel paths, describe the ratio betweshortest the straight line)distance
between a pair of origin andestination in the network and th&uclideardistance of these
two location The equation of route directness giveslaar visualization of this description
(see formula 4).

0 Qe BOOa
‘0’0t h '0’0d h

Where,

rni=route directness each trip k

004 hix represents theEwclidean distance between the origin and destinatiq
positions

Formulad. Route directness at each point

O0a #x W w W W
Where,
" - = coordinatedirst point =I 171 AOA D AEOT i

= coordinates following point E [

Formulab. Euclidean Distance

L A high value forwindicates that a certain region is poorly connected. Commuters will have to takes detours
when travelling.
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Theseindicators arevery important as they are used imd last step of travel pattern
modelling to geerate two important performance measures. These include the average
ALISSR LISNJ GNARALE NBLNBaSYyuSR o0& WwW+éx YR GKS
a wEhése measures are described in the follmywarts of this chapter.

4.3.2.2 Spatial partitiorandtemporal partition

Spatial partition

Using a gricbased methodhe study are is divided into smallesireas(Liu, Gong, Gong, &
Liu, 2015) These areas are calleggionsand each region is represented withczll ID or
region 10 which more or less consists of letters and numbers @.g5 H o ™he Grid is
generated orMaplnfo as a layer and each region is set &n¥in size. This layer is set on top
of another layer, whichlustrates the study aredNoord Brabant By importing the GPS data
in Maplnfo each coordinate aligns with a cell or region of the grid. The réDicen then be
extracted and added to the information of the specific GPS pAifter this each location ca
also be represented with its region IBy doing this the followed path of daperson can be
followed by region.This part of theanalysis methods fundamental for detecting #aregions
with serious problems as the regionshere user experience certaiproblems can be
identified by their region ID.

Temporal partition

Apart from the spatial partition, each trip is also divided into different time periods of a day.
This is represented byimeR In the analysis a certain time perifmt TimePischosenm which
traffic congestion commonly occurdditionally, as suggested by the literatui@ui, et al.,
2016A), the type of day is also distinguished. Previous studies revealed that bekavior

and travel patterns generalldiffer across various time periods of a day and also across
different type of days. Travel demand during the week differs from travel demand on
weekends and holidays. The different type of day includes a weettepd weekday or
holiday, and represented witDayT EachDayTcan be extracted from any calendar of the
year 2014(see appendix 1)

4.3.2.3 Model construction

After the two partitions the start times of each trip arttie origin and destinatiofocations
are estimated in the study area and correspondinge periods according to their region.ID
In this way a commutetravel pattern modelis described as: ODR€ég (¥, Yo), Reg (% Ya),
TimeP, Day, DayT). Each masgresentsall the trips that originate from regioReg Xo, o)
and end in region Regd(¥/d). With this matrix two transport performance measures are
derived. These include:

1) The average travel spegxkr trip, represented by (see formula 5)

2) The average route directneger trip, represented byr (see formula 6)
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Tableb. Performance indicators

Measure Poor performance Good performance
Speed (V) Low value High value
Route directness (R)  High value Low value
Travel time (TT) High value Low value

Table6. Network performance based on combinats V and R

High Low
Region is connected to long high speed Region is well connected and commuter
detours. Commuters have to take a detol cantravel at normal to high speed. This
through a highway. The longer travel time indicatesthe bestnetwork performance
and greater distance indicate poor netwo
> performance.
Commuters have to take detours when  Region is wll connected with direct
travelling, and still suffer heavy congestic routes, but the travel demand exceeds
along these detours (slow speeds). This the capacity of these routes and
indicates the worst network performance. commuters have no choice but to take

these routes

High

Low

4.3.2.3.1 Generating measures

V and R are performance measures for spatial and temporal travel efficienciesioAdlijt
the ratio of both —, could be used as a third measure. This measas®ssestransport

performance by taking both temporal and spatial travel efficiency measures at the same time.
Within this context a low value for this measure would mean low travel speed and poor
comection between two locationsHowever due to the fact that it is not used to detect
problem regionst is left out of the analysis.

The following formulas weresed for generating the measures:

A
e I T
Where,
V=Average travel speed over all trips
k=1 = for every single trip separately
M=total number of trips to and from a certain region

J mlle-fv. | gllemvm the origin and detination within the region
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1 ¢ O m [Eme of the day

r = ¢« date
r = « 4| type of day ( weekenday, weekday or holiday)

Formula6. Average speed over all trips to and from a specific region

1 4 4 mle-tn. B mlemhom i\ O il br + ¢ 4 9%_’@
Where,

R=Averageoute directnesover all trips
r«=route directnesgcircuity)

Formula7. Average route directness over all trips to onfra certain region

4.3.2.3.2 Travel time reliability

The last performance measure is the travel time reliabikiyr travel time reliability deally,
the distribution function of travel time should be estimated using histortzth. Fowever,
due to the fact tha GPS data was used, the travel times were easily extradtedel time is
measured in (travel) time per unit travelled distandeor further analysighe travel time is
represented byl Tand is calculated with formula.

R
7 i

Where,

TT= travel timger unit travelled distanceetween origin and destination

Formula8. Travel time reliability measure

4.3.3 Detecting problem regions

To detect the daily transport praéms the performance measures V, R and TT astetd
against threshold value§he first step in doing so includes identifying regions with higher
volumes of traffic demand. In this sense the amount of trips (M) to and from a certain region
need to be higer than a certain amount. This amount is representedpy T

A higher volume of travel demand in the morning, represents regions in residential or

employment areas, which make them more likely daates for traffic congestion.
Additionally the large nmnber of passenger trips increases the accuracy of the estimated
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LI Ny YSGSNAR X w YR ¢¢d LYy (GKA&a gteé& GKSasS L
conditions.

After the regions with high travel demand are detected V and R are used to measure the
temLJ2 NI £ YR aLIl GAFE GNI @St STUOASYOASA SAUGKA
another threshold (&) or V lower than a threshold ()l are defined as problematic regions

GAOGK GSYLIRNIE 2N aLd GAlFf (NI 086 imBemeh@dtsy O& LJ
measure travel time reliability within the regions with high volume travel demand. The
regions with a higher travel time per unit distance thathreshold Trare also defined as
problematic regios. The regions with V lower thak, Rhigher than kand TT higher than

Tr1, represent regions experiencing the worst problems. Within these regions commuters are
F2NOSR (G2 Gl 1S RSG2dzNE F2NJ GNI @St 6KAES &dj
these detours and taking a significantly longer time to reach their datstin due to a high

level of congestiorfCui, et al., 201-&).

The indicators used to identify problem regianslude

1) VM:V < Tand M > T (temporal performance measure)

2) RM:R >kand M > T, (spatial performance measure)

3) TTM:TT < Frand M > Ty (travel time reliability performance measure)

The worst regions are described as regions experiencing all three problems at once. Within
these regioncommuters are forced to take detours, where they also experidrigh level
of traffic congestionThese regions are identified with:
4) VRM:V < T and R >dand M > T (temporal and spatial performance measures)
5) VRTTMV < TJand R >dand TT <+rand M > T (temporal, spatial and travel time
reliability performance measures)

4.3.4 Method validation

The proposedapproachis validated comparing the results with results derived using an
approach from the literature. The method validation consists of four steps, which include:
1) Generatetaxitrip data
2) Implementboth approaches
3) Make statisical analysis
4) Compare results

For the method validation only a fraction of the entire data set is used. Here a random week
in one of the three months is chosen. Only this week will be used for further analysis.

4.3.4.1 Generate taxi data

As explained at the ehof the literature review, the approadin this paper is an improved
and extended version of the method created(QGui, et al., 201-8\). For this reason, themost
effective validation is to compare the improved and extendedpagach proposed in this
paper to the original one from literatur& he three key differences between both approaches
are presented in the table below
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Table7. Differences in approaches

Difference Approach Thesis Approach literature
Input data Individual commuter data  Taxi trip data
Performance 1. Speed 1. Speed
measures 2. Route directness 2. Route directness

3. Travel time reliability

To recreate the method from literature, first taxi trip data needs to be generated from the
original raw GP8ata. From literature it was revealed that taxi trip data includes large time
gaps between recorded locations. For this reason the large portions of the raw data were
removed, creating a data set that looked very similar to actual taxi trip data.

4.3.4.2 ldentify most problematic regionsing both approaches

After creating the taxi dateboththe approach from thditerature and the approach proposed
in this paper areapplied using the test data. Afteall measures are generated for both
approaches the problemmegions are detected. For the validation not orthe empirical
thresholdvalues are used to detect the regions, but a variationtbesevalues. By doing this
the quality of each method can be estimated using a statistical analysis on the results.

The ariation of the threshold values is based on their empirical values found in the literature
(Cui, et al., 201:8\), which include:
1 Tv=20 km/h
1 Tr=15
1 Tm=20 trips
1 Tr=> Comparedo the previous threshold values, this valuaswnot directly derived
from literature, but is estimated usingsatistical methodThe literature suggest using
the 95" percentilemethod, whichestimates thed5% probabilityof the worst travel time
that commuters may experience once paonth, namelyone of 20 weeldays. Tk
value for this threshold is estimated amapter 5

After each method is applied, with each threshold a number of problem regions is detected.
With these numbers a descriptive analysis is performed using SPSS to dkiedigt the
standard deviationandthe mean.With these variableshe coefficient of varation can be
determined

The coefficient of variation (fCis used to measure the consistency of the results across all
validation experiments. The/@ calculated by dividonthe standard deviation by the mean
value. A high @value reflects inconsistency among the results within the group of a specific
validation method. In turn a lower/alue reflects a higher consistency in the results and
thus indicate the most reliablemethod which yields the most accuraé®d reliableresults. In
other words, by determinindhe coefficient of variatiorfor each method, theapproach
producing the best quality result is revealed.
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o -

Where,

G/ = The coefficient of variatio
., = The standard deviation

= The mean

Formula9. Thecoefficient of variéion

4.4 Conclusions regarding the methodology and data

The analysis starts by utiliziagd cleaninghe raw GPS datdheavailable data consisteof

three parts, which includgourney data, stage data and GPS trace data. Each part contains
important information for the analysis method and therefore were combined to one data
table. GenerallyGPS data contains random errors due, which needed totbesiil out before
continuing. Within this context data with longitude and latitude zero were removed.
Additionally all data with transportation method other than car were filtered out. The actual
distance and speed are calculated and as a very last flitdat with speed higher thabh20

km/h was removed. These commuters do not experience any serious problems in the
transport network and are therefore left out of the scope of this thesis.

Once the data is utilized trip characteristics can be extractedsd include the distance from
origin to destination, the distance from each recorded location to the following recorded
location and of course the speed and route directness between each recorded locations.

After the characteristics are extracted the rfmmance measures can be generated by
applying spatial and temporatavel partition for modelling commuter travel patterns. Spatial
partition includes applying a grid based method which splits the study area into smaller study
regions Temporal partitiorincludes making each trip subject trips to the time of day and the
type of day, e.g. weekday or weekend day. After thieagel patternmodel is created with
which the performance measurd§ Rand TT can be generated.

With the generated measures th@oblem regionscan easily be detected by comparing the
measures to their respective threshold valuédithin this contextthe regions where
commuters experience problems, are identified by comparing the generated measures to

their respective threshold vaés. The thresholds for V, R, M and TT are defined,ak, Tl

and T, respectively. The values of these parameters are empirical values found in the
literature (Cui, et al., 201\). Here it was revealed thatlower than itsthreshold value oR

higher thanTg, areidentifiedl & LINRP Ot SYIFI G A O NBIA2Y A SAGK (SYL
problems. Additionally a TT higher thafrWould also describe a problematic region. The

three problems are detected with three indicagbased on the three performance measures.

For example, any speddwer than a threshold of 2&m/h indicatesthat the capacity of the
NRdziS& SAOGKAY (GKAA NBIA2Y YlIeée y2G 0SS adzFUOA:
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speed could also imply thatped S KI @S y2 20KSNJ OK2A0Sa GKIly
for traveling between the two region&ui, et al., 20148). Within this context, by comparing

each of the threemeasures, which include V, R and, With a threshdd valueregions
experiencing these problems are detected. Additionally regions with serious congestion
problems are detected by comiing the three differentmeasures into one, this forms the
problem indicator: V <veind R >dand TT JrrandM > Tv (combinationof temporal, spatial

and travel time reliability performance measures)

The evaluation of the methodology consists of a comparison of the propmgaach in this
thesiswith the approachfound in literature(Cui, etal., 2016A). Here taxi data is generated
from a fraction, approximately one week data, of the r@®S datavhich was used in the
approachof this paper. After the measures are generated for bagiproachesthe problem
regions are identified using a vation of threshold valuesin this way eaclapproachwill
identify a variety of regions with serious problems. The results are then statisticaljzadal
after whichthe quality of eactapproachcan be derived.
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5 Results

Chapter 5 presents the resulbé the approachapplied in this study. Thchapter isstructured
similarto the previous oneHere ech of the stepslescribed in the methodology fsllowed
andthe results are presented. Additionally at the end of each part the results are interpreted.
The chapter begins witthe data processing step wheredascription of the distribution of
transportation methods used during the study period March 2014 until May 2014 is given.

5.1 Dataprocessing

The data processing stepdivided intdwo parts, whichincludea description of the raw data
specifically the distribution of the transport methods in the netwoakd the utilization of
this data.Here the resultare not onlyshown but each process @so explained. This includes
the used software toolandthe reasoning

5.1.1 Description aw data: Distribution transport network

The dataused for the analysis collected forthree months. For each month three t&sl were
available. This includesljourney, stage and trace data table. In this sttlgyfocusison the
transportation modedcar @ urderstandto what extentfocusing on the transport method
ocare will yieldenough data fogood quality results it was first necessary to investigate the
distribution of the different modes of transportation the network.

Distribution Transport Method Transport Methods
March 2014 March 2014

m EBIKE
u WALK
CAR

TRAIN

H BUS
m OFF

Total EBIKE WALK CAR TRAIN BUS OFF BIKE

Figure5-1. Distribution transport method: percentages Figure5-2. Distribution transport method: numbers

Transportation Methods
MAM 2014

mmrt-14
1apr-14

mei-14
39822 45173
1

39730

3 ‘37544 2
w928 6665
273 395 | _._ 8613
| Bl | 8157 5 4 0 2 9 8 o817

TOTAL EBIKE WALK CAR TRAIN BUS OFF BIKE

Figure5-2. Distribution transport methods March April May 2014: numbers
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The figures 5-1 until 54 illustrate the

Transport Method Car distribution of transportation methods used in
MAM 2014 the three month study period. From the
figures 53 and 54 it can be seen that car

5 5173 usage accounts for almost half of the used
£ 39730 transportation methods. It can also be seen
29490 that the number of commuters using cars is
E

E

increasing every month. Of courseitouldbe
pointed out that the data is generated from a
March api May standard set of commuters who most likely do
Monthe not use public transportationHowever, this
has no implication onuither analysis as the
Figure5-3. Transport method focus: Car March April Ma: thesisfocusses on commuters using a car for
2014 transportation. And thus concluding that
0KSNBE A& Sy2dzaAK aOF NE F
accurate results.

5.1.2 Utilization GPS data

For the very first step in utilizing the G&&a the software MS Excel and MS SQL were used.
Herethe journey data and stage data were merged into dn& 2 dz\NJ/ ISdBtable, using

MS Excel Quent KS Gg2 GlFotSa 6SNBE 22AYySR o6l aSR 2y
G0N ORI &8¢ | YRS 2eaNamermidiadSt) d28 @2 NR &é Qix¥iadl A y Ay 3
of transportation were filtered The filteredtable wasthen exportedto CV file format and

imported as a table in MS SQL database.

In the second parteach of trace data tables recorded framdividual commutersvas merged

into one enormous trace data table. This taldentains thetrace information of every
commuterper month. The tables were mergeding a bulk fuse code for CSV files (saedig
5-5). After the combined file was importeds a table in MS SQL the excess string data, which
was a result of combining thESMiles, was deleted. Then the data type of the different
columns wagnhanced (altered) so the journey stage data table and the trace datadabld

be compared to eachtber, and eventually merged into one much larger data table which
was used for further analysis.

1 copy *.csv bulkfusetables.csv

Figure5-4. Bulk fuse code CSV

The raw trace dataonsistof separate tables for each commuter, as illugtichin figure5-6.

As mentioned before, theeindividual tableswere fused into one enormous table. By doing
this alldata could be analyzed at the same time. Fig&& illustratesa part of the merged
tables.
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™
» OSDisk (C:) » Users » 5141445 » Documents » TUe » S3Q4 » Data » Data- Usage » 1 A B C D E F G H

Name ‘ Date modified Type e 1 |userid .routeid timestamp X y accuracy speed  heading

) 597 0B MRt 0k 2 By 45T 3320141450 47911 SL60021 108 0 0

02401y P00 b (o I By 45T 3320141450 4790953 515091 24 0 0

B e prenen g S L |40 Y 4 3390141450 4701055 5150888 8 066129 0

B 2413 12412014093 Micosoftbicel Con. 2000K8 5By 40574 3320141450 479116 5150869 6 2035158 0

g 20 1ZATROMO9E - Midosoft Bl Co. 13598 6 097 4574 33201415:00 47914% 5159787 4161386 169
2421.csv 12-11-2014 09:33 Microsoft Excel Co... 562 KB

B 2423.c5v 12: 01 Microsoft Excel Co... 518 KB

05 2424.csv 1 Microsoft Excel Co. 300KB ‘

-] 2426.csv 1 Microsoft Excel Co. 741KB

z e o veesRbe. 0S| B 87 S3M 30320141619 479006 SLEOT8 8 1568173 1%

B 229 o veomtoe o s | 88T 1397 601384 30320141819 4790186 5160691 6 1610616 190

B e veosotee oo | LSGE 2307 6034 30320141819 4768136 516059 8 1338083 188

g o gm0 pe7 s 030101810 4788605 SLESET 6 AT 1%

) 2040 12112 Moooftecelco. ke | 1300 2397 601344 30-3-201418:20 478471 5160445 6 154426 173

fon Sh s | e

05 2452.cov 12-11-2 Microsoft Excel Co. 842 KB 4392

Figure5-5. Bulk fuse code CSV
4388 2397 601344 30-3-2014 18:19 4.788736 51.6059 8 13.38043 188
4389 2397 601344 30-3-2014 18:19 4.788695 51.60581 6 13.20755 194
4390 2397 601344 30-3-2014 18:20 4.788471 51.60445 6 15.44296 173
4391 2401 568595 22-3-201416:41 4.95775 51.62631 61 0 0
4392 2401 568595 22-3-2014 16:41 4.954737 51.62911 10 44.13528 351
4393 2401 568595 22-3-2014 16:41 4.953506 51.63026 10 45.93672 309
4394 2401 568595 22-3-2014 16:41 4.951603 51.63108 10 37.60506 303
0472 2401 601475 30-3-2014 19:07 4.960485 51.62365 10 0 294
6473 2401 601475 30-3-201419:11 4.96011 51.62331 5 0 132
6474 2409 494073 2-3-201421:23 4.783601 51.58477 b5 0 -1
6475 2409 494073 2-3-201421:23 4.783728 51.5849 10 0 -1
6476 2409 494073 2-3-2014 21:23 4.784383 51.58529 5 21132 31
6477 2409 494073 2-3-2014 21:24 4.785554 51.58646 5 20.34 32

Figure5-6. Trace data after fusion

5.1.3 Data cleaningnd filtering

Before the journeystage data and the trace data are merggulrney stage data table is
cleaned and filteredThis table was used as a lookup table to extract trace data from the
trace data table, for this reason it was important that this lookup table (jowstage data
table) did not have any errors.

1) First all data with longitude and/ or latude zero where removedFor the March, April
and May the amount 069931, 2257, 3736ecords were removed. (see tab8
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Month Records original Records removed  New total
March 2014 81009 69931 11078
April 2014 103959 2257 101703
May 2014 108761 3730 105031
) Figure 5-8 presents a visual
Filter 1: remove zeros representation of the records
— before and after the first filter,
MAY 2014 BB730 which included the removal of all
105031 records with a longitude/
103959 latitude zero. As can be seen
it — from the chart, for the month
March 2014 approximately 85%
81009
MARCH 2014 T of the records were removed.
11078 ‘ Fortunately this had no
0 20000 40000 60000 80000 100000 120000 | implication on the study as the
Records original Records removed Filter 1 total table had yet to be merged Wlth
the individual trace data.
Figureb-7. Records after filter 1
2) After the first filter the recordswith transportation method2 G K S NJ i #Wedre/ & Ol NE
removed For themonths ofMarch, April and May014the amount of 6971, 63051,
61509records were removedespectfully See table below
Table9. Records after filter 2
Month Recordsafter first Records removed  New total
filter
March 2014 11078 6971 4107
April 2014 101703 63051 38652
May 2014 105031 61509 43522
Filter 2: select "CAR" As previously presented the

MAY 2014

APRIL2014

MARCH 2014

40000

60000

Filter 1total ® Records removed

105031

101703

|

80000 100000 120000

Filter 2 total

Figure5-8. Records after filter 2

transportation method car counts
for almost half of the transport
methods used in the network. For
this reason a little more than 50%
of the recorddafter filter 1) were
removed.See figure B.

After filter 2 the table was

converted to CSV file format and
imported to MS SQL.
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Figures5-10and5-11 present the tablebefore andafter filter 1 and 2.

Figure5-9. Journeystage before filtering and cleaning

Figure5-10. burneystage table after first and second filter

In the very last part of the data utiliian, the filtered journey stage tablevas merged with

the trace data table in MS SQL using a query which identifies the coordinates and timestamps

Ay GKS GNI OSIREGH a022RISA 2FY I NG ALRZNIOIF GAZ2Yy O !
(journey statt) and the arrival time (journey end), from the journey data, were used to locate

and display each trace which took place between the two moments in time. After this the
filtered and fused table is exported to CSV file format and imported in MS Excéb(sedb-

12).

Figure5-11. Trace identifier
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