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Summary 
Mobility describes the movement of people from one place to another by different types of mode. The demand 
for mobility is growing which raises challenges for urban planning of cities and the road network. Smart solutions 
and advanced technology are considered to provide an answer to these complex challenges. The development in 
the light science and technology industry presents the opportunities to deploy light as an instrument for such 
smart solutions in the traffic and transport sector. The light industry has refined itself into a full solution and service 
providing sector. In order to create successful smart light applications the knowledge of how to utilize the 
possibilities of light in the mobility related matters is needed. Within this field of research still a lot can be learned, 
especially about the opportunities of light that go beyond providing visibility.  

Light emitting road marking is a technology that finds itself on the joint of the themes smart mobility and smart 
lighting. Its potential should be explored based on the knowledge from both the field of traffic and transport as 
well as that of light technology and light science. Thorough understanding of the human and technological factors 
in a traffic environment in combination with a comprehension of the advancements made in the field of light 
science and light technology results into well-found scenarios for the application of the light emitting road 
marking. Additionally empirical evidence is collected to confirm if the light technology indeed has the potential to 
improve a traffic situation and to define the details of the utilization of light. 

Studying the literature of traffic and transport engineering, driving speed revealed to be an important factor 
regarding to traffic safety. Driving speed determines the time a driver has to perceive, interpret and anticipate on 
all information in the traffic environment. At the same times speed influences the size of errors and correction of 
those. Lastly, If errors cannot be corrected and a failure occurs, speed determines the impact of the failure and 
the damage that is caused. Reducing driving speed is therefore an advantage in case of traffic safety. But this 
cannot be seen as the sole solution. The aspects risk homeostasis, darkness, workload, driving tasks, decision 
making, road environment and design consistency are important concepts to take into account as well. In 
particular when implementing an innovative light technology in a traffic environment.  

Risk homeostasis theory suggests that road users constantly evaluate the level of risk to which they are exposed 
to and adapt their driving behaviour in such a way that they are susceptible to a certain preferred or target level 
of risk. This should be taken into account when designing new road elements as it can result into the counter effect 
of the desired or surmised results. The risk homeostasis theory suggests a large influence from the direct 
environment of the road user. This is supported by the theories concerning workload, driving task and design 
consistency. High workloads are dangerous as drivers only have a limited capacity to perceive information and act 
upon this. It is therefore that one drives slower when the difficulty of a driving task increases (i.e. this way the level 
of accepted risk is balanced). In order to handle the workload of the complex effort of driving, not all task are 
performed at our highest cognitive level. Road users often apply stored rules, which are basically shortcuts in our 
thinking, to process information quickly. Furthermore drivers learn to operate vehicles automatically, or in other 
words develop skills for operational driving tasks. The link between cognition and driving tasks has been made by 
combining the hierarchical control model of Michon (1989) and the performance model of Rasmussen (1983). 

Another aspect that diminishes driving workload and aids driving are well designed roads. This is defined by the 
concept of road design consistency. Matching the drivers expectancy with the geometry of the road increases the 
use of stored rules and learned skills and decreases the need for higher level information processing. Improving 
the coherence and uniformity of road designs increases consistency over the total road network.  

All information so far discussed becomes even more relevant during the night time hours. Almost all information 
received while driving is visual. Darkness reduces our visual perception which leads to later and less accurate 
observation of dangerous situations. It thereby decreases safety and the feeling of being safe. Increasing the 
visibility of the road, other road users and objects by road lighting has been proven a good countermeasure that 
decreases the amount of accidents. This, increasing visibility, is also where part of the potential lies for the light 
emitting road marking.  

Other applications of the light emitting road marking are related to the subjects of perceived speed, associations 
with familiar road elements and active communication using colour coding. For example, speed perception is an 
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important cue when considering the theory of risk homeostasis. If a drivers perception of speed increases driving 
speed will be adjusted, in this case lowered, so to remain at the target level of risk. Associations, for instance 
induced by colour, are like stored rules that provide quick information for which no deep level thinking is needed 
and so workload does not increase. These rules can solely evoke a reaction but can also be deployed to 
communicate.  

A last subject that need to be discussed before composing light scenarios is the advancement of light technology, 
which was the inducement of this research. LED technology has broaden and extended the opportunities for light 
applications and thereby amplified the opportunities for the use of lighting in traffic situations. LED lights come in 
different intensities, colour temperatures and different colour hues which broadens the light design possibilities. 
Additionally LED has low energy consumption, a long life expectancy and are recyclable. The properties of LED are 
highly suitable for these smart lighting applications as these lighting sources can be integrated in connected 
networks from which the output can be changed. Depending on the system architecture this means that colour, 
colour temperature and intensity of each light source in a light network could be controlled either remotely or 
sensor based.  

As a conclusion of the literature study five light scenarios were composed in which the light emitting road marking 
are considered to provide added value to the traditional road situations. I. Increased Visibility, in this scenario 
increased visibility of the course of road is ought to improve the traffic situation and provide a more comfortable 
drive. II. Adaptive perceived speed, describes a scenario where the pattern of the road marking can be adjusted 
and thereby influence perceived driving speed. This could be beneficial for the traffic flow on a road and thereby 
the traffic safety. III. Warning Mechanism, a scenario where alertness is induced based on associations. These 
applications try to warn drivers for errors and evoke a response so to reduce driving failures. IV. Communication 
with colours and dynamic patterns, a scenario that also makes use of built up rules, in this case using it as an active 
communication tool. It is considered especially beneficial in changing environments. Last, scenario V. Adaptive 
lanes and traffic distribution, which envisions an even greater utilization of communication by light for changing 
environments. 

Although, from an engineering perspective the light technology is at hand little scientific studies with such 
innovative smart technologies have been carried out in the field. As a result, little is known about the effects and 
impact of the wide design space lighting systems now provide. This puts emphasis on the collection of empirical 
evidence. To adhere to this need, in a small way, a field experiment was set up that investigated some of the use 
cases proposed in the light scenarios.  

Within the field experiment the light emitting road marking showed improvement of the road situation by 
increased visibility of the course of the road. However this led to undesired increased average speeds. Though 
following the theory of risk homeostasis this indicated an improvement of the road it was argued that the risk level 
on the road was evaluated lower. Adding a dynamic pattern that inducing a higher perception of speed could 
eliminate this negative effect while the positive effect of increased visibility remained. Testing the effect of colour 
association did not result into a straight forward answer.  

In the end it was concluded that in order to utilize the full potential of smart lighting technology in the road marking 
it is necessary to create well designed light plans which are accustomed to the road environment and the traffic 
situation in which they are placed. Hence this report provides the theoretical background, summarized in a list of 
opportunities and limitations (Part II, Ch.4.2), needed to construct thoroughly designed light plans. Finally, 
concrete recommendations for the installation of light in the road marking are given and opportunities for further 
research are stated.  
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and preserve high and safe mobility for everyone in the Netherlands it is important keep developing and creating 
means that we use or can use for travel and transportation. This is recognized by the Dutch authorities, research 
institutes, and the business sector. 

The Dutch ministry of Transport, Public works and Water Management in collaboration with the platform 
Connecting Mobility composed six routes for development concerning mobility (Connekt, 2013): 

  

1. Development in Intelligent Traffic Systems (ITS) should focus on 
more individual services.  

2. Road side technology should become more cooperative.  

3. Information and traffic management needs a shift towards a 
countrywide organization.  

4. Data should be transparent as much as possible  

5. There should a mix of business to government and business to 
business collaboration and lastly  

6. A shift towards public-private collaboration and alliances is 
desired  

The platform Connecting Mobility functions as a catalyst to create 

the smart mobility environment in the Netherlands. It has resulted in numerous projects, services and facilities 
that are under development or already in operation (http://itsoverzicht.connectingmobility.nl/). Functions of 
these projects are spread from navigation and route planning technologies to safety warnings to implementing 
social changes.  

Several other platforms such as Rotterdam mobility lab, SPARK, Connecting Mobility and SigularityU serve as kick-
starters to boosts the tempo of innovative development. Contests are organised and starts-ups release new ideas 
concerning smart delivery, smart parking systems, autonomous boats in Amsterdam (Tien innovaties, 2016; Hack 
mee, n.d.; Amsterdam werkt aan, 2016). On a larger scale the automotive sector is evolving massively. In-car 
technology, the Internet of Things and self-driving cars will determine the way we are using our roads in the future. 
At the same time, developments in big data analytics provides huge opportunities for tackling current and future 
mobility issues. 

Real time data, in-car technology and cooperative systems create opportunities to improve traffic flows and traffic 
safety (Mocanu, Nitsche, & Malone, 2014). Monacu et al., (2014) describe the opportunities for 1) Travel 
information and dynamic route guidance. 2) In-vehicle speed adaption and signage. and 3) Local dynamic event 
warnings. The possibilities of technology and data analytics provide opportunities to direct and distribute all traffic 
over the total transport network in the most optimal way.  

Connecting cars with cars and cars with the traffic environment can smoothen intersecting routes. This means 
that unnecessary waits for red lights are history. It could even mean that your car adapts speed in such a way that 
the traffic light is always green when you are approaching the intersection. Furthermore it can give information 
about hazardous situations further down the road, or, for example warn the driver for that bicycle around the 
corner. This might seem as a visionary idea but the technologies that can create such an environment are already 
being designed (example: http://www.safespot-eu.org/). 

Knowledge and new ideas are of great importance to create the smart environments. TNO, The Dutch Organisation 
for Applied Scientific Research, has a whole department that focusses on smart mobility. They see, as does the 
Dutch government, the Netherlands as the ideal field lab for innovative concepts to improve mobility in densely 
populated areas by using smart solutions (TNO, 2016). Also the three technical universities of the Netherlands 
acknowledged the relevance of smart mobility. Eindhoven University of Technology has even assigned smart 

Figure 1 Six routes for development in the mobility sector in Dutch. Translation of the steps are given next to the figure. 



https://www.tue.nl/en/research/
http://www.gloweindhoven.nl/nl/glow-projecten/glow-next/influx
http://www.gloweindhoven.nl/nl/glow-projecten/glow-next/influx
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These events also familiarize large groups of people with the possibilities of light. On a smaller scale several light 
art projects have already improved tunnels, roads and public areas such as parks by increasing comfort and feelings 
of safety in these areas (Smets, 2015). 

Once more information is known light can be deployed better and smarter in city planning and road engineering 
as there are now opportunities that go beyond providing visibility. Though the large emphasis on light technologies 
and light solutions might also cause a negative effect. It will induce an increase in the use light. As Smets (2015) 
mentions in his new article, light expert Norman Bardsley calculated that the need for artificial light will increase 
by tenfold. An expansion that might be good for the lighting industry but not necessarily healthy for nature, 
animals and other humans.  

Intrusion of artificial light alters the natural light levels and the consequences are getting discovered more and 
more and are discussed more elaborate further in this paper. As the negative effects on both nature and humans 
become clear light pollutions has gained awareness. Associations such as the International Dark-Sky Association 
(http://darksky.org/) try to expand this awareness and reduce sky illumination.  

Despite the kick-start smart lighting might give to the lighting industry increase use of light it might also provide 
smart solutions so light will only emits if needed limited to certain locations. Also this is recognized. Earlier 
mentioned commission LUCI has the committed 48 signatory cities around the world, from which three are Dutch, 
to a public lighting strategy (Lighting Urban Community International, 2015).  A strategy that aims to support the 
urban, social and economic development of cities, to reduce energy consumption and to take into account the 
social and environmental impacts linked to the production, exploitation and maintenance of lighting installation.  
Committing to this strategy might seem a challenge for but luckily the prospect of the possibilities and 
opportunities of smart lighting seem to be numerous, especially when applied in a smart grid and combined with 
the large amount of IT possibilities.  

1.4 Light emitting road marking  
In current research the domains of smart mobility and smart lighting merge together as it suggest smart light 
emitting road marking as a measure to improve the traffic environment.  

On one hand road marking is generally known to reduce the amount of crashes (Noordzij, 1996) as they are in 
particular important for lane keeping and anticipation of the course of the road (Martens, et al., 1997). On the 
other research has confirmed that light on roads at night-time hours decrease the accidents rate on roads 
(Bullough, Donnell,  & Rea, 2013; Elvik, 1995; Wanvik 2009 ) and increases feeling of safety (Loewen, Steel, & 
Suedfeld, 1993; Nasar, Fisher, & Grannis, 1993; Nasar & Jones, 1997) 

A previous, and unpublished study tested the support for the use of light emitting road marking compared to 
traditional light posts (Van Kampen, 2016). For his study Van Kampen used visualisations in a stated choice 
experiment. Participants rated lines of lights placed in sides of the road higher in terms of perception of safety, 
perception of comfort, guidance and detection compared to normal road lighting. Although his visualisations did 
not use the same colour of light for both the scenarios (more yellow for the new situations and white for the 
traditional situation), which might have influenced the results, the outcome of his research showed the potential 
of new light designs and colours on the road. 

Light technology as road marking has been applied and tested before. By using light studs, the concept of dynamic 
road marking was introduced to increase road capacities by varying the function of a lane to the capacity needs; 
opening, for example, extra lanes during peak hours (Tertoolen et al., 2012). These lights however emitted always 
the same colour of light and they were either on or off, no dimming was possible. Although this might have been 
sufficient for this application it is unfortunate since the design space of light is a lot bigger. Also a missed 
opportunity is that, to the authors knowledge, no documented tests are performed on the effects and possibilities 
of the dynamic road markings.  

Other tests or research of in/on-road light technology that do take into account the full design space of light have 
not been found either. This means that little is known about the possible effects on road users neither is there 
concrete information about the possibilities and constrains for light emitting road marking. Gaining more 
knowledge of and insight in these possibilities and constrains is crucial in order to reach the full potential of the 
use of novel (smart) lighting technology.  

http://darksky.org/
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1.6 Opportunities and limitations 

Table 1: Opportunities for the light emitting road marking technology in relation to traffic safety. 
Light emitting road marking Traffic safety 

O
PP

O
RT

UN
IT

IE
S 

Stimulus A stimulus to reduce speed can improve traffic safety. 
Reducing speed variance in a traffic flow also leads to safer 
driving environments. 
 

Information Timely visible information improves traffic safety 

LI
M

IT
AT

IO
N

S Stimulus Measures for improvement of traffic safety can have to 
opposite effect by increased speed. (Risk homeostasis).  

Information - 
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2. Human factors in traffic 
 

The Netherlands has a dense traffic environment and this can lead to complex traffic situations. Road users 
constantly have to evaluate their position within their direct traffic environment and make timely and correct 
decisions. Continuous tracking and manual control, thus, are a critical part of human-vehicle interaction (Wickens, 
et al., 1998). In their book, Human factors engineering, Wickens et al. emphasize the role of human factors in 
technical environments, among which the traffic environment. And they are not the only with a focus on this topic. 
There is a substantial amount of publications regarding human factors in traffic. Thereby, the Netherlands has 
several institutes that conduct research in the field of traffic and transportation, including the SWOV 
(Wetenschappelijk onderzoek voor veiliger verkeer), the Dutch Institute for Road Safety Research, and 
TrafficQuest (centre for expertise on traffic management).  

The large focus on human factors in traffic and transportation is not surprising, as it is generally claimed that up 
to 90% of the traffic accidents can be traced back to human factors (Evans, 1996; Wickens et al., 1998; SWOV, 
2013). In order to create a better and safer traffic environment with the use of light emitting road marking human 
factors thus should be considered. 

The following section discusses the human factors related to the Road User (social psychological influences, vision, 
attention, driving tasks, information processing and decision making; Ch. 2.1), the Road (which determines the 
drivers context and thereby the quality and quantity of information provided to the users; Ch. 2.2). 
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Inattentional blindness 
So our attention can be captured and directed but the opposite effect cab also occur and is named inattentional 
blindness. When there are too much stimuli in an environment to attend to an individual fails to detect stimulus, 
despite being salient and in plain sight. (Mack and Rock, 1998). A psychological lack of attention toward a certain 
stimuli, not associated with any vision defects, leads to temporary functional blindness effect. It can also be 
described by the experience of looking without seeing. The impact of inattentional blindness concerning a road 
environment will be discussed deeper in relation with traffic signs (§4.2.2) 

2.1.4 Task analysis and information processing. 
Task levels 
Driving tasks are generally divided into three hierarchical levels of activities, Strategic, tactical or operational,  
(Michon, 1989).  Strategic tasks include activities that focus on the  purpose of the trip and the drivers overall 
goals. Navigation and trip planning are such tasks. The tactical level concerns choice of manoeuvring, obstacle 
avoidance, speed selection and lane choice. Last, the third operational level, tabs into the control of the vehicle. 
Tasks like maintaining a desired speed, keeping a desired distance and lane keeping are covered in this level. Except 
for novices these task are largely automatic action patterns (Ranney, 1994).   

Performance model 
Besides the three tasks there is also a categorization of human-behaviour concerning performance in complex 
situations. Rasmussen (1983) differentiated again three levels.  Skill-based, rule-based and knowledge-based 
behaviour. Skill-based behaviour is the lowest level which asks for low cognitive processing, it concerns automated 
schemata. Rule-based behaviour involves the activation of rules or productions and therefore the cognitive load 
is somewhat higher. Knowledge based behaviour relates to conscious problem solving. This level asks for higher 
information processing and is generally used in novel situations for which no existing rules apply. The levels by 
Rasmussen can be linked to the different tasks levels concerning cognitive control of driving by Michon (1989) as 
can be seen in Table 2. The coloured block indicate how the models are connected for experienced drivers under 
normal driving conditions.  

Table 2; Classification of selected driving tasks by Michon's control hierarchy and Rasmussen's skill-based 
framework. (adapted from T. A. Ranney , 1994) 

 Strategic 
 

Tactical Operational 

Knowledge Navigating in unfamiliar 
area 

Controlling skid Novice on first lesson 

Rule Choices between familiar 
routes 

Passing other vehicles Driving unfamiliar vehicle 

Skill Route used for daily 
commute 

Negotiating familiar 
intersection 

Vehicle handling on 
curves 

_  = the cross level for experienced drivers. 
 
 

Cross levels 
In regard to the innovative in-road-technology at question the cross levels (blue blocks in table 2) based on the 
tactical and control tasks that involve the rule and skill levels of performance behaviour are relevant. In this 
research it is not aimed to address the strategic task level and the knowledge behavioural level since information 
can only be transmitted by colours and patterns. No symbols nor text to inform car drivers can be displayed with 
this application. Although the technology might be introduced in a new environment were the knowledge-based 
level is used, the light technology is aimed to ease/simplify a situation by activating the lower two behavioural 
levels. This way the demanding knowledge-based level is less needed and  cognitive load will be decreased. 
According to Harms (1986) this result into a safer driving environment. 

























http://darksky.org/
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1.1.2 Testing conditions 
Based on the road situation above four light plans where designed based on three concepts described in the light 
scenarios (part II., §4.2, page 41): Increased visibility of the course of the road, influencing perceived speed and 
association with amber coloured light. Prior to the weeks testing the light plan a baseline test was conducted.  

Testing condition  Colour Pattern Theory 
0. Baseline - - - 

 
1. White static light 
(Figure 9) 

White 1m light on 12 road4 Increased visibility of the 
course of the road. 
 

2. White dynamic 
light 

White 1m light on 12 road, a block of 48m with a 
denser pattern (i.e. one meter of light every 
six meters) will run on a loop in opposite 
driving direction. 

The denser patter and the 
direction is expected to 
increase speed perception 
which would result into 
lower speeds. 

3. Amber coloured 
static light 

Amber 1m light on 12 road The amber coloured light 
should activate the 
association caution or 
danger and should direct 
people to slow down.  
 

4. Amber coloured 
dynamic light 

Amber 1m light on 12 road, the lights will illuminate 
more intense (double) and then be dimmed. 
The lights are not dimmed fully to avoid a 
shocking effect which would be dangerous. 

The flashing amber colour 
pattern is expected  to 
enhance a drivers alertness 
which would amplify the 
effect of light plan. 

 

 

 

Figure 9: Visualization light plan 1. 

                                                             
4 With a speed of 80 km/h or 22.2 m/s a driver passes a light every 0.54 
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1.2 Materials & Setting  
1.2.1 Materials 
Light emitting road marking  
The light emitting road marking on the N329 was developed by of Heijmans-a contractor company specified in, 
among other things, road construction. The technology consists out of a light source which is integrated in the 
traditional road marking (Figure 8). The robustness and specification of the technology have been tested in the 
lab but this was the first application of the technology in a real traffic environment.  

In September 2016 Heijmans installed 172 light emitting road markings on the test section of the N239. Technical 
details of light sources and installation of the light emitting road marking can be found in appendix C.  

Speed radars:   
On five locations on each lanes of the test section speed radars were installed in the road pavement by the 
company Active Roads (http://www.traffic-tube.nl/.) The Traffic Tube technology consist out of four detection 
points which mounted in the road over a distance of 20m. It logs Time, measures speed and vehicle length. 

One week before the tests started the speed radars were applied. The sensors were replaced by new ones after 
three weeks. At this moment the data could also be retrieved. After again three weeks the radars were removed 
and replaced by dummies. 

 

Figure 11: Schematic drawing of the test situation and its environment. Important elements:Intersection controlled by traffic 
signals, light poles and sign before the test section,  placement of the road sensors (blue), viaduct. 

http://www.traffic-tube.nl/


http://projects.knmi.nl/klimatologie/uurgegevens/selectie.cgi
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Figure 13: Lay-out of the matrix questions. The concepts are translate from Dutch to English. 

 

Figure 14: Extra question Week 1 The question is translate from Dutch to English. 

 

  


































































































































































































