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ABSTRACT 
 
Vehicle activated signs (VAS) display a warning message when drivers 

exceed a particular threshold. VAS are often installed on local roads to 

display a warning message depending on the speed of the approaching 

vehicles. VAS are usually powered by electricity; however, battery and 

solar powered VAS are also commonplace. This thesis investigated devel-

opment of an automatic trigger speed of vehicle activated signs in order to 

influence driver behaviour, the effect of which has been measured in 

terms of reduced mean speed and low standard deviation. A comprehen-

sive understanding of the effectiveness of the trigger speed of the VAS on 

driver behaviour was established by systematically collecting data. Specif-

ically, data on time of day, speed, length and direction of the vehicle have 

been collected for the purpose, using Doppler radar installed at the road. 

A data driven calibration method for the radar used in the experiment has 

also been developed and evaluated.  

Results indicate that trigger speed of the VAS had variable effect on driv-

ers’ speed at different sites and at different times of the day. It is evident 

that the optimal trigger speed should be set near the 85th percentile 

speed, to be able to lower the standard deviation. In the case of battery 

and solar powered VAS, trigger speeds between the 50th and 85th per-

centile offered the best compromise between safety and power consump-

tion. Results also indicate that different classes of vehicles report differ-

ences in mean speed and standard deviation; on a highway, the mean 

speed of cars differs slightly from the mean speed of trucks, whereas a 

significant difference was observed between the classes of vehicles on lo-

cal roads. A differential trigger speed was therefore investigated for the 

sake of completion. A data driven approach using Random forest was 

found to be appropriate in predicting trigger speeds respective to types of 

vehicles and traffic conditions. The fact that the predicted trigger speed 

was found to be consistently around the 85th percentile speed justifies 

the choice of the automatic model.   
 

Keywords: Optimal trigger speed, vehicle activated sign, mean speed, 

standard deviation, calibration, driver behaviour, data driven approach, 

automatic model 
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1 Introduction 

Excessive or inappropriate speed is a major contributing factor in traffic re-

lated accidents and fatalities. Various safety signs are deployed to guide driv-

ers and aid in adjusting their speed to current road and traffic conditions. 

Variable message signs (VMS) are a typical example of such safety signs. De-

pending on the circumstances, they are also referred to as changeable mes-

sage signs (CMS), dynamic message signs (DMS), variable speed limit signs 

(VSLS) or dynamic speed limit signs (DSLS) (Nygårds, 2011). VMS are cur-

rently used as a key part of dynamic traffic management systems (Figure 1). 

Depending on the traffic situation, variable message signs inform, warn and 

guide drivers. This type of sign is often used on highways and expressways. 

According to previous studies, these signs contribute to shorter queues, trav-

el times, uniform and lower speeds thereby resulting in fewer incidents. 

Providing the drivers with essential and realistic information such as ex-

pected speed, expected travel times or queues increases the driver’s comfort 

level, while simultaneously reducing the driver’s stress and irritation level 

(Davidsson et al., 2007). However, these signs are demanding, equipment 

dependent and expensive to operate.  

 
Figure 1 Example of Variable message sign (source: Kronborg 2001) 

The term VMS includes Vehicle activated signs (VAS) and Speed indicator 

devices (SID). VAS and SID are activated by the speed of approaching vehi-

cles (referred to as trigger speed from this point forward). The signs are usu-

ally powered by electricity; however, battery and solar powered signs are also 

commonplace. The signs display a warning message when drivers exceed a 

particular threshold i.e. the trigger speed. Note that the warning messages 

displayed by VAS and SID signs are slightly different. VAS display a warning 

message, typically ‘slow down’ in combination with the current speed limit, 

whereas SID display drivers’ speed in green or red colours in order to alert 
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drivers of their current speed (Figure 2). Usage of either a smiley face or a 

sad face on SID is also not uncommon (Walter, & Knowles, 2010). It should 

be noted that some literature consider SID as a type of vehicle activated sign, 

and both belong to the category of VMS, as a higher class of sign. Hence, in 

the current thesis, VAS are considered as a separate type, where the display 

and operation of VAS is somehow different to both VMS and SID.  

VAS and SID are relatively cheaper than VMS and require little maintenance 
(Winnett, &Wheeler, 2002). Therefore, VMS are usually installed on high-
ways where the risk of accidents is potentially high.  Both types of signs can 
be installed quickly and at relatively low cost. They are most effective at loca-
tions that have been the scene of collisions caused by drivers who travel at 
inappropriate speeds. Apart from this similarity, VAS and SID are deployed 
and used in different ways. VAS are usually permanent installations, whereas 
SID are usually placed onsite for not more than 2 to 3 weeks, i.e. SID are 
generally temporary and relocated from site to site. Previous research studies 
indicated the effect of both signs with regard to speed reduction, as being 
between 2 and 7 mph (Winnett, &wheeler, 2003; Walter, &Knowles, 2008; 
Pesti, & McCoy, 2001; Sandberg et al., 2006), but it is not clear which type of 
sign should be considered when discussing usage and effectiveness on driv-
ers speeds. 

 

    
(a)                                               (b) 

Figure 2 (a) Speed Indicator Device (SID); (b) Vehicle Activated Sign (VAS) 

Studies concerning the trigger speed of VAS have not been carefully exam-

ined. Nygårds and Helemers (2007) and Nygårds (2011) reviewed effects of 

VAS and VMS, in articles published between 2000 and 2009. The articles 

that were published during that period of time concentrate mainly on the 

influence of the sign upon human behaviour. The main conclusion drawn 

from their reviews is that relevant information that is displayed by the sign 

plays an essential role in influencing driver behaviour. The trigger speeds of 

these signs have not been emphasised in their reviews. In addition, large 

number of studies has been conducted in order to test the effectiveness of 

VAS in reducing vehicle speed and improving safety. A frequent measure on 
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effectiveness of VAS on driver behaviour is the reduction in the mean speed 

of vehicles as they pass the sign. However, some recent studies (Quddus, 

2013; McMurtry et al., 2009; Garber & Earhart, 2000) have indicated a posi-

tive relationship between the standard deviation of vehicle speeds and num-

ber of traffic accidents. To the best of my knowledge, it is not clear whether 

the optimal trigger speed of VAS has an effect on mean and standard devia-

tion of vehicle speeds or not and is worthwhile investigating.   

1.1 Problem formulation 

In practice, the trigger speed of the VAS is set to a constant value that corre-

sponds to the traffic agencies’ recommendation for a particular road seg-

ment. Such practices, however, do not consider the fact that an optimal trig-

ger speed might exist, i.e. a trigger speed that has the most beneficial impact 

on driver behaviour. It is my belief that each sign may need a different trig-

ger speed for different road segments. It can be argued that VAS have a lim-

ited short-term effect on driver behaviour and that excessive use of these 

signs might, in the long-term, lead to a situation in which drivers tend to dis-

regard the warnings. This might be the case when an inappropriate trigger 

speed is employed in the VAS. If drivers encounter a substantial number of 

incorrectly configured signs, there is a likelihood that drivers will begin to 

disregard all such warning signs. Therefore, it is essential that drivers per-

ceive the message displayed by VAS as relevant and credible with regard to 

the traffic and road conditions. This is why setting of trigger speed is re-

quired in VAS.  

Another important problem that is worth mentioning here concerns the 

power consumption of battery driven VAS. As mentioned earlier, battery 

driven VAS are not uncommon (see section 1). Operation of battery driven 

VAS is deemed to be poor without an appropriate trigger speed. This is be-

cause lack of an appropriate trigger speed threshold coupled with high traffic 

flow implies more frequent activation, thereby leading to quicker depletion 

of power. This is true also when using solar powered VAS, which are often 

preferred due to their low installation and operation costs. Whilst solar oper-

ated VAS are more desirable than battery driven ones, setting an appropriate 

trigger speed is still an issue. In order to keep the sign operational, the sign 

should be triggered only when necessary.  

Setting the trigger speed according to traffic dynamics by taking into account 

vehicle type, road and traffic conditions is yet another challenge. As an ex-

ample, behaviour of heavy vehicles is often different to that of cars. Further-

more, in terms of traffic volume, cars are the most common vehicle type. 
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Thus, ignoring the above-mentioned issues might cause VAS to fail to 

properly warn different vehicle classes under different weather conditions. 

Apart from the problem of setting the trigger speed of the VAS, another im-

portant problem is the sensitivity in acquiring data. This is because acquiring 

speed data is a challenge in itself. A commonly used method for acquiring 

speed and traffic data is the Doppler radar. However, data collected using the 

Doppler radar is sensitive to the calibration of the radar. The radar should be 

mounted in an overhead position, pointing down towards the roadway at 

approximately 30 degree angle from the horizontal direction. Often in reali-

ty, radar calibration is carried out subjectively by installation personnel, thus 

greatly increasing possibility of introducing error in the collected speed data, 

which in turn results in incorrect calculation of the trigger speed. 

1.2 Objective and Aims 

The main objective of this thesis is to investigate an appropriate trigger 

speed for VAS by taking into account vehicle type, road and traffic condi-

tions. In particular, this thesis first evaluated the effectiveness of the trigger 

speed of the VAS on driver behaviour in order to find its optimum value. An 

automatic model designed to predict an appropriate trigger speed according 

to the conditions was also developed. The aim of this thesis is to fulfil the 

above-mentioned objective by investigating the following research questions. 

(R1) What is the trigger speed of the VAS that was used in previous studies? 
How effective were the VAS with regard to assessing driver behaviour? 

(R2) How should the data be collected? 

(R3) What is the effect of trigger speed on driver behaviour, and what is the 
optimal trigger speed?  

(R4) Is the effect of VAS comparable to that of SID on driver behaviour ac-
cording to the trigger speed, time of day and type of site or not? 

(R5) How can an optimal trigger speed of the solar VAS be found in order to 
reduce drivers’ speed, while simultaneously optimising power consumption? 

(R6)  How can an automatic trigger speed for VAS, which responds to traffic 
conditions and to different type of vehicles be assessed? Are different VAS 
trigger speeds required for different vehicle types? 
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1.3 Research contributions 

In order to answer the above questions, the research contributions in this 
thesis are presented in the six appended papers as follows:  

(R1)  A review study on the effectiveness of VAS was conducted. The review 
focused on parameters used for the assessment of the effectiveness of the 
signs. Furthermore, parameters used for the configuration of the trigger 
speed of the VAS were also studied (paper I). 

(R2)  A data driven calibration system was applied to correct vehicle velocity 
data collected by Doppler radar. At this point, it is worth mentioning that 
velocity of the vehicle was used instead of speed to be able to account for ve-
hicle direction. Data were initially pre-processed to be able to match individ-
ual vehicles, and the correction factor (CF) for vehicle velocities detected by 
radar was determined. Different calibration measures were used to validate 
accuracy of the obtained CF (paper II). 

(R3)  A comprehensive understanding of the effectiveness of the trigger 
speed of the VAS on driver behaviour was gained by systematically collecting 
speed data whilst varying the value of the trigger threshold of the VAS. This 
study investigated the criteria for determining the optimal trigger speed that 
gave the best compromise between reducing the mean speed and the stand-
ard deviation of speed (paper III). 

(R4)  A comparative study between VAS and SID was done in order to de-
termine the effectiveness of these signs with regard to driver behaviour in 
terms of the nature of the site (local roads as opposed to a highway), time of 
day (day as opposed to night) and trigger speed chosen for the sign (paper 
IV). 

(R5) A data driven approach was developed to optimise the trigger point 
that achieves the best compromise between speed reduction and power con-
sumption of solar VAS. The algorithm was deployed in two stages: first stage 
involved exploration of the proprieties of the data and then, in the second 
stage, trigger speed of the VAS was determined using a clustering technique 
(paper V). 

(R6)  A data driven model was investigated to predict the appropriate trig-
ger speed of the VAS depending on type of vehicle and time of day (paper 
VI).  

1.4 Outline of the thesis 

The work in this thesis has been segmented into five sections respectively. 
Section 2 provides a review of previous studies conducted regarding the ef-
fectiveness of VAS. The review focuses on the parameters used for assess-
ment of the effectiveness of the signs. Section 3 presents data collection for 
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each experimental design in the different papers included in this thesis. The 
methods used in the different papers included in this thesis are listed in Sec-
tion 4. In Section 5, a summary of the five papers (paper II–paper VI) pre-
sents the aim of the thesis along with the corresponding results. Finally, Sec-
tion 6 presents discussion and concluding remarks.    
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2 State of the art (Paper I) 

Previous research on VMS and VAS was reviewed to be able to answer re-
search question (R1); what is the trigger speed of the VAS signs that was used 
in previous studies? How effective were the VAS signs with regard to as-
sessing driver behaviour? 
Several methods for measuring the effectiveness of the VMS and VAS are 
reported in the literature. Most frequently, the effectiveness of the signs is 
measured with the reduction of the vehicle mean speeds, using vehicle speed 
data collected by loop detectors, radars or by using micro-simulation tech-
niques. In this context, the mean speed of the vehicle is usually examined. 
However, the vehicle mean speed might not always be a reliable measure of a 
sign’s effectiveness, as shown by Kathmann (2001) in his study. The author 
argues that the effect of the signs might not affect the average speed of the 
vehicles and instead, the whole vehicle speed distribution should be exam-
ined.  

Another measure of the effectiveness that has been proposed in a handful of 
studies is the relationship between the presence of VMS and VAS and the 
number of traffic accidents. Taylor et al. (2002) presented a robust predic-
tive model based on extensive accidents and speed databases. The authors 
deduced that the reduction in the number of traffic accidents was 4.5% to 
7.5% for each 1 mph reduction in the mean speed of the vehicle. While Taylor 
et al. (2002) did not consider the severity of the traffic accidents, Nilson 
(2004) reported that the reduction of 1 mph in the mean speed of the vehicle 
led to a 6.6% reduction in all injury-causing accidents, a 0.7% reduction in 
accidents that cause serious injuries and a 12.7% reduction in fatal accidents. 
The main advantage of using the relationship between presence of the signs 
and the traffic accidents is that the direct impact of the signs on traffic safety 
is measured. However, the drawback of this method is that the data collec-
tion usually needs to be done over a longer period of time, since traffic acci-
dents are rather rare, for example, Taylor et al. (2002) used a database cov-
ering a 5-year period in their study. The third way of measuring the effec-
tiveness of the VMS and VAS, proposed by some researchers, is by conduct-
ing interviews with drivers who have passed the signs. Luoma et al. (2000) 
argued that the effectiveness of the signs need not be assessed with only sta-
tistical measures, e.g. mean vehicle speed. Instead, other behavioural chang-
es, such as the focus of a driver’s attention or cautious overtaking, might give 
good estimate of the effectiveness of a sign. Another measure of the effec-
tiveness, suggested by Charlton and Baas (2006), is the sign visibility and 
comprehensibility.  

A majority of the studies reported on the effectiveness of VMS and VAS; 
however, only a few studies attempted to deal with the technical configura-
tions of these signs, in particular, the trigger speed. There is no clear consen-
sus in the literature regarding the level at which the trigger speed should be 
set. Thus, Winnett et al. (1999) reported a trigger speed being set to 4mph 
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under the posted speed limit, Winnett and Wheeler (2002) 5mph above the 
posted speed limit and Mattox et al. (2007) 3mph above the speed limit.  

Lastly, a large number of studies have evaluated the effectiveness of the VMS 
and VAS on driver behaviour, but only a few studies have considered the ef-
fects of these signs under different road and weather conditions (Rämä, 
1999; Rämä & Kulmala, 2000; Luoma et al., 2000; Jiang et al., 2011). These 
studies reported a small beneficial reduction in mean speed but increases in 
the homogeneity of driver behaviour. In Rämä (1999), there was more of an 
effect on mean speed and standard deviation in summer than in winter.  

Studies concerning the trigger speed values of the signs have not been care-
fully examined. Past studies have reviewed the effects of VAS and VMS (Ny-
gårds, & Helemers, 2007; Nygårds, 2011). Such studies have mainly concen-
trated on the influence of VAS and VMS upon driver behaviour, where the 
mean speed of drivers passing the sign was generally reduced. The main con-
clusion drawn from their reviews is that relevant information that is dis-
played on the sign plays essential role in influencing driver behaviour. How-
ever, the effect of the trigger speed of the VAS and its influence on driver be-
haviour has not been carefully studied. A large number of studies have been 
conducted to test the effectiveness of VAS in reducing vehicle speed and in 
improving safety. A frequent measure of the VAS effectiveness on driver be-
haviour is the reduction in the mean speed of vehicles as they pass the sign. 
More recently, studies have indicated a positive relationship between the 
standard deviation of vehicle speeds and number of traffic accidents (Qud-
dus, 2013; McMurtry et al., 2009; Garber, & Earhart, 2000). At this stage, it 
is worth pointing out that the optimal trigger speed of VAS should have a 
combined effect on both the mean and standard deviation of vehicle speeds. 
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3 Data acquisition and experimental design (Papers 
II-VI) 

Relevant literature within the field indicated that when selecting a site the 
notoriety of a given road segment for speeding or a high accident rate (where 
inappropriate speeds were the initial problem) ought to be considered (Win-
nett, & Wheeler, 2002). Test sites were chosen after duly considering factors 
such as speeding areas, change from high to low speed limit, presence of 
school, bus stop and so on, all of which might affect data collection.  

Traffic speed data were collected by Doppler radars installed onsite at four 
different sites. First1 and second sites2  (site-1 and site-2) were located on a 
local road in Borlänge and were both restricted to 40 km/hr with speed limit 
change from 50 km/hr to 40 km/hr. The third site3 (site-3) was also located 
on a local road in Borlänge but was restricted to 60 km/hr but a location 
where the speed limit changes from 60 km/hr to 50 km/hr. Fourth site4 
(site-4) was located on highway E16 between Borlänge and Djurås in central 
Sweden and was restricted to 60km/hr where there was a speed limit change 
from 90 km/hr to 60 km/hr. 

In this context, the vehicle activated sign was installed at the beginning of 
the road segment with a lower speed limit to remind drivers. According to 
the aim for each experiment conducted in this thesis, data were collected and 
prepared in different ways. The first experiment in paper II was aimed at 
dealing with potential problems due to faulty calibration of the radar. For 
this purpose, a data driven calibration method was developed and evaluated 
to provide accurate data for this research study. For this experiment, indi-
vidual speed data (referred to as data 1) were collected 24 hours a day from 
the first site in Borlänge using three Doppler radars: radar installed 100m 
before the sign, at the sign and 60m after the sign.  

The experiment done in paper III studied the effect of the trigger speed of 
the VAS on driver behaviour. Data used in this experiment (referred to as 
data 2) were collected from the first two sites using two radars. The vehicle 
activated sign was also installed and equipped with a data logger and a mo-
dem in order to be able to remotely alter the trigger speed settings of the 
sign. Such a setup facilitates alteration of trigger speeds thereby permitting 
the study to compare the effect of different trigger speeds on driver behav-
iour, particularly on the mean and standard deviation of vehicle speeds. The 
data collection was done over a period of 16 weeks. The data were collected 
24 hours a day at two points: 100m before the sign and at the sign.  

The experiment conducted in paper IV studied the effect of the trigger speed 

                                                 
1 Site-1 (Latitude: 60.476904, Longitude: 15.464145) 
2 Site-2 (Latitude: 60.462058, Longitude: 15.467076) 
3 Site-3 (Latitude: 60.497165, Longitude: 15.452249) 
4 Site-4 (Latitude: 60.558988, Longitude: 15.137701) 
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of the VAS compared to SID i.e. another type of VMS. Data (referred to as 
data 3) used in this experiment were collected from the first and the fourth 
site where the road characteristics were completely different. At each site, 
data were collected continuously before the SID and the VAS were installed 
and while the signs were in operation. At each site, the data collection was 
also done at two points: 100m before the sign and at the sign. The data col-
lection period was one week.  

The experiment described in paper VI aimed at building an adaptive sign 
that detects and records vehicle speed and predicts a trigger speed respective 
to previous traffic conditions. Relevant data (referred to as data 4) were col-
lected using single radar installed 100 m before the sign. Data were collected 
24 hours a day at the four sites (although not simultaneously) for the sake of 
comparison.  
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4 Methods (Papers II-VI) 

This chapter presents the methods used in each of the papers found in ap-

pendix A. 

4.1 Paper II 

This paper has investigated the research question (R2): How to collect data 
using VAS? See section 1.2. Vehicle speed data (Data 1) were collected, and 
an appropriate correction factor was determined. Data were collected using a 
continuous wave Doppler radar (named Siersega) to measure the speed of 
vehicles passing the radar. A successful measurement requires that the radar 
has a direct view of the vehicles and requires careful setup. Therefore, the 
radar was installed in a side fire overhead position and set on a road post-
lamp at a fixed height between 2.25 to 3.25 metres above the ground. Addi-
tionally, the radar was facing the oncoming traffic inclined at 30 degrees 
parallel to the roadway and tilted downward 20 degrees. The cosine of the 
angle between the radar unit and its target determines the magnitude of er-
ror. During the data collection stage, vehicle speeds were gathered using the 
two radars. While the first radar was positioned at the same place as the ve-
hicle activated sign, the second radar was located either 100m ahead of the 
sign or 60m after the sign. The rationale behind moving the second radar 
back and forth relative to the sign was to be able to test the accuracy of the 
CF.  

Data were pre-processed using two approaches, resulting in two different 
data sets. As per the first approach, missing data and outliers were identified 
and removed which resulted in a ‘clean’ data set. In the second approach, 
missing data and outliers were constructed by filling in missing values whilst 
keeping all the outliers resulting in a ‘complete’ data set. Results of calibra-
tion are summarised in chapter 5 (see section 5.1). What follows next is a 
description of the calibration methods employed in the current work. 

4.1.1 Standard calibration 

The standard calibration of the radar involves subjectively installing the de-
vice relative to the manual specifications. The collected velocities were then 
multiplied by a certain CF based on the inverse of the cosine error of the two 
angles between the radar and the travelling direction of the vehicle. In this 
study, the correction factor (CF) proposed by radar is expressed in equation 
1: 

CF =
1

cos 30 cos 20
    (1) 
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4.1.2 Data driven calibration 

The data driven calibration method was based on the inverse of the ratio be-
tween the actual distance and the travelled distance between two Doppler 
radars installed on the road. The travelled distance was extracted from the 
matched velocities recorded by both radars. The main idea for matching ve-
locities was done by finding the time difference between the two radars, 
which are supposed to be initially synchronised. The time difference includ-
ed a certain time delay ∂ due to disturbances such as overtaking, double 
counting or the radar may be occupied with another vehicle coming from the 
other direction. The detection of a time delay was extracted by using a nu-
merical algorithm, which starts at any point and recursively approaches to an 
approximate solution. The CF proposed in this thesis was calculated by the 
following equations where 𝑛 is the total number of matched vehicles, 𝑣 is the 
mean velocity and 𝛥𝑡 is the time difference for the same individual vehicle 
recorded by the two radars (see equations 2 and 3): 

CF =
1

n
∑ (

actual distance

𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑖
)𝑛

i=1     (2) 

t𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑖 = 𝑣𝑖(|𝛥𝑡| − ∂)   (3) 

4.1.3 Experimental calibration 

The experimental correction factor was based on several runs carried out by 
driving a car in cruise control mode on the road segment where the two ra-
dars were installed. The velocities shown in the speedometer of the car and 
time were recorded. The experimental CF was the baseline ratio between the 
velocities reported by the radars and the velocities shown in the speedometer 
of the car. It is worth mentioning that to determine the vehicle used in the 
experiment, several runs were done for a particular time period where the 
traffic flow was very low.  

4.2 Paper III 

This paper has investigated the research question (R3): What is the effect of 
trigger speed on driver behaviour, and what is the optimal trigger speed? 
(See section 1.2) The effect of the trigger speed of the VAS on driver behav-
iour was mainly based on the experimental design chosen for the data collec-
tion as well as the value of the trigger speed that activates the sign. 
Speed data (data 2) were collected, and a completely randomised design 
(CRD) has been employed. This design is mainly based on the comparison of 
the values of the vehicle speed based on the different levels of the trigger 
speed to assess how the VAS trigger speed affected driver behaviour.  

Data were analysed by both descriptive and inferential statistics. Mean 
speed, standard deviation and the coefficient of variation were used in the 
descriptive statistics. The Bartlett test, the One-way test, the pairwise t and 
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pairwise F-tests were conducted in the inferential part of the data analysis. 
While the Bartlett test was performed in order to check the homogeneity of 
the variances between trigger speeds, the One-way test was used to check the 
mean speed’s homogeneity, when the assumptions of equal variances were 
relaxed. Furthermore, the pairwise tests (t-test and F-test) were also used to 
perform a pairwise comparison for mean speeds and speed variances, re-
spectively.  

Results of this investigation are summarised in chapter 5 (see section 5.2). 
What follows next is a description of the completely randomised design, site 
and trigger speed selection and the statistical methods employed in paper 
III. 

4.2.1 Completely randomised design  

A completely randomised design (CRD) was employed in this paper to study 
the effect of the trigger speed of the VAS on driver behaviour. CRD is simple 
designs based on randomisation and replicated with test subjects assigned at 
random treatment levels of the primary factor and eliminate the effect of 
other secondary factors to ensure the accuracy of the data (Yau, 2013). In 
this paper, the primary factor was considered as the trigger speed for the 
VAS, and all other factors such as traffic intensity and traffic conditions were 
assumed to be secondary factors. The main idea is to define each hour as one 
experimental unit, and the trigger speed should be randomly assigned at 
each hour. Due to the difficulty in changing the trigger speed every hour, the 
trigger speed was randomly assigned to each week and then from each week; 
one working day was randomly chosen for further analysis.  

4.2.2 Site selection 

The test site was mainly selected based on the following criteria that may 
influence speed choice: 

- Site located in an area known for speeding or collisions   
- Site located where there is a change in the speed limit from high to low 
- Site located where there is no sharp bends, roundabouts or pedestrian 

crossings 
- Site located in close proximity to an external power source such as a 

power lamp  
- Site should have sufficient space with at least 150 m to monitor driv-

ers’ speed before and after activating the sign 

4.2.3 Trigger speed selection 

The trigger speed values chosen for the experiment were based on the follow-
ing:  

- Activate the sign for all vehicles (0 km/hr) 
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- Do not activate the sign (150 km/hr) 
- Activate the sign for all vehicles that exceed the speed limit posted on 

the road (40 km/hr) 
- Activate the sign for all vehicles that exceed the 15th percentile of the 

speed of vehicles travelling on the road (42 km/hr for site 1 and 
46km/hr for site 2) 

- Activate the sign for all vehicles that exceed the speed limit posted on 
the road plus 10% of the speed limit (44 km/hr) 

- Activate the sign for all vehicles that exceed the 50th percentile of the 
speed of vehicles travelling on the road (47 km/hr for site 1 and 49 
km/hr for site 2) 

- Activate the sign for all vehicles that exceed the 85th percentile of the 
speed of vehicles travelling on the road (50 km/hr for site 2 and 52 
km/hr for site 2) 

4.2.4 Statistical methods 

The statistical methods used in thesis consisted of descriptive statistics and 
inferential statistics. Time mean speed, standard deviation and the coeffi-
cient of variation were used in the descriptive statistics. Time mean speed µ 
was used to describe the central tendency, where n is the total number of 
vehicles and 𝑆𝑖 is the spot speed for vehicle 𝑖 (equation 4); standard deviation 
SD was used to find the speed variation for the spread of the data (equation 
5); and the coefficient of variation CV was used to describe both central ten-
dency and spread of the data, as provided in equation 6 (Mousa, 2005; Mu-
churuza et al., 2005). 
 

µ =
1

𝑛
∑ 𝑆𝑖

𝑛
𝑖=1      (4) 

 

SD = √
∑ (𝑆𝑖−µ)2𝑛

i=1

𝑛−1
     (5) 

CV =
SD

µ
     (6) 

 
In the inferential part of the data analysis, the Bartlett test, the One-way test, 
the pairwise t and pairwise F-tests were applied to study if there were chang-
es in mean speed and standard deviation between different trigger speeds. In 
general, the procedure of the hypothesis testing is based on setting up two 
hypotheses: a null hypothesis and an alternative hypothesis. Under the null 
hypothesis, it is assumed that there is no statistically significant relationship 
among the variables, whereas the alternative hypothesis challenges this as-
sumption. The goal of hypothesis testing is usually to reject the null hypothe-
sis in favour of the alternative hypothesis. The hypothesis testing procedure 
involves two additional parameters: a probability value p and a confidence 
level α. The p-value is the probability of the observed outcomes occurring 
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under the assumption that the null hypothesis is true. The confidence level α 
is the threshold value that the researcher selects to indicate at what point the 
null hypothesis will be rejected. If the p-value is less than or equal to α, then 
the null hypothesis will be rejected (Wackerly et al., 2008; Dalgaard, 2008). 
The null hypothesis for Bartlett’s test indicated that the speed variances 𝜎2 
between trigger speed values were equal (equation 7). 
 
𝐻0: 𝜎0

2 = 𝜎40
2 = 𝜎44

2 = 𝜎46
2 = 𝜎47

2 = 𝜎49
2 = 𝜎50

2 = 𝜎52
2 = 𝜎150

2              (7) 
 
The null hypothesis for one-way test indicated that the time mean speed was 
equal between different trigger speeds, while relaxing the assumptions of 
equal variances (equation 8). 

𝐻0: µ0 =  µ40 =  µ44  =  µ46 =  µ47 =  µ49 =  µ50 =  µ52 = µ150     (8) 
 
As with Bartlett’s test and one-way test, the pairwise t-test and the pairwise 
F-test were used to check variances and mean equality between different 
trigger speed levels, but only as a pairwise comparison. In the latter test, the 
comparison establishes which of the trigger speed levels differs from the oth-
ers. 

4.3 Paper IV 

This paper has investigated the research question (R4): Is the effect of VAS 
comparable to the effect of SID on driver behaviour in terms of trigger speed, 
time of day and type of site (see section 1.2)? A comparison between VAS and 
SID in terms of the effectiveness on driver behaviour was the aim of paper 
IV. The comparison was done by determining the effects of VAS and SID in 
terms of site characteristics, time of day and trigger speed. More specifically, 
applying another design to the experiment and a positioning of the signs as 
well as road geometry were taken into consideration. The research conducted 
over the course of writing this paper was somehow related to the topic in pa-
per III, but the experiment was designed in a shorter time period when the 
effect of these signs were found to be greater for the first week compared to 
the second week; this is most likely due to sign novelty.  

Data 3 were collected and further divided into day/night periods, where the 
day period was defined as 07:00 to 19:59 and the night period was defined as 
20:00 to 06:59. Due to variation in the number of hours of daylight in Swe-
den between different seasons, it was hard to divide the time according to the 
number of daylight hours. Therefore, in this paper, the respective division of 
the time was based on the difference in traffic flow volumes at different times 
of the day. Results of effectiveness on behaviour in terms of trigger speed, 
time of day and type of site are summarised in chapter 5 (see section 5.4). 
What follows next is a description of the design of the experiment, the trigger 
speed used and the statistical methods employed in the following work.  
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4.3.1 Design and trigger speed selection 

The design of the experiment was controlled in respect to the same assump-
tion used in the previous study (paper III), but site selection and time of the 
data collection were different. The sites were selected from two different 
road geometries: local roads and highway roads with different speed limits. 
Compared to the experiment in paper III, the data collection was performed 
in one week. One day period of installation of each sign with a particular 
trigger speed was randomly assigned to weekdays in order to reduce the pos-
sible effect of the external factors i.e. traffic and weather conditions. The 
trigger speed values chosen for the experiment were only based on the speed 
limit posted on the road segment and to the 85th percentile of the speed of 
passing vehicles. The trigger speed values for the two signs were determined 
as follows: 

- Activate SID for all vehicles that exceed the speed limit 40 km/hr at 
site 1 

- Activate SID for all vehicles that exceed the 85th percentile of the 
speed of vehicles travelling at site 1 

- Activate SID for all vehicles that exceed the speed limit 60 km/hr at 
site 4 

- Activate SID for all vehicles that exceed the 85th percentile of the 
speed of vehicles travelling at site 4 

- Activate VAS for all vehicles that exceed the speed limit 40 km/hr at 
site 1 

- Activate VAS for all vehicles that exceed the 85th percentile of the 
speed of vehicles travelling at site 1 

- Activate VAS for all vehicles that exceed the speed limit 60 km/hr at 
site 4 

- Activate VAS for all vehicles that exceed the 85th percentile of the 
speed of vehicles travelling at site 4 

 

4.3.2 Statistical methods 

Two statistical measures were used: effect on mean speed and effect on 
standard deviation of vehicle speed. To exclude the chance of the external 
random effect for the variability between sites and differences between 
speeds, the first measure was based on the difference between the mean 
speed of vehicles before and during the operation of the sign (Walter and 
Broughton 2011). The first measure used in this study is presented in equa-
tion 9; where δ2(t) is the effect for time period t at the sign, µ2 is the mean 
speeds at the sign and µ1 is the mean speed 100m before the sign. 

𝛿2(𝑡) = (𝜇2(𝑡) − 𝜇2(𝑏𝑒𝑓𝑜𝑟𝑒)) − (𝜇1(𝑡) − 𝜇1(𝑏𝑒𝑓𝑜𝑟𝑒))                          (9) 

The second measure was based on the coefficient of variation, which is an-
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other appropriate way to find the extent of variability in relation to the mean 
speed. This measure is presented in the following equation (10), where Cv(t) 
is the coefficient of variation for time period t at the sign, σ2(t) is the stand-
ard deviation at the sign for time period t, µ2(t) is the mean speeds at the 
sign (see equation 10).  

𝐶𝑣2(𝑡) = (
𝜎2(𝑡)

𝜇2(𝑡)
)                            (10) 

ANOVA analysis and pairwise t-test were also used here to compare means 
for multiple independent groups of data. One-way ANOVA is an extension of 
the t-test to 3 or more samples focus analysis on group differences. Two-way 
ANOVA (and higher) focuses on the interaction of factors.  
 
Table 1. Effect of mean speeds respective to the null hypotheses based on the combi-
nation of different factors 
 

Factor Null hypothesis  

TS 𝐻0: µ2(TS=SL)  =  µ2(TS=85th percentile)    

Time 𝐻0: µ2(time=day)  =  µ2(time=night) 

Site 𝐻0: µ2(site=local road) =  µ2(site=higway)  

TS: Site 𝐻0: no interaction between trigger speed and site    

TS: time of day 𝐻0: no interaction between trigger speed and time of day of 

Site: time of day 

 

𝐻0: no interaction between site and time of day 

 
In fact, two-way ANOVA is used to determine whether the main effects and 
interaction effect are statistically significant. The null hypothesis for a main 
effect is that the response mean for all factor levels are equal. The null hy-
pothesis for an interaction effect is that the response mean for the level of 
one factor does not depend on the value of the other factor. To assess each 
null hypothesis, p-values for each term were compared to a significance level 
0.01. The table below presents the effect of mean speeds respective to the 
null hypotheses based on the combination of three factors: trigger speed 
(speed limit or 85th percentile), site (local road or highway) and time of day 
(night or day).  

4.4 Paper V 

This paper has investigated the research question (R5): How can the opti-
mal trigger speed of the solar VAS be found in order to reduce drivers’ speed 
while simultaneously reducing power consumption? See section 1.2. The pa-
per investigated a solar powered sign to be able to report its usage in the ab-
sence of access to direct electricity to power the sign. In other words, effi-
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ciently configuring the trigger speed might help the battery of the sign from 
running out of power. In this work, the trigger speed of the VAS is based on 
two objectives: safety and energy. For the safety objective function, the effect 
of the trigger speed of the VAS was figured by calculating the variation of the 
mean speed of a vehicle travelling before triggering the sign (100m before 
the location of the vehicle activated sign) as well as after triggering the sign 
(at the location of the sign). For the energy objective function, the energy 
consumption was calculated respective to the sum of all flashes for the speed 
of all vehicles that were detected by the radar. The length of the flash for each 
vehicle could vary from full brightness 1.8A down to ambient brightness to 
under 0.5A.  

Traffic data were clustered into traffic patterns using appropriate clustering 
techniques to be able to extract the trigger speed for each traffic pattern. The 
data (data 3) were initially pre-processed by excluding motorcycles and long 
trucks on the assumption that their speed might distort the results of cluster-
ing. A two stage clustering algorithm was utilised to extract the trigger speed 
of the VAS. The algorithm first employed a SOM to visualise and explore the 
proprieties of the speed data and second, clustered the same data into two 
different clusters that had the same speed characteristics, as determined 
through the utilisation of K-means. Results of clustering are summarised in 
chapter 5 (see section 5.4). What follows next is a description of the data par-
titioning methods used in this work. 

4.4.1 Data partitioning 

Self-organising maps (SOM) and k-mean clustering were used to explore and 
partition the data into different clusters that have similar speed characteris-
tics. K-means clustering is an unsupervised clustering algorithm, which clas-
sifies a given data set through a certain fixed number of clusters k a priori. 
The main idea is to define the k centroid for k clusters. The centre of the clus-
ter k is the mean of the data items within the cluster. K-means algorithm 
proceeds by first randomly selecting k of the items where each selection is 
done by partitioning data items into k initial clusters. Each item is assigned 
to the cluster to which it is the most similar, based on minimising the dis-
tance between the item and the cluster mean. It then computes the new 
mean for each cluster and assigns the new mean as the new cluster centre. 
This process iterates until a stopping condition is reached. In fact, this algo-
rithm aims to minimise a simple objective function d(xi, xí) known as the dis-

similarity measure, where ||xi − xí||
2
 is the squared absolute Euclidian dis-

tance between each data point xi and each data centre xí. The criterion of the 
within point cluster W(C) is minimised by assigning N observations to the K 
clusters in such a way within each cluster that the average dissimilarity of the 
observations from the cluster mean is minimised (see equation 11). Note that 
x′ = (x1k

′ , … , xpk
′ ) is the mean vector of the kth cluster and Nk : 

W(C) = ∑ Nk ∑ ||xi − x′k||
2

C(i)=k
K
k=1                            (11) 
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Self-organising map (SOM) is an artificial neural network that is trained us-
ing an unsupervised learning algorithm (Chen et al., 2013) to construct a 
map that discretized the input space of the training samples into low dimen-
sions. The network often consists of two layers of artificial neurons: an input 
layer and an output layer. Every input neuron is connected to every output 
neuron by a weighting value. The Euclidian distance is calculated between 
the input vector and the incoming weighted vector for each output. The out-
put neuron with the smallest distance is declared as the winner and its 
weights modified to be closer to the input vector. In fact, SOM is different 
from other neural networks as they apply competitive learning as opposite to 
the error correction based on the gradient’s descent. The competitive learn-
ing is basically an iterative process where the connections’ weights are modi-
fied according to the following equations (12) and (13) (Watts, & Worner, 
2009; Shukla et al., 2012), where w(t) is the connection weight at time t, x(t) 
is the input vector, h(t) is the neighbourhood function, α is the learning rate, 
d is the Euclidian distance between the winning unit and the current unit 
and σ is the neighbourhood width parameter. 

w(t + 1) = w(t) + h(t)(x(t) − w(t))                            (12) 

h(t) = α. e
−

d2

2σ2(t)                             (13) 

4.5 Paper VI 

This paper investigates the research question (R6): How can an automatic 
trigger speed for VAS, which responds to traffic conditions and to different 
types of vehicles be assessed? Are different VAS trigger speeds required for 
different vehicle types?  

Given the size, weight and behavioural differences between cars and trucks, a 
uniform VAS trigger speed might be inappropriate. This paper studied the 
speed characteristics between all types of vehicles within different periods of 
the day, particularly at night and during the day. Further, an automatic trig-
ger speed system was presented. The automatic system consisted of two 
steps: in the first step, SOM partitioned the input data into separate clusters 
that have similar characteristics and then in the next step, RF and ANFIS 
predicted the 85th percentile speed within each cluster with the assumption 
that the 85th percentile was, in general, the appropriate trigger speed.  

Results of clustering are summarised in chapter 5 (see section 5.5). A de-
scription of the analysis and data partitioning and prediction methods used 
in this work follows next. 
 
 
 



20 

 

4.5.1 Data Analysis 

The work done in this study was analysed using field data collected at four 
sites (data 4). The data were grouped into two ways:  

- Type of vehicles  
- Time of day 

To identify the type of the vehicle that passed the VAS, a simple classification 
was done by comparing the length of vehicles to a threshold, recommended 
by traffic engineering. For instance, the length of cars was considered be-
tween 21dm to 60dm and the length of vans and trucks was between 61dm 
and 94dm. In this context, the analysis was done respective to four classes: 
motorcycle, cars, vans/trucks and long trucks/busses. For further analysis, 
data on each day was split into day/night periods of time; data acquired be-
tween 06:00 and 19:59 was considered as the day period and data acquired 
20:00 and 05:59 was considered as night period. 

Hypothesis testing was used to prove whether there are differences in mean 
speed and standard deviation within the vehicle classes and time of day. 
Pairwise t-test was selected to analyse the mean samples between the pair-
wise group and F-test used to compare the two variances.  

4.5.2 Data partition and prediction 

Based on the SOM algorithm described in the previous section (4.4.1), the 
SOM network was trained with 3 dimensional inputs: speed, time of day and 
type of vehicle. In this study, the type of vehicles is mainly based on the 
length of vehicle detected by the radar. A brief description of the classifiers is 
provided for the sake of completion. 
 
4.5.2.1 Random Forest 

A random forest (RF) is an example of ensemble machine learning, proposed 
by Leo Breiman, for building tree predictors and letting them vote for the 
most popular class. The algorithm for inducing a random forest is based on 
bootstrap aggregation or so called bagging. For bagging, given a training set 
X = x1, . . , xn with response variables Y = y1, . . , yn, B times selects ntree a ran-
dom sample with replacement (bootstrap sample) from the original training 
set. For each bootstrap sample, an unpruned regression tree grows where at 
each node a random sample mtry of the predictors is also selected to choose 
the best split from among those variables. After training, predictions can be 
made by averaging the predictions from all ntree regression trees. However, 
the main advantage of this algorithm is the ability to improve stability and 
accuracy by reducing variance and helping to avoid over fitting, which is 
common within other machine learning algorithms (James et al., 2013). RF 
differs in only one way from the general bagging process. The algorithm uses 
a modified tree learning algorithm that selects, at each candidate split in the 
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learning process, a random subset of the features. This process is also called 
feature bagging. The reason for this is to overcome the correlation of the 
trees from an ordinary bootstrap sample. A detailed description can be found 
in (Breiman, 2001; Breiman et al., 1984). For the implementation of the RF, 
the number of trees and the number of selected features were experimentally 
tuned. As the number of trees increases, the error converges to a limit where 
there is no presence of over fitting as in the case of other learning algorithms. 
The most important parameter is to decide upon the number of features to 
test at each split. A common practice is to start with a large number and then 
either increase or decrease the number of features until the minimum error 
for the prediction is obtained.  
 
 
4.5.2.2  Adaptive Neuro Fuzzy Inference System 

An adaptive neuro fuzzy system is a powerful system that combines the con-
cepts of two approaches into one integrated system, where ANN learning 
algorithms are used to determine the parameters of the fuzzy inference sys-
tem to share data structures and knowledge representations. A typical ANFIS 
structure, proposed first by Jang (1993), consists of 5 layers of nodes. In the 
first layer, the input membership functions are mapped to a set of rules in 
the second layer, which, in turn, are mapped to a set of output characteristics 
in the third layer. The output characteristics are mapped to output member-
ship functions in the fourth layer and finally, the output memberships func-
tions are mapped to a single output (Khoshnevisan, 2014; Chang, & Chang, 
2013; Jang, & Sun, Ullah, & Choudhury, 2013). The fuzzy inference system is 
based on Takagi Sugeno’s methodology where the output membership func-
tions have a constant value. The network is trained using a hybrid learning 
algorithm based on two steps. In the first step (forward pass), the premise 
parameters i.e. network parameters are kept fixed and the information is 
propagated forward in the network using the least square method to identify 
the consequent parameters for the current cycle through training. In the sec-
ond step (backward pass), the error is propagated backward while the prem-
ise parameters are modified using the gradient descent method by keeping 
the consequent parameters fixed. The rule extraction method first uses 
the  Fuzzy c-means (FCM) clustering function known as ‘genfis3’ to deter-
mine the number of rules and membership functions for the antecedents and 
consequents. Fuzzy c-means (FCM) clustering technique (genfis3) was also 
used to optimise the results by extracting a set of rules that models the data 
and generates an initial FIS for ANFIS training.   
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5 Results 

This chapter summarises the results of paper II through to paper VI.  

5.1 Paper II 

Standard calibration, data driven calibration and experimental calibration 
methods were compared in this study. Two data sets were used to be able to 
identify the CF (see section 4.1). The results obtained in paper II are summa-
rised in table 2. The data driven CF obtained using the ‘clean’ data was supe-
rior to the CF retrieved using the ‘complete’ data. The CF for the shorter dis-
tance (60 metres) was closer to the experimental CF than the CF for the 
longer distance (100 metres). At this point, it is worth mentioning that the 
experimental CF in the current case is equal to 1.18. The obtained results 
were validated by calculating normalised root mean square error (NRMSE), 
which is basically the square root of the mean square error. It can be con-
cluded from the investigation in paper II that CF obtained using the ‘clean’ 
data set collected at a shorter distance between the radars could be reported 
as an appropriate factor while correcting speed data.  
 
Table 2. Comparison between different correction factors obtained 

 
Data type Distance = 100 metres Distance = 60 metres 

Clean 1.26 (0.26) 1.20 (0.19) 

Complete 1.78 (0.48) 3.42 (0.70) 

 
Note: Values in the parentheses are RMSE’s 

5.2 Paper III 

The results from the hypothesis testing showed that there was strong evi-
dence of a difference in mean speeds between a trigger speed that is set to 
the 85th percentile and other trigger speeds (see table 3). The effect of trigger 
speeds on mean speed was found to be significant at both sites (Site-1 and 
Site-2). There was a greater reduction in the number of speeders when the 
vehicle activate sign was triggered at the 85th percentile; 4% of the speeders 
reduced their speed when the TS was set to the 85th percentile as opposed to 
the speed limit. Additionally, the standard deviation and the coefficient of 
variation were shown to decrease when the trigger speed was increased. 
Meanwhile, the lowest standard deviation obtained was also when the trigger 
speed was set to the 85th percentile. According to these results, an interesting 
finding was that the optimal trigger speed was approximately near the 85th 
percentile, which had the desired effect of lowering the standard deviation. 
Another interesting finding was that standard deviation was high when the 
trigger speed was set near the speed limit. 



23 

 

 
Table 3. Tukey multiple comparisons of difference between means and p-value with 
95% confidence level at site-1 (85th percentile speed is 50 km/hr) 
 

 
0 40 44 46 47 49 50 52 

40 -0.63 
p=0.75 

-- -- -- -- --  --   -- 

44 0.98 
p=0.19 

1.60 
p<0.01 

-- -- -- -- 

 

 -- 

 

  -- 

 
46 0.78 

p<0.42 
1.41 
p<0.01 

-0.20 
p=1.00 

-- -- --  --   -- 
  

47 1.72 
p<0.01 

2.34 
p<0.01 

0.74 
p=0.62 

0.94 
p=0.23 

-- --  --   -- 

49 

 

1.60 
p<0.01 

2.26 
p<0.01 

0.62 
p=0.82 

0.82 
p=0.42 

-0.12 
p=1.00 

--  --   -- 

50 2.74 
p<0.01 

3.36 
p<0.01 

1.76 
p<0.01 

1.96 
p<0.01 

1.02 
p=0.01 

1.14 
p=0.04 

  --   -- 

52 1.53 
p<0.01 

2.16 
p<0.01 

0.55 
p=0.90 

0.75 
p=0.56 

-0.19 
p=1.00 

-0.07 
p=1.00 

-1.21 
p=0.02 

  -- 

 
150 4.12 

p<0.01 
4.75 
p<0.01 

3.15 
p<0.01 

3.34 
p<0.01 

2.41 
p<0.01 

2.52 
p<0.01 

1.38 
p<0.01 

2.59 
p<0.01 

 

5.3  Paper IV 

An overall reduction in mean speed and standard deviation was observed at 
both sites and with both signs. The results in table 5 showed that the trigger 
speed of the SID had no detectable effect on driver mean speed. In contrast, 
the trigger speed of the sign had an effect on drivers’ speed, particularly on 
the local road. Further, a lower coefficient of variation was observed when 
the trigger speed was set to the 85th percentile speed. On the local road (Site-
1), the speed indicator device had a greater effect than the vehicle activated 
sign; however, in contrast, their effectiveness was comparable when tested 
on highways (Site-2). The results obtained from ANOVA tests proved the 
hypotheses that when studying the effect of VAS and SID on drivers’ speed, 
time of day and type of site are significant. Another interesting finding was 
that the main effects of vehicle speeds cannot be interpreted without consid-
ering the effect of interaction between time of day and type of site.  
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Table 4. Coefficient of variation and effect of VAS and SID at Site-1 

 
Time  Sign  CV at sign δ at sign 

 SID-SL 0.14 -5.4 
Day SID-85 0.15 -5.6 

 VAS-SL 0.17 -3.3 

 VAS-85 0.14 -2.4 

 SID-SL 0.14 -5.3 

Night SID-85 0.16 -5.8 

 VAS-SL 0.20 -2.6 

 VAS-85 0.16 -1.9 

 
 

Table 5. Coefficient of variation and effect of VAS and SID at Site-2 

 
Time  Sign  CV at sign δ at sign 

 SID-SL 0.14 -8.2 

Day SID-85 0.15 -8.2 

 VAS-SL 0.14 -8.0 

 VAS-85 0.13 -8.6 

 SID-SL 0.15 -8.4 

Night SID-85 0.18 -8.0 

 VAS-SL 0.14 -8.1 

 VAS-85 0.16 -9.0 

 
Note:  
SID-SL: Speed Indicator Device with a message “Your Speed” and with trig-
ger speed set to speed limit 
SID-85: Speed Indicator Device with a message “Your Speed” and with trig-
ger speed set to 85th percentile speeds 
VAS-SL: Vehicle Activated Sign with a message “Slow Down” and with trig-
ger speed set to speed limit 
VAS-85: Vehicle Activated Sign with a message “Slow Down” and with trig-
ger speed set to 85th percentile speeds 
 

5.4 Paper V 

The results showed that the best clustering of the data was with the choice of 
k = 3, based on partitioning the time of day into three clusters that corre-
spond to the number of vehicles passing the sign. The partition of night time 
was identified at both sites within the cluster between 22:00 and 06:59. The 
day time was partitioned into two clusters that were not similar at the two 
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sites, but the centroid mean speed and the centroid standard deviation of the 
two clusters were slightly different. For each cluster, the centroid mean 
speed was the expected trigger speed of the vehicle activated sign. In this 
context, the day clusters could be combined when triggering the sign with 
the centroid mean speed.  
 
Table 6. Speed reduction and power consumption achieved by setting the trigger 
speed to 15th, 50th and 85th percentiles at Site-1and Site-2 compared to the trigger 
speed determined by clustering 

Site  Trigger speed  
set at   

Speed 
reduction  
at day 
time 
(km/hr) 

Speed 
reduction  
at night 
time 
(km/hr) 

Power  
consump-
tion 
(Ah) 

 15th  percentile speeds 4 7 1.5 

1 50th  percentile speeds 6 6 1.75 

 85th percentile speeds 3 8 0.7 

 determined by clustering 6 8 1.75 

 15th  percentile speeds 7 8 4 

2 50th  percentile speeds 8 5 3 

 85th percentile speeds 6 2 1 

 determined by clustering 2 8 3 

 
The effect of the trigger speed of the clustering models was validated by 
comparing the speed to other static trigger speeds based on 15th, 50th and 
85th percentile speed of the vehicle. The results showed that at night time the 
clustering model had the greatest speed reduction, which was similar to the 
85th percentile speeds at one site and to 15th percentile at another (see table 
6). The energy consumed was based on the total number of activation of the 
sign. In this study, the energy consumed by the clustering model was actually 
near the 50th percentile trigger speed and larger than 85th percentile speed. 
Triggering the sign with 85th percentile at night could be the best compro-
mise to reduce the power consumption of the VAS while increasing a reduc-
tion of vehicles’ speed.  

5.5 Paper VI 

Hypotheses testing confirmed that there were significant differences between 
mean speeds and speed variances for different type of vehicles and at differ-
ent time of the day i.e. the trigger speed of a VAS cannot be static and must 
be altered depending on the type of vehicle, time of the day and its location. 
At each site (data 4), four different traffic patterns were clustered using 
SOM. A SOM network was trained with 3 dimensional inputs based on 
speed, time of the day and length of vehicle. However, within the four clus-
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ters obtained by SOM, and at each of the sites, the results of the predictive 
models showed that RF performed better than ANFIS (see table 7).  

Table 7. Performance respective to the RMSE and time for the two models RF and 
adaptive neuro fuzzy systems (ANFIS) within the four cluster clusters at  
the four sites 

  RF ANFIS 

Site  Clusters RMSE Computational 
time (seconds) 

RMSE Computational 
time(seconds) 

 
1 

1 
2 
3 
4 

0.07 
0.09 
0.14 
0.11 

0.34 
0.40 
0.26 
0.34 

0.14 
0.13 
0.20 
0.15 

0.40 
0.55 
0.45 
0.40 

 
2 

1 
2 
3 
4 

0.22 
0.13 
0.06 
0.11 

0.24 
0.78 
0.67 
0.57 

0.23 
0.20 
0.09 
0.13 

0.30 
0.90 
0.87 
0.58 

 
3 
 
 

1 
2 
3 
4 

0.29 
0.10 
0.12 
0.11 

0.16 
0.49 
0.48 
0.25 

0.31 
0.12 
0.13 
0.14 

0.23 
0.55 
0.52 
0.41 

 
4 

1 
2 
3 
4 

0.11 
0.07 
0.12 
0.09 

0.24 
0.30 
0.13 
0.34 

0.14 
0.10 
0.20 
0.09 

0.32 
0.45 
0.34 
0.40 

 

As it can be seen the prediction accuracy of RF and ANFIS tracks the actual 
speed profile smoothly, i.e. excluding the inappropriate speeds (too fast or 
too slow) from the dataset (see figure 3). Given these results, it is worth 
pointing out that RF was an adequate model to predict the trigger speed for a 
VAS in terms of computational performance (shorter calculation time) and 
in terms of efficiency (lower root mean square error).  

   
(a)                                        (b) 

Figure 3 (a) Speed prediction for next hour using ANFIS; (b) RF at Site-4 
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6 Conclusions and Discussion 

This thesis has investigated the effectiveness of the trigger speed of the VAS 
on driver behaviour. Studies aimed at automatically triggering the VAS ac-
cording to traffic and road conditions were also investigated. In order to ac-
complish the objectives, the investigation in this thesis pursued six research 
questions R1 – R6 (see section 1.2). Conclusions from the individual inves-
tigations are as follows. 

(R1) What is the trigger speed of the VAS signs that were used in previous 
studies and furthermore, how effective were the VAS signs with regard to 
assessing driver behaviour?  

The effects of the trigger speed of the VAS were not considered in previous 
studies. There is no consensus on the setting of the trigger speed of these 
signs. Additionally, the effect of various road and weather conditions was 
also not clearly studied. The effectiveness of VAS on driver behaviour was 
extensively established in two frequent measures: reducing mean speed and 
reducing standard deviation.  

(R2) How should the data be collected from the VAS? 

Doppler radar was found to be suitable (subject to appropriate correction) 
method to collect speed data. CF calibrated in a data driven manner based on 
the distance between two radars was more accurate than the standard meth-
od. This is due to the distance between radars, which could be easily meas-
ured and adjusted. It is challenging to validate the proposed correction when 
there is no absolute measurement for accuracy. Findings from paper II indi-
cate that the experimental CF was an appropriate reference factor for data 
collection. Another finding is that data cleaning could help in finding a CF 
that is much closer to the reference CF. Removing outliers and excluding all 
missing values without any data reconstruction was found to provide more 
accurate results. An additional finding is that the CF for the radar obtained 
from the shorter distance was much closer to the reference CF than the factor 
obtained through the longer distance.   

(R3) What is the effect of trigger speed on driver behaviour, and what is the 
optimal trigger speed?  

The trigger speed of VAS has an effect on driver behaviour, as it can be ob-
served by a reduction in mean speed as well as standard deviation. Findings 
from paper III indicate that setting the trigger speed relative to the speed 
limit is not a good practice. Standard deviation of vehicle speed is high when 
the trigger speed is set near the speed limit. The optimal trigger speed near 
the 85th percentile speed had the desired effect of lowering the standard de-
viation. It is recommended that the trigger speed be aimed at lowering the 
standard deviation as opposed to lowering the mean speed of vehicles.  
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(R4) Is the effect of VAS comparable to the effect of SID on driver behaviour 
in terms of trigger speed, time of day and type of site? 

Findings from the comparative study between the two signs in paper IV 
showed that the trigger speed of SID did not have any effect on driver behav-
iour. This finding is related to the type of warning messages displayed on this 
sign. SID showed the speed of each driver passing the sign. The colour of the 
message (in red) was the only difference in the information presented to the 
drivers who exceeded the trigger speed. Another finding showed that the 
type of road is an essential factor to be considered when studying the effect 
of these signs on drivers’ speeds. The signs had a variable effect at different 
sites; SID had a greater effect than the VAS on local roadways but their effec-
tiveness was comparable when tested on highways. At this point it is worth 
mentioning that the operational and capital costs involved in installing and 
maintaining either type of signs are substantial.  

Time of day was found to be another important factor when assessing the 
effect of VAS on driver behaviour. Lowest coefficient of variation was ob-
served during the day when the VAS were activated with trigger speed equal 
to the 85th percentile. In contrast, a low coefficient of variation was observed 
during the night when the trigger speed was set to the posted speed limit on 
the road segment. A general finding from this study is that we cannot inter-
pret the main effects of vehicle speeds without considering the interaction 
effect between time of day and type of site. 

(R5) How can the optimal trigger speed of the solar VAS be found in order 
to reduce drivers’ speed while simultaneously reducing power consumption? 

Findings from paper V indicate that the night cluster had an increase in 
mean speed and standard deviation when compared to the day cluster, indi-
cating the need for a different trigger speed depending on the time of day. 
This study further reinforces the findings in paper III that the VAS should be 
individually configured and adapted to the location and traffic conditions. 
The optimal trigger speed of the VAS was set to the 85th percentile speed, 
which had the desired effect of lowering the standard deviation. For power 
consumption, the energy consumed by the clustering model was actually 
near the 50th percentile trigger speed and larger than 85th percentile speed. 
To summarise, the trigger speed should be set to the 50th percentile to be 
able to reduce power consumption and at the 85th percentile to be able to 
lower the standard deviation. 

(R6) How can an automatic trigger speed for VAS, which responds to traffic 
conditions and to different type of vehicles be assessed? Are different VAS 
trigger speeds required for different vehicle types? 

Findings from paper VI indicate that different classes of vehicles behave dif-
ferently given different road and traffic conditions. On a highway, the mean 
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speed of cars differs slightly when compared to the mean speed of light 
trucks (or vans) and heavy trucks, whereas on local roads there are differ-
ences between the classes in both mean speed and standard deviation. The 
optimal trigger speed will need to be pre-determined according to the nature 
of the site and to the type of vehicle. A differential trigger speed of the VAS 
should be considered particularly when there is a difference in mean speed 
or standard deviation between the different classes. RF was found to appro-
priately predict the trigger speed of the VAS. The fact that the predicted trig-
ger speed was found to be consistently around the 85th percentile speed rein-
forces previous findings.   

6.1 Discussion 

The optimal trigger speed was approximately near the 85th percentile speeds, 
which had the desired effect of lowering the standard deviation. In other 
words, the 85th percentile had the desired effect of lowering the crash rate. 
According to previous work, when driving speeds and standard deviation are 
inappropriate to traffic conditions, the risk of traffic crash becomes high 
(Wegman, & Aarts, 2006). Following high sped variation leads to a higher 
crash rate, also to an increase in number of severe injuries and traffic fatali-
ties. The relationship between vehicle speeds and risk of crashing is often 
referred to as being ‘U-shaped’. This was first described by Solomon (1964). 
Referring to Solomon study, crashes happened when driver travelled with 
speed either above or below the average speed under normal conditions. 
Garber and Gadiraju (1989), Quddus 2013, McMurtry et al. 2009, Garber 
and Earhart 2000 also showed that a higher speed variation results in higher 
crash rates. 

Setting the trigger speed of VAS could be related to the major problem in 
setting the appropriate speed limit for a specific road segment. There are 
numerous guidelines and methodology used throughout the world for setting 
the appropriate speed limit, but there is no consensus concerning the meth-
ods and approaches that should be used to select the most appropriate speed 
limit. Initially, in Europe, speed limits were set in accordance to the 85th per-
centile to reflect a typical driver’s behaviour. It was argued that setting the 
speed limits lower than the 85th percentile speed does not encourage driver 
compliance with the posted speed limit (Forbey et al., 2012). In Sweden, the 
setting of the speed limit is however based on a safety and injury system ap-
proach that aims to reduce the number of road fatalities to zero (Box, & Bay-
liss, 2012). In this approach, avoiding death and injury is the absolute priori-
ty considered when setting the speed limit. Following the speed limit is iden-
tified according to the crash types and the tolerance of the human body dur-
ing a crash. Compared to other countries in Europe, this approach results in 
a lower speed limit.   

Setting the trigger speed of VAS to type of vehicle could also be related to the 
general problem of the strategy of a different speed limit for trucks. A num-
ber of authorities have encountered this general problem and used the DSL 
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strategies by either setting the maximum speed for trucks near a certain 
threshold value, such as 10–15 km/h lower than cars, or by requiring all 
trucks to be equipped with maximum speed limiters (Harwood, 2003; Gar-
ber et al., 2005). The safety effects of such settings have been inconclusive in 
previous studies. Some studies found no difference between DSL and uni-
form speed limit for cars and trucks (Harkey, & Mera, 1994; Hall, & Dickin-
son, 1974; Idaho transportation, 2002; Freedman, & Williams, 1992). Other 
studies found that DSL can be a better policy choice (Duncan et al., 1998; 
Ghods et al., 2012). In this thesis, it was proved that the speed of different 
types of vehicles might be highly correlated with the type of road. On high-
ways, cars and long trucks were slightly different in speed but on local roads 
trucks travelled at lower speeds than cars. Apart from that, in this thesis we 
found the effect of the trigger speed on highways to be lower than on local 
roads although the traffic flow between the two roads was not comparable. In 
this context, a differential VAS trigger speed should be considered, particu-
larly when trucks and cars have different speed characteristics. A uniform 
optimal trigger speed could be more appropriate on highways, and a differ-
ential trigger speed could be a good recommendation on local roads particu-
larly where the trigger speed for trucks is at least 10 km/hr lower than for 
cars. 

Regarding traffic conditions, time of day is proven to be an essential factor 
when studying the effectiveness of VAS on driver behaviour. The time of day 
could be considered in greater period round the year, but in this context the 
time of the day will incorporate the weather conditions. In a previous Swe-
dish study, it was reported that the variation of number of deaths in traffic, 
respective to time of day, particularly in different months and on different 
days are large. It was also shown that the highest number of people killed 
was on Saturdays in July and August, but the lowest number of deaths was in 
March, followed by January and February. In this thesis, time of day was 
considered as day and night periods were somewhat challenging when the 
number of hours of daylight varied to a great extent. Therefore, based on the 
traffic flow, a clustering technique was an appropriate technique to divide 
the time of day into two main periods: low flow for the night time and high 
flow for day time. 

The type of road is often the main factor considered in Sweden for setting 
speed limit for a specific road segment. Thus, finding the optimal trigger 
speed of VAS could be an important tool for setting appropriate speed limit, 
particularly for road segments known for speeding. One recommendation 
from this study is to use this type of sign before lowering or raising the speed 
limit posted for a specific road segment. Bearing in mind that changing the 
trigger speed of this sign might confuse drivers when the message of this sign 
consisted of “Reduce Speed” with the posted speed limit; therefore, a good 
recommendation is to eliminate the speed limit from the display of these 
signs  
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Similar to the VMS approach, dynamic VAS could be an appropriate ap-
proach for pre-determining according to road and traffic conditions. At the 
same time, developing VAS to be dynamic signs requires fast processing, an-
alysing and storing of a large amount of traffic data, making the system ex-
pensive and challenging to be implemented. To cope with real time traffic 
management and time lags, an accurate predictive model based on historical 
traffic speed data was proposed in paper VI. Using RF with a simplistic input 
with one hour back into the past could smoothly predict the speed in the pre-
sent. Additionally, such models excluded the inappropriate speeds of occa-
sional vehicles travelling very fast or slowly because such occasional vehicles 
can distort speed predictions. It is worth mentioning that this thesis did not 
take advantage of the power of RF when the input number was not high. If 
research is expanded to consider such factors, including the geometry of the 
road and weather conditions, RF may produce similar promising results. 

6.2 Limitations and future work 

To generalise our findings, data collection at different sites particularly on 
highways needs to be explored. Data collection in this thesis was the most 
challenging task, which took much effort from the research team because of a 
number of problems:  

- The installation of the VAS and the SID at highway sites was challeng-
ing due to the need for agreement between several traffic agencies. 
The effect of these signs at highway locations was unknown. Such 
signs are often installed on local roads.  
 

- The safety impacts of a differential trigger speed for trucks were not 
validated due to the problem faced in the data collection. The selection 
of a site with high flow of trucks is required to provide the 85th per-
centile speed at different time periods. It was experienced that the 
flow at the two periods: night and day was not balanced. However, a 
highway is supposed to have a higher rate of traffic flow than local 
roads and could offer better potential for assessing the effectiveness of 
trigger speed respective to vehicle type.  
 

- The VAS used in this study were equipped with two radars and a data 
logger to detect and record vehicle speed and a modem to facilitate 
communication to the radar. Such a setup facilitates alteration of trig-
ger speed, thereby permitting the study to investigate the effect of dif-
ferent trigger speeds on various driving speeds. This equipment em-
bedded in the sign provides the limitation of the sign to be powered by 
solar panels. The solar panels were not in use in this study due to their 
limited power capacity. Therefore, the restriction of the position and 
direction of the sign was limited to the presence of a power supply. 
 

- The experimental CF i.e. driving and recording speed was not an easy 
task for the calibration of the radar. More work is needed in the valida-
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tion for the data driven calibration of the radar used in the experi-
ment. 
 

- Long-term effects of these signs, particularly at highway locations, 
were not observed in this thesis. The sign should be installed for a 
longer time at the road, and the data collection should be done at dif-
ferent periods of time.  
 

- The effect of a differential trigger speed was not validated in this study 
due to time. Driver behaviour was measured by the mean and stand-
ard deviation of speed. Other measures should be explored with re-
gard to this issue 
 

- Other predictive models such a Gaussian process based on kernel 
based learning could be useful in speed prediction, which is based on 
non-linear regression problems.   
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