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Kurzfassung 

Die Belastung durch Straßenverkehr nimmt vor allem in großen Städten immer mehr zu. Um 
dieser Entwicklung folgen zu können, ist es notwendig permanent Daten zu sammeln welche 
dazu genutzt werden um einerseits mittels dynamischen Verkehrsbeeinflussungsanlagen 
direkt in das Geschehen einzugreifen, oder andererseits die Daten nachdem sie 
aufgezeichnet wurden aufzubereiten, um etwaige Trends und Verhaltensmuster zu 
analysieren. 

In dieser Arbeit werden Daten, die entlang der Autobahn E4 in der Nähe von Stockholm 
aufgenommen wurden, dazu verwendet, um sie mit Hilfe von in MATLAB umgesetzten 
Methoden so aufzubereiten, dass sie anschließend Einsicht in das Verkehrsverhalten und 
Problemstellen auf dem gegebenen Autobahnabschnitt gewähren. Diese Methoden 
behandeln die Visualisierung von Verkehrsmustern, das Herausfiltern von Regionen, die 
besonders stark von Stau betroffen sind, aber auch Möglichkeiten um ähnliche 
Verkehrsprofile an unterschiedlichen Standorten zu finden.  

Schlagwörter: MATLAB, Toolbox, Verkehrsanalyse, Visualisierung 
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Abstract 

The congestion due to traffic is a worldwide occurrence in major cities, where also the 
biggest part of the human population lives. To be able to control and oversee the ongoing 
traffic development in cities, traffic operators use different methods to observe the current 
trend. This is done by collecting data from stationary sensors to mobile sensors like floating 
car data. 

The data collected from stationary sensors is stored in a central database. This historical 
traffic data is used for analysis of traffic behavior along the main roadway network in 
Stockholm. Areas which are highly congested can be located as well as areas where traffic 
flows without problems. 

This thesis deals with methods to analyze and visualize the traffic behavior based on 
historical traffic data, measured in the city of Stockholm. Therefore a toolbox is implemented 
which is used to figure out bottlenecks and typical speed and flow patterns along the 
Stockholm highway system. Based on the typical speed and flow patterns, it is possible to 
calculate areas that are affected of congestion and also to determine whether congestion 
appears due to an incident or a bottleneck.  

 

 

Keywords: MATLAB, Toolbox, Traffic analysis, Visualization 
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1 Introduction 

When taking a closer look on the traffic on road networks, one realizes that traffic problems 
related to congestion are growing every day, which has such a huge impact on the 
environment and economy that it has become an important topic for local governments to 
deal with these problems. To improve the situation there is a list of approaches that have 
been implemented to control and restrict traffic flow in affected areas. Such a Motorway 
Control System (MCS) recommends speed limits based on automatically detected 
incidents. Additionally to the MCS and traffic information that is provided to drivers there 
are also measures like ramp metering to regulate the flow of traffic that enters the highway 
based on sensor data of the current traffic situation. Most of these systems are based on 
sensor data which is recorded with sensors. The sensor data is not only used as an input 
to these systems but also for analyzing the data over a long period of time. Therefore it is 
collected and saved in a database. 

This Historical traffic data is used for creating an overview of bottlenecks, incidents, 
congestion, peaks, etc. on highway system. This insight into traffic conditions provides 
important information for engineers, traffic planners as well as for researchers what is 
happening on the road. This data also helps to evaluate the network performance in terms 
of travel times on a specific road stretch. Historical traffic data gives a valuable insight in 
what will affect the travel times in the network. Reasons therefore may be the day of week, 
changing weather conditions, incidents, season of year, holiday period, changing prices in 
road charging, etc. All these factors have to be considered on a specific road segment 
when future travel times should be predicted for exactly this segment. 

1.1 Purpose 

Since the amount of traffic increases more and more on the Stockholm highway system, 
there is a need for solutions to avoid congestion and keep traffic streams flowing. The 
purpose of this thesis work is to analyze the data collected on the Stockholm highway 
system to get essential information to design traffic models for short term travel time 
predictions. Besides the focus on designing a traffic model, it is also useful to provide an 
understanding of the current situation on the present traffic situation and to be able to use 
the data for managing traffic situations. 

1.2 Objective 

This paper has the goal to get a clear understanding of occurrences of traffic situations on 
the Stockholm highway system by analyzing historical traffic data, which is collected on 
these road segments and stored in a central data base. 

One objective of the thesis is to find recurring appearances in the historical data measured 
on the Stockholm highway system. Furthermore it focuses on ways to visualize historical 
traffic data. Therefore a toolbox was developed in MATLAB which has some functions, that 
can be used for the analysis and visualization of the data provided in the database. 
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The last part of the thesis deals with the question how the traffic situation on a specific road 
segment can be explained by the usage of historical traffic data and if it is possible to 
predict future traffic situations based on these connections? 

1.3 Methodology 

To achieve a good basis for short term travel time prediction, there are several steps that 
have to be carried out with the best possible accuracy. Since previous research projects 
already set up the collection systems for traffic data, which is already stored into the 
database, the aim of this thesis was to analyze this existing data and generate tools that 
visualize phenomena in the traffic in a meaningful way. 

For analyzing and visualizing the data there were several approaches developed. These 
functions focus on one hand on occurrences in speed and flow profiles and on the other 
hand they filter out sensors which are frequently affected of being congested or 
overloaded. In order to see if occurrences are based on incidents or other reasons which 
lead to the same impact on traffic behavior, average values for speed and flow for each 
day of the week and different time intervals a day are calculated. Since these calculated 
average values include recurring happenings, incidents can be filtered out by comparing 
them to the average values. Furthermore correlated sensors can be found either based on 
long term traffic data or based on speed profiles on specific days. 

1.4 Scope 

The work described in this thesis has the following limitations. The data which has been 
analyzed is covering motorized vehicles only which is detected by the radar detectors on 
the given highway system. There is no differentiation made between the different types of 
vehicles. The data is processed to find correlations between individual road segments. 

For this thesis there was data for April and May 2013 available in the database. If not other 
stated next to the specific figures, it is hereby defined that the figures are based on the 
data of these two month. Furthermore the data is based on data on the Stockholm highway 
system. To get a better insight on the exact area of data collection, see Figure 12. The 
toolbox can be used on any highway system which has historical traffic data in the same 
format available. 

Incidents are not part of the analysis in this thesis work. Furthermore it is also not a goal of 
the thesis to set up a method for travel time prediction. 
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2 Traffic Data 

Since the first traffic sensors were introduced, the technology has been changed and 
improved countless times to make them more accurate and reliable. Without these sensors 
traffic management systems would not be possible. This chapter is dealing with the 
variables of traffic data that can be measured on highway segments in order to use them 
for getting knowledge about traffic situation which are mainly traffic flow, mean speed and 
concentration. Also methods how traffic data can be collected are presented in this 
chapter. 

2.1 Traffic Data Variables 

2.1.1 Traffic Flow 

The traffic flow (q) can be considered as a temporal measurement and is simply the 
number of vehicles, passing a specific point on the road network during a specific time unit. 

 

Figure 1: Components for the measurement of flow 

As shown in Figure 1, the flow 圏 is measured on a single measurment point (red) which 
counts the number of passing by vehicles (N) in a time segment (t). 

圏 =
軽建  

 

Generally, flow can be defined as the total distance travelled by all vehicles in the 
measurement region, divided by the area of this region. (Maerivoet & De Moor, Traffic Flow 
Theory, 2008)  

2.1.2 Mean speed 

The mean speed (u) of a traffic stream represents the distance travelled per time unit. 
There are two methods to measure the speed which is the time mean speed and the space 
mean speed. For both of these two options the variables are the same. To get the speed 懸件  
of single vehicles there are two variables used. The variable ∆捲 is the difference in 
distance and ∆建 is the change in time of the observed vehicle for calculating its speed. The 
variable 軽 represents the number of vehicles that were used for the calculation of the 
mean speed. The index 件 is the counter for the vehicles, beginning from one to 軽, the 
number of vehicles. 

 

 Time mean speed is the average speed of vehicles crossing a point on the roadway 
in a certain time period. 



 

11 

憲建 =

 ∆捲件∆建件件軽 =
 懸件件軽  

 

 Space mean speed is the average speed of vehicles over a segment of the road at 
any given time. 

憲嫌 =
軽 ∆建件∆捲件 =

軽 1懸件件  

 

The spatial measurement is based on an arithmetic average of the vehicles‟ instantaneous 
speeds, whereas the temporal measurement is based on the harmonic average of the 
vehicles‟ spot speeds Maerivoet & De Moor, Traffic Flow Theory (2008). 

The space mean speed is also used in the relationship between flow speed and density. 
Compared to time mean speed, the space mean speed has the better representation of the 
actual speed of vehicles. While time mean speed is easier to measure, since just one spot 
has to be observed, a whole segment has to be observed for space mean speed. In space 
mean speed slow vehicles have a higher input into the calculated mean speed, since they 
take longer to pass the observed road segment. 

It is possible to estimate space mean speed based on time mean speed measurements. 
Therefore we have to assume that the traffic condition is stable and that the vehicles have 
the same speed along the road segment. This trasformation is also necessary for travel 
time prediction models. 

2.1.3 Concentration 

The concentration deals with information about the amount of vehicles on the roadway 
system. There are two variables that can be used.  

 Density (k) is the number of vehicles (N) per unit length of roadway (x), e.g. how 
many vehicles per kilometer of road. 

 

Figure 2: Components for the measurement of density 

倦 =
軽捲  

 

 Occupancy (ρ): If there are no double loop detectors in the road, it is harder to 
compute the speed of the vehicles. Therefore the detectors are used to measure 

 
x 

vehicle vehicle vehicle vehicle 
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the occupancy of a vehicle, which corresponds to the fraction of time the 
measurement location was occupied by a vehicle (Maerivoet & De Moor, Traffic 
Flow Theory, 2008). 

When assuming that all vehicles have the same sength, there is a linear relation between 
the occupancy (�) and the density (k). But since a traffic stream will never consist of 
vehicles with the same length, this relationship can not be used for any statistical 
purposes. 

2.1.4 Headway 

The headway describes the distances between the single vehicles. The possibilities to 
describe the headway are: 

 Time headway (h), is the time between the passages of two vehicles, following 
each other on the same lane of a road stretch. 

 Space headway (s) is the distance of the two cars following each other. 

2.1.5 Fundamental diagram 

The fundamental diagram is the graphical representation of the previous discussed 
parameters flow, density and spatial mean speed. There are two possibilities to set up a 
fundamental diagram, either in three dimensions ore in two dimensions. When having a 3D 
diagram a projection can be used to transform it into three 2D diagrams. These are called 
the Flow-Density (q-k), Flow-Speed (q-v) and Speed-Density (v-k) diagram. Such a 
graphical representation of a two dimensional diagram is shown in Figure 3. 

 

Figure 3: Exemplary figure of a 2D fundamental diagram 

Source: (Kühnel, 2012), page 19)  

Obviously there is a connection between the density (k) and speed (v), which gives that the 
higher the number of traffic participants is, the slower is their speed. This can be seen in 
the fourth quadrant of Figure 3. Furthermore the state will change from stable to unstable 
at a critical traffic density and its corresponding critical speed. The first quadrant of Figure 
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3 deals with the current traffic state of the roadway. This part is generated in two steps. 
The first step consists of the slope of the free-flow speed, while the second part depends 
on the shock wave speed at zero flow and jam density. 

In the third quadrant, the speed-flow curve is representing the speed, where the optimum 
flow occurs on the roadway system. 

In the q-k part of the diagram, the continuity equation can be expressed by the formula 圏 = 懸 兼剣兼 ∗ 倦 

 

In addition to the exemplary figure of the 2D fundamental diagram there is a fundamental 

diagram, which was generated with the functions that were implemented in course of this 

thesis in MATLAB. 

 

Figure 4: Fundamental diagram and historical traffic data 

In the fundamental diagram in Figure 4 there were some curves added to make the trend 

of a general fundamental diagram more obvious. The plots based on the historical traffic 

data fit those trend lines very good. In the Speed over Flow diagram in the upper right 

corner the following observation can be made:  

It is possible to have two different speed levels at the same traffic flow. The difference is 

that once the situation is in a stable regime and in the other situation is in an unstable 

regime. Which means that cars can go with their desired speed until the capacity is 
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reached. Then the traffic status changes from a stable regime to an unstable regime and 

congestion builds up. When the state congestion occur flow and speed decreases again. 

2.1.6 Shockwaves 

A shock wave is the boundary between different traffic conditions due to variations of flow, 
capacity or speed. These changes may occur due to changes of the infrastructure or static 
traffic signs, but also due to unexpected incidents like a slow vehicle, weather conditions or 
an accident. The change of the condition happens quite abrupt, without time to accelerate 
or brake slightly. 

 Forward forming shock wave: Not a quite common shock wave. As the name 
says it is moving forward, so in the same direction than the traffic flow is moving 
and it is causing more and more congestion over time. 

 Frontal stationary shock wave: A frontal stationary shock wave occurs e.g. at a 
bottleneck, as long as the bottleneck operates at its capacity. That means that no 
congestion is produced within this shock wave. 

 Backward recovery shock wave: This type of shockwave occurs when a 
congested road suddenly increases its capacity (due to infrastructural reasons) and 
the congestion is disappearing along the shockwave, which is moving in the 
opposite direction than the traffic stream. 

 Forward recovery shock wave: If the demand on a congested road is decreasing 
again, the length of the congested area decreases by the speed of the forward 
recovery shock wave. The point, in which the frontal stationary and the forward 
recovery shock wave are meeting, is the termination of the congested period. 
Forward means that the shockwave is moving in the same direction as the traffic 
stream. 

 Rear stationary shock wave: traffic demand is equal to traffic flow in the 
congested region. 

 Backward forming shock wave: If the demand increases and is getting higher 
than the actual capacity is, a jam is going to build up with the speed of the 
backward forming shock wave. Backward means, that the shockwave is moving in 
the opposite direction than the traffic stream and forming means, that the 
shockwave creates a longer and longer congestion over time. 

2.2 Collection of Traffic data 

The collection of traffic data is one of the most important input parameters for all tasks 
regarding the management and safety issues of today‟s traffic situations. Collection points 
are set up to get information about the amount of traffic moving on a certain road segment, 
to detect incidents and observe regulations. For these tasks there are several technologies 
available. Each of these technologies has its own properties which makes it indispensable 
for certain tasks. 
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As an introduction to this topic, Table 1 gives an overview on the possibilities and 
properties of different sensor technologies. 

Table 1: Traffic Detector Overview 

Detector Type Volume / Count Speed Occupancy 

Inductive Loop Detector x x(1) x 

Radar Detector x x x 

Active Infrared x x - 

Passive Infrared x x x 

Bluetooth x x x 

Floating car data - x x 

Video Image Processing x x x 

 

x(1) 
Speed can be measured by dual-loops with a known distance apart, or by algorithms 
with a single-loop assuming the length of the detection zone and vehicle 

 

In the following subtopics, there are three traffic data collection methods explained, which 
are actually applied to gather the data, used in the project. 

2.2.1 Radar 

The term radar stands for “radio detection and ranging” and is based on a travel time 
measurement of electromagnetic waves which are transmitted by the radar device, 
reflected at an obstacle – in this case a vehicle – and finally received of the radar sensor. 
Based on the travel time, and the propagation speed it is possible to calculate the distance 
of the obstacle. 

There are various types of radar sensors, which makes it possible, to install them either at 
the side of the road or on overhead constructions. Sensors mounted on the side are able to 
measure more lanes at once. Overhead sensors are usually adjusted to detect the traffic 
on one lane. The method, to collect just one lane per sensor is more precise. 

According to Wolff (2012), a radar system is based on the three principles: 

 Reflection of electromagnetic waves: electromagnetic waves are reflected, if they 
hit an electrically conducting surface. An object is detected, if the reflections are 
received again from the original sender. 

 Constant speed of electromagnetic waves: the constant speed, which is 
approximately the speed of light, makes it possible to compute the distance 
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between the object which reflected the wave and the radar sensor by measuring 
the cycle time of the wave. 

 Straight propagation of electromagnetic waves: basically the wave propagates in a 
straight line, which makes it possible to determine, in which direction the reflecting 
obstacle is located. 

As already mentioned above, the determination of the distance to the object is done via the 
running time of the transmitted signal. 迎 =

潔0 ∗ 建
2

 

Where 潔0 is the speed of light (3*108 m/s), 建 is the measured running time in seconds and 迎 is the slant range, which means the actual range between the target and the radar. 

2.2.2 Video 

Video detectors are probably the most multifaceted type of sensor used for capturing traffic 
data. The type of video detector depends on its task. This means that there are special 
cameras for counting and classifying traffic, for ANPR (Automatic Number Plate 
Recognition) purposes or for detecting incidents, which has to observe a wider angle. Like 
the radar sensors, described above, video detectors are installed either over the center of 
a lane or on the side of the road. According to Gillman (2007) video detectors were 
introduced due to the possibility to get a better imagery to human operators, which makes 
it easier for them to interpret data. Nowadays applications use video image processing to 
analyze the captured videos automatically and to extract the information needed for further 
tasks like traffic surveillance and traffic control. 

Video image processing software use the captured, digitized picture frames to compare 
them based on the color changes of single pixels or pixel groups. The software is able to 
include information about shadows due to the changing position of the sun, weather 
conditions or daytime and nighttime changes. Furthermore the software can categorize 
captured object either as cars, trucks, motorcycles or bicycles (Gillman, 2007). 

A further point to be discussed is the difference of detecting a car when approaching the 
detection location or when it is departing. Basically the detection of the backside of the car 
has more advantages, since there are no problems which may occur due to headlights, 
which are reflecting on wet road surface. Furthermore it is more likely that a car follows a 
truck with too little distance between the vehicles. This scenario has the result that the car 
is hidden behind the truck and cannot be detected. If the detection system is adjusted to 
measure vehicles that already passed the camera, there is the big advantage that the 
vehicle is close to the detection system when the first picture is taken. This is an advantage 
especially if the system also uses ANPR software. Additionally, if the vehicles are detected 
when they already passed the detection point, the cameras are rather hidden than visible 
for the drivers. That does not have the effect that they slow down their vehicle because 
they confuse the cameras with speed traps which leads to more representative data. 
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The biggest advantage of video detection systems is the visual feedback, which allows an 
operator to check immediately if the detector is working in a correct way or not. 
Furthermore the costs for installation are low compared to other systems which have to be 
mounted in the pavement. Due to the installation over road level it is not necessary to close 
roadways during installation and maintenance works. The service costs for camera 
systems are also low. Since the cameras itself are durable, the main effort is to keep the 
lens of the camera clean. 

2.2.3 Inductive Loop Detectors 

Loop detectors are one of the most common techniques in measuring traffic flow or the 
presence of vehicles. Basically the whole system consist of three parts, which are the loop 
itself, which is mounted under the road surface, the detection device and the loop 
extension cable, which connects the inductive loop with the detection device. The task of 
the detector is, to provide electric current to the loop, which causes a magnetic field in that 
area. If there is nothing else in the area of the loop detector, it resonates at a specific 
frequency. If a vehicle is passing the magnetic field, the resonance frequency increases. 
The more the car disturbs the magnetic field, the higher is the change in frequency. 

The installation of loops can be done on one hand before the pavement is installed or in an 
existing road surface by cutting small rills in the pavement. 

Principally there are two ways to use inductive loop detectors which are single loop 
detectors or dual loop detectors. While single loop detectors are often used in combination 
with controlling traffic lights, dual loop detectors have the advantage that it is easy to 
compute the speed of a vehicle, and also which direction it is moving in. 

To compute the speed of a vehicle, measured by a single loop detector, it is necessary to 
apply an estimation model, based on existing traffic data. If the roadside is equipped with 
dual loop detectors, this task is easier and more reliable, since the distance between the 
two loops is constant and the detection of a vehicle, passing the two loops is time-
displaced. With help of the time difference and the difference in space, where the loops are 
located, it is easy to compute the speed. Furthermore the direction of vehicles can be 
measured. This is important on highway off-ramps, to check if a wrong-way driver is going 
to enter the highway. 

2.2.4 Floating Car Data 

Besides the fixed detectors, it is also common to use probe data, collected by vehicles, 
experiencing the actual traffic situation. This type of data is called floating car data (FCD). 
This type of data collection provides real-time information about the individual route the 
vehicle took. Probe cars submit their time-stamped current position of the vehicle as well 
as the speed to a central operator via a mobile connection. 

Basically there are two types of floating car data. On one hand there is a system, where 
data is collected via cellular phones, and on the other hand there is a system which 
collects data based on a GPS module. 
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While in the method with GPS modules, the car has to be equipped with an additional 
device, floating car data based on cellular phone can be performed without installing a 
GPS device in the probe vehicle. The only requirement is, that there is at least one mobile 
phone in the probe vehicle collecting its current position and transmits it to the operator. 
The position is determined by triangulation between the cell antennas the mobile phone is 
connected to. Since floating car data is mainly collected in urban areas, this method is a 
very precise one, since the distance between the antennas is quite close. 

2.2.5 Bluetooth 

Bluetooth is a wireless technology standard using 2.4 GHz radio frequencies and can be 
used for exchanging data over short distances. The range of Bluetooth connection is 
limited by its classification. While class 1 Bluetooth transceiver have a typically range of 
100 meters, the range of class 2 Bluetooth chips is about 10 meters and class 3 
transceivers can exchange data over a distance of about 1 meter 

The setup for using Bluetooth for travel data collection is based on measuring the travel 
time. The detectors are installed on a road stretch with a known distance in between. All 
Bluetooth devices that are detected by the sensors are stored with a time stamp. Since 
each detected device is identified with a MAC address it is possible to search for these 
addresses that appeared at more than one sensor. If there are more detections at different 
sensors, the time difference between the detections and the difference in space leads to 
the time it took the vehicle to move from one sensor to the other. 

Bluetooth can be used to provide real time traffic information as well as storing values of 
current flow and volume as historical traffic data. One limitation of this strategy is that only 
vehicles with a Bluetooth device on board can be detected. This is no problem to measure 
travel times and give information about the current traffic situation, but it is hard to measure 
the actual traffic flow, when taking into account, that not all vehicles are equipped with this 
technology. 

2.3 Capacity, Traffic Demand, Level of service 

Nowadays the Level of Service (LoS) on a given road network depends on two factors. On 
one hand it depends on the capacity of the given network with all its characteristics and on 
the other hand, it depends on the travel demand, which is varying with the amount of 
vehicles using the road. According to Mathew & Rao (2006) capacity is defined as the 
maximum number of vehicles, passenger, or the like, per unit time, which can be 
accommodated under given conditions with a reasonable expectation of occurrence. It 
gives information about the physical amount of vehicles and passengers a road can handle 
and is independent from the demand. The capacity on highways is defined by the Highway 
Capacity Manual as the maximum hourly rate at which persons or vehicles can be 
reasonable expected to pass a point or segment of a lane or roadway during a given time 
period under prevailing roadway, traffic and control conditions Mathew & Rao (2006). 
These three factors cover the geometric characteristics of the road, the actual traffic 
composition as well as the controlling elements such as traffic signals. Travel demand is 
defined by Ullah, et al. (2011) as the amount of traffic, which travels from a specified origin 
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to a specified destination on a transportation network. A travel between two points for one 
purpose is defined as a trip. For one trip it is possible to use more than one mode. 

These two described factors – travel demand and capacity of a road segment – are 
influenced by a lot of external factors Weijermars (2007). While travel demand is 
depending on human factors, the capacity is given by the road design, its regulations and 
variations caused by incidents. Travel demand is a result of the need to manage various 
tasks at various times and various locations. This means the person concerned has to take 
various trips to get from home to work, from work to shopping and from shopping back 
home. Additionally there may be trips with further purposes. Furthermore travel demand on 
the highway system is dependent on factors like the modal split, which may change due to 
new infrastructure, new regulations or weather conditions. 

While capacity gives a quantitative measure of traffic on a certain roadway segment, the 
level of service is a qualitative measure that gives information about the actual situation on 
the road. For a specific roadway segment the capacity keeps constant, but since the 
demand changes with the time, the traffic flow increases or decreases, and thus influences 
the travel time. Depending on the ratio of capacity and vehicles, the level of service is 
divided according to the highway capacity manual (HCM) into six steps from level A to 
level F, where level A represents the best quality and level F represents the worst quality. 

Level A represents free flow condition. Level B is nearly the same, but the freedom of the 
driver is slightly restricted due to other traffic participants. In the next level other traffic 
users start to restrict the driving behavior of other drivers. It is possible that queues appear 
after slow vehicles. At services level D, the average speeds starts to decrease with 
increasing flow. Level of service E means an operation at capacity, which means a 
maximum density limit. Small incidents cause a breakdown of the traffic stream. The sixth 
level, level of service F represents the region of breakdown and forced flow. 

2.3.1 Changes of capacity due to weather conditions 

Inclement weather conditions cause variations in road traffic. These conditions include rain, 
snow, fog and ice, which limit the visibility of the driver and causes slippery roadways. 
These circumstances entails that drivers have to reduce their speed and increase the 
distance between the vehicles. According to Chin, et al. (2004), such weather conditions 
reduce the roadway capacity and increase delays. 

A study performed by Datla and Sharma (2007) based on traffic data collected on 
provincial highways in Alberta, Canada and climate data, also from this region shows the 
effects of cold and snowy conditions on the volumes of traffic. Datla and Sharma (2007) 
define the term cold weather with a temperature below -25°C. According to this study, the 
impact of cold weather can be seen on commuter roads, as well as on recreational roads. 
In detail, on commuter roads the impact is very low. Traffic volume changes between 0% 
and -14%. Also the difference between weekdays and weekends is little. On the other 
hand, the study states, that the impact of cold weather is high for recreational roads, which 
is in numbers a change is between 0% and -31%. 
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Datla and Sharma (2007) also researched the impact of snow on the traffic volume on 
commuter and recreational roadways. Especially on commuter roads, snowfall does not 
have a big impact on the daily traffic volume. The reason may be the large amount of trips 
that are necessary, because there is no other possibility to get to work. On the other hand, 
recreational roads have a similar behavior like commuter roads. In case it is a cold day 
(below -25°C), the volume on recreational roads decreases like described above. 

While this study shows, that the demand on commuter roads is not very much influenced 
due to cold and snowy conditions, the capacity of the roads is decreasing. The following 
Table 2 shows the speed and capacity reduction due to weather conditions, based on loop 
detector data from different regions of the United States.  

Table 2: Speed and Capacity Reduction due to Weather Conditions 

Weather 

Condition 

Highway Type 

Urban Freeway Rural Freeway 

Capacity Speed Capacity Speed 

Light Rain 4% 10% 4% 10% 

Heavy Rain 8% 16% 10% 25% 

Light Snow 7.5% 15% 7.5% 15% 

Heavy Snow 27.5% 38% 27.5% 38% 

Fog 6% 13% 6% 13% 

Ice 27.5% 38% 27.5% 38% 
Source: Chin, et al. (2004, p. 50) 

The separation in Table 2 into light and heavy rain or snow is done with the limit of 1 inch 
per hour. This results that if there is more than 25.4 mm per hour rain or snow, it is defined 
as heavy, otherwise as light. Chin, et al. (2004) also states, that rain is the most significant 
weather factor and responsible for 71% of all weather delay. 

2.3.2 Changes of capacity due to incidents 

Since incidents like crashes influence the capacity of a freeway very much due to blockings 
of one or more lanes Chin, et al. (2004) conducted a study to find out the influence of 
crashes on the freeway capacity. 

Table 3: Capacity reduction due to incidents 

Effect of crash 
Number of freeway lanes 

1 2 3 4 5+ 

Vehicle on shoulder 0.45 0.75 0.84 0.89 0.93 

1 lane blocked 0.00 0.32 0.53 0.50 0.75 

2 lanes blocked - 0.00 0.22 0.34 0.50 

3 lanes blocked - - 0.00 0.15 0.20 

4 lanes blocked - - - 0.00 0.10 

Source: Chin, et al. (2004, p. 19) 
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Table 3 shows the change in capacity due to crashes on freeways. The normal capacity 
would have the value 1.00. The significance of capacity reduction is based on two factors. 
These are the number of existing freeway lanes on the affected segment, as well as the 
number of actually blocked lanes due to the incident. 

Other variations in traffic volume are caused by breakdowns, construction sites, railroad 
crossings or toll facilities. These types of variations are not discussed in this thesis. 

2.4 Evolution in space and time 

Since the amount of traffic on a road is changing according to the time, space and travel 
behavior, this subchapter deals with these variations in traffic flow. According to 
Weijermars (2007) variations can be split up into three main parts, which are the temporal 
variations, the spatial variations and the variations due to travel behaviour. 

Furthermore there are also variations caused by the influence of weather like rain, snow or 
ice. But also incidents can cause variations of freeway traffic. 

2.4.1 Temporal 

Since traffic data is changing with every car detected at a sensor, it is common, that data is 
collected for a defined time period. Afterwards the average speed and flow values are 
computed for this interval. The length of the interval depends on the purpose of the 
measurement. 

In case of this thesis, the used data from the project “Mobile Millennium Stockholm” 
(Allström, Gundlegård, & Rahmani, 2011) is gathered in intervals of one minute and 
provided in the database. 

For further analysis of the gathered traffic data, an interval of one minute would cause 
immense amount of data processing. Furthermore when taking a look at a diagram of the 
speed over a day, it may have more expressiveness when these intervals are longer. A 
typical interval for observing one day is one hour. Daily flow profiles are also differing 
between weekdays and weekends. During weekdays there is usually a morning and an 
afternoon peak, when commuters go to work or vice versa (home-based work trips). 

In addition to the variation within a day, there are also temporal variations between 
different days of the week. Figure 5 shows the curve of traffic speed on Mondays 
compared to Sundays. Due to commuter traffic the speed level decreases in the morning 
and afternoon on Mondays. This observation cannot be made on weekends. 
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Figure 5: Comparison of average Monday and Sunday speeds in Stockholm 

Figure 6 shows that the traffic flow on the weekend is lower compared to the other 
weekdays. Additionally the typical increase in flow can be seen at about 06:00 in the 
morning which goes simultaneously with the speed decrease. These two facts lead to the 
implication that there have to be a lot more road users on Mondays compared to Sundays.  

 

Figure 6: Comparison of average Monday and Sunday flow in Stockholm 

When comparing not only days of a single week, but over a whole year, there can be some 
peaks mentioned that occur during holiday seasons, especially on routes to famous 
tourism regions. In holiday season, especially on weekends, when vacationers are on their 



 

23 

way home or on their way to their vacation destination roads are congested. On the other 
hand, the volume on weekdays is quite low during the holiday season, compared to the 
rest of the year. 

2.4.2 Spatial 

The spatial variations in traffic volume depend very much on the given infrastructure. Since 
traffic does not change only within space, but also with time, it is more common to talk 
about the spatial-temporal traffic variations. These spatial-temporal patterns are mainly 
used for two purposes. These are the movement of a traffic stream through the network, 
which is used in traffic forecasting, but also the built-up of congestion at bottlenecks can be 
predicted due to spatial-temporal patterns (Weijermars, 2007). 

Regarding to spatial-temporal traffic patterns, Kerner (2003) stated, that these spatial-
temporal patterns have a number of reproducible and predictable spatial-temporal 
properties. Kerner (2003) mentions the following six properties in his paper: 

I. Congested patterns, which appear at effective freeway bottlenecks or at freeway 
sections with several bottlenecks, and are close to each other. There are several 
subcategories of this type of congested pattern, which are synchronized flow 

patterns, general patterns, or expanded congested patterns, which occur most often 
at a given traffic demand. These synchronized flow patterns can be further 
segmented in three types: the moving synchronized flow pattern (MSP), the 
widening synchronized-flow pattern (WSP) and the localized synchronized-flow 

pattern (LSP). 

The general patterns consist of the two traffic phases “synchronized flow” and “wide 
moving jam”. The synchronized flow phase occurs upstream of the freeway 
bottleneck, and wide moving jams occur impulsively in that synchronized flow area. 

Furthermore, there is the third type of congested pattern, the expanded congested 
patterns, which can occur, if two or more bottlenecks are close to each other. This 
has the effect that a wide moving jam, which occurs at one of these bottlenecks, 
propagates downstream until it reaches the next bottleneck, which is affected of by 
another wide moving jam. 

II. When traffic demand is changing over time, there will be problem clusters at the 
border of different areas, which have different spatial-temporal traffic patterns. 

III. Which type of traffic congested pattern explained in I. occurs, can be found out by 
analyzing traffic measurements of several days. With this process, the probability of 
a certain pattern can be found as a function of the actual traffic demand. 

IV. If the pattern that occurs is a general pattern, it should give information if the 
freeway congestion is week or strong, as well as the mean length of the jam. Also 
the region that causes the congestion can be found in the information of general 
patterns. Furthermore the average speed and density at the bottleneck can be 
found with the general pattern. 
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V. If the pattern that occurs is an expanded congested pattern, it should give 
information about the number of bottlenecks, which cause the wide moving jam as 
well as the location of the most-upstream bottleneck. 

VI. For the special case, that there are bottlenecks, where moving jams disappear, 
special types of congested patterns have to be used for this task. 

Kerner (2003) states, that based on these ongoing measurements described in III., a 
database for spatial-temporal congested pattern can be created. These patterns are 
related to days, which have the same characteristics. If there are several patterns that fit to 
traffic measurements of a day, there need to be a probability to find the one, which fits 
best. 

If such a database is installed with a certain amount of different traffic patterns, and traffic 
measurements are done, the actual data can be compared with the stored traffic patterns. 
This procedure can be used for reliable prediction of traffic patterns for a given section on 
the freeway. 
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3 Traffic models 

The prediction of traffic behavior is based on multiple factors, which can influence the 
outcome of the prediction process like flow, time, speed or demand. For this thesis, the 
main source of information is historical traffic information in the database. In general, the 
whole process of travel time prediction is based on the travel demand on roadway 
networks. This demand is discussed in the following subtopic. 

Additionally there are two types of models discussed, that can be used for travel time 
prediction. On one hand, there are traffic models, described in Chapter 3.3, and on the 
other hand there are statistical models, discussed in Chapter 3.4. 

3.1 Travel Demand based on Travel behavior 

As already mentioned in Chapter 1.1, traffic volume depends on one hand on the capacity 
of the given network with all its characteristics and on the other hand it depends on the 
travel demand. Travel demand is very much dependent from the travel behavior in the 
analyzed area of a country, which is discussed in this section of the thesis based on the 
four step classical urban transportation planning model. 

According to Maerivoet & De Moor (2008) the first three steps of the four step model can 
be seen as a methodology to define the travel demand for special conditions and activities, 
where the travel demand is expressed in a so called origin-destination matrix, where the 
origins are the “sources” and the destinations are the “sinks”. At the end of the first three 
steps information about how many trips ares generated due to all aspects taken into 
consideration. The last, fourth step combines the output of step three with the actual traffic 
network. These four steps are discussed in detail in the following section. 

 

 

I. Trip generation: This first step deals with three important terms, which are 
productions, attractions and purpose. Basically the research area is split up to 
several cells and the output of the first step trip generation is the knowledge about 
all trips that originate in a certain cell (productions) or which destination is in a 
certain cell (attractions). The connections between these origins and destinations 
are so called trips, which are closely linked with the third important term, the 
purpose. According to (McNally, 2007) there are typically at least three different trip 
purposes defined which are home-based work trips (HBW), home-based other (or 
non-work) trips (HBO), and non-home-based trips (NHB). 

I. Trip 

Generation

II. Trip 

Distribution

III. Mode 

Choice

IV. Route 

Choice
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In the case the trip starts or ends at home, the trip end “home” is always the 
production and the other trip end is the attraction. In case of NHB, the source is the 
production while the sink is the attraction. If more trip purposes are combined it is 
called trip chain. The goal of this first step is to give information about the 
magnitude of the travel demand, including all activities, which are transformed and 
aggregated into trips, at a certain time of the day e.g. morning or afternoon peak 
(Maerivoet & De Moor, 2008). 

II. Trip distribution: The aim of the second step is to find out the number of trips, 
which have their origins in one common zone as well as their destinations in a 
common zone. The output of the second trip distribution is an origin-destination-
table which is indirectly based on the productions and attractions discussed in step 
I. The size of the origin-destination table depends on the number of cells taken into 
consideration. Each cell gets its own row i and column j. A value in the origin-
destination table in row number i and column number j represent the number of 
trips, that were taken from Origin cell i to destination cell j. Values in fields where i = 
j represent trips that had their origin and destination in the same cell. 

Table 4: Exemplary origin destination table 

  j 

  1 2 3 j 

i 

1 T11 T12 T13 T1j 

2 T21 T22 T23  

3 T31 T32 T33  

i Ti1   Tij 

 

Since the generated trips from the previous step are valid for a certain time of the 
day, Maerivoet & De Moor (2008) advises to use the terms time-dependent or 
dynamic origin-destination tables. The values which are represented in the table are 
called Tij and depend on several factors. One method to compute them is shown in 
the following equation. The explanatory variables are �, which stands for 
production/population, � which represents the attraction of a cell and 建 for the travel 
time. 劇件倹 = 血劇経(�件 , �倹 , 建件倹 ) 

For the calculation of trip distribution a function with three input parameters is used. 
These parameters are based on the production of the origin cell, the attraction of 
the destination cell and the travel impedance. This travel impedance between 
difference cells depends on e.g. the travel time or the travel costs and is computed 
directly, mostly via measurements of actual travel times. 

The calculation for internal trips is usually done with the help of a gravity model. 劇件倹 = 欠件 , 決倹 , �件 , �倹 , 血(建件倹 ) 
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With 

欠件 =   決倹 , �倹 , 血(建件倹 ) 倹  −1

 

決倹 =   欠件 , �件 , 血(建件倹 ) 件  −1

 

The formula to compute the factor 血(建件倹 ) is according to (Martin & McGuckin, 1998) 

is the following: 血 建件倹  = 欠 ∗ 建件倹 決 ∗ 結潔∗建件倹  
For the parameters a, b and c (Martin & McGuckin, 1998) provides the values in  

Table 5: Parameters for intrazonal trip distribution 

Trip purpose a b C 

HBW 28507 -0,020 -0,123 

HBO 139173 -1,285 -0,094 

NHB 219113 -1,332 -0,100 

 

With these values it is possible, to compute also the values for the diagonal entries 
in the origin-destination table. The biggest problem is to calculate values for so 
called through-trips, which means trips that have neither their origin nor their 
destination in the evaluated cell. For this purpose there are again models e.g. by 
Horowitz and Patel. 

After the first two steps are completed, the last two steps are following. While transport 
users do not have opportunities to influence the model in step I. and step II, the last two 
steps depend very much on the decisions of the traffic participants. For the first two steps 
there are models available, which are used to catch the users behavior. 

III. Mode choice: The third step is based on the origin-destination table generated in 
the previous step and combine it with the given traffic network a passenger could 
choose. That means all modes available for the trip have to be taken into 
consideration. 

This third step has the biggest influence in the variation of traffic demand on the 
road network, since the person, who needs go move from A to B can choose which 
mode fits best, is the most convenient, or the cheapest one.  

IV. Route Choice: Finally the demand which was computed in the third step is 
combined with the actual traffic network, and finding out, which routes travelers 
choose. Most of the travelers tend to use the shortest route in time between its 
origin and destination. This route would be optimum. 
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3.2  Calibration  

The steps performed in the previous chapter depend on a number of parameters and 
inputs that need to be calibrated to ensure their accuracy. This calibration can be carried 
out either off-line or on-line. While off-line calibration is based on data, which is collected 
over a longer period of time and stored in a database, on-line calibration uses real-time 
data from sensors of the target network. On-line calibration data involves information about 
weather, road surface conditions and incidents into the demand process (Antoniou, 
Balakrishna, Koutsopoulos, & Ben-Akiva, 2009). 

3.2.1 Off-line calibration 

Off-line calibration is typically based on large databases which contain data of previous 
measurements on the street segments of interest. Furthermore off-line calibration is not 
temporally sensitive, which means that computational requirements are not quite high, 
since it has no effect how long the process takes (Antoniou, Balakrishna, Koutsopoulos, & 
Ben-Akiva, 2009). 

3.2.2 On-line calibration 

The difference in on-line calibration is that it dynamically adjusts the off-line calibrated 
parameters which make the progress even more precise, due to the updates and inputs 
using real-time sensor information. Since the real-time data needs to be processed fast, 
the computational requirements are much more important than in off-line calibration. Also 
the parameters this type of calibration focusses on are different than in off-line calibration. 
While off-line calibration is based on a database which contains all inputs and parameters 
which are necessary for a dynamic traffic assignment, in on-line calibration the focus is on 
a specific set of parameters which are appropriate (Antoniou, Balakrishna, Koutsopoulos, & 
Ben-Akiva, 2009). 

3.3 Traffic flow models 

The important topic of traffic congestion was present long time ago and it may be traced 
back to Roman times (Gazis & Edie, 1968). Congestion was not caused by motorized 
vehicles like nowadays, but historic vehicles already congested important roads. Since 
cars and trucks became popular, the problems grew fast and they spread from traffic 
hotspots to suburbs, while the centers of cities are affected even more. 

Since there were a lot of investments in automobile industry it is not surprising that the 
sector grew very fast in the last century after World War II. Therefore it was necessary to 
find a way of controlling and managing the growing amount of automobile traffic on streets 
and highways. This leads to the scientific study of traffic flow in the 1930s with the 
application of probability theory to the description of road traffic and with the pioneering 
studies conducted by Bruce D. Greenshields at the Yale Bureau of Highway Traffic 
(Greenshields, George, Guerin, Palmer, & Underwood, 1961) on the study of models 
relating volume and speed and the investigations of performance of traffic at intersections 
(Lieu, 1999). The First International Symposium on the Theory of Traffic Flow was held in 
the year 1959 (Lieu, 1999), which is still held on a regular basis. Additionally there are a 
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number of other symposia and conferences which are dealing with the complex topic of 
traffic flow theory. 

Efforts were made to fit linear or other curves to field data, based on observations of traffic 
flow or volume (vehicles per unit time passing a point), or concentration or density 
(vehicles per unit length of roadway lane), and of traffic speed (Gazis & Edie, 1968). The 
goals of these efforts were to get information about the capacity of the road network. 

In the 1950s traffic flow models were discussed which took the detailed motion of cars 
proceeding close together on a single lane, which describes the “microscopic” approach in 
which an attempt is made to describe the behavior of the average individual driver when he 
must follow the cars ahead on a single lane. Some years later a different model of traffic 
flow was introduced which treated the traffic as a continuum. This second approach is the 
“macroscopic” model on theories of fluid motion, and is useful in describing the variation of 
aggregate measures of either single-lane or multilane traffic (Gazis & Edie, 1968). 

Between these two approaches there is the mesoscopic scale. Before discussing these 
three approaches in detail in the following three subtopics, there is a short definition of the 
three varieties, given by the California Department of Transportation. 

Microscopic: Microscopic models cover the dynamic and random modeling of individual 
vehicle movements within a system. Each vehicle is moved through the 
network in small time steps and according to the physical characteristics 
of the vehicle, the fundamental rules of motion and the driver behavior. 

Typical microscopic variables are length, acceleration rate, acceleration 
times, velocity times and distance. 

Mesoscopic: Mesoscopic models are a combination of microscopic and macroscopic 
attributes. While they still simulate individual vehicles they describe their 
activities and interactions on macroscopic relationships. 

Macroscopic: Macroscopic models take cumulative traffic stream characteristics into 
consideration. Other than the microscopic model, the macroscopic model 
is not based on tracking individual vehicles, but they use equations on the 
conservation of flow and how incidents in traffic flow broadcast through 
the system like a shockwave. The aim of macroscopic models is to 
simulate traffic on transportation networks, such as freeways, corridors 
and rural highways. These models can be used to predict congestion 
caused by traffic demand or incidents in a network. 

Typical macroscopic variables are speed, flow and density. 

When considering a model that fits for a whole highway segment it is necessary to take 
microscopic and macroscopic models into account in order to be able to model the effect of 
incidents in detail. 
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3.3.1 Microscopic 

In a microscopic approach to traffic, the behavior of each vehicle is analyzed separately, 
and the interaction is taken into account through models, which describe the car-following 
or lane-change behavior. The main limitation for using microscopic models in a network is 
the huge amount of parameters to calibrate. Therefore this approach of characterizing 
traffic flow is not suitable for the thesis aim, which is to describe the whole traffic flow on 
the Stockholm highway system. Nevertheless, the basic variables are explained in this part 
of the thesis. 

Examples of the microscopic traffic flow variables are single vehicle space coordinates and 
their time-dependence, a time headway (net time distance) τ [s] and a space gap (net 
distance) g [m] between two vehicles following each other, a single vehicle speed v [km/h] 
or [m/s], a vehicle length d [m]. In particular, vehicle space coordinates and their time-
dependence can be used for the reconstruction of vehicle trajectories, i.e. the trajectories 
of vehicles in the space-time plane. (Kerner, 2009) 

To get information about vehicles passing on the roadway systems, sensors are needed. 
There is a big variety of sensors that can be used e.g. loop detectors. 

 

 

Figure 7: Local and spatial measurement for a single link 

In case of a double loop detector system every measurement point takes two 
measurements which allow detecting the speed of the vehicle passing by. Additionally the 
net time distance between the single vehicles can be measured as well as the flow, which 
is the number of vehicles passing the measurement point per time unit, e.g. per hour. 

Microscopic vehicle movements can be described within a trajectory line in a time-space 
diagram. If there are two vehicles travelling after each other, with the exact same speed 
and on the same traffic lane, the two trajectories are parallels in the graph. The speed of a 
vehicle is given by the first derivative with respect to the trajectory. (Immers & Logghe, 
2002) 

懸 建 =
穴捲(建)穴建  

 

Measurement Point i Measurement Point i+1 

Road Section S 

s 

S 

vehicle vehicle vehicle 

vehicle vehicle vehicle vehicle 



 

31 

The second derivative describes the acceleration of the vehicle at a specific point in time. A 
positive value as a result means an accelerating car while a negative value for acceleration 
represents a breaking vehicle. 

欠 建 =
穴2捲(建)穴建2

 

Since time and distance can be measured quite easily, the speed and acceleration can be 
computed for every single car. 

As already mentioned, the interaction between vehicles is taken into account through 
models. Such microscopic traffic models are the car following model or the lane changing 
model. The standard model components for these two models are mentioned below. 

Car following model 

A car-following model analyses the behavior of the driver of a vehicle, which has another 
vehicle driving in front of it, if the preceding vehicle constrains the behavior of the vehicle of 
interest. 

According to Olstam and Tapani (2004) a car-following model should deduce in which state 
a vehicle is in and what actions it applies in each state. A common setup is to use three 
states which mean one for free driving, one for normal following and one for emergency 
brakes. 

The probably most common model is the Gazis-Herman-Rothery (GHR) models (Olstam & 
Tapani, 2004), which is also one of the first car-following models. This model controls the 
actual following behavior based on the relationship between a leader and a follower 
vehicle. It states that the follower‟s acceleration is proportional to the speed of the follower, 
the speed difference between follower and leader and the space headway (Olstam & 
Tapani, 2004). 

欠券 建 = 糠 ∗ 懸券紅 ∗ (懸券−1 建 − 劇 − 懸券(建 − 劇))

(捲券−1 建 − 劇 − 捲券(建 − 劇))紘  

The parameters of this Equation can be described as following: 欠券(建) Acceleration/deceleration of the follower 懸券(建) Speed of the following vehicle 懸券−1(建) Speed of the leading vehicle 捲券(建) Position of the following vehicle 捲券−1(建) Position of the leading vehicle 糠, 紅, 紘 Model parameters to control the proportionalities 

According to Al-Jameel (2009) the Gazis-Herman-Rothery model has some limitations. The 
most important ones are: 
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 The follower reacts to any small changes in the relative speed of its leader. 
 The follower is affected by its leader even if the distance between them is 

significant. 
 There is no obvious connection between driver‟s behavior and the parameters 糠, 紅 

and 紘. 

A study (Al-Jameel, 2009) on the three model parameters (糠, 紅, 紘) came to the conclusion, 
that the model is calibrated best with this setup: 

For acceleration: 糠 = 1.2 紅 = 1.0 紘 = 1.4 

For deceleration: 糠 = 1.2 紅 = 1.1 紘 = 1.4 

Lane change model 

Lane change models describe the behavior of a vehicle when changing from one lane to 
next adjacent lane and its impact on traffic flow. The process of a lane change is a process 
of three steps (Mathew, Lane Changing Models, 2012): 

 Decision to consider a lane change 
 Choice of target lane 
 Gap acceptance 

These three steps mean, that the driver of the vehicle of interest, which wants to change 
lane due to any reason needs to make a choice of a target lane. If the gap on the target 
lane is big enough, the driver can change to the chosen lane. If the gap is not big enough, 
the vehicle has to remain on its current lane. According to Mathew (2012) there are two 
different types of lane changes which are the mandatory lane change (MLC) which means 
that a driver has to change lane to follow a specified path, and on the other hand there is 
the discretionary lane change (DLC) which means the driver changes the lane to 
experience better traffic conditions. 

There are also situations where the roadway capacity allows enough free gaps on a faster 
lane, but a driver would not overtake a slower vehicle in front of him, because he has to 
take the next off-ramp to leave the highway. 

3.3.2 Mesoscopic 

A mesoscopic model does not focus on individual vehicles but represents traffic in small 
groups of traffic participants, so called platoons, which are involved in a specific maneuver 
to be analyzed. Also single vehicles without lane specific representations are considered. 
While the traffic is represented in these small groups of vehicles, the behavior of 
individuals is still specified within a mesoscopic model. Additionally mesoscopic flow 
models require a network representation as graph with nodes, links and zones. To 
describe the current state, there is a probability distribution function used. 

3.3.3 Macroscopic 

In comparison to the microscopic level, the macroscopic level is not dealing with individual 
vehicles, but it looks at the traffic flow from a more global perspective. It is also relevant for 
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the dynamic description of traffic flow (Immers & Logghe, 2002). This macroscopic models 
deal with the terms density, flow and speed of traffic. These terms are already discussed in 
Chapter 2.1. 

Macroscopic traffic models do not use details that describe single vehicles but they refer to 
main properties like flow, speed and density. Due to this lower level of details, also the 
needed computational power for simulation is not that high. Since the main input data for 
macroscopic flow models are sensor measurements, and these measurements are 
available for a lot of road segments, the implementation of such a model is by far not that 
complex as a microscopic model is. 

One of the most important macroscopic models is the cell transmission model, which is 
based on links and nodes. Where road segments are represented as links and junctions 
which include on- and off-ramps are the nodes. Based on speed, flow and density – also 
on the on- and off-ramps – the situation on the highway can be modeled.  

3.4 Statistical models 

A statistical model defines a mathematical relationship between variables in the system. 
These variables are given by a dataset based on samples of an experiment or a 
measurement, which means that it can only be used on events that already happened. The 
general aim is to find out, in what way does a variable Y depend on other variables X1, ..., 
Xn in this dataset. As already mentioned above, the purpose of the model is to define a 
relationship between variables. This means the relationship between the X‟s and the Y. 

Basically the model is a representation of the response variable Y based on the knowledge 
of the explanatory variables X1, ..., Xn. 

Table 6: Overview of Statistical Models 

 Variable Type of model 

E
x

p
la

n
a

to
ry

 
v

a
ri

a
b

le
s
 All explanatory variables continuous Regression 

All explanatory variables categorical Analysis of variance 
(ANOVA) 

Explanatory variables both continuous and 
categorical 

Analysis of covariance 
(ANCOVA) 

R
e

s
p

o
n

s
e

  
v

a
ri

a
b

le
s
 

Response data is continuous 
Normal Regression,  
ANOVA, ANCOVA 

Response data is a proportion Logistic regression 

Response data is a count variable Log linear models 

Response data is binary Binary logistic analysis 

Response data is a time-at-death Survival analysis 

Source: (Buechler, 2007) 
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There are several statistical models there are ways to identify which model fits best for the 
thesis‟ purpose. These ways depends on the types of explanatory and response variables. 
They are listed in the following Table 6. 

Since the explanatory data as well as the response data are continuous variables in this 
thesis work, it is obvious that a regression model fits best to fulfill the task of finding 
correlations between one or more independent measurements. Therefore the following part 
of the chapter gives an introduction on these regression models. 

Regression models 

Regression models are a statistical tool for finding relationships between variables. 
Basically there are two types of regression models, which are simple regression models 
and multiple regression models, depending on the number of explanatory variables. This 
topic of the thesis is investigating these two types of regression models (Sykes, 1993). 
While the simple regression model is explained shortly, the hierarchical or multilevel 
regression model is going further into depth, since this is the model which fits best for 
traffic analysis. 

Simple regression 

The simple regression model is the most commonly used analysis method when a 
relationship between a response variable and a single explanatory variable is described 
(Seltman, 2013). Since there are usually several values of the explanatory variables the 
mean value of the outcome should have a linear relationship with these explanatory 
variables. This results in the expression: 継 桁 捲 = 紅0 + 紅1捲 

With 紅0 is the intercept parameter, 紅1 is the slope parameter an x is a coefficient (Seltman, 
2013). 

With this technique, it is possible to predict the true mean of the outcome for any value of 
the explanatory variable. Furthermore it is not common to extrapolate x values in a greater 
range than available. On the other hand it is common to use interpolation to make 
predictions for unobserved values of x inside the range of observed x values. Seltman 
(2013) states, that: 

The structural model underlying a linear regression analysis is that the 

explanatory and outcome variables are linearly related such that the 

population mean of the outcome for any 捲 value is 紅0 + 紅1捲. 

To find the best fitting line that represents the entire x‟s there are several methods 
available. The most common one, since it is also a simple method is the least square 
method of the residuals, where the residuals are the distances between the measurement 
points and the straight line described by 紅0 + 紅1捲. According to Seltman (2013) the sum of 
squared residuals (SSR) and the factors 紅0 and 紅1 are computed like explained below: 
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鯨鯨迎 =  (検件 −  紅0 + 紅1捲件 )2

券
件=1

= (検件2 − 2検件 紅0 + 紅1捲件 + 紅0
2 + 2紅0紅1捲件 + 紅1

2捲件2 

After computing the sum of squared residuals the first parameter can be calculated. 項鯨鯨迎項紅0

=   −2検件 + 2紅0 + 2紅1捲件 券
件=1

 

0 =    −検件 + 紅 0 + 紅 1捲件 券
件=1

= −券検 + 券紅 0 + 券紅 1捲  
紅 0 = 検 − 紅 1捲  

The calculation of 紅1 is done with the same procedure. 項鯨鯨迎項紅1

=   −2捲件検件 + 2紅0捲件 + 2紅1捲件2 券
件=1

 

0 =  − 捲件検件 + 紅0  捲件券
件=1

+ 紅1  捲件2券
件=1

券
件=1

= − 捲件検件 + (検 − 紅 1捲 )  捲件券
件=1

+ 紅1  捲件2券
件=1

券
件=1

 

紅 1 =
 捲件(検件 − 検 )券件=1 捲件(捲件 − 捲 )券件=1

 

Furthermore (Seltman, 2013) also gives information about the best estimate of �2 which is 

嫌2 =
 (検件 − 検件 )2券件=1券 − 2

 

Multilevel regression 

While simple regression models have only one explanatory variable, multilevel or 
hierarchical regression models use more explanatory variables. In case of the thesis‟ topic 
these explanatory variables might be the flow measures of the detectors, the time of the 
day, the day of the week and the location of the detector. Since linear multiple regression is 
an extension of the simple regression, also the structure of the model looks similar 
(Seltman, 2013). 継 桁 捲1 , 捲2 , … , 捲券 = 紅0 + 紅1捲1 + 紅2捲2 + ⋯ + 紅券捲券  

This model contains three explanatory variables 捲1 , 捲2 and 捲3 as well as the intercept 
constant 紅0. 紅1 , 紅2 , 紅券  are standardized partial regression coefficients. 

Also like in simple regression the sum of squared residuals (SSR) is minimized to find the 
best fitting values for 紅1 , 紅2 , … , 紅券 . 
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鯨鯨迎 =  (検件 −  紅0 + 紅1捲件 + ⋯ + 紅喧捲喧 )2

券
件=1

 

By derivation of this formula the output are p+1 normal equations for p+1 unknowns 
(Müller, 2006). 項鯨鯨迎項紅0

= −2   検件 −  紅0 + ⋯ + 紅喧捲件喧  券
件=1

= 0 

項鯨鯨迎項紅1

= −2   検件 −  紅0 + ⋯ + 紅喧捲件喧  捲件1券
件=1

= 0 

項鯨鯨迎項紅喧 = −2   検件 −  紅0 + ⋯ + 紅喧捲件喧  捲件喧券
件=1

= 0 

To keep the calculation simple it is common to use matrices for the multiple regression 
model which looks like shown in the following formula (Müller, 2006). 桁 = 隙紅 + 香 

The variables in the formula can be explained as following (Müller, 2006): Y is the output 
vector with length n, while X is a matrix with dimension 券 捲 (喧 + 1). The columns of X 
consist of the explanatory variables. 紅 is a vector with length (喧 + 1) and is the unknown 
part which should be estimated based on the existing data. Further, it is assumed that the 
expectancy value of the error vector 香, 継 香 = 0 and the covariance of the error vector is 系剣懸 香 = �2I 

The normal equations listed above are also transformed into the matrix representation 
which leads to (Müller, 2006): 隙建 桁 − 隙紅  = 0  隙建隙紅 = 隙建桁 

By multiplication on both sides with the inverse of 隙建隙 we get the estimator 紅 . 紅 = (隙建隙)−1隙建桁 

By dividing the sum of squares due to errors (SSE) by the degrees of freedom we get 
estimation for σ2, the mean square of errors (MSE). 

σ 2 =
SSE

n − p − 1
= MSE 
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The following ANOVA table gives an overview of the parameters of multiple linear 
regressions (Müller, 2006): 

Table 7: ANOVA Table for Multiple Regressions 

Sources of 

variation 
Sum of squares 

Degrees of 

Freedom 
Mean square F* 

Regression 鯨鯨迎 =   検 件 − 検  2

券
件=1

 喧 警鯨迎 =
鯨鯨迎喧  

警鯨迎
/警鯨継 

Error 鯨鯨継 =   検件 − 検 件 2

券
件=1

 券 − 1 − 喧 警鯨継 =
鯨鯨継券 − 喧 − 1

  

Total 
鯨鯨劇 =   検件 − 検  2

券
件=1

= 鯨鯨迎 + 鯨鯨継 
券 − 1   

Source: (Müller, 2006) 

 

An adaption of the variance analysis (ANOVA) is the inclusion of covariates, which are 
independent explanatory variables. According to (Field, 2012) ANCOVA has the same 
assumptions as any linear model, except that there are two additional considerations, 
which are: independence of the covariate and homogeneity of regression slopes. This 
second consideration means that the slopes of the different regression lines are equivalent. 
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4 Stockholm Network Description 

A report in “The Local” published on the 7th of December 2011 says that the traffic 
situation in Stockholm is the worst in Scandinavia. Statistics of the navigation manufacturer 
TomTom show that about one third of Stockholm‟s streets are completely congested during 
rush hour (pvs, 2011). 

Since several years there is a congestion tax for users of certain vehicles in Stockholm‟s 
inner city on weekdays during daytime. According to a report of Axlesson (2012), the tax 
has reduced traffic by 20%, improved air quality by 10% in the city center and reduced 
carbon emission by 10 to 14%. 

4.1 Traffic Situation in Sweden 

The biggest Swedish roads are the E6 and the E4 freeway. The E6 freeway starts in 
Malmö and connects Gothenburg and Oslo. The E4 freeway passes from south to north 
through Sweden and has a total length of 1590 km. It starts at Helsingborg and is the 
connection to the capital city Stockholm and goes then up to the north where it goes past 
Haparanda before it passes the Finnish border.  

Besides these European roads there are national roads, which are marked with two digit 
numbers. These roads are one level below the European roads. On the next level the 
roads are signed with three digit numbers. 

Since this thesis is dealing with a section of the E4 freeway in the area of Stockholm, the 
findings of the thesis are limited to traffic on this highway section. Nevertheless, there are 
some important facts about the traffic situation in Sweden. 

 

Figure 8: Length of Swedish Highway System 

Source: http://epp.eurostat.ec.europa.eu/ 
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In Figure 8 the steady growth of the Swedish highway system is shown. In the time 
between the years 2000 and 2009, the length has increased from 1499 km to 1891 km, 
which corresponds to an increase by 26.2% in nine years. 

Compared to these values, the numbers of vehicles, transporting persons are presented in 
Figure 9. While the length of available high class road network increased by more than 
26%, the passenger kilometers on roadway traffic increased just by 3.27% in the period 
from 2002 until 2009. The value had the biggest increase between the years 2006 and 
2007 and remains mostly steady ever since. 

Nevertheless, there are some trends recognizable. The number of travelled passenger 
kilometers on a bus decreased by 7.7% between 2002 and 2010, whereas the other 
modes motorcycle (+40%) and car (+3.9%) had an increase in passenger kilometers in the 
same time period. 

 

Figure 9: Number of million passenger kilometers in Sweden for different vehicle types 

Source: http://epp.eurostat.ec.europa.eu/ 

Figure 10 represents the modal split of passenger traffic in Sweden segmented in the three 
modes train, bus and car. As already mentioned in the description of Figure 9, the number 
of passenger kilometers travelled by bus decreased slightly. The share of cars decreased 
also a little, when comparing the years 2002 and 2010. 

2002 2003 2004 2005 2006 2007 2008 2009 2010

Motorcycle 656 690 746 783 834 893 898 931 919

Bus 9.270 9.127 8.896 8.760 8.724 8.756 8.525 8.522 8.560

Car 95.420 96.325 96.975 97.310 96.988 99.315 98.422 99.406 99.207
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Figure 10: Modal Split (in %) of passenger traffic in Sweden 

Source: http://epp.eurostat.ec.europa.eu/ 

The mode which increased their amount of passenger kilometers the most in Sweden is 
the train. An increase from 7.8% to 9.4% means an increase by 20.5%. 

In the capital of Sweden the modal split shows, that 14% of the inhabitants moved away 
from motorized individual transport to public transport and cycling between 2004 and 2010. 
(Reh, Fellermann, & Duprez, 2011). This trend can be also seen in Figure 11. 

 

Figure 11: Modal Split Stockholm 

Source: http://www.civitas.eu/docs/City_of_Stockholm_Gustav_Landahl.pdf 

Due to the congestions in the inner city of Stockholm, the government decided to run a 
pilot project in 2007 which made traffic users pay to use roads within the city. This 
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congestion charging project was so successful, that it was integrated in the system 
completely. 

4.2 Area of data collection 

The data used for this thesis was collected between April 1, 2013 and May 31, 2013 on the 
E4 highway in the area of Stockholm via radar sensors. The aim of these sensors is to 
measure the speed and flow of vehicles on each lane. 

 

Figure 12: Location of sensors and congestion charging area 
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The road network which is covered by roadside sensors is marked with dots in Figure 12. 
Basically it comprises the route of the E4 highway from Häggvik in the north until Segeltorp 
in the south. Additionally the street Södra länken numbered “75” is also equipped with 
radar sensors to gather traffic data of this road section. Furthermore roads, which are 
connected to these segments, are observed too. The red dashed line in Figure 12 shows 
the borders of the charged area. So there is only a short segment of the E4 highway that is 
also part of the congestion charging system. 

To evaluate the data in the database in an effective way, the knowledge about the position 
of the sensors is important. Also which sensors-IDs are linked together due to with the 
physical conditions is necessary to know. Therefore the marked routes in Figure 12 are 
transformed into a much simpler model (Figure 13) that contains information about sensor-
IDs. 

 

Figure 13: Simplified network 

 

The model shown in the figure above consists of four intersections and six end-points. The 
links between these intersection-points represent the roads between the intersections. In 
the following table, the IDs of sensors on the specific road links are listed. 
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Table 8: Sensor IDs on Links 

  to 
  I1 I2 I3 I4 e1 e2 e3 e4 

fr
om

 

I1  264 – 189   171 26 – 46   

I2 107 – 170  327 – 340    183 – 172  

I3  405 – 397  341 – 351     

I4   418 – 406     352 – 378 

e1 270 – 267        

e2 66 – 47        

e3  90 – 102       

e4    447 – 419     

 

Table 8 provides information on which links specific sensor IDs are located. In addition to 
this overview of sensor IDs on the links, the intersection I2 can also be examined in more 
detail like shown in Figure 14. 

 

Figure 14: Intersection I2 Detail 

Since the intersection I2 from Figure 13 is a large freeway junction it is necessary to take a 
detailed view on all possible directions that can be chosen and figure out, which sensors 
are placed on all these links between the freeway segments. 

Basically the junction has three connectors x1, x2 and x3 which are connected by links. The 
sensor IDs on these links are: 

From x1 to x2: 188, 187, 186, 184 

From x2 to x1: 103, 104, 105, 106 

From x1 to x3: 86, 85, 84, 325 

From x3 to x1: 396, 395, 394, 393 

From x2 to x3: 78, 79, 80, 324 

I2 

x1 

x2 x3 
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From x3 to x2: 385, 384, 383, 382, 185 

The combination of this information and the data in Table 8 makes it possible, to find out 
which sensors are located on a special route, e.g. from southwest to the north, which 
would be sensor 90 to 171. 

For the gathering of data there are about 1500 sensors installed in the area of Stockholm. 
About two thirds of the sensors used for the project were already present due to the 
highway control system, which means that there are radar detectors about every 500 m. 
The other 500 sensors are a mixture of loop detectors, cameras and radar detectors 
(Allström, Gundlegård, & Rahmani, 2011). 
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5 Analysis toolbox 

The traffic data which is stored in the database is processed in MATLAB. The program is 
split up to one main program, which is responsible for loading the necessary data from the 
database, as well as some functions which deal with various tasks that will be explained in 
this section. 

 

For the analysis of the data there were several strategies taken into account. These 
methods are presented in this chapter which discusses the toolbox. 

5.1 Analysis of shockwave speed at congestion 

For this task some sensors along a highway stretch of 7.7 kilometers from south up to the 
mid of Stockholm were chosen. To have a better understanding of the chosen sensors, the 
following figure shows the location of them. 

Database Toolbox

5.1 Analysis of 

shockwave speed at 

congestion

5.2 Main Program

Function I: 

Creating plot for  

selected speed and 

flow data

Function II: 

Compute a pattern 

of congestion

Function III: 

Generation of daily 

speed and flow 

profiles for different 

days a week

Function IV: 

Find similar traffic 

patterns  at other 

sensors

5.3 Basic analysis of 

long term data

5.4 Correlation 

Analysis



 

46 

 

Figure 15: Analysis of shockwave speed at congestion 

This figure represents the four sensors on Google Maps where sensor 100 is represented 
by „A‟, sensor 110 is represented by „B‟, sensor 120 by „C‟ and sensor 130 is located in the 
north and represented by „D‟. 

Since sensors which are located on a stretch of the road right after each other have a high 
level of dependency in speed and flow it is also interesting to analyze, if there are 
dependencies in sensors which have a higher distance in between. 

To analyze the impact of congestion it would not make sense to include more sensors 
which are located further in the north, since the congestion occurred due to commuter 
traffic in the morning between 07:00 and 09:45 on 18th of March, 2010 where everybody 
goes towards the city center. 
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For this analysis four specific sensors were chosen on a Thursday morning. Compared to 
other analysis, here the interval is chosen to this short one minute interval, since a 15 
minute interval would not be very representative for a few kilometers of a highway 
segment. 

At the chosen sensors 100, 110, 120 and 130 there is congestion occurring with a time gap 
between the single starts of congestion. 

The following table shows the speed at the beginning of congestion at these observed 
sensors: 

Table 9: Traffic speed at congestion 

Time 
Sensor 

130 
 Time 

Sensor 

120 
 Time 

Sensor 

110 
 Time 

Sensor 

100 

07:15 32,781  07:37 30,398  08:20 33,357  09:36 36,184 

07:16 28,750  07:38 25,502  08:21 29,434  09:37 19,417 

07:17 22,473  07:39 20,742  08:22 26,160  09:38 18,844 

07:18 19,934  07:40 20,082  08:23 27,097  09:39 17,827 

07:19 21,046  07:41 15,421  08:24 17,849  09:40 10,434 

07:20 17,821  07:42 9,9561  08:25 23,648  09:41 13,466 

07:21 23,932  07:43 14,775  08:26 22,102  09:42 13,55 

07:22 25,980  07:44 21,336  08:27 18,713  09:43 23,769 

07:23 19,888  07:45 17,344  08:28 23,333  09:44 27,317 

07:24 22,705  07:46 25,010  08:29 34,149  09:45 28,000 

 

The distances between the sensors are: 

Sensor 100 
 

3200 m 

Sensor 110 

2300 m 

Sensor 120 

2200 m 

Sensor 130 
 

 

As one can see, the congestion occurs first at the observed sensor 130 which is located 
most northern, and comes to sensor 120, sensor 110 and at latest it arrives at sensor 100. 

As Table 9 shows, the observation interval was set to a one minute period, since a 
15 minute period like in other analysis would not be representative enough. 
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The following calculations should describe the behavior of the expansion of the congestion. 
At each of the four sensors the time, where the speed of traffic was less than 40 km/h was 
found. With the help of an average value of the speed and flow of ten values before 
congestion and ten values after congestion the speed of the shockwave was computed. 

According to Stokes shockwave formula 懸拳 =
圏2 − 圏1倦2 − 倦1

 

the speed of the shockwave depends on the flow and density upstream and downstream of 
its jam front. 

With the relationship of speed, density and flow 圏 = 倦 ∗ 懸 

One can substitute  倦 =
圏懸 

懸拳 =
圏2 − 圏1圏2懸2

− 圏1懸1

 

Table 10: Shockwave – calculating of shockwave speed 
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Sensor 

130 
62,0 km/h 23,5 km/h 1587 veh/h 1338 veh/h -7,94 km/h 3200 m 24 min 

Sensor 

120 
63,8 km/h 20,0 km/h 1303 veh/h 1212 veh/h -2,24 km/h 2300 m 62 min 

Sensor 

110 
64,5 km/h 25,6 km/h 1257 veh/h 1209 veh/h -1,73 km/h 2200 m 76 min 

 

These calculated times show, that it is possible to predict for a certain distance how fast 
congestion spreads, based on the speed and flow measured at sensors where congestion 
was detected. 
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Table 11: Shockwave – compare measured with calculated time difference  

 Measured time difference Calculated time difference 

Sensor 100 
  

22 min 24 min 

Sensor 110 

43 min 62 min 

Sensor 120 

76 min 76 min 

Sensor 130 
  

 

As one can see, the measured time difference is close to the calculated time difference. 
This results in the possibility, that with help of the speed and flow before and after a jam 
front, it is possible to calculate, when the jam will approximately arrive at another point 
downstream the traffic flow. 

The deviation of the measured and calculated time difference between sensor 110 and 
sensor 120 might be based on the fact, that the upstream speed at sensor 120 is lower 
than at the other sensors. When assuming the upstream speed at sensor 120 would be 
4 km/h higher and thereby in between the upstream speeds of the other two sensors, the 
calculated time difference would be 45 minutes, which would fit much better to the 
measured 43 minutes. This observation shows that just a small difference might result in a 
huge offset in such a calculation. 

5.2 Main program 

The main program is responsible for gathering the data from the database. Basically there 
are two parameters the user can choose in this section. These are the days and the 
sensors that should be evaluated. 

Choose days to evaluate: 

In the first step, the user has to choose the date where the analysis should begin as 
well as a date where the analysis should end. The time of beginning and ending is 
set permanently to 00:00:00 and 23:59:59. The selection of the days is done with a 
user input in the MATLAB console. 

Choose sensors to evaluate: 

The sensor IDs that should be evaluated are listed in the MATLAB program and can 
be chosen before the program is started. It is possible to select single sensor IDs, a 
range of sensor IDs or randomly chosen IDs. 
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Based on the number of selected days and number of sensors, the program runs through a 
number of loops until all data is gathered. For every combination of a sensor and day there 
is the following information displayed on the screen: 

 Maximum speed of the day   Maximum flow of the day 

 Minimum speed of the day   Minimum flow of the day 

 Mean speed of the day   Mean flow of the day 

To have a good overview of the whole output, there is an overall plot generated, which 
includes these six diagrams: 

 The average probability of speed, that occurred on the observed days, at the 
observed measurement points. 

 The average probability of flow, that occurred on the observed days, at the 
observed measurement points. 

 The average speed over time in km/h. The x axis is limited from 00:00 till 24:00 
while the y-axis is limited by the minimum and maximum speed of the day. 

 The average flow over time in veh/h. Like described above, the x-axis is limited 
from 00:00 till 24:00 and the y-axis is limited by the minimum and maximum flow of 
the day. 

 Additionally there are two error plots. The first one shows the mean values of speed 
and includes the standard deviation of speed over the measured day. 

 The last subplot shows the mean values of flow and its standard deviation. 

Figure 16 represents the output of the main program, after all combinations of selected 
days and sensors were loaded from the database into MATLAB. Here we can see the six 
diagrams that were described above. For this specific plot there can be the following 
observations made: 
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Figure 16: Output main program with probability density function, speed and flow over time and 

mean speed and flow curves 

In the first diagram in the upper left corner represents the probability of speed. For that 
case, the free flow speeds at 50km/h and 70km/h have the highest probability, but still the 
lower speeds are wide spread. This leads to the conclusion, that there are some times of 
the day where free flow speeds can be measured but there are also times of a day where 
problems occur and congestion appears. In the diagram next to it, the same observation 
can be made where all chosen sensors are shown as curves marked in different colors. 
The free flow speed levels can be seen and also the times of a day where the speed level 
decreases due to too high traffic volume. In the diagram on the upper right corner the 
mean speed level along all days and all sensors is marked with a blue cross. Additionally 
the standard deviation for each time of the day is included. 

The same observations can be made for the flow profile. The highest probability of flow is 
nearly zero, which leads to the conclusion, that there is very low flow during nighttime. The 
high flow comes simultaneous with the speed decrease and represents the beginning of 
congestion at the morning peak. 

Furthermore there is an output in the console, which gives an overview of the number of 
congested intervals that were observed. This output consists of three columns which are 
the day, the sensor ID and the number of congested intervals. 

In the following the four functions for the main program are described. 

5.2.1 Function I: Creating plot for selected speed and flow data 

This function generates an output which is similar to the first generated figure described in 
the main program. In this part of the program there are two figures generated for every 
date-sensor combination. The first of these figures includes the following information: 
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Figure 17: Function „plot‟ – Output diagram with probability of speed/ flow and speed/ flow over time 

 The probability of speed, that occurred on the observed day 

 The probability of flow, that occurred on the observed day 

 The speed over time in km/h. The x axis is limited from 00:00 till 24:00 while the y-
axis is limited by the minimum and maximum speed of the day. Additionally the 
average value is displayed with a horizontal line. 

 The flow over time in veh/h. Like described above, the x-axis is limited from 00:00 
till 24:00 and the y-axis is limited by the minimum and maximum flow of the day. 

 

Figure 18: Function „plot‟ – Output diagram including fundamental diagram 
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A second output shows the fundamental diagram of this specific date-sensor combination. 
Additionally the dots in the diagram are marked red, if they are categorized as „congested‟. 
In the speed over flow part there is also a line implemented, which represents the 
measurements best, based on the least squares straight line fit. 

5.2.2 Function II: Compute a pattern of congestion 

The function „congestion daily‟ produces a pattern of congestion that occurs during the time 
period chosen in the main program and generates a graphical output which includes the 
average number of congestions per sensor. Such a figure like shown below is generated 
for each day of a week. While the x-axis contains the entire sensor IDs the amount of 
congested aggregation intervals is shown on the y-axis. The higher the bars are, the more 
time intervals have the state „congested‟. 

 

Figure 19: Function „congestion daily‟ – Output diagram – Number of congested intervals per day 

The definition of the state „congested‟ is, that the current speed level is below 60% of the 
allowed free flow speed. The legal speed level is included in the database for each sensor 
and also loaded into the main program. In this function II it is used to generate the 60% 
level to determine if a time interval is congested or not. 

Additionally there is an output screen which gives an overview of the behavior through the 
whole week. 
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Figure 20: Function „congestion daily‟ – Output diagram – Number of congested intervals 

In addition to the graphical outputs the console shows a correlation matrix of congestions 
along different days of the week. This information can be used to check for similar 
behaviors among days. This matrix also proves the graphical outputs by indicating days 
which are obvious similar with a higher value than days which have a different behavior. 
There is also an output which shows the ID of the most congested sensors per weekday. 

This correlation matrix as well as the output that shows the most congested sensors can 
be found in the result section, where they are presented in detail. 

5.2.3 Function III: Generation of daily speed and flow profiles 

The function „daily flow‟ generates the variables and the graphical output for the curves of 
speed and flow among different days of the week. Such figures like shown below are 
generated for every day of a week. They are plotted for every day of a week. The example 
in Figure 21 shows the curve for all Mondays in the observed time period. While the x-axis 
of both charts represents the time from the beginning of the day until the end of the day, 
the y-axis on the upper chart shows the current speed level and the y-axis on the lower 
chart represents the flow over time. 
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Figure 21: Function „daily flow‟ – Output diagram – Speed and Flow curve for Monday 
 

5.2.4 Function IV: Find similar traffic patterns at other sensors 

Is a function which calculates the distance of the curve for each date-sensor combination 
and then finds out the date-sensor combinations which are most similar to the initial date-
sensor combination which has to be chosen via an input in MATLAB. As an example the 
date-sensor combination of 05.05.2013 and sensor 302 was chosen which comes to the 
result, that sensor 312 has the most similar curve to the curve of sensor 302. 

Table 12: Similar traffic patterns – Output 

Sensor ID Distance 

110 0 

109 50,92583 

111 64,31307 

112 118,1317 

113 118,1317 

105 248,3459 

… … 

This function is based on a dynamic time warping algorithm, which compares the curve of 
the chosen sensor with the curve of other sensors in the selected time frame of one day.  

 

Figure 22: DTW – Two sensors are compared against each other 

time 

reference Sensor  

other Sensor  
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If the two curves are similar to each other, the distance to each other is low, otherwise the 
distance is large. Basically this is done by calculating a distance between the value of the 
first aggregation interval of the chosen sensor, and the first aggregation interval of the 
other sensors with the following formula. 穴件嫌建 捲, 検 =  (捲1 − 検1)2 + (捲2 − 検2)2 + ⋯ + (捲券 − 検券)2 

This is done for each interval of the reference sensor against all intervals of the other 
sensor. Then a distance matrix is created, which contains all the 穴件嫌建(捲, 検)-values that 
were calculated. Based on the distance matrix a warping path is calculated from the first 
elements 捲1 , 検1 to the last elements 捲券 , 検券  by considering the 穴件嫌建(捲, 検)-values. The lower 
the values of the adjacent elements are the higher is the probability of being part of the 
warping path. The outcome of the algorithm is the DTW distance between 捲1 , 検1 and 捲券 , 検券  
which represents the optimal path through the distance matrix and consequently the lowest 
possible costs. This distance is then representative for the similarity of the sensors and is 
calculated for all sensors compared to the reference sensor. As a last step of this function, 
the sensors are sorted ascending by the distance to the reference sensor, which has the 
effect that similar sensors are listed first as shown in Figure 22. 

5.3 Basic analysis of long term data 

In this basic analysis the average and standard deviation of flow and speed for each 
sensor is calculated in an aggregation level of 15 minutes. For this calculation the MATLAB 
code is designed in a way that it scans through the first 15 minute interval which starts at 
00:00 and ends at 00:14 on a specific day of the week, beginning with Mondays. 
Additionally there is the option to use either all sensors or focus on one specific sensor. 
This can be chosen in the MATLAB program. After loading all values for speed and flow 
into the result set an average value and standard deviation is generated for each 
combination of weekday and time interval. 

  Monday Tuesday Wednesday Thursday Friday Saturday Sunday 

00:00 

- 

00:14 

mean 

speed 

mean 

flow 

std 

speed 

std 

flow 
 

mean 

speed 

mean 

flow 

std 

speed 

std 

flow 
 

… 
    

00:15 

- 

00:29 

mean 

speed 

mean 

flow 

std 

speed 

std 

flow 
 

… 
     

… 
       

23:45 

- 

24:59 
       

Figure 23: Schematic output view of long term data analysis 
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5.4 Correlation analysis 

Since correlation between sensors is also an interesting aspect, there is a function 
implemented, which checks the correlation of speeds or flows between different sensors. 

The speed and flow information for the sensors is based on an average value for the 
specific sensor measured over a long period of time like one month or one year. Based on 
two vectors with the length of the number of sensors that include an average speed or an 
average flow value for each sensor, a distance metric was implemented to get the 
correlation between the different sensors. 

The output of that function is a matrix with sensor ids on both, rows and columns as well as 
a graphical output that shows the degree of similarity represented by color shades in the 
diagram. 

 

Figure 24: Sensor Correlation Diagram based on long term data evaluation 

Figure 24 represents the correlation between all sensors. The darker the color is, the 
higher is the similarity between the sensor measurements and vice versa.  

The calculation of the correlation values is based on a distance metric. Each sensor has its 
mean value which was calculated over the given time period. This means, that there is no 
separation in smaller time frames. These values are now tested against each other to 
generate a matrix with the following formulas, where 券 are the rows of the matrix and 兼 are 
the columns.  穴件嫌建_嫌喧結結穴 券, 兼 =  (嫌喧結結穴券 − 嫌喧結結穴兼)2 
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穴件嫌建_血健剣拳 券, 兼 =  (血健剣拳券 − 血健剣拳兼 )2 

These distances are used to generate the sensor correlation diagram shown in Figure 24.  
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6 Results 

The result section presents the most important observations that were made on the 
available historical traffic data with the help of the programs and functions described in 
chapter 5. 

6.1 Analysis of shockwave speed 

To take a look at the speed of the shockwave described in chapter 5.1 one can conclude, 
that it is possible to describe the behavior of a shockwave with the shockwave formula. But 
it is for sure not the best method, since there are some cases where the difference 
between the calculated value and the measured value differ a lot. This can be ascribed to 
the fact, that if the upstream and downstream densities are quite similar, the denominator 
gets very small. This makes the shockwave speed differ a lot for changes in the numerator. 

6.2 Analysis of traffic patterns 

For the analysis of occurring traffic patterns the temporal variations have been observed. 
The results of these observations are presented in this chapter. A traffic pattern is defined 
as a daily traffic profile at a specific link. (Weijermars, 2007). The first step in the thesis 
work was to implement a MATLAB program, which was able to generate such daily flow 
profiles for a specific measurment point.  

Based on traffic data from April and May 2013 there were speed and flow profiles 
generated for different days of a week at Sensor 110 and Sensor 133. There are no special 
reasons why sensor 110 and sensor 133 were chosen, but they are located at a main road 
stretch on the E4 highway which leads to the assumption that they are representing the 
current traffic situation quite well. 

Based on these profiles, shown in the following figures, one can see that speed decreases 
the most between 06:00 and 09:00 in the morning, when traffic users go to work. This 
phenomenon does not occur during weekend, where the average speed level remains 
nearly constant at the allowed maximum speed. 

 

Sensor Coordinates 

110 59,31608 N 18,00184 E 

133 59,34929 N 18,03621 E 
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Figure 25: Location of observed Sensors 110 and 133 

 

Sensor 110 Sensor 133 

 
Figure 26: Sensor 110 - 

Speed and Flow profile - Monday 

 
Figure 27: Sensor 133 - 

Speed and Flow profile - Monday 

Sensor 110 

Sensor 133 
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Figure 28: Sensor 110 - 

Speed and Flow profile - Tuesday 

 

Figure 29: Sensor 133 - 

Speed and Flow profile - Tuesday 

 

Figure 30: Sensor 110 - 

Speed and Flow profile - Wednesday 

 

Figure 31: Sensor 133 - 

Speed and Flow profile - Wednesday 

 

Figure 32: Sensor 110 - 

Speed and Flow profile - Thursday 

 

Figure 33: Sensor 133 - 

Speed and Flow profile - Thursday 
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Figure 34: Sensor 110 - 

Speed and Flow profile - Friday 

 

Figure 35: Sensor 133 - 

Speed and Flow profile - Friday 

 

Figure 36: Sensor 110 - 

Speed and Flow profile - Saturday 

 

Figure 37: Sensor 133 - 

Speed and Flow profile - Saturday 

 

Figure 38: Sensor 110 - 

Speed and Flow profile - Sunday 

 

Figure 39: Sensor 133 - 

Speed and Flow profile - Sunday 
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Figure 40: Sensor 110 - 

Fundamental Diagram 

 

Figure 41: Sensor 133 - 

Fundamental Diagram 

 

In Figure 40 and Figure 41 there are the fundamental diagrams of sensor 110 and 133 for 
the given time period plotted. These diagrams give the impression, that especially for 
sensor 110 the state is either free flow or congested. 

6.3 Analysis of congestion 

For further analysis it was necessary to find sensors which are congested the most. 
Therefore the whole system was analyzed over a full month, to find out which sensors are 
most likely affected of being congested. The sensor is called congested, if the current 
speed level is below 60% of the allowed free flow speed. 

 

Figure 42: Congestion over Sensor IDs 
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Figure 42 shows the average amount of congestions at all sensors along the network, 
beginning with Mondays at the top diagram and ending with Sundays in the last graph of 
Figure 42. This is done by counting the aggregation intervals that have the state congested 
(below 60% of the free flow speed) and refer these numbers to the sensor IDs on the x-
axis of each diagram. Even though it is hard to interpret the ID‟s of the individual sensors 
out of this figure, one can see that the behavior looks quite the same during weekdays, but 
also the behavior during weekends show some similarities. To show how this graph can be 
used it is interesting to take a closer look at sensor 132, which is marked with red arrows in 
Figure 42. It seems, that there have to occur some major problems in traffic flow at that 
specific sensor, since it affects the previous sensors too. To get an insight in the problems 
it is necessary to check the position of that sensor which is shown in Figure 43. 

 

Figure 43: Most congested sensors and location of sensor 132 

Since sensor 132 is located just before the exit to the city center of Stockholm it is obvious, 

that the problem is located on that street which leads to the inner city. Also, since this 

observation can be made on all days a week, the reason therefor might be an undersized 

connection between the highway and the city.  

 

Sensor 132 
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Table 13: Correlation Matrix - Congested Sensors 

Correlation Monday Tuesday Wednesday Thursday Friday Saturday Sunday 

Monday 1.0000 0.9825 0.9525 0.9395 0.9517 0.7682 0.8128 

Tuesday 0.9825 1.0000 0.9741 0.9548 0.9751 0.7086 0.7551 

Wednesday 0.9525 0.9741 1.0000 0.9550 0.9579 0.6297 0.6697 

Thursday 0.9395 0.9548 0.9550 1.0000 0.9701 0.5688 0.6145 

Friday 0.9517 0.9751 0.9579 0.9701 1.0000 0.6298 0.6638 

Saturday 0.7682 0.7086 0.6297 0.5688 0.6298 1.0000 0.9699 

Sunday 0.8128 0.7551 0.6697 0.6145 0.6638 0.9699 1.0000 

 

Comparable to Figure 42 also Table 13 shows the high correlation between weekdays with 
more than 94%. Additionally it shows that the average Saturday differs most compared to 
other days of the week. The values or so called p-values for this correlation matrix are 
based on the probability of being similar to the tested value. This means that a one 
represents highest similarity where a zero would represent absolutely no similarity. The 
matrix is calculated in MATLAB with the command corrcoef. 

Table 14: Most congested sensors 

Monday Tuesday Wednesday Thursday Friday Saturday Sunday 

302 302 302 302 302 302 302 

271 271 271 271 271 271 272 

272 272 272 272 272 272 271 

132 71 132 71 71 132 132 

71 132 71 132 132 297 381 

229 130 131 130 130 273 380 

227 129 229 129 129 381 348 

230 128 130 128 128 380 222 

297 127 129 127 127 348 297 

231 126 128 126 126 347 227 

222 125 127 125 125 346 229 

130 124 126 124 123 379 223 

129 297 125 131 131 71 347 

128 229 297 123 124 296 225 

127 123 124 297 122 387 224 
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One aim of the thesis is to find out about occurring congestion along the road network and 
to find out when and where congestion occurs. In Table 14 the sensor IDs which are most 
congested are listed separated for each day of the week, along the whole network. Based 
on that information one can say where congestion occurs most likely. Especially for sensor 
302 we can say, that the congestion is not caused by incidents since it is the most 
congested sensor on every day of a week. General patterns of congestion are shown in 
Figure 42, where the average pattern of congestion is visualized. 

6.4 Analysis of sensor correlation 

To calculate the correlation of sensors there are two functions implemented. On one hand, 
it is possible to use the tool that is explained in 5.2.4 with the algorithm for finding 
similarities in traffic patterns. This is useful if profiles for specific days need to be analyzed 
and compared. As Table 12 shows that the sensor with the highest similarities to reference 
sensor 110 is sensor number 109, followed by sensor 111. This is not very surprisingly 
since they are located just next to it. 

To prove this result, there are the speed and flow profiles of the reference sensor 110 and 
the closest sensor 109 shown in the following figures. 

 

Figure 44: Sensor correlation -  

Reference sensor 

 

Figure 45: Sensor correlation -  
Closest sensor 

In addition to that function, there is also the possibility to find a high correlation between 
sensors based on a long time correlation analysis. This is done by the implementation 
explained in 5.4 which is based on the average speed and flow values over a long period 
of time like a month or year. The data in the correlation matrix can give insight in 
similarities between sensors – also sensors that are located somewhere else in the 
highway system. When taking a closer look on the long term correlation data, based on 
reference sensor 110 again, the most similar sensors are: 

Sensor 
Sensor pattern 

distance 
Coordinates 

212 0.0136 59,33091 N 18,01002 O 

290 0.0149 59,32559 N 18,00368 O 
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205 0.1626 59,34349 N 18,00915 O 

280 1.1503 59,29092 N 18,08672 O 

201 2.2442 59,28385 N 18,09011 O 

 

 

Figure 46: Correlated sensors 

6.5 Analysis of long term data 

The analysis of the long term data to compute mean speed and mean flow for different 
sensors over a long period of time gives a lot of output values. Therefore this result section 
focusses on one single sensor called „E4Z 49,530„ during February 2012 and the 
15 minute interval from 12:00 – 12:14. The calculation of these values gives the values as 
shown in the following output table. 

 

Sensor 110 

Sensor 201 

Sensor 205 

Sensor 212 

Sensor 280 

Sensor 290 
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Table 15: Analysis of long term data 

 Sunday Monday Tuesday Wednesday Thursday Friday Saturday 

Mean 

speed 

[km/h] 

82.7125 83.3875 83.3958 83.0300 81.6367 81.1800 81.1200 

Standard 

deviation 

speed 

7.6855 8.5806 8.5338 8.1332 8.3880 8.6458 7.8701 

Mean 

flow 

[veh/min] 

14.5625 13.9500 14.0417 13.4300 14.3600 15.8633 15.9833 

Standard 

deviation 

flow 

5.0109 5.2691 4.8748 4.7800 5.0400 5.4212 5.0346 

 

The observations that can be made is, that during the time period at 12:00 – 12:15 the 

speed level is slightly higher during the week compared to the weekend, but their deviation 

is bigger. This might result, that a lot of people are at work during that time period, which 

results also in the higher flow during weekends. 
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7 Discussion 

The aim of this section is to describe the outcome of all functions that were implemented in 
MATLAB and used to characterize the properties of the available historical traffic data. 

Beginning with the shockwave analysis described in chapter 5.1, speed and flow can be 
used to characterize the behavior of a shockwave and see the match between the 
calculation model and the measurements taken on the given road stretch. But it is difficult 
to perform a robust analysis with this technique, since a faulty value can cause a huge 
offset, especially, if the change in density and flow are just marginal. A too little difference 
between the new and old density gives a very little denominator which makes the result 
unstable.  

To fulfill the goal of finding when and where congestion occurs, the implemented function 
described in chapter 5.2.2 could be used. This function is based on the measurements 
from the highway network and generates an output, which shows the most affected 
segments of the road network. With help of this function it is possible, to find bottlenecks 
which are the main reason for regular congestion. The importance of finding these 
bottlenecks is high, since this is the first step of improving the situation. 

This information is also auxiliary to find out about the amount of traffic that is passing by on 
a specific day, which is also visualized in a fundamental diagram for all sensor and day 
combinations. Additionally mean speed and mean flow values are generated for all days of 
the week based on long term data. This makes it possible to have an insight on 
developments of traffic behavior during different days a week or between summer and 
winter times. 

The strategy to find similar patterns among different sensors at a specific day (chapter 
5.2.4) the thesis comes to the output that the correlation matrix gives information about 
similar speed and flow measurements. Additionally similarities can be found based on long 
term average values with the program described in chapter 5.4. This information, based on 
a distance metric, gives a reliable disclosure, since its input is the all-time average value 
for the specific sensors and eliminates random extreme values caused by incidents or 
other non-predictable events.  
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8 Conclusion  

Even though the share of the motorized individual traffic got smaller over the last decade, 
the amount of passenger kilometers is still increasing. This has the effect that – besides 
the good looking development of the modal split – there is still a need for improving the 
situation for motorized vehicles. 

Since there are a lot of sensors which have the state 'congested' every day of the week it is 
obvious that the reason for the congestion at  this point of the highway is not caused due to 
an incident which would be present maybe once in a while. If the congestion occurs daily it 
is likely that the reason is an infrastructural problem. Since congestion appears regularly, it 
is, as already mentioned, likely that the cause is an infrastructural problem or a 
dramatically increase in traffic flow. This can be seen on the daily flow and speed profiles 
too. On weekdays from Monday to Friday there is a morning and evening peek in traffic 
flow on most of sensors along the main road stretches. Additionally the speed level 
decreases at these peak times, which brings the consequence of congestion. 

Making a conclusion about analyzing the travel time of vehicles is difficult. The method 
which was described in chapter 5.1 to measure travel time based on the time shift of the 
speed and flow curve does not work out with the condition that the aggregation level was 
set to a 15 minute interval. These 15 minute interval would be too long to make qualitative 
statements about travel times since the spatial distances are too short to measure with 
15 minute intervals. 

Finding similarities between links can be obtained on different ways. The distance metrics 
and dynamic time warping function that was used in this thesis were considered as being a 
suitable approach. The information that is generated with these functions can be used for 
future work on this topic to implement models that can be used to predict traffic states over 
a short time period. 
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