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Summary 
With the increasingly growing population urban areas are becoming denser. A direct 
consequence is increasing traffic congestion. For this reason continuous optimization of the 
transport network is vital. However, for continues optimization, the 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 enormous population, like the Netherlands. 
Apart from available resources, over-populating in an already “dense” country will also cause 
social problems. Two 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 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 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. The 
problem areas can be identified and targeted. Additionally the method can be used to 
simulate future scenarios. This thesis describes a way to evaluate the performance of a 
transport network by using performance measures which relate to traffic congestion. The 
proposed method will provide decision 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 optimize the transportation 
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 and optimize it if needed. Unfortunately 
due to unavailability of OV-chip 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 traffic congestion. 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 thesis proposes 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. The problem 
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 two criteria. 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 how it can be 
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) Processing 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 for the 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 each part, 
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 location is described as a set of coordinates: (longitude, latitude). 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 include journey 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. Within this context data with longitude and latitude zero were removed. 
Additionally all data with transportation method other than car was filtered out. The actual 
distance and speed are calculated and as a very last filter all data with speed higher than 120 
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 generated by 
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 subject to 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 respective threshold values. For example, any speed lower than a threshold 
of 20 km/h indicates that the capacity of the routes within this region may not be sufficient 
to meet the current travel demand. A lower speed could also imply that people have no other 
choices than to take these inefficient routes for traveling between the two regions (Cui, et al., 
and 2016-B). Within this context, by comparing each of the three measures, which include V, 
R and TT, with a threshold value, the regions experiencing these problems are detected. 
Additionally regions with serious congestion problems are detected by combining the three 
different measures into one, this forms the problem indicator: V < TV and R > TR and TT < TTT 
and M > TM (combination of temporal, spatial and travel time reliability performance 
measures). 
 
The evaluation of the methodology consists of a comparison of the proposed approach in this 
thesis with the approach found in literature (Cui, et al., 2016-A). Here taxi data is generated 
from a fraction of the raw GPS data, approximately one week data, which was used in the 
approach of this paper. After the 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 the quality of each approach can be derived. 
 

Results 
 

The analysis method 
 

Regarding the data processing, in this thesis GPS data from three months is used. This data 
was first utilized before it could be analyzed and for the very first step in utilizing the GPS data 
the software MS Excel and MS SQL were used. This step mostly consisted of merging tables 
containing vital information.  
 
Regarding travel pattern modelling, the first step in doing so is the spatial and temporal 
partition of the trips. For the spatial partition a grid was created for the Netherlands using 
MapInfo Professional and generating a total of 90117 cells or regions with a size of 1 km2. 
After this, the coordinates were imported and each GPS point was linked to a region. This was 
done by joining the grid table with the data tables for March, April and May 2014. After this 
the temporal partition was executed by dividing the trips according to the time of day and the 
type of day. For this study the focus is on weekdays which are equivalent to business days, 
because this is when most people travel to work and when poor network performance has 
the worst implications. Additionally the chosen time of day is during the morning peak, 
between 7:00 AM – 9:00 AM. 
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After the temporal and spatial partition 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 time per kilometer per trip TT. Here 
the performance measures were analyzed for each month on business days during the 
morning peak.  
 

 
Figure 0-1. Travel pattern April 2014 

After this the generated performance measures were used model the travel pattern of the 
commuters for each of the three months in 2014. Figure 0-1 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 mismatch problems. This step begins by extracting the threshold values for the 
performance measures from literature. These include TV, TR and TM. The threshold value for 
travel time reliability, TTT, is estimated using the percentile statistical method. This 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 five indicators, which include: VM, RM, VRM 
and VRTTM. These indicators are used to detect the areas in which certain problems occur. T 
 
Figure 0-2 presents the amount of regions detected by each indicator. Further in the thesis 
thematic maps are presented which show exactly in which part of Noord Brabant each 
problem occurs. 
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Method validation 
 

With regards to the method validation, the thesis approach was compared with an approach 
from literature. Here the same data was used and analyzed using both methods/ approaches. 
The results were then statistically analyzed and compared. All in all, the statistical analysis 
revealed that the thesis approach yields more accurate and more reliable results than the 
approach from the literature.  With this it can the validation of the method is concluded. 
 

Conclusions 
 

This thesis provides a reasonably easy way to measure transport network performance as it 
proposes an approach to evaluate network performance by identifying regions with a serious 
mismatch problem between travel demand and transport network services. 
 
The approach is validated with the most effective validation method. The approach is 
compared to the original approach it is based on from literature. The validation procedure 
revealed that the thesis approach produces better and more accurate results 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 of trips yield lower values for the thesis approach.  
 
All in all this thesis 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 network easily 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 indicators to identify 
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 problems and find one solution to 
solve them both. 
 

Figure 0-2. Results identified regions 
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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 make a route cause analysis for the problem. After the cause or causes for 
the problem is identified a sustainable solution can be tailored for the problem. It is also 
recommended that the seriousness of a problem in a certain area should be taken into 
account for tailoring sustainable. The 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 side-effects of targeting these areas first, as this could cause the 
probability of certain problems occurring to decrease or even disappear 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 reliability 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 stopping 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 the 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 tools. However these special tools are 
more advanced and created to process large portions of data easily. For this reason it is 
recommended that for future work other, more advanced tools are used which can process 
bulk data in a shorter amount of time. The recommended tool to use for follow up research 
is FME desktop. FME is a software tool which has the ability to process bulk data easily and is 
basically an integrated collection of Spatial ETL tools for data transformation and data 
translation and contains a library of over 5,000 coordinate systems and provides native 
support for location data. It is highly recommended that FME be used for follow up research 
on this topic in the Netherlands. Apart from the fact that the GPS data can be processed very 
fast, this data can also be translated from the basic geographical coordinate system into data 
which is coherent to the RD-New coordinate system of the Netherlands. This will lead to 
higher accuracy of the results 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.  
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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, which include 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 then used 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 times. The 
results show the validity of the proposed approach and that it produces accurate and reliable 
results.  The thesis also proved the effectiveness of using GPS data to measure transport 
network performance. The approach also proved to have social benefits, as it provides 
commuters, policy makers and traffic managers with a modern, easy and relatively cheap way 
to identify problem areas in a transportation network.  
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1. Introduction  
 

1.1 Problem definition  
 

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-
populating in an already “dense” country will also cause social problems. Two 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 congestions. These 
problems have a negative effect on the productivity and the wellbeing of people and the 
companies they work for. The two afore mentioned issues relate to poor transportation 
network performance. A transportation network can be described as the foundation of any 
kind of movement or flow from one location to another. This includes road networks, rail 
networks, bicycle lanes, etc. For this reason, any bottlenecks in the network today will surely 
result in even worse problems in the near future.  
 
Network performance can be analyzed in different ways, and from different perspectives. 
With 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 analysis. In the last few year’s commuters, traffic 
managers and policy makers have also showed much interest in the reliability of travel time, 
making it a very important performance indicator (Mahmassani, Hou, & Saberi, 2013). 
 
To optimize the transportation network, it first needs to be analyzed. This part starts by 
identifying the bottlenecks in the network. To do so information about the network is 
necessary, and depending on the type, the amount and the quality of data the bottlenecks 
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 data has gained a lot of popularity in the field of transportation, in recent years due to its 
high accuracy, high resolution of spatial and temporal information and light burden for 
respondents. By utilizing GPS devices, the movements of a person or vehicles can 
automatically be recorded with high accuracy. This information can then be used to construct 
Origin-Destination (OD) matrices. OD matrices are a way of representing travel patterns 
across a network and can be seen as a fundamental method for describing how commuters 
move through a network. An OD matrix is built with different information. This includes the 
type of day, the time of day etc. Additionally GPS data can also provide information needed 
for determining travel time reliability.  
 

1.2 Research motivation 
 

The research idea originated in wanting to create a method to optimize the transportation 
network regarding railway transportation. Personal observation of longer than a year shows 
that during the morning and evening peak trains are full and traffic congestion on roads is 
normal. Another observation shows that the majority of the commuters, using the train, are 
of a certain age category. For this reason it was be assumed that these commuters are living 
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and working or going to school in different cities, and that the main consequence is traffic 
congestion during morning and evening peaks. 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 and optimize it if needed. 
Unfortunately due to unavailability of OV-chip 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 traffic congestion. 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 thesis proposes 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. The problem 
areas can be identified and targeted. Additionally the method can be used to simulate future 
scenarios.  
 

1.3 Objectives and aims  
 

Research objectives  
The main objective for this study is to develop a method to evaluate the performance of a 
transport network by using performance measures which relate to traffic congestion. The 
proposed method will 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 

 The method should be clear and the indicators should be extractable from travel 
information 

 The travel information should be available or easy to obtain and at low cost  

 The evaluation method should benefit commuters, traffic managers and policy makers 

 The method should provide a way to detect congestion areas  

 The approach should be applicable for different types of transport networks and for 
different modes of transportation 

 
Research limitations 
The research boundaries are presented in table 1 and are chosen based on the outcome of 
the literature study in chapter 3 and the available data.  
 
Table 1. Research limitations 

Data type GPS data (journey, stage and traces) 

Study area Regional scale: Noord- Brabant 

Study period March, April and May of 2014 (three months) 

Mode of transportation Car 
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Time of day Morning peak (7AM- 9AM) 
 

1.4 Research questions  
 

In this paper the following research question is answered to ultimately achieve the main 
objective: 
“To what extent can commuters’ travel demand, derived from GPS data, be analyzed with the 
transport network services and travel time reliability, in order to evaluate the performance 
of a transportation network in the Netherlands?” 
 
In order to preserve the quality of the study, the main research question is divided into the 
three sub-questions: 

 Which measures are needed to accurately analyze network performance? 

 To what extent can travel time reliability of the transportation network be generated 
from commuters travel data, specifically GPS data? 

 In what way does the travel time reliability relate to the overall performance of 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 sources within this field is the bases of this research. It provided the study with possible 
methodologies, a guide for what kind of data was needed and from what sources it could be 
obtained. Additionally it contributed a lot into the overall execution of the study. 
 
The research approach is divided in three steps 
1. Utilize GPS data 
2. Extend the approach for performance analysis and implement this method 
3. Evaluate proposed approach 
 

1.5.2 Research model 
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Figure 1-1. Research model 

1.6 Expected results 
 

The expected results of the developed method should describe the objective and answer all 
research questions. Within this context, the results will: 

 Show policy makers detailed information about the effect of current travel demand 
on the transport network performance.  

 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 reliability.  

 Overall this paper should act as a guide for policy makers or traffic managers to 
accurately analyze transportation networks and identify problem areas. In this way it 
will contribute to designing effective solutions to current problems within the 
transport network.  

 

1.7 Validation 
 

As this paper actually proposes an extension on an existing approach, 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. The data from 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 structure 
 

The remainder of this thesis report is structured as follows: 

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

 Chapter 3 describes the literature review results. Relevant references from the 
literature are discussed regarding network performance, travel time reliability and the 
use of GPS data in travel demand modelling. The focus here is on identifying 
approaches, used in previous studies, to measure network performance;  
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 Chapter 4 contains the methodology used to answer the research questions and 
process the data;  

 Chapter 4 comprises the results of the performance analysis, regarding travel time 
reliability and network mismatches related to travel demand and transport network 
services. Furthermore, traffic flow information is extracted from the GPS data for the 
purpose of measuring travel time reliability on network level;  

 Chapter 6 presents the conclusions from the research and considers the implications 
of the results. Each conclusion describes an answer to each research questions. 
Ultimately some additional conclusions are added;  

 Chapter 7, the final chapter, presents the recommendations based on the formulated 
conclusions. These recommendations also include advice on utilization of the 
methodology and results regarding further research.  
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2.4 Glossary of Terms 
 

Circuity / route directness 

The circuity or route directness of travel paths, describe the ratio between the 
actual travel distance between a pair of origin and destination in the network 
and the distance of these two location.  

Coefficient of variation 
 The coefficient of variation (CV) is a standardized measure of dispersion of a 
probability distribution or frequency distribution. 
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Commuter  Individual travelling from one place to another. 
Destination The final location of a trip, where the next activity is performed. 
Euclidean distance The distance between two locations measured by a straight line between them. 

Evening peak 
The peak period of travel demand during the evening. In this research the 
evening peak is defined from 4 pm to 6 pm. 

Hiversine distance The distance between two points, based on the law of Haversine states. 

Holidays Any national holiday in the Netherlands. 
Imputated/ inferred GPS 
data GPS data where missing (raw) data was replaced with substituted values. 

Journey sequence 
A journey is comprised of multiple journey sequences and each journey 
sequence contains one or more stages/ trips. 

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

Origin The start location of a trip. 

Performance measures 
A quantifiable indicator used to assess the performance of a transportation 
network (how well a transportation network is achieving its desired objectives). 

Raw GPS data 
Raw data collected with GPS devices. This data mostly contains irrelevant 
information as well as errors and recording time gaps. 

Region Study area divided in smaller parts or "regions".  

Spatial partition Division of the study area into smaller areas using a grid based method 

Standard deviation 
A quantity expressing by how much the members of a group differ from the 
mean value for the group. 

Temporal partition 

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

Thematic map 
A thematic map displays information regarding a specific data set, such as the 
average speed with which commuters move in a certain area. 

Time of day A specific period during the day. 

Trace data 

The trace data is basically the raw GPS data of each commuter, and contains all 
location data from a commuter from when it starts recording until it stops 
recording. 

Transport network 

A transport network, or transportation network is a realization of a spatial 
network, describing a structure which permits either vehicular movement or 
flow of some commodity. 

Transportation mode The type of transportations, relating to the infrastructure and vehicles used. 

Travel pattern The common movement of people between different locations. 

Travel purpose The reason for travelling, related to the activity that is performed. 

Travel time reliability 

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

Trip 
The travel of an individual from one activity location to another, which may 
consist of one or more trip legs. 

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

Type of day Weekday, Holiday or Weekend day. 

Weekdays Monday to Friday excluding holidays. 

Weekend days Saturday and Sunday excluding holidays. 
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3 Literature review 
 

The third chapter of this paper describes the findings of the literature study, which took place 
during the first phases of the research.  
 
This literature study is the bases of the research and was performed having the goals: 

 Firstly the literature study must provide all necessary background information. This 
information provides a guide to understanding the applied data, methods and 
limitations of the study. 

 During the literature study different research methods should be assessed with the 
goal of finding the most fitting methodology options. The results from using this 
method should provide realistic answers to the research questions. 

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

 Lastly the literature study is very important as it also registers previous papers, which 
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 finally create a new or combine 
discovered methodologies applicable for this paper. The literature study also serves 
as the foundation for corroborating conclusions and recommendations made in this 
paper. 

 
A transportation network is the foundation for moving from one place to another. A transport 
network is a complex network that usually includes road networks, rail networks and bicycle 
lanes (Buhl, et al., 2016). Understandably any problems in the network today will have severe 
consequences in the near future.  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 cost. Within this context the main focus is on 
traffic congestion, because congestion is a growing issue for almost any transport network 
anywhere in the world (Tsekeris & Geroliminis, 2013). Network performance can be analyzed 
in different ways, and from different perspectives. With 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 analysis. In this 
literature study previous studies 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 is structured as followes:  

 First transport network performance is discussed 

 After this the performance measures are identified in the literature 

 Then these measures are used to identify different methods 

 After the previous step the discovered methods are discussed 

 Then the necessary data is defined using the findings from the literature and the 
availability of data 
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 In the end the different methods are assessed on different criteria and an outline of 
this thesis is presented  

 
Important to mention is that from here after “this thesis” describes this thesis, 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 infrastructure designed to realize vehicular movement or flow of 
some commodity from one location to another.  
 
The objective of this thesis paper is to measure and evaluate the performance of a 
transportation network. For this reason various literature was reviewed 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 methodology used in these 
studies and lastly the findings of these studies. Analyzing 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 of this thesis paper. 
 
In recent years transport network performance has gained much attention as 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 Research (Research Board of Transportation, 2010) states that “network 
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 investments), and all jurisdictions (e.g., state, regional, and local) “.The different 
methods of evaluating network performance are called transport network performance 
strategies. The indicators to assess these strategies are called transport network performance 
measures.  
 
To strategically identify information relevant to the topic of this thesis a suitable network 
performance analysis process was developed based on the information found in the 
previously mentioned report (Research Board of Transportation, 2010). This process is divided 
into several steps, which include: 

 Identifying performance measures 

 Identifying strategies 

 Assess strategies using measurements 

 Defining the necessary data  
 

3.2 Identifying network performance measures 
 

As mentioned earlier, network performance has been a hot topic for some time now. In this 
sense numerous studies have been conducted to better understand transportation networks 
and evaluate their performance. These include studies by (Wu, Thai, Yadlowsky, Pozdnoukhov, 
& Bayen, 2015), (Amini, Peiravian, Mojarradi, & Derrible, 2015), (Gillen & Hasheminia, 2016) 
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and (Mishra, Welch, & Jha, 2012). 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 performance measures were found in the literature. By linking the objective of the 
previous studies to the objective of this thesis several relevant studies were filtered and 
investigated further.  
In the paper of (Cui, et al., 2016-A) three particular performance measures were found. These 
include: 

1) Temporal travel efficiency measures. These measures focus on the temporal aspect 
of the travel in the network and includes travel speed, travel times and congestion 
situations. 

2) Spatial travel efficiency measures. These measures include route directness or 
circuity, which compares the 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 measures, which take into account both the spatial and temporal travel  
efficiencies  as  well  as  the  distribution  of  land-use  and activity locations across   
the urban  area. These measures investigate the ease and extent to which the 
combination of land-use and transport systems enable commuters to reach activities 
and destinations by means of certain transport modes. 

 
Additionally the literature also revealed the increasing importance of travel time reliability 
as a network performance descriptor for both travelling public and traffic managers and policy 
makers (Mahmassani, Hou, & Saberi, 2013). Travel time describes the time it takes an average 
commuter to move from one location to the other location (Elefteriadou & Cui, 2005). Travel 
time reliability is a performance measure which indicates how dependable the travel time on 
a given transport network is (Lyman, 2007). Although the definition of this measures can vary 
in different contexts, each definition is closely related to the variation of travel time. 
 

3.3 Identifying network performance strategies  
 
Transport network performance measurement studies have been conducted numerous times 
in the past. Each study was executed from a different perspective and with a different 
objective. For this reason, most studies have used different transport network performance 
strategies. A transport network performance strategy represents the methodology which 
researchers have used to evaluate the transport network performance. In this part of the 
literature study the identified network performance measures are used to identify 
transportation strategies that are aligned with the aim of this thesis.  
 
Within this context two main strategies or methods were identified in the literature. These 
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 commuters. This method focusses on the macroscopic 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 process will vary depending on these 
applied measures. In the literature three studies were identified which contained 
three different assessments of this strategy. (See Table 2) 

 

2) Evaluating transport network reliability 
In transportation networks in large cities the race for space is becoming increasingly 
intense, and this issue effects both experts and residents who often face congestion 
(Oliveira, Portugal, & Junior, 2016). In this sense the reliability of such a network 
represents an aspect of congestion that is a consequence of unpredictable travel 
conditions, rather than everyday delays. The main performance measure which can 
be used to asses this strategy includes the travel time reliability (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 both approaches were proposed to 
solve different congestion issues. The first strategy was created to detect congestion areas 
within the network and the second one was created to detect the possible level of 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 assessments of the strategies were identified 
in the literature. These are presented in Table 2.  
 
Table 2. Identified performance strategies and measures 

Performance 
strategy 

Performance measures Assessment (found in literature) 

Transport 
network 
conditions 

Temporal efficiency measures Origin-Destination (OD) prediction (Lu & Li, 2014) 

Temporal and spatial efficiency 
measures 

Identifying mismatch between travel demand and transport 
network services (Cui, et al., 2016-A) 

Temporal, spatial and accessibility 
efficiency measures  

Detecting network accessibility (Cui, et al., 2016-B) 

Transport 
network 
reliability 

Travel time reliability Assessing transport network reliability and vulnerability 
(Oliveira, Portugal, & Junior, 2016) 

Travel time reliability Two fluid model strategy (Hong S. , Lee, Bong, & Kho, 2005) 

Travel time reliability Connecting travel time reliability and the Network 
Fundamental Diagram of 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 particular strategy could or could not fit 
into the context of this thesis will be described. 
 

3.3.1 Assessment network performance strategies 
 

“O-D prediction” 
In (Lu & Li, 2014) the authors used temporal travel efficiency measures to build a travel 
demand model directly based on an enormous amount of GPS data. The objective 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 measures to build a 
time dependent Origin Destination matrix. After the origin and destination position were 
obtained, they were matched into statistical sectors to form this time-dependent OD travel 
demand matrix. The input data for this approach was collected in February of the year 2010 
in Singapore, and consisted of an enormous amount of taxi trip data. 
 

Although the objective of this 2014 study is very interesting, it is not aligned with the one of 
being conducted for this thesis. The approach only takes one type 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 and more reliable. 
 

Comparatively, this thesis also aims to identify and calculate performance measures. The 
difference is that the method should include not one, but multiple performance measures. 
For this reason the next strategies were identified. 
 

“Identifying mismatch between travel demand and transport network services” 
In 2016 (Cui, et al., 2016-A) 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 proposed by (Lu & Li, 2014) as foundation 
and extend it by assessing the network performance with two performance measures, instead 
of one. These performance measures include temporal efficiency measures and spatial travel 
efficiency measures.  
 

The study was conducted in a Chinese city Harbin and focused on using travel data from taxi 
trips to model the travel behavior within the network. For this study the aim was to also use 
a modern data source, with the intention of making the proposed method easily transferrable 
to other cities. The author’s perspective on gathering the necessary data was inspired by the 
most common technique in the realm of transport modelling.  This includes the Floating 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 to its ability to monitor real time traffic conditions 
along road links and predict short term traffic. In earlier studies, this method already proved 
to be very effective.  
 

By extending the original approach with a second type of performance measures, the spatial 
travel efficiencies measures, the evaluation method 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 transport 
network performance, and thus making it an applicable candidate for creating the 
methodology of this thesis. On the other hand, similar to the original approach, the input 
information was collected in the form of taxi trip data. And although taxi trip data can provide 
accurate travel information, in general taxis 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 contains large 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. 
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“Detecting network accessibility” 
After the authors completed the previously described research paper, they sought to improve 
their method further by incorporating the third type of performance measures in their 
approach (Cui, et al., 2016-B). Within this context the authors proposed an approach which 
could measure transport network performance based on temporal travel efficiency measures, 
spatial efficiency measures and accessibility measures. The aim was to evaluate the current 
urban land use and road network conditions, and to also identify poorly connected (accessible) 
regions.  
 

The input data for this study consisted of the same taxi trip data used in the study on 
identifying mismatches between travel demand and transport network services. The results 
revealed the potential and effectiveness of the proposed method in identifying accessibility 
problems related to mobility by car. However, it can be argued that the accessibility measures 
only play a vital role when the transport network is being measured on very large scale.   
 

Ultimately the improved method shows much potential in evaluating transport network 
performance and it uses multiple performance measures. On the other hand, the main focus 
of this approach is to determine network performance on the basis of how accessible it is. 
Unfortunately this does not align with the research objective of this thesis. However it does 
provide more insight on how different measures can complement one another by combining 
them. 
 
“Assessing transport network reliability and vulnerability” 
In (Oliveira, Portugal, & Junior, 2016), authors conducted a study on two road network 
performance attributes. These include network reliability and vulnerability. For each of the 
two, indicators or measures where used to develop their approach.  
 

The objective of this study is to compare the network reliability and vulnerability in complex 
networks to ultimately get more insight on the way they are related to each other. Within the 
area of transport network reliability the authors used travel time reliability measures. The 
results revealed no correlation between reliability and congestion. Instead it was discovered 
that reliability is related to increasing road saturation or level of congestion.  
 

In the latter, the study revealed the nature of travel time reliability. 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 context of this thesis.  
  
“Two fluid model” 
In (Hong S. , Lee, Bong, & Kho, 2005) researchers sought to analyze the reliability of 
transportation networks with the two flood model, proposed by Herman and Prigogine 1979. 
As most reliability studies, this model used travel time reliability measures which included 
travel time and stop- and running time per unit distance. To obtain values of these measures 
researchers proposed to build the input data for the two-fluid model using GPS devices. The 
obtained data was used in the model, after which the results were compared with previous 
work for validation purposes. The 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 urban transport network performance. Additional findings also revealed 
the high level of importance the cut-off speed threshold has within this model.  
 

The findings of the two fluid model showed that the values of the travel time reliability 
measures could be extracted from GPS data and it revealed a different 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 commuter. Additionally the time gaps 
will be smaller and the exact path could be identified. This contributes enormously to 
development of the methodology of this thesis, in particular the applicable performance 
measures and the data collection method. 
 

“Connecting travel time reliability and the Network Fundamental Diagram of Traffic Flow 
(NFD)” 
In 2013 the authors of (Mahmassani, Hou, & Saberi, 2013) presented 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 models from the link 
and path levels to the network level. 
 

The approach 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 this validation 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 the reliability of travel in a network. This 
reflects the aim of this thesis perfectly, which makes the approach an applicable candidate to 
contribute in the development of the methodology of this thesis.  
 

Additionally, this paper provides a macro level analysis 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 results. Never the 
less this study gives more insight and contributes a lot to choosing length of the period for 
which data will be collected for this thesis. 
 

3.3.2 Performance assessment input data  
 

3.3.2.1 Identified data type 
 

Within the context of this study various measures were identified in the literature which can 
be used to evaluate network performance. Each measure is generated with different kind of 
information. For the temporal measures which include travel time, travel date and type of 
day, timestamp information is essential. For spatial efficiency 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 route directness can be derived. The travel time reliability measures 
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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 measures can be obtained using 
different methods. These include traditional methods and modern methods. The traditional 
methods basically include conducting surveys and interviews. Although these methods cost a 
lot of time, money and energy, they have proven to 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 System (Storey & Holtom, 2003). This type of 
data can be collected very quickly, in huge amounts and at low cost. However GPS data does 
not contain all necessary information the performance measures require. For this reason the 
necessary data should be “extended” GPS data. This can be achieved with imputation of the 
GPS data. Also it should be noted that the distribution function of travel time for the travel 
time reliability measures should, ideally, be estimated using historical data. However, due to 
unavailability or incompleteness of this data the distribution of travel time can be 
approximated if some of the statistics are known. These include the mean and the standard 
deviation. 
 

One of the aims of this thesis is to develop a method, with which policy makers can analyses 
performance of a transportation network easily and at low cost. For this reason and in 
accordance with what the literature revealed, GPS data will be used as the main source of 
information. The application of GPS data has gained a lot of popularity in recent years, which 
has made obtaining data from this source type increasingly easier. Within the context of this 
thesis, GPS data is the optimum choice to generate the performance measures.  
 

3.3.2.2 Data collection methods 
 

GPS data is information collected from the Global Positioning System. This system was 
created to accurately measure specific positions and time at a specific location on earth.  Each 
position on earth or geographical position can be described in coordinates. The most common 
choice of coordinates is one which consist of a longitude and a latitude (Vuren & Carey, 2011). 
In present times GPS is applied in almost every field of technology, but it is most commonly 
used in navigation systems of vehicles. 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 research (Castro, Zhang, & Li, 2012). There are multiple ways of collecting GPS 
data, depending on the quality and amount of data needed. The literature revealed two GPS 
data collection devices, which include GPS devices mounted in vehicles (cars, busses, taxis, 
etc.) and standalone GPS devices issued to individual commuters.  
 

Collection from vehicles 
In 2011 (Vuren & Carey, 2011) used data from a GPS management system for goods vehicles 
in his research paper. Here researchers fitted 15,000 different heavy goods vehicles (HGV’s) 
across England with the specific GPS devices. Similar approaches have been used in recent 
studies, in which GPS data from taxis were collected. Most taxis are equipped 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 was in Singapore in 2014 (Lu & Li, 2014). 
Two years later the same method was used in China in China, where researchers built a travel 
demand model based on massive taxi GPS data collected for the city of Harbin (Cui, et al., 
2016-A). Generally this collection method has 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 past years. As (Ortúzar & 
Willumsen, 2011, p. 55) explains in his paper, this change is due to the major advances in 
telecommunications. Now general use of personal GPS units offer specific advantages in 
tracking movement over longer periods of time. Individual GPS collection can be realized in a 
number of ways. These include the use of special GPS devices issued to individuals. 
 

(Feng & Timmermans, Using Recurrent Spatio-Temporal Profiles in GPS Panel Data for 
Enhancing Imputation of Activity Type, 2014) issued GPS devices to a large number of 
respondents. With their help activity-travel diaries for several months could be created and 
stored. This data contains not only origin- destination information of each individual but also 
individual GPS traces of each trip. Additionally, with the help of the respondents, the collected 
data was transformed into complete travel diaries.  
 
From the literature a summary was be made containing the advantages and limitations of 
using GPS data as a data source, which are relevant to this paper (Vuren & Carey, 2011). The 
results are presented in Table 3. 
 

Table 3. Advantages and Limitations of using GPS as a data source 

GPS data source 

Advantages Limitations 
The collection process has no effect on the road network or 
congestion 

GPS data has a limited sample size 
 

During the collection process no permits are needed and there is 
no need to ask permission or assistance from the police  

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

The collection process does not involve any health or safety risks The accuracy of the origin is highly dependent on when the device is 
first turned on 

Privacy issues by respondents are irrelevant and so the quality of 
data remains high. Additionally data collection does not involve 
interviewing respondents. In this way the obtained data is not 
subject to mood, humor or misunderstanding. 

GPS data is comprised of a significant amount of individual location 
information, and it much virtual memory to be stored. For this reason 
there are software and hardware requirements to host and analyze 
the large volumes of data 

Data can be collected for long periods of time, depending on the 
amount of data needed. Additionally recording time-gaps can be 
set e.g. every other minute or random. 

From GPS data is hard to distinguish and when some, and the reason 
why, breaks or stoppages occur. 

Post processing of the data enables non-uniform days in terms 
of traffic can be removed e.g. local train services not working, 
poor weather conditions etc. 

For GPS data to be applicable additional information has to be 
inferred. For example, GPS data does not contain any specific 
information on vehicle type, driver behavior or route choice. This 
information can be added, if the respondents complete a travel diary.  

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

As the quality of GPS data is linked to the amount of data that is 
collected, processing it is very time consuming 

Collecting or obtaining GPS data is relatively cheap and almost 
effortless compared to conventional survey methods 

In some countries GPS data is hard to collect and interpret. Mostly 
because the information on transportation system is out of date. 
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3.4 Conclusions from the literature study 
This part of the chapter describes the findings of the literature study. First all findings are 
listed and discussed, then an overview on the relevant methodologies is given. Then the best 
fitting approaches are filtered, based on their applicability and feasibility for this thesis. And 
at the end of this chapter a suitable approach is formulated. 
 

3.4.1 Overall conclusions 
From the literature study it was concluded that transport network performance has been 
studied various times, by different people and using different measures. Each approach has 
been able to analyze the performance in one way or the other. The objective of this literature 
study was to examine previous research and use it as a guide to develop a methodology for 
the remainder of this 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 measures. In 
previous research these measures have been used individually and in combination. 
Previous studies reveals that the performance of a transport networks can be measured 
on different aspects (Oliveira, Portugal, & Junior, 2016) (Cui, et al., 2016-B). By doing this 
a better understanding can be derived for how the network works and how it performs. 
In this sense different measures can also be used in combination with each other.  

 

2) Identified strategies or methods include: evaluating transport network conditions, 
evaluating transport network reliability and evaluating transport network vulnerability. 
Previous work (Oliveira, Portugal, & Junior, 2016) proved the possibility of evaluating 
transport network performance using a fusion of network reliability and network 
vulnerability. Although vulnerability is not an aspect this thesis aims to stud, the concept 
of fusing transport network conditions and transport network reliability strategies would 
be great contribution for forming the methodology of this thesis. At the end of the day 
both strategies are assessed with the relevant performance measures. 

 
3) The link between evaluating transport network conditions and evaluating transport 

network reliability is that both strategies evaluate 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 can be determined and evaluated. 
 

4) The performance measures can be generated with travel information collected with 
various methods. In this thesis the focus is on using GPS data, which can be collected with 
GPS devices mounted in vehicles or standalone GPS devices issued 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 vehicle. And 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 of taxi trip data is not recommended.  

3.4.2 Overview methodology and choice 
In the literature different approaches were identified. To filter the best fitting approaches 
they are assessed using two criteria. 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 how it can be utilized. Table 4 lists all the approaches found in the literature and assesses 
each on the basis of the two criteria. 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. 
 

Table 4. Criteria quality methods 

Criteria 
Approach 

Applicability Feasibility 

A1 by (Lu & Li, 2014) 
Focus: Network performance 
by building OD matrix 
Data: GPS taxi trip information 

Score: Moderate 

 Approach based on temporal 
performance measures 

 Time based OD matrix 

 Approach has room for 
improvement 

Score: Moderate 

 Indicators can be generated using GPS data 

 However the available data through university 
differs from the data used in this approach 

A2 by (Cui, et al., 2016-A) 
Focus: identifying mismatch 
between travel demand and 
transport network services. 
Data: GPS taxi trip information 

Score: High 

 Approach for analyzing transport 
network performance based on 
temporal and spatial  performance 
measures 

Score: Moderate 

 Indicators can be generated using GPS data 

 However the available data through university 
differs from the data used in this approach  

A3 by (Cui, et al., 2016-B) 
Focus: Accessibility as 
performance attribute 
Data: GPS Taxi trip information 
Land use data: activity location 
information 

Score: High 

 Approach for analyzing transport 
network performance based on 
temporal, spatial and accessibility 
performance measures 

  Accessibility focusses on circuity 
within the study area and to 
directly outside of the study area. 
However this paper only aims on 
the study area 

 As an extended method it shows 
how a previous approach can be 
extended and optimized 

Score: Moderate 

 Indicators can be generated using GPS data 

 However the available data through university 
differs from the data used in this approach  

A4 by (Oliveira, Portugal, & 
Junior, 2016) 
Focus: evaluating network 
performance based on network 
reliability and network 
vulnerability 
Data: simulated data 

Score: Moderate 

 Uses two strategies for 
performance assessment 

 Insinuates that network reliability 
is mostly based on travel time 
reliability 

Score: Moderate 

 Method shows how simulated data can be 
used for extracting measures 

A5 by (Hong S. Y., Lee, Chung, 
& Kho, 2005) 
Focus: Application of two fluid 
model for reliability analysis  
Data: GPS test vehicle 
information 

Score: High 

 Approach for analyzing transport 
network performance based on 
travel time  performance 
measures  

Score: High 

 Indicators can be generated using GPS data 

 The available data through university differs 
slightly from the data used in this approach 

A6 by (Mahmassani, Hou, & 
Saberi, 2013) 
Focus: Application NFD for 
reliability analysis  
Data: Simulated data and GPS 
taxi trip information 

Score: Moderate 

 data alone 

 Moderate implementation 

 More for theoretical analysis 

Score: Moderate 

 Indicators can be generated using GPS data 

 However the available data through university 
differs from the data used in this approach 
(some indicators e.g. network density hard to 
extract from GPS) 
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Based on the assessment of the approaches using the two criteria 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 

University of Eindhoven. 
 
Generally the methodology will be an extension of the recent analysis (Cui, et al., 2016-A) 
involving the performance analysis of the road network of the Chinese city Harbin. Essentially 
it will complement the previous study by using more accurate data, more accurate calculation 
methods and by extending the analysis further with a travel time reliability analysis in the very 
end.  
 
The next chapter focusses on the applied methodology. The chapter starts with  a 
description of the identified problem and the importance of developing a solution for it.  
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4 Methodology and data 
 

This chapter described the methodology to ultimately answer the research questions. In the 
literature study different methodologies were presented and finally the most relevant ones 
were highlighted. In this chapter the applied methodology is divided into different parts, 
which are described as the research outline. Additionally the reasoning for each step is also 
included. The chapter begins with the description of the data that was used during the course 
of this study. The following part contains the research outline. Then the analysis framework 
is presented. The chapter ends with a set of conclusions regarding the methodology. 
 

4.1 Data description and collection procedure 
 

For this study GPS data, collected by the Technical University of Eindhoven, was 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 Netherlands. In 2016 (Feng & Timmermans, Integrated 
imputation of activity-travel diaries incorporating the measurement of uncertainty 
measurement of uncertainty, 2016) researched the imputation of activity- travel diaries. For 
their work they collected GPS data from different years. This data was retrieved and used for 
this thesis. The next paragraphs describe the entire data collection procedure. 
 
The data used in this study is part of a massive data collection which was held the entire year 
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 access to a personal account, 
where they could manage their activity-travel 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 diaries and the condition of the GPS 
devices after three months.  
 
The activity-travel 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 
instructed to 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 web survey on a dedicated website.  
 
After the GPS 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 
background 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 activity-travel diaries, 
respondents were requested to validate these diaries, via a prompted recall survey 
instrument. Important to mention is that prompted recall instruments are not necessarily 
error free. 
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Additionally respondents were also given the opportunity to provide some additional 
information that could not be derived from the GPS traces. The main idea here was to obtain 
the so-called ground truth data of activities and trips. This includes information such as 
specific travel party information, trip related financial information and opinions on travel 
experiences. 
 

4.2 Analysis procedure 
 

The research 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 mismatch problem 
5) Method evaluation 

 
Figure 4-1 presents the overall structure of the approach, and is discussed in full detail in the 
next sub chapter. 
 
 
Figure 4-1. Analysis procedure 

Input: 
inferred GPS data

Data processing:
 GPS trajectories
 Data filtering
 Data combining

Extracting travel patterns:
 Spatial partition: Grid 

creation to divide study area 
into regions :Reg(go,ho)

 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 

Generating measures to assess 
transport network 

performance:
 V (average travel speed per 

region trips)
 R(average route directness 

per region trips)
 TT (average travel time per 

region trips)

Detecting regions with 
serious mismatch:

 M > Tm
 V < Tv
 R >Tr
 TT > TTT

Evaluation:
 Generate taxi data
 Compare old method 

to proposed method
 Make statistical 

analysis
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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 analysis. This subchapter includes the trajectory 
description of the data and utilization.  
 
The inferred GPS data was available in three parts, which include journey data, stage data and 
GPS trace data. The trace data is basically the raw GPS data of each commuter. In this sense 
a GPS trace contains all location data from a commuter from when 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 journey is comprised of multiple journey sequences and each journey sequence contains 
one or more stages/ trips (see figure 4-2). Unfortunately the journey data only describes 
origin and destination of each journey sequence. The trace data on the other hand was split 
in separate user files. Each user file contained each and every GPS trace of that person during 
a months’ time. A GPS trace is basically one bundle of recorded information, which contains 
a timestamp, location coordinates, etc. Such a bundle of information is 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.  
 

 

In figure 4-2 a hypothetical journey from 
home to work is described. The person 
walks to the house of a co-worker. From 
there they drive together to work. This 
describes the first journey sequence and 
first two stage sequences or trips. After 
work the co-worker drops the person off 
at home. This describes the second 
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 is based on 
the method of transportation 
 
Figure 4-3 illustrates the journey data. Each person is given an ID, the “persno”, with which 
they could be distinguished. The columns M, N, 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 of a geospatial 
coordinate set𝒍𝒊 = {𝒙𝒊, 𝒚𝒊}, which represent the longitude (lon) and latitude (lat) of a point. 
 

Figure 4-2. Journey sequence vs. stage sequence/ trip 
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Figure 4-3. Journey data 

 

Figure 4-4 illustrates the stage data. Each day is comprised of journey sequences. And each 
sequence is comprised of stages. A sequence is based on the travel purpose and travel 
method of a commuter. If, for example, a commuter travels to 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 characterized by walking as the method of transportation and 
the second stage by the train as method of transportation. The second journey sequence 
would be when the commuter would go grocery shopping by bike later that day. All in all the 
stage data table contains the first piece of the missing information which includes the mode 
of transportation. Because this thesis focusses on commuters travelling by car, the missing 
information had to be added to the journey data. By combining the two tables on the basis of 
the “persno” and “travday” a new table was created with which the individuals, the days on 
which, and the time at which a car was used could be extracted.  
 

 
Figure 4-4. Stage data 

 

Figure 4-5 shows the trace data, which includes the timestamp and coordinates of the 
individual every other second. In this figure the “userid” is the same as “persno” from the 
previous one. Although the time gaps do vary sometimes, a visualization of the data would 
show the entire 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 combined table of journey and stage data with trace data, information 
could be extracted which contains a person’s ID, travel day, location at each point in time for 
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when a car was used. This data is used for further analysis in the thesis. An impression of the 
merged table is presented in chapter 5. 

 

Figure 4-5. Trace Data 

After the GPS data is utilized, the driving speed at each point, represented by speedi, can be 
calculated by dividing the direct distance of two following points with the time duration of 
moving between these two points (see formula 1).  Calculating this speedi is important as it 
provides the first data filter. Data (cars) with a speed higher 120 km/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 as invalid or errors. 
 

 
 

The direct distance of two following points can be calculated in numerous ways. In past 
literature the Euclidean distance was used, because of its easy implementation and 
straightforwardness (Cui, et al., 2016-A). However, this distance represents the distance of 
the straight line between two coordinates also known as the “shortest path” distance, and 
not the real distance. For this reason the real distance is also used in this study, which is 
extracted from a Haversine equation and will be represented as the Haversine Distance (HD). 
This formula was extracted from (Feng, Moiseeva, & Timmermans, Processing of National 
Travel Survey GPS Pilot Data, 2011) and is illustrated in formula 2.  
 

𝑠𝑝𝑒𝑒𝑑𝑖 =
𝐻𝐷(𝑙𝑖+1,𝑙𝑖)

𝑡𝑖+1 − 𝑡𝑖
 

 

Where, 
 

𝐻𝐷(𝑙𝑖+1+𝑙𝑖)
= direct distance two following points 

 

𝑡𝑖+1 − 𝑡𝑖 = the time it took to move from the first point to the following one 
Formula 1. speedi 
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𝐻𝐷(𝑙𝑖+1,𝑙𝑖) = 2 × 𝑅 × (√(sin (
𝑦𝑖+1 − 𝑦𝑖

2
)
2

) + 𝑐𝑜𝑠(𝑦𝑖) × cos⁡(𝑦𝑖+1) × (sin (
𝑥𝑖+1 − 𝑥𝑖

2
)
2

) 

 

Where, 
 
R= the radius of the sphere (earth) = 6731 km 
 
𝒍𝒊 = {𝒙𝒊, 𝒚𝒊} = coordinates first point = lorigin = {lonfrom, latfrom} 

 
𝒍𝒊+𝟏 = {𝒙𝒊+𝟏, 𝒚𝒊+𝟏} = coordinates following point = ldestination = {lonto, latto} 

Formula 2. Haversine distance 

 
Apart from calculating “HD”, “speedi” and removing data with a higher speedi than 120 km/h, 
it is also important to clean the GPS data in this first step of the analysis. Raw GPS data usually 
contains random errors. These errors mostly occur when less than four satellites are in range 
of the GPS device, for sending signals, while the data is being recorded. It is important that all 
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 longitude zero. 
 

4.3.2 Extracting travel patterns 
For the construction of the travel pattern model the trip characteristics travel speed and route 
directness are needed. After this the study area is divided into smaller study cells and each 
day is divided and categorized. By doing this each part of the model is labelled, 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 temporal partition of 
the trips in accordance with the study period. 
 

4.3.2.1 Determining trip indicators 
 
In order to analyze passenger travel patterns two indicators/ characteristics are needed. 
The first one describes the actual travel speed. This is calculated by dividing the actual 
distance of the journey by the travel time (See formula 3). 
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𝑣𝑘 =
𝐿𝑖𝑛𝑘(𝑙𝑜, 𝑙𝑑)⁡

(𝑡𝑑 − 𝑡𝑜)
 

 

Where, 
 
vk= travel speed each trip k 
 
(𝑡𝑑 − 𝑡𝑜) = travel time origin to destination 
 

𝐿𝑖𝑛𝑘(𝑙𝑜 , 𝑙𝑑) = ∑𝐻𝐷(𝑙𝑖+1,𝑙𝑖) represents sum of the actual travel distance of each all trips, 

and it is estimated with the sum of the Haversine distance between each two following 
points along the path. 

Formula 3. Average speed at each point 

 
The second indicator represents the route directness or circuity. The circuity or route 
directness of travel paths, describe the ratio between shortest (the straight line) distance 
between a pair of origin and destination in the network and the Euclidean distance of these 
two location. The equation of route directness gives a clear visualization of this description 
(see formula 4). 
 
 

𝑟𝑘 =
𝐿𝑖𝑛𝑘(𝑙𝑜 , 𝑙𝑑)⁡

𝐸𝐷(𝑙𝑜 , 𝑙𝑑)
=
∑𝐸𝐷(𝑙𝑖+1,𝑙𝑖)⁡

𝐸𝐷(𝑙𝑜, 𝑙𝑑)
 

 

Where, 
 
rk

1= route directness each trip k 
 

𝐸𝐷(𝑙𝑜, 𝑙𝑑) =  represents the Euclidean distance between the origin and destination 
positions 

Formula 4. Route directness at each point 

𝐸𝐷(𝑙𝑖+1,𝑙𝑖) = √(𝑦𝑖+1 − 𝑦𝑖)2 + (𝑥𝑖+1 − 𝑥𝑖)2 

 
 

Where, 
 
𝒍𝒊 = {𝒙𝒊, 𝒚𝒊} = coordinates first point = lorigin = {lonfrom, latfrom} 

 
𝒍𝒊+𝟏 = {𝒙𝒊+𝟏, 𝒚𝒊+𝟏} = coordinates following point = ldestination = {lonto, latto} 
 

Formula 5. Euclidean Distance 

                                                      
1 A high value for rk indicates that a certain region is poorly connected. Commuters will have to takes detours 
when travelling. 
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These indicators are very important as they are used in the last step of travel pattern 
modelling to generate two important performance measures. These include the average 
speed per trip, represented by ‘V”, and the average route directness per trip, represented by 
“R”. These measures are described in the following parts of this chapter. 
 

4.3.2.2 Spatial partition and temporal partition 
 
Spatial partition 
 

Using a grid-based method the study area is divided into smaller areas (Liu, Gong, Gong, & 
Liu, 2015).  These areas are called regions and each region is represented with a cell ID or 
region ID, which more or less consists of letters and numbers e.g. “CD231”. The Grid is 
generated on MapInfo as a layer and each region is set at 1 km2 in size. This layer is set on top 
of another layer, which illustrates the study area: Noord Brabant. By importing the GPS data 
in MapInfo each coordinate aligns with a cell or region of the grid. The region ID can then be 
extracted and added to the information of the specific GPS point. After this each location can 
also be represented with its region ID. By doing this the followed path of each person can be 
followed by region. This part of the analysis method is fundamental for detecting the regions 
with serious problems as the regions where user experience certain problems 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 by TimeP. In the analysis a certain time period for TimeP is chosen in which 
traffic congestion commonly occurs. Additionally, as suggested by the literature (Cui, et al., 
2016-A), the type of day is also distinguished. Previous studies revealed that travel behavior 
and travel patterns generally differ 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 weekend-day, weekday or 
holiday, and represented with DayT. Each DayT can 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 and the origin and destination locations 
are estimated in the study area and corresponding time periods according to their region ID. 
In this way a commuter travel pattern model is described as: OD (Reg (xo, yo), Reg (xd, yd), 
TimeP, Day, DayT). Each model represents all the trips that originate from region Reg (xo, yo) 
and end in region Reg (xd, yd). With this matrix two transport performance measures are 
derived. These include: 

1) The average travel speed per trip, represented by V (see formula 5) 
2) The average route directness per trip, represented by R (see formula 6) 
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Table 5. Performance indicators 

 
Table 6. Network performance based on combinations V and R 

 R 

V
 

 High Low 

H
ig

h
 

Region is connected to long high speed 
detours. Commuters have to take a detour 
through a highway. The longer travel time 
and greater distance indicate poor network 
performance. 

Region is well connected and commuters 
can travel at normal to high speed. This 
indicates the best network performance 

Lo
w

 

Commuters have to take detours when 
travelling, and still suffer heavy congestion 
along these detours (slow speeds). This 
indicates the worst network performance. 

Region is well connected with direct 
routes, but the travel demand exceeds 
the capacity of these routes and 
commuters have no choice but to take 
these routes 

 

4.3.2.3.1 Generating measures   
 

V and R are performance measures for spatial and temporal travel efficiencies. Additionally 

the ratio of both, 
𝑉

𝑅
, could be used as a third measure. This measure assesses transport 

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 
connection between two locations. However due to the fact that it is not used to detect 
problem regions it is left out of the analysis. 
 
The following formulas were used for generating the measures:  
 
 

𝑽 = 𝑽(𝑹𝒆𝒈(𝒙, 𝒚𝒐), 𝑹𝒆𝒈(𝒙𝒅, 𝒚𝒅), 𝑻𝒊𝒎𝒆𝑷,𝑫𝒂𝒚,𝑫𝒂𝒚𝑻) = ⁡
∑ 𝒗𝒌
𝑴
𝒌=𝟏

𝑴
 

 
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 
 
𝑹𝒆𝒈(𝒙𝒐, 𝒚𝒐), 𝑹𝒆𝒈(𝒙𝒅, 𝒚𝒅) = the origin and destination within the region 
 

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 
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𝑻𝒊𝒎𝒆𝑷 = time of the day 
 
𝑫𝒂𝒚 = date  
 
𝑫𝒂𝒚𝑻 = type of day ( weekend day, weekday or holiday) 
 

Formula 6. Average speed over all trips to and from a specific region 

 

𝑹 = ⁡𝑹(𝑹𝒆𝒈(𝒙𝒐, 𝒚𝒐), 𝑹𝒆𝒈(𝒙𝒅, 𝒚𝒅), 𝑻𝒊𝒎𝒆𝑷,𝑫𝒂𝒚,𝑫𝒂𝒚𝑻) ⁡= ⁡
∑ 𝒓𝒌
𝑴
𝒌=𝟏

𝑴
 

 
Where, 
 
R = Average route directness over all trips 
rk = route directness (circuity) 
 

Formula 7. Average route directness over all trips to or from a certain region 

 

4.3.2.3.2 Travel time reliability 
 

The last performance measure is the travel time reliability. For travel time reliability, ideally, 
the distribution function of travel time should be estimated using historical data. However, 
due to the fact that GPS data was used, the travel times were easily extracted. Travel time is 
measured in (travel) time per unit travelled distance.  For further analysis the travel time is 
represented by TT and is calculated with formula 7. 
 

TT= 
𝒕𝒅−𝒕𝒐

𝑯𝑫(𝒍𝒐,𝒍𝒅)
 

 
Where, 
 
TT= travel time per unit travelled distance between origin and destination  

Formula 8. Travel time reliability measure 

 

4.3.3 Detecting problem regions  
 
To detect the daily transport problems, the performance measures V, R and TT are tested 
against threshold values. The 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 higher than a certain amount. This amount is represented by TM.  
 
A higher volume of travel demand in the morning, represents regions in residential or 
employment areas, which make them more likely candidates for traffic congestion.  
Additionally the large number of passenger trips increases the accuracy of the estimated 
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parameters V, R and TT. In this way these parameters can better represent general traffic 
conditions. 
 
After the regions with high travel demand are detected V and R are used to measure the 
temporal and spatial travel efficiencies within these regions. Here, regions with R higher than 
another threshold (TR) or V lower than a threshold (TV), are defined as problematic regions 
with temporal or spatial travel efficiency problems. Additionally TT is also implemented to 
measure travel time reliability within the regions with high volume travel demand. The 
regions with a higher travel time per unit distance than a threshold TTT are also defined as 
problematic regions. The regions with V lower than TV, R higher than TR and TT higher than 
TTT, represent regions experiencing the worst problems. Within these regions commuters are 
forced to take detours for travel, while still moving at slow speed due to heavy traffic along 
these detours and taking a significantly longer time to reach their destination due to a high 
level of congestion (Cui, et al., 2016-A). 
 
The indicators used to identify problem regions include: 
1) VM: V < TV and M > TM (temporal performance measure) 
2) RM: R > TR and M > TM  (spatial performance measure) 
3) TTM: TT < TTT and M > TM (travel time reliability performance measure) 

The worst regions are described as regions experiencing all three problems at once. Within 
these regions commuters are forced to take detours, where they also experience high level 
of traffic congestion. These regions are identified with: 
4) VRM: V < TV and R > TR and M > TM ( temporal and spatial performance measures) 
5) VRTTM: V < TV and R > TR and TT < TTT  and M > TM (temporal, spatial and travel time 

reliability performance measures) 

 

4.3.4 Method validation 
 

The proposed approach is validated comparing the results with results derived using an 
approach from the literature. The method validation consists of four steps, which include: 

1) Generate taxi trip data 
2) Implement both approaches  
3) Make statistical 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 end of the literature review, the approach in this paper is an improved 
and extended version of the method created by (Cui, et al., 2016-A). For this reason, the most 
effective validation is to compare the improved and extended approach proposed in this 
paper to the original one from literature. The three key differences between both approaches 
are presented in the table below 
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Table 7. Differences in approaches 

Difference Approach Thesis Approach literature 

Input data Individual commuter data Taxi trip data 

Performance 
measures 

1. Speed 
2. Route directness 
3. Travel time reliability 

1. Speed 
2. Route directness 

 
To recreate the method from literature, first taxi trip data needs to be generated from the 
original raw GPS data. 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 Identify most problematic regions using both approaches 
 

After creating the taxi data, both the approach from the literature and the approach proposed 
in this paper are applied using the test data. After all measures are generated for both 
approaches the problem regions are detected. For the validation not only the empirical 
threshold values are used to detect the regions, but a variation of these values. By doing this 
the quality of each method can be estimated using a statistical analysis on the results.  
 
The variation of the threshold values is based on their empirical values found in the literature 
(Cui, et al., 2016-A), which include: 

 TV = 20 km/h 

 TR = 1.5 

 TM = 20 trips 

 TTT => Compared to the previous threshold values, this value was not directly derived 
from literature, but is estimated using a statistical method. The literature suggest using 
the 95th percentile method, which estimates the 95% probability of the worst travel time 
that commuters may experience once per month, namely one of 20 week days. The 
value for this threshold is estimated in chapter 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 finally extract the 
standard deviation and the mean. With these variables the coefficient of variation can be 
determined. 
 
The coefficient of variation (CV) is used to measure the consistency of the results across all 
validation experiments. The CV is calculated by dividing the standard deviation by the mean 
value. A high CV value reflects inconsistency among the results within the group of a specific 
validation method. In turn a lower CV value reflects a higher consistency in the results and 
thus indicate the most reliable method which yields the most accurate and reliable results. In 
other words, by determining the coefficient of variation for each method, the approach 
producing the best quality result is revealed. 
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𝑐𝑣 =
𝜎

𝜇
 

 

Where, 
 
CV = The coefficient of variation 
 

𝜎 = The standard deviation 
 

𝜇 = The mean 
 

Formula 9. The coefficient of variation 

 

4.4 Conclusions regarding the methodology and data 
 
The analysis starts by utilizing and cleaning the raw GPS data. The available data consisted of 
three parts, which include journey 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. 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 filter all data with speed higher than 120 
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 generated by 
applying spatial and temporal travel partition for modelling commuter travel patterns. Spatial 
partition includes applying a grid based method which splits the study area into smaller study 
regions. Temporal partition includes making each trip subject trips to the time of day and the 
type of day, e.g. weekday or weekend day. After this a travel pattern model is created with 
which 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 respective threshold values. Within this context the regions where 
commuters experience problems, are identified by comparing the generated measures to 
their respective threshold values. The thresholds for V, R, M and TT are defined as TV, TR, TM 
and TTT, respectively. The values of these parameters are empirical values found in the 
literature (Cui, et al., 2016-A). Here it was revealed that V lower than its threshold value or R 
higher than TR, are identified as problematic regions with temporal or spatial travel efficiency 
problems. Additionally a TT higher than TTT would also describe a problematic region. The 
three problems are detected with three indicators based on the three performance measures. 
For example, any speed lower than a threshold of 20 km/h indicates that the capacity of the 
routes within this region may not be sufficient to meet the current travel demand. A lower 
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speed could also imply that people have no other choices than to take these inefficient routes 
for traveling between the two regions (Cui, et al., 2016-B). Within this context, by comparing 
each of the three measures, which include V, R and TT, with a threshold value regions 
experiencing these problems are detected. Additionally regions with serious congestion 
problems are detected by combining the three different measures into one, this forms the 
problem indicator: V < TV and R > TR and TT < TTT and M > TM (combination of temporal, spatial 
and travel time reliability performance measures). 
 
The evaluation of the methodology consists of a comparison of the proposed approach in this 
thesis with the approach found in literature (Cui, et al., 2016-A). Here taxi data is generated 
from a fraction, approximately one week data, of the raw GPS data which was used in the 
approach of this paper. After the 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, 
after which the quality of each approach can be derived. 
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5 Results 
 
Chapter 5 presents the results of the approach applied in this study. This chapter is structured 
similar to the previous one. Here each of the steps described in the methodology is followed 
and the results are presented. Additionally at the end of each part the results are interpreted. 
The chapter begins with the data processing step where a description of the distribution of 
transportation methods used during the study period March 2014 until May 2014 is given. 
 

5.1 Data processing 
 
The data processing step is divided into two parts, which include a description of the raw data, 
specifically the distribution of the transport methods in the network, and the utilization of 
this data. Here the results are not only shown, but each process is also explained. This includes 
the used software tools and the reasoning. 
 

5.1.1 Description raw data: Distribution transport network 
 
The data used for the analysis is collected for three months. For each month three tables were 
available. This included a journey, stage and trace data table. In this study the focus is on the 
transportation mode “car”. To understand to what extent focusing on the transport method 
“car” will yield enough data for good quality results, it was first necessary to investigate the 
distribution of the different modes of transportation in the network.  

 

 

 

 

 

 

 

 

Figure 5-1. Distribution transport method: percentages Figure 5-2. Distribution transport method: numbers 

Figure 5-2. Distribution transport methods March April May 2014: numbers 
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The figures 5-1 until 5-4 illustrate the 
distribution of transportation methods used in 
the three month study period. From the 
figures 5-3 and 5-4 it can be seen that car 
usage accounts for almost half of the used 
transportation methods. It can also be seen 
that the number of commuters using cars is 
increasing every month. Of course it should be 
pointed out that the data is generated from a 
standard set of commuters who most likely do 
not use public transportation. However, this 
has no implication on further analysis as the 
thesis focusses on commuters using a car for 
transportation.  And thus concluding that 
there is enough “car” data to produce 
accurate results. 

 

5.1.2 Utilization GPS data 
 

For the very first step in utilizing the GPS data the software MS Excel and MS SQL were used. 
Here the journey data and stage data were merged into one “journey-stage” data table, using 
MS Excel Query. The two tables were joined based on the person ID “persno”, the date 
“travday” and journey sequence “jourseq”. After this all records containing “Car” as method 
of transportation were filtered. The filtered table was then exported to CV file format and 
imported as a table in MS SQL database.  
 
In the second part, each of trace data tables recorded from individual commuters was merged 
into one enormous trace data table. This table contains the trace information of every 
commuter per month. The tables were merged using a bulk fuse code for CSV files (see figure 
5-5).  After the combined file was imported as a table in MS SQL the excess string data, which 
was a result of combining the CSV files, was deleted. Then the data type of the different 
columns was enhanced (altered) so the journey stage data table and the trace data table could 
be compared to each other, and eventually merged into one much larger data table which 
was used for further analysis. 
 

 
Figure 5-4. Bulk fuse code CSV 

 

The raw trace data consist of separate tables for each commuter, as illustrated in figure 5-6. 
As mentioned before, these individual tables, were fused into one enormous table. By doing 
this all data could be analyzed at the same time. Figures 5-7 illustrates a part of the merged 
tables. 

 

Figure 5-3. Transport method focus: Car March April May 
2014 
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Figure 5-5. Bulk fuse code CSV 

 

 
Figure 5-6. Trace data after fusion 

 

5.1.3 Data cleaning and filtering 
 

Before the journey-stage data and the trace data are merged, journey- stage data table is 
cleaned and filtered. This 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 (journey-stage data 
table) did not have any errors. 

 

1) First all data with longitude and/ or latitude zero where removed. For the March, April 
and May the amount of 69931, 2257, 3730 records were removed. (see table 8) 
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Table 8. Records after filter 1 

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 
representation of the records 
before and after the first filter, 
which included the removal of all 
records with a longitude/ 
latitude zero. As can be seen 
from the chart, for the month 
March 2014 approximately 85% 
of the records were removed. 
Fortunately this had no 
implication on the study as the 
table had yet to be merged with 

the individual trace data. 
 
 

2) After the first filter the records with transportation method other than “car” were 
removed.  For the months of March, April and May 2014 the amount of 6971, 63051, 
61509 records were removed, respectfully. See table below. 

 

Table 9. Records after filter 2 

Month Records after first 
filter 

Records removed New total 

March 2014 11078 6971 4107 

April 2014 101703 63051 38652 

May 2014 105031 61509 43522 
 

 

As previously presented the 
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 records (after filter 1) were 
removed. See figure 5-9. 
 
After filter 2 the table was 
converted to CSV file format and 
imported to MS SQL. 
 

Figure 5-7. Records after filter 1 

Figure 5-8. Records after filter 2 
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Figures 5-10 and 5-11 present the table before and after filter 1 and 2. 
 

 
Figure 5-9. Journey-stage before filtering and cleaning 

 

 

Figure 5-10. Journey-stage table after first and second filter 

 

In the very last part of the data utilization, the filtered journey- stage table was merged with 
the trace data table in MS SQL using a query which identifies the coordinates and timestamps 
in the trace data containing “car” as mode of transportation. Additionally the time of leaving 
(journey start) 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 Excel (see figure 5-
12). 
 

 
Figure 5-11. Trace identifier 
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After the journey-stage-trace data table was created, the Haversine distance, HD (li, li+1), 
between each two following recorded locations was calculated along with the speedi. After 
this all records with speedi higher than 120 km/h were removed. These records are above the 
speed limit in the Netherlands and are most likely errors. 
 

5.2 Extracting travel patterns 
 

After the data is utilized, cleaned and filtered it can be used for further analysis. The next step 
is to focus on certain aspects of each trip. The first step in doing so is the spatial and temporal 
partition of the trips. 
 

5.2.1 Spatial partition 
 

The grid was created for the Netherlands using MapInfo Professional and generating a total 
of 90117 cells or regions with a size of 1 km2. After this, the coordinates were imported and 
each GPS point was linked to a region. This was done by joining the grid table with the data 
tables for March, April and May 2014. As mentioned in the chapter 4, this step is very 
important because by assigning each coordinate to a region the problematic regions can be 
identified based on the analysis of the information these coordinates contain. In the end the 
merged tables were exported to CSV file format and opened in MS Excel for further analysis. 
 
Figure 5-13 illustrates the map of the Netherlands in QGIS to get an idea of the study area. 

Figure 5-14 presents the map in MapInfo with the grid with the focus on the study area: 
Noord Brabant. 

The travel patterns of the commuters in each of the three months are presented in figures 
5-16 until 5-18. 

Figure 5-13. Map of the Netherlands with GRID (via 
MapInfo) 

Figure 5-12. Map of the Netherlands (via QGIS) 
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Important to mention is that 
the part of the grid covering 
Noord- Brabant, as seen in 
figure 15-5, counts 9432 cells/ 
regions.  

 

 

 

 

Figure 5-14. Noord-Brabant map with grid 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5-16. Commuter travel patterns April 2014 

Figure 5-15. Commuter travel patterns March 2014 
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5.2.2 Temporal partition 
 
The temporal partition is based on dividing the trips according to the time of day TimeP and 
the type of day DayT. 
 

The type of day DayT is divided into: 

 Weekend day 

 Week day 

 Holiday 

For this study the focus is on weekdays which are equivalent to business days, because this is 
when most people travel to work and when poor network performance has the worst 
implications. Table 10 presents the type of days and the amount of these days each of the 
three months has. 
 
 

Table 10. Type of days in March April May 2014 

Month Weekdays Weekend days Holidays 

March 2014 21 days 10 days 2 days (both also  weekend 
days) 

April 2014 20 days 8 days 4 days ( 2 also weekend days) 

May 2014 19 days 9 days 5 days (2 also weekend days) 

 

 

Figure 5-17. Commuter travel patterns May 2014 
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As can be seen from figure 5-
19, each month has around 
the same amount of week 
days. March had no holidays 
during the week, and thus will 
most likely have generated 
the most data (usable and 
unusable data) 
 

 

 
 
 
 

 
For the Time of day TimeP the study aims to capture the time of day, not only when the 
congestion level is high but also when it has the most implication. From the literature two 
options were identified. The first includes the morning peak, when most people travel to work 
or educational institutions. The second option includes the evening peak, when commuters 
travel home. Based on the two criteria the chosen TimeP is during the morning peak. The 
exact chosen time is between 7:00 AM – 9:00 AM. 
 

5.2.3 Generating measures 
 

After the temporal and spatial partition 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 time per kilometer per trip TT. 
Figure 5-20 until 5-23 present the results. 
 

Figure 5-20 presents the average speed V per trip during 7:00 AM and 9:00 AM for all three 
months in 2014. Here it can be seen the average speed is very low during the morning peak. 
It also shows that in April and May the average speed between 7:00 AM and 8:00 AM is almost 
zero. This could be caused by traffic jams occurring in some parts of the study area.  
 

 

 

 

Figure 5-18. Types of days in May April March 2014 

Figure 5-19. Average speed V per half hour for March April May 2014 
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Figure 5-21 presents the 
average route directness R per 
trip for the study period. From 
this figure it can be seen that 
the route starts increasing until 
approximately 7:30AM and 
then stays constant or 
decreases towards the end of 
the morning peak 9:00AM. 
 
 
 

 
 
 

 

 
Figure 5-22 presents the 
average number of trips 
during the study period. Here 
it can be seen that, similar to 
the route directness, the 
amount of trips increase until 
7:30 and then decrease 
towards the end. Between 
7:00AM and 7:30 AM 
commuters start traveling. 
 
 
 
 

 

 
Figure 5-23 presents the average 
travel time per km per trip. Here 
it can be seen that during the 
morning peak the travel times 
increase until 7:45 AM- 8:05 AM 
and then start decreasing 
towards the end of the morning 
peak. Within this time 
commuters experience worst 
network performance 
 
 
 
 

 
After the performance measures are generated, the next step is to set to identify the regions 
with serious mismatch problems. This step begins by choosing the threshold values. 
 

Figure 5-20. Average route directness R per half hour for March April May 2014 

Figure 5-21. Average number of trips M per half hour for March April May 
2014 

Figure 5-22. Average TT per half hour for March April May 2014 
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Setting threshold values 
 

The empirical values derived from literature include: 

 TV = 20 km/h 

 TR = 1.5 

 TM = 20 trips 

 
TTT is estimated using the percentile statistical method which 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. Here all travel times between origin and 
destination are extracted and imported in SPSS. After this the frequency analysis is applied.  
 
In the literature 95 percentile is common choice, but for this thesis the 75% and 90% were 
also estimated. The reason for this is that the 95th percentile describes a kind of worst case 
scenario as it only shows the 95% probability of commuters experiencing the worst travel 
time once per month. And although the 95% is a good measure, it can be seen from the output 
table (see table 11) that the 90% is much closer than mean value. 
 
For this reason the threshold TTT will be set at 500 seconds per km (see figure 5-24). This 
translates into an approximate TT of 8 min/ km. This means that during this time commuters 
have driving speed of 7.5 km/h, which makes this TT of 500 seconds per kilometer a good 
threshold value. 
 

Table 11. Frequency analysis output table  

Statistics 

 March2014 April2014 May2014 

N Valid 82871 118945 117076 

Missing 36074 0 1869 

Mean 657,2045 393,2144 522,6763 

Variance 1859860,185 6952602,676 13328352,475 

Minimum ,00 ,00 ,00 

Maximum 8701,00 61595,00 87542,00 

Percentiles 75 507,0000 108,0000 109,0000 

90 2297,0000 481,0000 468,0000 

95 3231,0000 1330,0000 1559,0000 
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Figure 5-23. TTT from seconds to minutes 

 

5.3 Identifying regions with serious mismatch problems 
Figures 5-25 until 5-30 describe the results and present the number of detected regions which 
experience the predefined problem indicators in values and percentages. Here the total 
number of regions, which are being used for traveling, is represented by “Regions total” 
 

The 5 problem indicators include: 

 The three problems are detected with: 
1. V < TV and M > TM, represented with VM 
2. R > TR and M > TM, represented with RM 
3. TT > TTT and M > TM, represented with TTM 

 

 The worst regions are described as regions experiencing all three problems at once. 
Within these regions commuters are forced to take detours, where they also experience 
some level of traffic congestion. These regions are identified with: 

4. V < TV and R > TR and M > TM, represented with VRM 
5. V < TV and R > TR and TT > TTT  and M > TM, represented with VRTTM 

 

    

 

Figure 5-25 and 5-26 illustrate the amount of detected regions. Here it can be seen that 1261 
regions were used for traveling this month. From these 1261 regions almost half experiences 
mismatch between travel demand and the ability to actually travel (transport network 
services). In fact a total of 592 regions experience all problems. This is 47% of all the regions 
commuters travelled from and to. Combined with the travel time reliability only 240 regions 
were detected, which counts for 19% of all the regions. The latter suggests that although 49% 
experience serious mismatch problems, only 19% of the total or 41% of the mismatch regions 

Figure 5-24. Detected problem regions March 2014 (each 
in % of the total) 

Figure 5-25. Detecting problem regions March 2014  
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experience the mismatch problems and have a poor network reliability. Important to mention 
is that some regions experience multiple problems, and are therefore detected separately for 
each problem. Figure 5- 26 shows the % amount of regions detected by each problem 
indicator related to the total of 100% or total regions detected in March 2014. 
 
 

    

 

From figure 5-27 to figure 5-30 it can be seen that the amount of regions being used, in 
comparison with March 2014, is reduced to more than half in April and May 2014. However 
around the same amount of regions experience the mismatch problems. It can also be seen 
that the amount of regions experiencing poor network reliability is reduced considerably. 
Within the context it can be concluded that during March 2014 most probably road 
construction was being performed, which led to commuters choosing alternate routes. This 
explains the higher amount of used regions and poor network travel time reliability. It can 
also be concluded that although the road construction has finished, around the same amount 
of regions still experience problems between travel demand and the ability to travel freely.  
 

In this sense the prosed approach can not only be used to measure transport network 
performance, but also to evaluate the effect of changes (congestion solutions) implemented 
in the network. Traffic managers and policy makers can implement short term solutions in a 
network, monitor them by collecting GPS data and evaluate the effectiveness of the solution 
with the approach proposed in this theory. In this way traffic managers and policy makers can 
test solutions without spending enormous amounts of money. In turn the short term solution 
can become a long term solution or it can be removed completely. 

 
 

Figure 5-26. Detecting problem regions April 2014 (%) Figure 5-27. Detected problem regions April 2014 

Figure 5-28. Detected problem regions May 2014  Figure 5-29. Detected problem regions May 2014 (in %) 
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Figure 5-30. Thematic Map April 2014: V < TV 

Figures 5-31 until 5-33 illustrate thematic 
maps, for March, April and May 2014, of the detected regions based on the first three 
problem indicators. Understandably the last two indicators can be visualized by combining 
these maps. These thematic maps present a visualization of the problem regions in the study 
area. Separate thematic maps for each of the three months of 2014 can be found in the 
appendix 3- 11. 
 
By combining the thematic maps the areas with serious mismatch problems (areas detecting 
using the last two indicators) can be extracted. These include the areas with more than one 
problem. 
 
Figure 5-31 present the thematic map of areas where the average speed is smaller than 20 
km/h. The yellow parts show areas were commuters drive at an average speed between 7 
and 20 km/h. These areas are most likely the congested areas. The blue and grey parts show 
areas where cars move at very slow pace. For these areas further investigation is 
recommended. As these slow speeds could be caused by commuters having to decrease 
speed for traffic lights. However the grey parts could also be areas where severe congestion 
occurs on weekdays between 7:00 AM – 9:00 AM.  
 
Figure 5-32 shows the thematic map of areas where the route directness is higher than 1.5. 
As mentioned before, this indicates that commuters are forced to take detours due to the 
congestion. From this map it can be concluded that the blue and grey areas suffer from 
congestion on weekdays between 7:00 AM- 9:00 AM. For this thematic map it is 
recommended to not take the yellow parts into consideration. The cause for the extremely 
high values for route directness could also be traffic light stops related. However in this case 
the values seem too high for it to be caused by severe congestion.  
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Figure 5-31. Thematic Map April 2014: R > TR 

 

 

 

Figure 5-32. Thematic Map April 2014: TT > TTT 
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Figure 5-33 present the thematic map of areas where it takes commuters more than 500 
second to move 1 km (8 min/km). From this map it can be concluded that areas with a higher 
travel time per unit distance than 900 sec/km should not be considered. These areas need 
further investigation and also caused by traffic light stops.  
 
The blue and dark blue parts should be the focus. These areas are most likely caused by traffic 
congestion. In these areas it takes commuters more than 8 minutes to move 1 km. The blue 
areas are most likely areas with severe traffic congestion and the dark blue areas normal 
congestion on weekdays between 7:00 AM – 9:00 AM. 
 

5.4 Method validation 
 

In the previous chapters an approach was proposed to evaluate the network performance. As 
explained at the end of the literature review, this approach from this paper is an improved 
and extended version of the method created by (Cui, et al., 2016-A). For this reason, the most 
effective validation is to compare the improved and extended approach proposed in this 
thesis to the original one from literature.  
 
To avoid confusion the approach in this thesis will be referred to as thesis approach from now 
on and the base approach will be referred to as base approach. 
 
Table 12 shows the three key differences between the approaches: 
 
Table 12. Comparison two approaches 

Difference Thesis approach Base approach 

Input data Individual commuter data Taxi trip data 

Performance 
measures 

1. Speed 
2. Route directness 
3. Travel time reliability 

1. Speed 
2. Route directness 

 
To conduct the validation as accurate as possible the following tasks were completed: 
 

1. From the entire data set one week was chosen for further analysis. This included 
the week of 8th April until 15th of April 2014 (eight days). 
 

For the method validation only a small sample of the data is sufficient. For this reason a 
random week in a random year was chosen. This week consisted of eight days, two of which 
were weekend days and six week days. Within this week data recorded in the morning peak, 
between 7:00 AM and 9:00 AM, was used for further analysis. 

 
2. For the base approach taxi trip data was generated from the one week original data 

described above. 
 
Literature revealed that taxi trip data was very similar to the individual commuter data used 
in this thesis. The key difference is the fact that taxi trip data contains large time gaps between 
records. Within this context all OD GPS coordinates of every trip, from the original data, were 
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highlighted. After this nine in every ten records, between the origin and destination records, 
were removed. From the original data set, which included 34866 records, a total of 31174 
records were removed. And the new table counted 3692 records. The result showed a data 
table very similar to that of actual taxi trips (see figure 5-34 and 5-35).  After the filter process, 
the column “Taxi Check” was removed.        
        

 

3. For the validation, regions with serious mismatch were identified using both 
approaches. Here the different thresholds were varied.  
 

In this step the regions which experience the three problems are identified. As the two 
methods are constantly compared the validation measure included varying the threshold 
values and detecting the region for each threshold. The results are then statistically analyzed 
to calculate the standard deviation. With this value the sensitivity and quality of each method 
is determined. 
 
The validation method consists of detecting regions using elements of both approaches. 
These include:  
 

i. Base approach  
a. V < TV and R > TR and M > TM 

This was performed three times. Each of which one threshold varies and the two others stay 
constant (empirical values). The threshold variation chart is presented in table 13. Each value 
is basically a variation of the empirical value (either smaller or larger). 
 
Table 13. Validation variation 

V < TV and R > TR and M > TM 

Measures Value variation 

TV (15, 18, 19, 20, 21, 22, 25) 

TR (0.5, 0.7, 1.1, 1.5, 1.7, 1.9, 2.5) 

TM (15, 18, 19, 20, 21, 22, 25) 

Figure 5-34. Generating taxi data: filter process Figure 5-33. Generating taxi data: creating time gaps 
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ii. Thesis approach 

a. V < TV and R > TR and TT < TTT  and M > TM 
b. TT < TTT and M < TM 

A bit similar to the previous validation measure, here only TTT is varied. The other threshold 
are constant (empirical values). TTT is varied over (200, 400, 450, 500, 550, 600, 1000), with 
500 being the empirical/ estimated value for TTT.  
 
In the next part of this chapter the results of the validation are presented. 
 

5.4.1 Variate the speed threshold  
 

Firstly the regions are identified based on the average speed per trip. The indicator is 
represented by: V < TV and R > TR and M > TM, and the threshold values include: 

 TV = (15, 18, 19, 20, 21, 22, 25) 

 TR = 1.5 

 TM = 20 
 
The amount of identified regions is presented in table 14. Here we see that for both 
approaches the same amount of regions were identified for each variation. However the 
thesis approach does identify three times the amount of regions compared to the base 
approach.  
 
Table 14. Detected regions: variation TV 

TV Thesis 
approach 

Base 
approach 

15 166 55 

18 166 55 

19 166 55 

20 166 55 

21 166 55 

22 166 55 

25 166 55 

 
 
Table 15. Validation: Variate TV 

Descriptive Statistics  

 N Minimum Maximum Mean Std. Deviation Variance 𝒄𝒗 

VariateTV_Thesis_approach 7 166,00 166,00 166,0000 ,00000 ,000 0,00 

VariateTV_Baseapproach 7 55,00 55,00 55,0000 ,00000 ,000 0,00 

Valid N (listwise) 7       

 
Table 15 shows that both approaches have a standard deviation of 0, and thus 𝑐𝑣 of 0. This 
indicates that both methods produce the same quality results. However the approach of this 
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thesis does identify more regions than the base approach. In the latter policy makers or traffic 
managers could still use both approaches to identify the bottlenecks in the network based on 
the average travel speed of commuters. The approach from this thesis would be more 
thorough and most likely be used for creating long-term solutions. The base approach, on the 
other hand, would provide enough information to create short term solutions. 
 

5.4.2 Variate the circuity threshold  
 
In the second part of the method validation regions are detected by varying the threshold 
for route directness and setting the other threshold to their empirical values. The indicator 
used to identify the problems is: V < TV and R > TR and M > TM. The thresholds include: 

 TV = 20 km/h 

 TR = (0.5, 0.7, 1.1, 1.5, 1.7, 1.9, 2.5) 

 TM = 20 
 

The amount of identified regions is presented in table 16. Here it can be seen that the thesis 
approach identifies more regions than the base approach. However, the identified regions 
per variation calculated with the base approach does estimate more constant results.  
 

Table 16. Detected regions: variation TR 

TR Thesis 
approach 

Base 
approach 

0.5 196 57 

0.9 186 57 

1.1 179 57 

1.5 166 55 

1.7 157 55 

1.9 142 53 

2.5 127 47 

 

Table 17. . Validation: Variate TR 

Descriptive Statistics  

 N Minimum Maximum Mean Std. Deviation Variance 𝒄𝒗 

VariateTR_Thesis_approach 7 127,00 196,00 164,7143 24,61513 605,905 0,15 

VariateTR_Base_approach 7 47,00 57,00 54,4286 3,59894 12,952 0,07 

Valid N (listwise) 7       

 

Table 17 shows that the thesis approach has a much higher standard deviation and a 𝑐𝑣 twice 
as big as the base approach, which indicates that the base approach produces much better 
results for identifying problem regions  based on the route directness. The reason for this 
could be because of the gaps in the taxi trip data. These large gaps in data result into shorter 
OD destination as this is calculated by the Euclidean distance (shortest path). Understandably 
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shorter distances between origin and destination translate into better route directness. 
However, this does mean that the base approach produces more accurate results, but not 
necessarily more reliable ones.  
 

5.4.3 Variate the trip threshold  
 
Similar to the two previous region identification procedures, the indicator: V < TV and R > TR 
and M > TM is used. Here TM is varied and the two others are set at threshold values as shown 
below: 

 TV = 20 

 TR = 1.5 

 TM = (15, 18, 19, 20, 21, 22, 25) 
 
The amount of identified regions is presented in table 18. Here it can be seen that, again, the 
approach in this thesis identifies more regions than the base approach. Also the thesis 
approach does identify a more constant amount of regions for each variation of the trip 
threshold. 
 

Table 18. Detected regions: variation TM 

TM Thesis 
approach 

Base 
approach 

15 172 79 

18 168 64 

19 168 58 

20 166 55 

21 166 52 

22 165 48 

25 163 40 

 

Table 19. . Validation: Variate TM 

Descriptive Statistics  

 N Minimum Maximum Mean Std. Deviation Variance 𝒄𝒗 

VariateTM_Thesis_approach 7 163,00 172,00 166,8571 2,85357 8,143 0,017 

VariateTM_Base_approach 7 40,00 79,00 56,5714 12,46137 155,286 0,220 

Valid N (listwise) 7       

 

Table 19 shows that the thesis approach has a smaller 𝑐𝑣  than the base approach. This 
indicates that the thesis approach produces better quality results than the base approach, 
when the trip threshold values are varied. In the latter the derived conclusion is 
understandable as the thesis method, which uses trace data, has significantly more trip counts 
than the base approach which uses taxi data. 
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5.4.4 Validation travel time reliability measure 
 

The travel time reliability is part of the thesis approach. For this reason the validation was 
done separately. This validation is divided into two parts. The first includes identifying regions 
only based only the travel time reliability problem and second one includes identifying 
problem regions where all three problems occur simultaneously.  
 

5.4.4.1 Compare travel time problems 
 

In this first part regions are identified where only the only high travel times per unit distance 
occur. Here the indicator TT > TTT and M > TM is used. For which TM is set at the empirical 
value of 20 trips and TTT is varied based on the estimated value of 500 seconds per km (see 
chapter 5.3).  TTT = (200, 400, 450, 500, 550, 600, 1000) 
 

The amount of identified regions is presented in table 20. Here it can be seen that almost an 
even amount of regions are detected with both approaches. As the travel time reliability 
measure is part of the thesis approach, this result proves its validity as a performance 
measure. Also the thesis approach does identify a slightly more constant amount of regions 
for each variation of the travel time threshold. 
 
Table 20. Detected regions_1: variation TTT 

TTT_1 Thesis 
approach 

Base 
approach 

100 109 48 

400 30 17 

450 27 16 

500 23 16 

550 20 13 

600 20 13 

900 12 7 

 

Table 21. Validation: Travel Time reliability 

Descriptive Statistics  

 N Minimum Maximum Mean Std. Deviation Variance 𝒄𝒗 

VariateTTTM_Thesis_approach 7 11,00 31,00 18,4286 6,21442 38,619 0,337 

VariateTTTM_Base_approach 7 8,00 27,00 15,7143 6,15668 37,905 0,397 

Valid N (listwise) 7       

 

Table 21 shows that both approaches have almost the same 𝑐𝑣. However the thesis approach 
does yield a slightly smaller result. This indicates that the approach of this thesis is better for 
detecting regions based on the travel time reliability. Also important is the fact that both 
approaches produced results very close to each other, proving the significance and good 
quality of the travel time reliability in performance measurement. 
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5.4.4.2 Variate travel time threshold 
In this second part regions are identified which experience multiple problems at the same 
time. For this reason the indicator TT > TTT and V < TV and R > TR and M > TM is used. Here the 
only the TTT threshold is varied based on the estimated value of 500 seconds per km, while 
the others are set at empirical values as shown below: 

 TTT = (200, 400, 450, 500, 550, 600, 1000) 

 TV = 20 km/h 

 TR = 1.5 

 TM = 20 trips 
 

The amount of identified regions is presented in table 22. Here it can be seen that the amount 
of regions detected with each approach are very close. In fact almost the same amounts of 
regions are detected with the previous problem indicator. As this indicator identifies the 
worst problematic regions it can be argued that regions with long TT generally also experience 
all other problems (V < TV, R > TR and M > TM). 
 
This has significant meaning for traffic managers and policy makers as it proves that travel 
time reliability is one of the most effective performance measures. 
 
 

Table 22. Detected regions_2: variation TTT 

TTT_2 Thesis 
approach 

Base 
approach 

100 86 46 

400 20 15 

450 17 14 

500 14 14 

550 11 11 

600 11 11 

900 6 6 

 

 
Table 23.  Validation: Variate TTT 

Descriptive Statistics  

 N Minimum Maximum Mean Std. Deviation Variance 𝒄𝒗 

VariateTTT_VRM_Thesis_approach 7 10,00 30,00 17,4286 6,21442 38,619 0,357 

VariateTTT_VRM_Base_approach 7 8,00 27,00 15,7143 6,15668 37,905 0,392 

Valid N (listwise) 7       

 

Table 23 shows a very similar result to the previous part. The reason for this is that the same 
regions which experience the travel time problem also experience all the other problems. This 
conclusion is applicable for both approaches. For policy makers and traffic managers these 
findings can be very important as it reveals the regions with the worst network performance.  
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By finding solutions for the regions identified with this indicator. 
 
 

5.5 Discussion and conclusions regarding obtained results 
 

The majority of the commuters used either cars or bikes for traveling during the study period. 
However, from the GPS data it could be seen that there was a small but noticeable increase 
in car usage each month.  
 
During the filtering and cleaning of the GPS data, almost half of the raw journey-stage data 
was removed. However this did not have any impact on further analysis, because this data 
was yet to be fused with the trace data. Once the tables were fused there was enough travel 
information to conduct the analysis correctly 
 
Within the three months the average travel speed during the morning peak was considerably 
low, especially in April and May 2014. The reason for this is most likely the occurrence of 
traffic jams during this time. Between 7:00 AM and 8:00 AM most people started travelling, 
which resulted in longer travel times per km and higher values for route directness during this 
hour.  
 
The approach successfully identified problem regions, based on the five problem indicators. 
From the three thematic maps previously shown as figure 5-31, figure 5-32 and figure 5-33 it 
can be concluded that the transport network of the region Noord-Brabant performs good. 
The average amount of detected regions is around 500. This accounts for 5% of the total 
amount of regions Noord- Brabant is split into to. Additionally it is also important to mention 
that the majority of the identified problem regions require further investigation. All in all only 
in a small portion of the identified regions commuters experience traffic congestion during 
weekdays during the morning peak.  
 
The approach of this thesis produces more accurate and more reliable results 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 of trips, yields smaller values for the thesis approach.  
 
With regards to the travel time reliability, both approaches showed similar results. This proves 
the validity and quality of using the travel time reliability as a performance measure. 
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6 Conclusions 
 

Chapter 6 presents the scientific relevance and the societal relevance of this thesis. 
Additionally it describes the answers to the main and sub research questions. 
 

6.1 Scientific relevance 
 

The thesis approach provides a reasonably easy way to measure transport network 
performance. In comparison to previous studies, this thesis evaluates the network 
performance based on three performance measures. These include temporal performance 
measures, spatial performance measures and travel time reliability performance measures. 
Here, a framework is designed to identify regions with serious mismatch between travel 
demand and transportation network services. Generally the approach proposed in this paper 
is an extended and improved version of another approach proposed in a previous study (Cui, 
et al., 2016-A). By using GPS trace data instead of taxi trip data, the Hiversine distance instead 
of the Euclidean distance and by extending the approach with travel time reliability as a 
performance measure more accurate results can be obtained more easily. The validation of 
the approach done by comparing the outcome of both the thesis approach and the base 
approach. For the validation taxi trip data was generated from the trace data. Data from 8th 
of April 2014 until the 15th of April 2014 was extracted and analyzed using both approaches. 
After the performance measures were generated regions with serious mismatch problems 
were identified using three problem indicators from both approaches, which include: 

1) V < TV and R > TR and M > TM  (literature and this thesis) 
2) V < TV and R > TR and TT > TTT  and M > TM ( thesis) 
3) TT > TTT and M > TM (thesis) 

 
For the first problem the threshold values TV, TR, TM were varied one by one, while the two 
others were set at empirical value.  For the second and third problem indicator TTT was varied, 
while all others were set at empirical value. In total five analysis were conducted with seven 
variations of one of the thresholds each time, for each approach. The reason for this is that 
the detected regions from analysis of each approach was statistically analyzed using SPSS, to 
finally extract the standard deviation and coefficient variation.  In the latter the results of the 
statistical analysis proved the validity of the thesis approach and that it produces more 
accurate results than the base approach. 
 
At the beginning of the analysis a grid was created over the Netherlands. From this grid Noord-
Brabant counted a total of 9432 regions. Of these 9432 an average of 500 regions experience 
serious problems.  This accounts for only 5% of the 9432 regions. With that being said, and 
based on the thematic maps: figure 5-31, figure 5-32 and figure 5-33, it can be concluded that 
based on the analysis the road transportation network in the Noord- Brabant region performs 
good overall. It is also important to note that the majority of the identified problem regions 
require further investigation (as stated in chapter 5.3). All in all only in a small portion of the 
identified regions commuters experience traffic congestion during weekdays during the 
morning peak. However these areas should be investigated to determine the severity or 
seriousness of the problems. 
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6.2 Answers to the research questions 
 

6.2.1 Answers to the sub questions 
 

“Which measures are needed to accurately analyze network performance?” 

 
In the first phase of the thesis a literature study was conducted. During this study different 
research papers were reviewed. The goal of this study was to collect as much relevant 
information as possible to create the foundation of this thesis. The reviewed literature 
revealed that transport network performance has been studied many times, by different 
people and using different measures. Each approach has been able to analyze the 
performance in one way or the other. During the literature study three relevant performance 
measures were identified. These include temporal efficiency measures, spatial efficiency 
measures and travel time reliability measures. In previous research these measures have 
been used individually and sometimes in combination. More recent studies reveal that the 
performance of a transport networks should be measured on different aspects (Oliveira, 
Portugal, & Junior, 2016) (Cui, et al., 2016-B). By doing this a better understanding can be 
derived for how the network works and how it performs. In this sense different measures can 
also be used in combination with each other.  
 
In the latter it can be concluded that the temporal efficiency measures, spatial efficiency 
measures and travel time reliability measures are three performance measures fit to measure 
network performance individually and/ or in combination with each other. 
 

“To what extent can travel time reliability of the transportation network be generated 

from commuters travel data, specifically GPS data?” 

 
Travel time reliability is described as the travel time per unit distance. Ideally this measure is 
derived from historic data. However as this data is scarce and hard to obtain, other methods 
to determine travel time reliability were researched. In the literature the 95th percentile 
method was identified. This included statistically estimating the travel time reliability rather 
than calculating it or deriving it from historic data.  
 
From the GPS data both the travel time between origin and destination locations per trip and 
the distance between origin and destination of each trip were extracted. And by dividing the 
travel time between origin and destination locations of all trips made by an individual 
commuter (td-to) by the distance between origin and destination of all trips travelled by an 
individual commuter (HD (ld-lo)), the travel time per kilometer was calculated. The values 
were then exported to SPSS and the percentiles were estimated. For research purposes the 
75th, 90th and 95th percentile were estimated with frequency analysis. The results showed that 
the 90th percentile value of around 500 seconds per km was the closest to the mean value.  
This value was later used as threshold value for the travel time reliability performance 
measure. 
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In the latter it can be concluded that the travel time reliability of a transportation network 
can be generated from GPS data by doing a frequency analysis of results from the travel time 
between origin and destination locations of all trips made by an individual commuter (td-to) 
divided by the distance between origin and destination of all trips travelled by an individual 
commuter (HD (ld-lo)). 
 

In what way does the travel time reliability relate to the overall performance of the 

network? 

 
Evaluating the performance network based on travel time reliability is executed in this thesis 
by detecting regions with serious mismatch problems with the indicators:  
1) V < TV and R > TR and TT > TTT  and M > TM 
2) TT > TTT and M > TM  

The first indicator is a combination of temporal, spatial and travel time performance measures 
and the detected regions represent the regions with the most serious mismatch problem 
between travel demand and transport network services. The second indicator only uses travel 
time reliability as a performance measure to identify the problem regions. Understandably 
neither indicator identified many regions. However each indicator did identify around the 
same amount of regions. This, along with the validation of the approach, does prove that 
travel time reliability is an excellent overall performance measure.  
 
From the results of the generated measures it could also be seen that high values of travel 
times occur around the same time as higher route directness values and higher trip counts. 
This indicates, just as literature suggests, that travel time reliability is not necessarily related 
to congestion itself but to the level of congestion. 
 
In the latter it could be concluded that travel time reliability relates to overall network 
performance in the way that it measures network performance based on the level of 
congestion. 
 

6.2.2 Answer to the main research question 
 

“To what extent can commuters’ travel demand, derived from GPS data, be analyzed with 
the transport network services and travel time reliability, in order to evaluate the 
performance of a transportation network in the Netherlands?” 
 

 
This thesis proposes an approach to evaluate network performance by identifying regions 
with a serious mismatch problem between travel demand and transport network services. 
Here three performance measures are used which include temporal performance measures, 
spatial performance measures and travel time reliability measures. These measures are 
generated from travel information in the form of GPS data. This data is collected from 
individual commuters who travel daily in Noord Brabant during March, April and May of the 
year 2014. 
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The majority of these commuters either used a car or a bicycle for traveling during the study 
period. However, from the travel data it could be seen that there was a small but noticeable 
increase in car usage each month. This could have an effect on road network performance. 
 
Within the three months the average travel speed during the morning peak was considerably 
low, especially in April and May 2014. The reason for this is most likely the occurrence of 
traffic jams during this time. Between 7:00 AM and 8:00 AM most people started travelling, 
which resulted in longer travel times per km and higher values for route directness during this 
hour.  
 
The problem regions are identified by using 5 problem indicators, which include: 

 Detection of regions with individual problems: 
1. V < TV and M > TM, represented with VM 
2. R > TR and M > TM, represented with RM 
3. TT < TTT and M < TM, represented with TTM 

 

 The worst regions are described as regions experiencing all three problems at once. 
Within these regions commuters are forced to take detours, where they also experience 
some level of traffic congestion. These regions are identified with: 

4. V < TV and R > TR and M > TM, represented with VRM 
5. V < TV and R > TR and TT > TTT  and M > TM, represented with VRTTM 

 
The approach is validated with the most effective validation method. The approach is 
compared to the original approach it is based on from literature. 
 
The validation procedure revealed that the thesis approach produces better and more 
accurate results 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 of trips yield lower values 
for the thesis approach.  

 

6.3 Societal relevance 
 
Apart from the scientific relevance, this study also provides social benefits. These include: 
 
1) This thesis 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 network easily and at low cost. Additionally the data collection method is not 
labor intensive. 

 
2) In this thesis the chosen study area was Noord Brabant. However, the proposed approach 

is created for universal use. The approach can not only be used for other areas, but also 
to evaluate the performance of different transport networks.  
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3) The prosed approach can not only be used to measure transport network performance, 
but also to evaluate the effect of changes (congestion solutions) implemented in the 
network. Traffic manager and policy can implement short term solutions in a network, 
monitor them by collecting GPS data and evaluate the effectiveness of the solution with 
the approach proposed in this theory. In this way traffic managers and policy makers can 
test solutions without spending enormous amounts of money. In turn the short term 
solution can become a long term solution or it can be removed completely. 

 
4) The approach proved that regions with longer travel times per unit distance generally also 

experience all other problems (V < TV, R > TR and M > TM). This has significant meaning for 
traffic managers and policy makers as it proves that travel time reliability is one of the 
most effective and important performance measures. When evaluating a network this 
aspect should not be ignored. 

 
5) The approach can be used strategically in solving congestion related problems in different 

phases. In this sense policy makers can use different problem indicators to identify 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 problems and find one solution 

to solve them both. 

 
6) Apart from the social relevance to policy makers and traffic managers, the approach is 

also beneficial for individual commuters. By recording their travel time and travel distance 

for one or two weeks, commuters can easily calculate the travel time per unit distance of 

all alternative routes they can take to work. Then the travel time reliability of the network 

can be estimated using SPSS. The estimated value can then be used it as threshold value. 

Commuters can stop using routes that took longer than the threshold value. 
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7 Recommendations and future work  
 

This chapters discusses the recommendations to all parties this study concerns. The chapter 
also includes recommendations for future work. 
 

7.1 General recommendations 
 
The analysis method created in this thesis is a problem detection method. In this sense the 
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 
make a route cause analysis for the problem. With this method the cause or causes for the 
problem can be identified. From here a sustainable solution can be tailored for the problem.  
 
A recommended aspect which should be taken into account for tailoring sustainable solutions 
for specific problems is the seriousness of these problems. This 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 side-effects of targeting these areas first, as this could 
cause the probability of certain problems occurring to decrease or even disappear in other 
areas. 
 
As explained in the conclusions the approach can and should also be used to monitor the 
network performance, especially after a solution for a problem has been implemented. This 
will create a feedback loop which traffic managers can use in the future to optimize the 
network.  By doing so policy makers can make small changes in certain areas at the end of a 
certain period of time. Large investments in infrastructural works can be avoided along with 
long construction periods and frustrated commuters. 
 
 

7.2 Recommendations for future work 
 

Travel time reliability 
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 reliability 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 stopping 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. 
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Alternative software tools 

A large portion of the 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 tools. 
 
However these special tools are more advanced and created to process large portions of data 
easily. For this reason it is recommended that for future work other, more advanced tools are 
used which can process bulk data in a shorter amount of time. The recommended tool to use 
for follow up research is FME desktop. 
 

FME software tool (FME desktop, FME server) 

FME is a software tool which was formerly referred to as the Feature Manipulation Engine. 
This tool is produced by Safe Software Inc. and is basically an integrated collection of Spatial 
ETL tools for data transformation and data translation.  
 
FME can be used in combination with GIS, CAD, and BIM. The software also contains a library 
of over 5000 coordinate systems and provides native support for location data. This tool also 
has the ability to process bulk data easily. 
 
For the above mentioned reasons it is highly recommended that FME be used for follow up 
research on this topic in the Netherlands. Apart from the fact that the GPS data can be 
processed very fast, this data can also be translated into data which is coherent to the RD-
New coordinate system of the Netherlands. The coordinate system used in this thesis is the 
geospatial coordinate system (longitude, latitude), but by using RD- New system (Rijks 
Driehoek coördinaten system), which is especially designed for the Netherlands, the accuracy 
of the calculated distances will be much more accurate. This will lead to higher accuracy of 
the results 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. 
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Appendix 2-A. Distribution TM March 2014 



 
Appendix 2-B 
 

87 
 

 

Appendix 2-B 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2-B. Distribution TM April 2014 
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Appendix 2-C. Distribution TM May 2014 
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Appendix 3. Thematic Map March 2014: V < TV 

 

 

Appendix 4. Thematic map March 2014: R > TR 
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Appendix 5. Thematic map March 2014: TT > TTT 

 

 

 

Appendix 6. Thematic map April 2014: V < TV 

 



 
Appendix 3-11 
 

91 
 

 

Appendix 7. Thematic map April 2014: R > TR 

 

 

Appendix 8. Thematic map April 2014: TT > TTT 
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Appendix 9. Thematic map May 2014: V < TV 
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Appendix 10. Thematic map May 2014: R > TR 

 

 

 

 

Appendix 11. Thematic map May 2014: TT > TTT 

 

 



 


