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As demographic studies revealed, the population is becoming older due to increasing life 

expectancy.  The number of persons aged 65 and above will increase rapidly over the next 

few decades and, in particular, ‘older old’ persons over 75 (Demography Report, 2011). 

Driving is probably going to be a more preferred and a more frequently used mode of 

transportation for future older persons than it is for the present ones. We see, for example, 

an increasing proportion of this population possessing driver licenses, especially women, 

than previous generations.  Therefore, the number of older persons holding a valid 

driver’s license and being active drivers will probably rise substantially (OECD, 2001). 

Because of age-related visual, cognitive, and motor impairments, older drivers have a 

higher risk of being involved in a crash. Due to their increased physical vulnerability, 

those crashes lead to severe injuries which may prove fatal (Evans, 2004; Hewson, 2006). 

But also, through driving, older persons can maintain a high sense of independence 

enabling them to participate in various activities ranging from shopping for groceries to 

attending social events (Houser, 2005). Refraining from driving or having a driver’s 

license revoked may lead to faster aging, depression, and solitude (Carp, 1988; Kaplan, 

1995). Restricting and compensating are not the most favorable solutions to the problem 

because driving contributes to independent living and subjective well-being (Fonda et al., 

2001; Marottoli, et al., 2000), particularly, if accessible public transport is not available. 

Even though road traffic fatalities have decreased substantially over the last decades due 

to the implementation of road traffic safety strategies and policies throughout Europe and 

other industrialized countries (IRTAD, 2011), older people need special attention within 

the road traffic network because of their unique characteristics and needs. Especially for 

older drivers, it is important to not only prevent crashes from occurring, but also to 

minimize the negative effects of crashes. For example, an 80 year old female driver is 

seven times more likely to be killed compared with a 45 year old female driver when 

experiencing the same severity of the crash due to the increased fragility with increasing 

age (Evans, 2004). Because of their physical vulnerability, extensive measures for bodily 

protection would be required. Bodily protection in form of crash zones and airbags is 

provided to drivers and passengers in the event of a crash, but they do not fully 

compensate for the vulnerability of older persons.  

In addition, older drivers experience declines in visual, cognitive, and motor functions as 

a result of aging (Davidse, 2007). The most critical impairments which are crucial for 
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road traffic safety are divided/selective attention and decision making under time pressure 

(Brouwer & Ponds, 1994). Limitations in these two domains are manifested in the driving 

tasks, both on the tactical level (i.e. speed control, headway control, lane position) and the 

operational level (e.g. lateral position control and e reactions to unexpected changes in the 

road and traffic situation).  

Nonetheless, older drivers may profit from a tremendous amount of driving experience 

that may have prepared them for a wide range of road and traffic situations. However, 

situations do not always develop as expected and predictive cues are not always 

interpreted correctly or more important timely. Therefore, based on their specific crash 

profile and unique characteristics, older drivers might be helped by the provision of 

relevant traffic information in advance reducing the time pressure and divided attention 

requirements. In this thesis an Advanced Driver Assistant System (ADAS) providing 

information about traffic and speed limit signs, speeding, and following distance has been 

proposed and tested in a longer-term driving simulator study with a group of healthy older 

drivers, drivers diagnosed with Parkinson’s disease (PD), and young inexperienced 

drivers. Changes in driving performance and in subjective ratings in response to ADAS 

use are investigated with respect to effects of short-term and longer-term practice, but also 

with respect to ADAS removal after completing several consecutive sessions with ADAS.  

In Chapter 2, the concept “road traffic safety” is explained. It is also described what has 

been done in the past to improve road traffic safety and what will be the focus of research 

in the future. In addition, the chapter provides a brief overview of the demographic 

change in age structure, struggles of older drivers in traffic and why it is important to 

allocate resources to the investigation of older drivers and road traffic safety. 

In Chapter 3, different ADAS functions, which have been proposed as suitable for older 

drivers, are explained in more detail and results of a literature review on these functions 

are summarized and critically reviewed as studies presented in this chapter have a few 

drawbacks and shortcomings. In addition, the experimental setup used to investigate 

longer-term effects of ADAS use on performance is briefly explained as well as the 

functioning of the proposed and implemented ADAS. 

Chapter 4 contains an experiment designed to test the effects of an intersection assistant 

on crossing performance of 18 healthy older drivers in a driving simulator. Intersection 
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time, maximum speed on intersections, number of stops before crossing an intersection, 

and time-to-collision served as performance measures used to assess performance and 

changes of performance over a period of several sessions. Gaze behavior was also used to 

gain some insight in attention allocation. Drivers were randomly assigned to either a 

control (driving without assistance) or treatment group (driving with assistance). 

Differences between a control group and a treatment group were compared as well as 

changes over time within groups analyzed. 

In Chapter 5, older drivers are compared with 18 inexperienced young drivers. Driving 

performance data were again collected over several sessions.  Young drivers were also 

randomly assigned to a control and a treatment group. The aim of the second experiment 

was to test whether support given to older drivers might be helpful for young drivers as 

well. In addition to intersection performance, young and older drivers’ performance with 

regard to speed and headway control was analyzed in response to ADAS use. 

As neurodegenerative diseases are not uncommon when getting older, a group of drivers 

diagnosed with Parkinson’s disease (PD) was recruited for the third experiment. In 

Chapter 6 results of the intersection assistant as well as subjective measures such as trust 

in and acceptance of gap advice, and perceived workload are reported. Nine drivers 

diagnosed with PD completed the experiment with the assistant system. Results were 

compared with healthy older drivers of the treatment group. Changes in performance and 

perception as a result of short- and longer-term practice were analyzed, but also the 

effects of ADAS removal after having completed several sessions with ADAS. 

Chapter 7 contains additional results of the third study. The implemented ADAS was 

also intended to support drivers with speed and headway control. Effects as a response to 

ADAS use were examined for short-term and longer-term practice but also for ADAS 

removal. Speed and headway data of drivers diagnosed with PD and healthy older drivers, 

who received the same treatment, were extracted and analyzed.  

In Chapter 8, the result of the four empirical studies presented in Chapters 4 through 7 

are summarized and discussed. The significance of the findings with respect to road 

traffic safety, particularly for older drivers diagnosed with PD, will be outlined. 

Because Chapters 4 through 7 are based on previously published journal articles, some 

overlap between those chapters can be found. In addition, the content of these chapters 
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may also overlap with content of Chapters 2, 3, and the discussion in Chapter 8. However, 

this overlap has been attempted to keep to a minimum while providing a comprehensive 

overview of the issue. 



 



Chapter 2 

WHY RESEARCH OLDER DRIVERS AND DRIVERS’ 

SUPPORT? 

 

 

A version of some parts of this chapter has been previously published as Dotzauer, M. 
(2013). Researching safety issues with intersection assistance systems for older drivers. In 
Stevens, A., Krems, J., Brusque, C. (Eds.) Drivers adaptation to information and 
assistance systems. IET published book. ISBN: 978-1-84919-639-0; E-ISBN: 978-1-
84919-640-6. 
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2.1 Road traffic safety 

Road traffic safety refers to methods and measures used to reduce the risk of road users 

being involved in a fatal crash or suffering from serious injuries as a result of a crash 

within the road traffic network (IRTAD, 2011). Road users include pedestrians, cyclists, 

motorist, and passengers of vehicles and public transport. Even though road traffic safety 

is concerned with all road users, in this chapter, the focus lies on vehicle-related and 

driver-related safety interventions.  

As Figure 2.1 shows the number of fatalities, crashes, and injuries in 28 European 

countries has decreased significantly over the past decade. On the right hand y-axis, the 

total number of accidents and the total number of injuries resulting from a crash are 

displayed (DaCoTA, 2012). According to the CARE glossary, an accident “occurs on a 

public road or on a private road to which the public has right of access […], involves at 

least one moving vehicle […], involves at least one injured or killed person” [Care 

Glossary, 2006, p.8]. The left hand y-axis shows the total number of fatalities resulting 

from crashes. The displayed decreasing trend is not only found in European countries, but 

also in the Asia-Pacific region and North America. Over the past decade, many countries 

have incorporated road safety strategies and policies that have shown fruitful effects. 

Many changes and improvements with regard to vehicle safety, road infrastructure, and 

vehicle technology have contributed to increased road traffic safety (IRTAD, 2011). 

Figure 2.1: Change in fatalities, accidents, and injuries in EU-27 from 
2002 to 2012 (Source: CARE; United Nations (statistics of road accidents; 
national reports). 
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Changes and improvements are often based on thorough safety analyses. Two frameworks 

behind these are the Haddon matrix (Haddon, 1980) and the systems approach (Peden et 

al., 2004). The Haddon matrix, proposed in 1980, is a commonly used approach in the 

field of safety analysis (Haddon, 1980). It is a two dimensional model which applies basic 

principles of public health to motor vehicle-related injuries. The matrix identifies risks 

before the crash, during the crash, and after the crash in relation to the person, the vehicle, 

and the environment (Table 2.1). It serves as an analytical tool to help identifying all 

crash-related factors. After the identification of multiple factors, countermeasures can be 

developed and implemented. For the pre-crash phase, the goal is to implement 

countermeasures that prevent the occurrence of a crash. During the crash, preventing 

injuries and/or reducing the severity of injuries has highest priority. Post-crash 

countermeasures are implemented with the goal to reduce adverse outcomes. 

 

The systems approach builds upon the Haddon matrix. It has been realized that often a 

single factor causing a crash cannot be identified and that the interaction of different 

components must be taken into account. With the systems approach, major sources of 

errors or design weaknesses that contribute to crashes and their outcomes are identified 

and rectified. The approach also aims to mitigate the severity and consequences of 

injuries. The model represents the highly complex interplay of elements of the system 

(motor vehicle, roads, road users, and physical, social, and economic environment). 

Significantly, it is realized that humans are vulnerable and that humans make mistakes; 

therefore, a safe road traffic system is one that accommodates and compensates for human 

vulnerability and fallibility (Directive on Intelligent Transport Systems, 2010). For 

example, the Dutch policy “Sustainable Safety” and the Swedish policy “Vision Zero” 

Table 2.1: Overview of the Haddon matrix as applied to the road traffic system (Source: Haddon, 1980). 
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take the system’s view acknowledging that humans make mistakes and that infrastructure 

should be designed to be forgiving (SUPREME, 2007). 

Overall, the aim of road traffic safety programs is to prevent crashes, prevent/reduce 

injuries, and save lives in the event of a crash. Initiatives have been taken and 

implemented throughout Europe, the Asia-Pacific region and North America (Bishop, 

2005, pp. 7-24). Implementations of countermeasures can be categorized according to the 

Haddon matrix. For example, because speed has been identified as a major contributing 

factor of crashes and a major cause of the severity of injuries of persons involved in a 

crash (Elvik et al., 2004), on an infrastructural level, low speed zones have been 

implemented aimed at preventing crashes and reducing injuries. On a vehicular level, 

systems such as Anti-lock Braking System (ABS) or Electronic Stability Program (ESP) 

are advanced technologies implemented to prevent crashes from occurring.  Also on a 

vehicular level, seatbelts and airbags are important passive safety devices helping to 

reduce injuries and their severity in the event of a crash.  After a crash, the goal is to 

reduce adverse outcomes. Immediately calling the emergency can save lives or mitigate 

disabilities in the event of a serious crash, but often valuable time goes by before a crash 

is reported. This can take extreme forms, for example, in September 2013, in Saxony 

(Germany), a fatal crash went by unnoticed for two days before a farmer found the dead 

body next to the car wreck behind bushes on the side of a motorway (Die Welt, 2013). A 

first responder might have saved the drivers’ life. Automatic emergency calling can act as 

the first responder, alarm authorities right after a crash, and bring help on the way as fast 

as possible. The importance of automatic emergency calling is underlined by the 

European Commission’s proposal submitted for legislating that mandates automated 

emergency calling in cars from 2015 (European Commission, 2013). 

Vehicle technology has improved steadily over the years. Technology that has been 

invented and refined is, among other things, aimed at avoiding collisions and/or 

minimizing impacts to the body in case of a collision. While in the past improvement of 

in-vehicle technology concerned mechanics, recently a shift towards road traffic 

informatics occurred. Those technologies are often part of intelligent transport systems 

(ITS). ITS may be defined as “systems in which information and communication 

technologies are applied in the field of road transport, including infrastructure, vehicles 

and users, and in traffic management and mobility management, as well as for interfaces 

with other modes of transport” (Directive on Intelligent Transport Systems, 2010, p.4). 
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ITS covers a wide range of services, and advanced driver assistance systems (ADAS) are 

one of these. ADAS are systems that interact with the driver with the main purpose of 

supporting the driving task on a tactical and an operational level1 aiming to increase 

traffic safety (Östlund et al., 2005), but also to ensure mobility (Oxley & Whelan, 2008), 

to provide comfort, and to increase fuel efficiency (Bishop, 2005, pp. 25-38). 

In a broader sense, ADAS date back to 1929, when anti-lock braking systems (ABS) were 

already used in the field of aviation (Hoffmann, 2007). ABS is a safety system that 

prevents the wheels from locking when strong brake force is applied avoiding 

uncontrolled skidding (Van Zanten & Kost, 2012). In the 1960s, ABS was introduced into 

cars, but because of high costs and low reliability, it was taken off the market again. A 

decade later, ABS became popular (Hoffmann, 2007). Reliability of ABS was improved 

and at the same time, costs were lowered. In 2004, car manufacturers in Europe, USA, 

and Japan agreed on equipping all new vehicles with ABS (Auto, Motor und Sport, 2010). 

A related autonomous system that has been developed is electronic stability control 

(ESC). ESC stabilizes the vehicle in case of loss of traction. It counters over-steering and 

under-steering by systematically braking one or more of the wheels (Van Zanten & Kost, 

2012). In 1995, the first version of ESC was implemented by Mercedes and, in the 

following years, other major car manufacturers followed. The European Union as well as 

the United States passed a law, in Spring 2008, stating that all new vehicles sold from 

2012 need to be equipped with ESC (Choose ESC!, 2008). The importance of ESC to 

road traffic safety is underlined by previous research. ESC reduces the crash risk 

effectively. It has been found that single crash risk was reduced by 33-35% for cars and 

by 56-67% for sport utility vehicles (Ferguson, 2007).  

Besides ABS and ESC, over the past decade, several other ADAS have been introduced 

into the market, usually in the higher price range vehicles. Systems include adaptive 

cruise control (ACC), lane departure warning (LDW), lane keeping systems (LKS), night 

vision systems, parking assistants, and traffic sign recognition (TSR). Cars may be 

equipped with sensors and cameras that allow monitoring and controlling the distance to 

the vehicle in front (ACC), that warn drivers when they unintentionally leave their 

travelling lane (LDW), keep drivers within the traveling lane (LKS), enhance vision in the 

dark, either assist with parking or park the car parallel in a fully automated manner, and 
                                                            

1 Definitions and distinctions between the different levels of driving tasks are explained in 
detail in section 2.3 
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read speed limit signs and convey the information to the driver. Research and 

development is now taking innovations an important step further including high-speed 

communication between vehicles (C2C) and between vehicles and the infrastructure 

(C2I).  First efforts have been made as early as in the 1980’s in the EU-project 

Prometheus. Among other things, technology was not advanced enough to enable the 

introduction into commercial vehicles at that time. Since then, technology has evolved 

making vehicle communication not only in theory possible. Over the last decade, several 

projects were administered investigating vehicle communications. As a result, the Car 2 

Car Communication Consortium (C2C-CC) was founded in Europe aiming at 

harmonizing results of the different EU- projects and formulating standards for C2C and 

C2I communication (Weiß, 2011). Nowadays, applications of vehicle communications are 

investigated, for example, in the simTD project testing intersection assistance, but also 

traffic sign recognition including reading variable message signs (VMS). Systems used 

also inform drivers about changes in speed limits or advise on speed. Online information 

aimed at traffic flow efficiency such as information about congestions, weather, and 

construction areas also found their application with this new type of communication 

(simTD, 2013).  

Up until now, the most common support given to drivers is ESC. Although this system 

helps every driver, young drivers might benefit more. When they are involved in severe 

crashes, single vehicle crashes on a rural road where they lose control of their vehicle 

(Wundersitz, 2007) are predominantly found. Older drivers, on the other hand, might not 

particularly benefit from ESC because high speeds and losing control of the vehicle are 

atypical characteristics of their overall crash profile. Older drivers might benefit more 

from assistance guiding them safely through intersections or systems providing advanced 

or amplified information about important traffic signs such as priority regulations or 

speed limits. Only very recently (limited) versions of traffic sign recognition have been 

implemented and C2C- and C2I- communication have been investigated including various 

types of intersection assistance (Weiß, 2013). The following sections will discuss why 

these technologies and the development might provide additional safety and comfort, 

especially for older drivers, and contribute to lower crash and fatality rates and increased 

mobility options. 
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2.2 Demographic changes 

Even though the number of fatalities has decreased between 2001 and 2010, the decrease 

is smaller for older drivers than for middle-aged and younger drivers. Not only does the 

rate of road traffic fatalities per million population begin to rise at about the age of 65 (see 

Figure 2.3), the fatality rate of older drivers also increases (see Figures 2.2). In 2010, 

around 22% of all road traffic fatalities in Europe happened to persons of the age group 

65+ years. Older drivers accounted for one quarter of these, older car passengers for 

another 12% (Broughton et al., 2012).  

 

Crashes and fatalities of older drivers need special attention as the age structure of the 

population has already changed and will continue to change over the next few decades. In 

Europe, the population of persons aged 65 and older accounted for 17.4% of the total 

population in 2010. It is projected that the percentage of person 65+ years old will 

increase to about 30% by the year 2060. Among the old age group, the group of the 

oldest-old (80 years and older) will almost triple from 4.7% in 2010 up to 12.1% in 2060 

(Demography report, 2011). The change in age structure will affect all areas of society 

and requires changes in thinking and policies. The field of transport and mobility is 

affected as well. As the age structure changes, so does the number of persons holding a 

valid driver’s license, the number of persons operating a vehicle, the percentage of older 

drivers (65+ years) actively participating in driving, and the travel pattern of the older 

driver. The OECD (2001) has projected driver’s license possessions for the year 2030. In 

Europe, between 2001 and 2030, it is projected that the driver’s license possession of 

persons aged 65+ years will increase by approximately 60%. Therefore, the percentage of 

persons aged 65 and older owning a car is also expected to increase significantly over the 

Figure 2.2: Number and proportion of fatalities of older 
drivers in Europe, 2001- 2010 (Source: Broughton et al, 
2012). 

Figure 2.3: Number and proportion of fatalities by 
age group in Europe, 2010 (Source: Broughton et al., 
2012). 
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next few decades. In today’s middle-aged age group, most persons hold a valid driver’s 

license, both males and females. In contrary, in today’s older generation the possession of 

driver’s licenses and cars is lower, especially in females. In a few decades, we will see a 

more equal distribution among older male and female drivers, which is another reason 

why the percentage of older drivers in the driving population will increase substantially 

over the next few decades (OECD, 2001). 

2.3 Age-related impairments, diseases/disorder, and driving 

performance 

Even in a healthy aging, age-related impairments that might affect safe driving can be 

observed. As persons become older, limitations in visual, cognitive, and motor functions 

are reported: three domains relevant for driving.  When trying to explain why older 

drivers might jeopardize road traffic safety, it becomes obvious that often a single cause 

cannot be identified. For example, considering older drivers’ difficulties joining and 

exiting traffic streams (Davidse, 2007; Horswill et al., 2008), it is more likely that an 

interaction of visual, cognitive, and motor impairments cause these problems. Moreover, 

no one ages the same: one person might experience a drastic decline in vision; whereas, 

another person struggles with memory impairment. Aging does not follow linearity and an 

easily predictable course. Everyone ages at a different speed: a little faster in one domain, 

a little slower in another. Older persons are a heterogeneous age group; nevertheless, it 

has been agreed that driving is a complex physical and cognitive task in a dynamic 

environment involving timely information perception and processing, decision-making, 

motor programming and execution as well as fulfilling concurrent tasks (Heikkilä et al., 

1998) that might need to be fulfilled as successfully anymore. 

Vision is thought to be the most critical sense with regard to driving. Although the 

reductions in static acuity, contrast sensitivity, and visual field size are usually limited, 

night-time vision, dynamic visual acuity and sensitivity to glare may be significantly 

impaired (Davidse, 2007). Larger changes occur in higher order visual functions when the 

information reaching the senses has to be distinguished, categorized, and attended to, for 

example, an increase of field dependence, a decrease in visual working memory capacity, 

and a loss of functional visual field have been reported (Ball et al., 1988; Ball & Owsley, 

1991). This area borders on the domain of attention and executive functions. The most 
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distinguished general limitation of attention in old age is slowing of information 

processing (Salthouse, 1996). An important central executive limitation that increases 

with age is a decreased ability to divide and switch attention, making it more difficult to 

perform multiple tasks simultaneously or in rapid succession (Ponds et al., 1988; Brouwer 

& Ponds, 1994). These effects are much larger in new and complex situations than in 

complex situations which have become routine (Lowe & Rabbit, 1997; Hakamiis-

Blomqvist et al., 1999). Processing speed and divided attention are important in the 

constantly changing traffic environment.  However, the structure of the driving task often 

allows compensating to a certain degree and the routine provided by driving experience is 

also thought to help by reducing the effects of central executive limitations (Hakamiis-

Blomqvist et al., 1999).  

Other relevant bodily changes concern motor functions, proprioception, and balance 

(Dietz, 2002; Ghez et al., 1995). Besides the fact that getting in and out of the car can 

become more difficult, more relevant for safety may be restrictions in head and body 

rotation (Kuhlman, 1993), which make it more difficult to check for other road users in 

the blind spot. Proprioceptive limitations in legs and feet can make it more challenging to 

locate the pedals and make precise and smooth speed adjustments (Sivak et al., 1995). 

Impaired physical functions, in general, also have an effect on the severity of injuries in 

the event of a crash, adding to the general finding that older persons are physically more 

vulnerable (Evans, 2004); a leading cause of severe injuries and fatalities when involved 

in a crash (Davidse, 2007).  

In general, older persons have been observed judging distance and speed of other vehicles 

inaccurately (Caird et al., 2008), which explains their difficulties in joining and exiting 

traffic streams (Davidse, 2007; Horswill et al., 2008). The underlying causes for the 

inaccurate judgment of speed and distance might be explained through older persons’ 

limitations of dynamic visual acuity and movement detection (Wist et al., 2000; Wood, 

2002). Limitations of head and neck rotation (Kuhlman, 1993) could also add to the 

explanation for difficulties with joining and exiting traffic streams. Older drivers also tend 

to react late to traffic conflicts (Charlton et al., 2005; Caird et al., 2008; Horswill et al., 

2008). This might be due to their difficulties in decision making under time pressure. 

They also experience difficulties with divided attention, which makes it more problematic 

for them to see, identify, and seek out relevant traffic signs (Musselwhite & Haddad, 

2010). Consequently, older drivers often fail to yield to the right-of-way (Aizenberg & 
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McKenzie, 1997; McGwin & Brown, 1999) and misjudge safe crossing gaps (Oxley et al., 

2006), which results in an over-representation of older drivers in crashes when turning left 

(Griffin, 2004; Mayhew et al., 2006). Passing straight through an intersection is also a 

problematic undertaking due to inaccurately estimating the distance to other cars 

(Preusser et al., 1998). Overall, more crashes occur at stop sign-controlled intersections 

compared to signal-controlled intersections (Preusser et al., 1998; Oxley et al., 2006).  

In addition to age-related impairments and reductions often associated with 

normal/healthy aging, diseases become more prominent in older persons. For example, 

chances of being affected by neurodegenerative diseases such as Alzheimer’s disease 

(AD) and Parkinson’s disease (PD) increase. These are the most common 

neurodegenerative diseases seen in the population aged 65 and above (Alves et al., 2008; 

Bondi et al., 2009).  Symptoms of AD cover a wide range, but most prominent, in the 

context of driving, are loss of procedural memory, Apraxia, Aphasia, and Agnosia leading 

to comprehension problems (Kaszniak, 1986; Bondi et al., 2009), such as not being able 

to interpret traffic signs anymore, not knowing how to change gears, or confusing the 

deceleration and acceleration pedal. PD typically affects motor functions causing tremor, 

rigidity, postural abnormalities, and slow movements. Cognition might also be affected 

leading to impairments of attention, memory, information processing, and executive 

functioning (Dubois & Pillon, 1996). Because driving is a complex visual-motor task in a 

dynamic environment with strong cognitive components such as information perception 

and processing, decision making, and fulfilling concurrent tasks (Heikkilä et al., 1998), 

AD and PD might affect driving safety (Friedland et al., 1988; Hunt et al., 1997; Heikkilä 

et al., 1998; Wood et al., 2005; Cordell et al., 2008; Uc et al., 2009) and restrict mobility 

(Singh et al., 2007; Brouwer, 2010). 

With regard to PD and driving, past research showed (Heikkilä et al., 1998; Wood et al., 

2005; Cordell et al., 2008; Uc et al., 2009) that drivers diagnosed with PD experience 

more difficulties driving on the tactical and operational level of the driving task (i.e. 

maintaining lane position, controlling speed and time headway) than healthy drivers of the 

same age group. They also experience difficulties with information processing in complex 

situations (e.g. addressing two driving tasks simultaneously) leading to delayed judgments 

and decisions (Cordell et al., 2008). Difficulties on the tactical and operational level of the 

driving task have also been identified for drivers diagnosed with AD. Compared to 

controls, they encounter difficulties with lateral and longitudinal control of the vehicle 
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(Man-Son-Hing et al., 2007). Nonetheless, persons diagnosed with AD and PD are often 

still active drivers (Foley et al., 2000; Adler & Kuskowski, 2003; Meindorfner et al., 

2005; Herrmann et al., 2006).  

The importance of driving and mobility is well-understood and concerns not only persons 

with neurodegenerative diseases, but also persons who age at a normal/healthy rate. 

Driving is important for a sense of independence; and therefore, contributes to quality of 

life (Carp, 1988; Kaplan, 1995), counters isolation and depression, and promotes 

subjective well-being and independence (Marottoli et al., 2000; Fonda et al., 2001). Often, 

however, older persons with and without impairments manage by restricting the situations 

in which they drive; for example, under good weather conditions and avoiding complex 

road and traffic situations (McGwin & Brown, 1999). Moreover, if drivers’ licenses are 

revoked, they may decide to cycle or walk, which, in many ways, might be more 

dangerous for themselves (Siren & Meng, 2012). Recent statistics underline the risk of 

non-motorist aged 65 years and above. Older persons, in the EU, account for 54% of all 

pedestrian fatalities and 50% of all bicyclist fatalities. Also within the age group, fatalities 

of pedestrians and bicyclist make up half of all the fatalities within the road traffic 

network (Broughton et al., 2012).   

To better understand how age affects driving performance, we look at Michon’s 

hierarchical task analysis of driving (Michon, 1985) as applied to the domain of driver 

impairments by Brouwer and colleagues (Van Zomeren et al. 1984; Brouwer & Ponds, 

1994; Brouwer, 2002). In this analysis, three task levels are distinguished: the strategic 

level, the tactical level, and the operational level. The strategic level (navigation) is the 

highest level. On this level, decisions with regard to route, navigation, and time of driving 

are made. Decisions are usually made before the trip has begun, but also, occasionally, 

during the trip; for example, when deciding to choose an alternative route because of an 

expected traffic jam.  On the tactical level, which takes place while driving, safety 

margins are set and adjusted for the trip. This includes choosing cruising speed, time-

headway and lane position, but also involves considering various maneuvers such as 

overtaking and passing. On the operational level (control), drivers perform second to 

second lateral and longitudinal control tasks to avoid acute danger and to stay within the 

margins set on the tactical level.  The key difference between tactical and operational 

level decisions and actions is that the latter are reactive and the former are proactive 
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(anticipatory), not a reaction to immediate danger but a setting of safety margins in the 

case that actual danger (e.g. vehicle on collision course) manifests itself in the near future. 

On the strategic and tactical level, drivers can make adjustments and compensate for their 

challenges on the operational level. On the strategic level, this might include not driving 

during rush hours or avoiding highly complex intersections. On the tactical level, drivers 

can choose lower traveling speeds or decide on accepting greater gaps. Both strategies 

enable drivers to gain more time to seek necessary information and to make decisions. 

These compensations for challenges are not infinite. When the driving task becomes too 

complex and/or impairments are too severe, limitations of attentional capacity cannot be 

compensated for and other means (e.g. Advanced Driver Assistance Systems (ADAS) 

may offer support for older drivers. However, currently available ADAS are not 

necessarily designed to fit the needs of older drivers. This is where a more tailored 

support system comes into play.  

Primarily, marketed ADAS provide support on the tactical and operational level, which is 

generally characterized by actively supporting the primary driving task (i.e. maintaining 

speed and keeping a safe distance from the car in front (ACC), and keeping one within the 

traveling lane (LKS)). As older drivers have a great amount of driving experience, 

observed difficulties on the tactical and operational level of the driving task might be the 

result of their deficits in selective/divided attention and decision making under time 

pressure (Brouwer & Ponds, 1994; De Waard et al., 2009, Musselwhite & Haddad, 2010). 

Therefore, difficulties with speed control, lane position, steering, and turning might not be 

the source of the problem but rather quantifiable outcomes of the above mentioned 

deficits. Instead of supporting the primary driving task, the goal should be to free enough 

resources so that drivers are able again to focus more on the primary driving task instead 

of the secondary driving task (i.e. seeking out relevant information about the traffic 

situation).  

Freeing resources might be accomplished by presenting relevant traffic information to the 

driver in advance. In theory, presenting relevant traffic information (e.g. traffic and speed 

limit signs, information about speeding, advice on safe gap sizes to crossing traffic), 

should free up resources that might be used to for the primary driving task. Consequently 

problems with selective/divided attention and decision making under time pressure should 

be countered making earlier mentioned compensatory strategies futile. Drivers would not 
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need to create more time to seek out traffic signs or accept gaps as this relevant 

information is presented to them in advance as this information is already presented to 

them. Retrieval of relevant information is realizable by means of C2C- and C2I- 

communication, as these technologies are already under investigation (simTD, 2013). 

Presentation of the information can be accomplished by projecting the information in 

form of transparent icons onto the road in front of the driver. This technology is known as 

head-up display (HUD) and already widely used in the field of aviation.  
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3.1 New developments, potential benefits, and problems 

Older drivers make adjustments on the tactical level in order to be able to deal with 

traffic-relevant information from their surroundings. For example, older drivers travel at 

lower speeds (Becic et al., 2013; Shinar et al. 2005) to read traffic signs (Musselwhite & 

Haddad, 2010) or accept larger gaps when crossing intersections (Middleton et al., 2005).  

Considering this behavior outside of the general traffic context, we could conclude that 

older drivers engage in safe driving behavior as they apply compensatory strategies. 

Taking into account, other road users, this behavior might be perceived as traffic blocking 

by some, especially when other drivers do not see an obvious reason (e.g. a traffic jam) 

for traveling under the speed limit or not crossing in the case of exceptionally large gaps. 

Such compensatory behaviors might produce “inconvenient” pace differences, 

contributing to hazardous behaviors of other drivers. Hence, support that will limit 

engaging in “irritating” compensatory strategies is desirable. 

Based on older drivers’ unique characteristics and crash profile, a system that supports 

older drivers maneuvering safely through traffic including passing through intersections 

by providing relevant traffic information is desirable. Such system detects and conveys 

traffic signs with respect to speed limits and priority regulation, monitors speed and time 

headway, warns drivers when speed is inappropriate and the gap to the lead vehicle too 

small, and gives advice on safe gaps to crossing traffic. Not only relevant traffic 

information is conveyed, drivers also receive immediate feedback on speed and time 

headway choices. Receiving information in advance serves two purposes. It takes away 

uncertainty because drivers know what to expect and can anticipate; it can thus 

compensate for decision making under time pressure. It also counters difficulties with 

divided attention because important information, for example, priority regulation at the 

upcoming intersection, is fed to the driver before reaching an intersection. In theory, 

giving older drivers information about speed limits, priority regulations, and approaching 

traffic in advance, can offset attentional capacity challenges and spare enough resources 

to fulfill the primary driving task.  

Technology needed to realize provision of information involves C2C- and C2I- 

communication. Innovations for car-to-infrastructure communication have come from 

European projects and major car manufacturers (Weiß, 2011). An intersection assistant, 
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for example, is realizable using C2I- communication. One form of assistance involves 

communication between vehicles and traffic lights at signalized junctions. In such 

systems, cars communicate with traffic lights and, after appropriate filtering, the driver is 

informed about the status of the upcoming traffic light and receives speed 

recommendations that will ensure a “green wave” (Volkswagen, 2013; Bickerstaffe, 

2012). Such intersection systems are intended for improving transport efficiency. But 

intersection assistants are also designed for safety purposes (Röglinger, 2011). Drivers are 

warned when they are about to run a red light (Volkswagen, 2013; Bickerstaffe, 2012) 

and some systems are even designed to intervene in such cases. Warnings are also given 

when a driver makes a hazardous turning maneuver (Bickerstaffe, 2012).  

C2C- communication is also under investigation in order to bring intersection assistance 

forward. C2C- technology appears promising when designing for intersection assistance 

that is intended to inform drivers as they are on a colliding course with crossing traffic but 

also to advise drivers on safe crossing gaps. Ford is one car manufacturer that investigates 

this approach. They use cellular mobile telephony and WiFi to transmit data such as 

speed, status of brakes and indicators. If the transmitted data indicate a dangerous 

situation (e.g. approaching speed of another vehicle is too high), it will warn the driver 

(Ford, 2012).  

Realizing assistance as described above involves very complex technology and an 

effective and efficient interplay of the components making up an assistance system. If one 

of the components involved does not work properly, the system may fail. Considering 

Ford’s approach to an intersection assistant which uses internet communications, the 

information would not be provided when the internet is not available. This is probably a 

more pronounced problem in rural areas than in urban areas and needs to be considered 

(Note: Response to system failure is a research area of its own).  

Besides technological problems that can occur, a major concern is human-machine 

interaction (HMI). Even though ADAS are intended to improve safety, comfort, traffic 

efficiency, and the environment, hence facilitating driver performance (IHRA, 2010); 

research has also shown that with the introduction of automation, performance may 

deteriorate (Young & Stanton, 1997). One factor contributing to performance 

deterioration is mental workload. Additional information that is presented to the driver 

needs to be processed and this requires mental and/or visual resources. Because older 

http://www.sciencedirect.com/science/article/pii/S1389128611002192
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drivers already experience difficulties in more complex driving tasks, the additional 

information might increase mental workload because drivers also need to pay additional 

attention to what the system is doing. De Waard and colleagues (1999a) as well as 

Davidse and colleagues (2009) found that with the introduction of additional information, 

workload increased.  

Another factor that influences ADAS use is trust in automation. In general, it has been 

observed that if the first experience with information provided proves to be trustworthy 

and useful (Dijksterhuis et al., 2012), drivers tend to start over-trusting ADAS resulting in 

reliance on and compliance with the advice given without confirming the accuracy of the 

information (Nilsson, 1995, Young & Stanton, 1997; De Waard et al., 1999b; Buld & 

Krüger, 2003; Rudin-Brown & Noy, 2002; Rajaonah et al., 2006). Little is known about 

older drivers and their trust in automation. Development of trust can go two ways. Older 

drivers are more reluctant to accept new technologies (Hancock & Parasuraman, 1992); 

therefore, it might be possible that they will reject the automation and do not trust it, 

which in turn leads to an underutilization, referred to as disuse by Parasuraman and Riley 

(1997). On the other hand, many older drivers are aware of their difficulties and 

impairments (Musselwhite & Haddad, 2010) as illustrated, for example, by self-imposed 

driving restrictions (Singh et al., 2007). Thus, they might trust the system more than their 

own abilities and start over-utilizing the system, relying on and complying with the advice 

given, a phenomenon referred to as misuse (Parasuraman & Riley, 1997).  

Automation in the vehicle can also change how the driving task is perceived and what is 

demanded from the driver. This may lead to a change in driving behavior. Several studies 

(Rudin-Brown & Noy, 2002; Rudin-Brown & Parker, 2004; Rajaonah et al., 2006) have 

investigated the effect of different ADAS on driving behavior. When ADAS is added to 

the vehicle, drivers often display a behavior termed behavioral adaptation. ‘Behavioral 

adaptations are those behaviors which may occur following the introduction of changes 

to the road-vehicle-user system and which were not intended by the initiators of the 

change. Behavioral adaptations occur as road users respond to changes in the road 

transport system such that their personal needs are achieved as a result. They create a 

continuum of effects ranging from positive increase in safety to a decrease in safety’ 

(OECD, 1990, p. 23).  
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The concept of behavioral adaptation has been investigated thoroughly and many different 

models have been proposed (e.g. Cotter & Mogilka, 2007; Rudin-Brown & Parker, 2004; 

Rudin-Brown & Noy, 2002; Saad, 2007; Weller & Schlag, 2003) trying to explain the 

concept of behavioral adaptation. Each model individually does not capture the magnitude 

of behavioral adaptation or allow for comprehensive predictions of how ADAS will 

influence driving behavior and performance. As the Joint Conceptual Theoretical 

Framework (JCTF) of behavioral adaptation in response to ADAS in Figure 3.1 

illustrates, a wide range of internal as well as external factors have been identified that are 

associated with behavioral adaptation. Processes of behavioral adaptation are influenced 

by, for example, the type of system studies, but also the HMI design, not to forget drivers’ 

characteristics as well as the context of use. The framework does not aim to establish 

interaction mechanism but rather tries to show the multifaceted nature of adaptation 

processes including behavioral changes as well as psychological processes (Wege et al., 

2013). Developing and testing new ADAS also calls for being alert to intentional and/or 

unintentional changes as a response to ADAS use.  

 

Figure 3.1: Joint Conceptual Theoretical Framework (JCTF) of behavioural adaptation in response to Advanced 
Driver Assistance Systems (Source: Wege et al., 2013). 
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Nonetheless, provision of information such as gap size information, speed and headway 

information, and priority regulation seems to be promising technologies supporting older 

drivers in negotiating traffic in general and intersections specifically. It might counter 

difficulties with decision making under time pressure and divided attention. As recent 

developments show, technology has progressed and such assistance is now realizable. 

When designing such systems, thorough research is needed so that intended safety 

benefits are not compromised by unforeseen behavioral adaptation, and that crucial flaws 

in design and function are identified before systems are introduced into the market. 

3.2 Previous research  

Systems, such as speed advisory systems, forward collision warning, or intersection 

assistants, are nowadays technically realizable. Except for intersection assistance, these 

systems have already been implemented in vehicles in one way or another. An extensive 

body of research with regard to driving performance, acceptance, and traffic safety can 

already be found for speed advisory systems. The effects of forward collision warning/ 

safe gap advisory systems on traffic safety have also been studied (Mazureck & Hattem, 

2006; Young et al., 2007, Merrikhpour et al., 2012). Intersection assistance has received 

increasing attention in recent years. In comparison to the other systems, intersection 

assistance is rather a novelty, so most of the research done so far deals with the technical 

realization and feasibility of such support system. Nonetheless, a few studies have been 

administered to test the effects of intersection support system on traffic safety (Staplin & 

Fisk, 1991; De Waard et al., 1999a; Lee at al., 1999; Hanowski et al., 1999; Caird et al., 

2008, Becic et al., 2013). Traffic sign recognition is not a stand-alone system; it is usually 

coupled with other systems. For example, in newer versions of speed advisory systems, 

traffic sign recognition is incorporated (Paine et al., 2007; Vlassenroot et al., 

2007; Warner & Åberg, 2008). Systems do not have to rely on digital maps anymore to 

provide information about speed limits and changes in speed, but cameras scan the road 

ahead  for variable message signs (VMS) and the side of the road  for traffic signs and 

convey the information to the driver (Mobileeye, 2014; Hella Aglaia, 2014). Traffic sign 

recognition may also come into play to improve the effectiveness and efficiency of 

intersection assistance as it can scan the road for traffic signs that indicate the priority 

regulation on the upcoming intersection (Mobileeye, 2014; Hella Aglaia, 2014). In the 
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following section, past research with regard to speed advisory systems, forward collision 

warning, and intersection assistance is described in more detail. 

3.2.1 Intelligent speed adaptation  

Intelligent speed adaptation (ISA) systems are in-vehicle devices that inform about speed, 

warn when speeding, discourage speeding, or prevent speeding (Brookhuis & De Waard, 

1999). Those systems are categorized into four types depending on the degree of 

intervention: (1) informative/advisory, (2) warning/open caution, (3) intervening/ 

supportive, and (4) mandatory/automatic. Informative/ advisory speed systems display 

speed to inform and remind drivers of the speed limit and speed limit changes. Warning 

systems, also referred to as open caution systems, warn drivers when they exceed the 

speed limit. With those systems, it is the driver’s responsibility to act upon the warning 

and reduce speed again. Half-open systems (intervening/supportive speed systems) put 

upward pressure on the accelerator when drivers exceed the speed limit. The system can 

be overruled by putting extra pressure on the accelerator. The fourth kind of ISA is a 

mandatory/automatic system. It fully prevents speeding. Overruling the system is 

impossible (Morsink, et al., 2006).  

As speed plays an important role in the context of traffic safety (Elvik et al., 2004; Aarts 

& Van Schagen, 2006), speed advisory system are aimed at facilitating speeds within the 

speed limit (i.e. preventing speeding). A large number of studies has been done to test the 

effectiveness of ISA (Brookhuis & De Waard, 1999; De Waard et al., 1999a; Várhelyi et 

al., 2004; Jamson, 2006; Warner & Åberg, 2008; Lai et al., 2010; Young et al., 2010). 

Even though, in terms of traffic safety, systems that prevent speeding are most effective, 

the acceptability of these systems is rather low compared to speed adaption systems that 

are less intervening (Goodwin et al., 2006). The majority of systems tested, in driving 

simulator studies as well as on-road tests, are informative, advisory, or intervening 

systems. In general, it was found that ISA decreases speed especially maximum speed and 

time spent speeding (Vlassenroot et al., 2007; Warner & Åberg, 2008). It was concluded 

that such systems add to overall traffic safety. On the other hand, most studies 

investigated young drivers and sometimes middle-aged drivers. The effect of ISA use on 

older drivers has only been investigated a few times (De Waard et al. 1999a; Guo et al. 

2013). 
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De Waard and colleagues (1999a) investigated an ISA, in a driving simulator study, 

which informed drivers about speed violations. The information was presented by means 

of a head-up display (HUD). For the purpose of the study, the speed performance of 18 

middle-aged drivers (M = 37 years) and nine older drivers (M = 66 years) was analyzed. 

With a repeated measure design, the effects of feedback on speed violations were 

investigated. Drivers completed a baseline trial followed by two trials with feedback and a 

last trial without feedback. A decrease in the number of offenses was observed from the 

baseline trial to both feedback trials. In the last trial (no feedback), middle-aged drivers’ 

number of speed violation was comparable to the number of offenses during baseline; 

whereas, older drivers showed a decrease in the number of offenses across all sessions. 

The time spent speeding also decreased over time. Here again, older drivers showed a 

decrease across all sessions. Middle-aged drivers, on the other hand, showed a decrease in 

time spent speeding when the system was active, but the amount increased again during 

the last trial (no feedback). Overall, middle-aged drivers adapted their behavior as long as 

the system was active, but fell back into old habits as soon as the system was inactive. In 

addition, even though effects on speed were found, middle-aged drivers disliked the 

system. Older drivers were rather pleased with the information provided. 

A second study focusing on the speed performance of older drivers in response to ISA 

was only done recently (Guo et al., 2013) as a follow up of Gou et al. (2010). Guo and 

colleagues (2010) observed that older drivers experience particular problems with speed 

compliance in low-speed zones. Speeding was not a deliberate act but rather the result of 

cognitive impairment and overload in complex situations (Selander et al., 2011). 

Therefore, in a driving simulator study, the effects of ISA on speed in low-speed zones 

(50 km/h) were tested investigating the performance of 26 older drivers (M = 71 years) 

and 16 middle-aged drivers (M = 47 years). Using a repeated measure design, 

performance of trials without ISA, an informative ISA, a supportive ISA, and a 

mandatory ISA were compared. Older drivers showed less lane deviation when driving 

with the supportive system. Lane deviation was smallest for middle-aged drivers when 

using the supportive ISA, but differences between groups were not statistically 

significant. Drivers’ performance in terms of speed was best when equipped with the 

mandatory ISA. Middle-aged drivers’ mean speed was closer to the speed limit, but they 

also violated the speed limit more frequently than older drivers. The authors concluded 
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that ISA should be designed differently for different age groups in order to be effective 

(Guo et al., 2013).  

Investigation of ISA revealed that younger drivers are more likely to deliberately exceed 

speed limits and systems most effective should discourage speeding. Feedback on legal 

speed limits only might not be sufficient. More promising are approaches that incorporate 

warnings when speed is violated but also incentives for compliance with legal speed 

limits (Mazureck & Hattem, 2006; Merrikhpour et al., 2012). Older drivers, on the other 

hand, seem to need information on current speed limits and changes in speed limits.  

Deliberately speeding is not a problem, but rather the extraction of relevant traffic signs in 

complex situations (Musselwhite & Haddad, 2010), which, in turn, leads to unintentional 

speeding. According to Emmerson and colleagues (2013), older drivers have a propensity 

to refrain from driving as soon as they receive a speeding citation. 

3.2.2 Forward collision warning 

Technology advances have evolved so quickly that forward collision warning has never 

really penetrated the market. It was more or less skipped and forward collision avoidance 

systems, which actively interfere with the driving task have been implemented as safety 

systems instead. So, in principle, forward collision warning functions the same way as 

safe gap advisory systems. Both systems monitor the distance to the car in front and when 

a driver is on a collision course, the system warns the driver. Systems give feedback, do 

not interfere with driving, and leave it up to the driver to act upon the warning (Bishop, 

2005, pp.121-157). As mentioned earlier, older drivers show limitations in dynamic visual 

acuity and movement detection (Davidse, 2007). This might lead to misjudging gaps 

between themselves and the car in front. In addition, older drivers react slower to sudden 

hazard (Charlton et al., 2005; Caird et al., 2008; Horswill et al., 2008) and, in general, 

react slower to traffic information due to their decreased information processing speed 

(Salthouse, 1996). A vehicle, in front, suddenly reducing speed or stopping is a hazard 

that might not be reacted to in a timely manner even when the driver is not distracted. Lee 

et al. (2002) found that distracted and undistracted drivers benefitted from forward 

collision warning. But conclusions drawn are based on the performance of participants 

between the ages of 25 and 55 years. The effects of a forward collision warning system on 

the performance of older drivers are not well understood as research lacks a thorough 
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investigation of older drivers. The few results that exist with respect to headway control 

are also contradicting.  

Andrews and Westerman (2012) investigated time headway performance of 22 drivers 

between the ages of 26 and 40 years (M = 33 years) and 22 older drivers aged 60 years 

and above (M = 67 years) in a simulated car-following task. They found that older drivers 

kept longer time headway than younger drivers. These results are in line with the general 

finding that older drivers keep larger gaps between themselves and others maintaining 

ample safety margins (Summala, 2005, 2007; Middleton et al., 2005; Strayer & Drews, 

2004). On the other hand, Ni et al. (2010) found contradicting results. In a driving 

simulator study, car-following performance under simulated fog conditions was 

investigated. Performance of eight young (M = 21 years) and eight older (M = 73 years) 

drivers was compared. Drivers were instructed to keep a distance of 18 meters to the car 

in front. They found that with increases in fog density time headway of older drivers 

decreased. Time headway was smaller for older drivers than for younger drivers. They 

concluded that in safety critical situation such as dense fog, older drivers’ crash risk 

increases as safety margins decrease. Without the fog, time headway values were the 

opposite way for young and older drivers. 

Other than these above mentioned studies, efforts have been made to test the effects of 

feedback and incentives on following distance. In the Dutch project BELONITOR, it was 

investigated whether online feedback and incentives would improve car following 

distance. Altogether, 62 participants (M = 44 years) who leased a car from a national 

leasing company could earn rewards when they kept a safe distance to the car in front. 

Their cars were equipped with the necessary sensors and cameras, which enabled 

continuously measuring distance to the car in front. When the distance to the car in front 

was too small, drivers received feedback. The study was comprised of three stages. 

During the first stage, participants drove four weeks without receiving feedback or 

rewards. During the second stage, participants received feedback and could earn points 

for safe driving. This phase lasted for 16 weeks. The third stage also lasted for four weeks 

alike the first one. Drivers did not receive feedback anymore and could not earn any 

points for safe driving anymore. Results showed that with the introduction of feedback 

and the reward system, drivers increased car-following distance. But in phase 3, drivers 

lapsed back into old habits (Mazureck & Hattem, 2006). 
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More recently, in Canada, the effects of rewards on safe driving habits were also tested 

(Merrikhpour et al., 2012). The experimental set-up was similar to the Dutch experiment. 

It was also subdivided into three stages, but stage 1 and 3 lasted for only two weeks and 

stage 2 for twelve weeks. Results revealed are in line with results of the Dutch study. 

While driving with feedback and the reward system, drivers showed an increase in 

following distance, but the positive behavioral change did not sustain. They even found 

that long-term use did not result in sustained benefits.  

Young et al. (2007), on the other hand, found positive long-term effects on drivers’ 

following behavior. During an extensive field operational test within the Australian 

SafeCar project, 23 participants (29-59 years, M = 44 years) completed 16 500 km of 

driving. During that time, they received online feedback on their car-following distance. 

Unlike the other studies, drivers did not receive incentives for safe driving behavior. 

Nevertheless, results of the study revealed that drivers increased their mean gap time 

when receiving online feedback. 

Here again, research on older drivers and collision warning is lacking. Even though 

results show that older drivers keep greater distances to the car in front compared with 

younger age groups, it is also well-known that older drivers need more time to react to 

sudden hazard making forward collision warning an attractive support system. Unlike 

young drivers, unsafe driving habits do not necessarily need to be broken and safe ones 

learned. Violations of safe following distance are not a general issue within the older 

driving population, but rather an exception to the rule, especially in too complex 

situations that require dividing attention and fast reaction. Therefore, forward collision 

warning might be utilized to detect sudden and unforeseen hazards, compensating for age-

related slow information processing.  

3.2.3 Intersection assistance 

Analysis of crash statistics show that older drivers are more likely to be involved in at-

fault crashes on intersections and as the literature proves, this fact has been known for 

decades (Rothe, 1990; Hakamies-Blomqvist, 1993; Preusser et al., 1998; Langham et al., 

2002; Clarke et al., 2010). From an engineering standpoint, a lot has been done to develop 

intersection collision avoidance systems identifying requirements, investigating 

feasibility, and justifying intersection assistant system in terms of fuel efficiency, travel 
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time efficiency, but also in terms of safety. From a human factors/ psychological 

perspective little has been done to investigate whether such support is appropriate for 

older drivers. But as mentioned earlier intersection assistance might be a promising 

approach for helping older drivers to safely maneuver through intersections. Only few 

studies addressed this issue (Staplin & Fisk, 1991; De Waard et al., 1999a; Lee et al. 

1999; Hanowski et al., 1999; Louma & Rämä, 2002; Caird et al., 2008; Ziefle et al., 2008; 

Davidse et al., 2009; Becic et al., 2013).  As early as 1991, Staplin and Fisk investigated 

the effect of advanced left turn information on decision making performance in younger 

(M = 37 years) and older (M = 71 years) drivers in simulator studies. Traffic approached 

intersections either at a speed of 30 mph (48 km/h) or at a speed of 60 mph (96 km/h) and, 

according to the signal presentation, participants needed to decide whether to go on or 

stop. The signal presentation was either redundant or non-redundant. Younger and older 

drivers made more accurate decisions when advanced information was available. They 

also found that younger drivers better understood the information presented than older 

drivers and that redundant information was interpreted more accurately than non-

redundant information.  

In a driving simulator study, De Waard at al. (1999a) investigated the effects of warning 

about red-light running and stop sign violations on driving performance. Data of 18 

middle-aged drivers (M = 37 years) and nine older drivers (M = 66 years) was analyzed. It 

was found that red-light running decreased with an activated warning system. The same 

was true for the number of stop sign violations: stopping behavior improved. Changes 

were observed for middle-aged and older drivers respectively, even though older drivers 

appreciated the information more than middle-aged drivers. However, an increase in 

workload, as a result of the additional information processing, was also noticed. 

In a driving simulator study, Lee and colleagues (1999) examined in-vehicle messaging, 

presented either alone or in combination with traffic signs. The information was presented 

on the dashboard. They found that older drivers (M = 74 years) rated the quality of their 

own performance equally good as young drivers (M = 22 years).  Nevertheless, data 

revealed that older drivers’ performance deteriorated in terms of crashes per hour, lane 

variability, and speed variability when interacting with the in-vehicle and roadway 

information. Overall, their performance was significantly poorer compared with young 

drivers.  
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Hanowski and colleagues (1999) tested signing, navigation, and warning in-vehicle 

information systems in an instrumented vehicle on a test track. In this study the 

information was also presented on the dashboard of the vehicle. A signal informed the 

driver about an event, such as a car entering the road ahead. The information was 

presented for 5 seconds. Even though young drivers (18- 25 years) reacted faster to events 

than older drivers (65-75 years), when the information was present, both age groups 

benefited from advanced information.  

Other studies have been performed that have focused on workload and acceptance rather 

than driving performance as a result of ADAS use. Luomo and Rämä (2002) investigated 

driver acceptance of traffic signs, which were presented in the vehicle to young (M = 20 

years) and older (M = 68 years) drivers. Four different message conditions were tested: 

(1) visual sign, (2) visual sign and auditory message, (3) visual sign and auditory 

feedback based on driver behavior, and (4) visual sign in combination with complete 

instructions. Young and older drivers favored message type (1) the most. Complete 

instructions were rated the least desirable by both age groups. Participants thought that the 

given information increased the effects of traffic signs and, therefore, increased traffic 

safety. 

In a driving simulator study, Caird and colleagues (2008) investigated whether in-vehicle 

advanced warning signs improved young (M = 21 years) and older (M = 69 years) drivers’ 

intersection performance, especially stopping performance at signal-controlled 

intersections.  Information was presented in a head-up display. They found that, overall, 

young and older drivers were more likely to stop at the intersection when in-vehicle 

warnings were given, especially at traffic lights with a relatively short amber-onset. As a 

result of the presence of the warning, drivers adopted a slower intersection approach 

speed and removed their foot from the accelerator earlier. Older drivers took more time to 

perceive and process the information given compared with young drivers, but when the 

decision was made to stop, they compensated by faster response times (i.e. time in 

seconds from the foot leaving the accelerator and engaging the decelerator) and higher 

deceleration rates. 

Ziefle and colleagues (2008) investigated driving performance and acceptance of an 

intersection assistant in a driving simulator experiment. Information about the priority 

regulation and the traffic density at the upcoming intersection was conveyed to the driver. 
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Results showed that, overall, older drivers (M = 62 years) drove slower through 

intersections, but their performance in lane tracking did not differ from younger drivers 

(M = 27 years). The driving performance (i.e. speed control and lane tracking) of the 

group that drove without ADAS was superior to the group that drove with ADAS, 

indicating that ADAS induced additional workload. Younger drivers were indifferent as 

to whether the intersection assistant was helpful; whereas, the majority of older drivers 

rated the intersection assistant as helpful. Despite a driving performance deterioration 

when the information was presented in the auditory mode (in comparison with the visual 

mode), older drivers preferred the auditory over the visual interface. Younger drivers did 

not have a preference for one interface over the other.  

In a driving simulator study, Davidse and colleagues (2009) investigated the effect of 

advanced in-vehicle information on driving performance and workload of 40 drivers 

categorized according to their functional age: 10 functionally young (chronological age 

between 30 and 70 years, M = 39 years), 20 functionally middle-aged (chronological age 

between 32 and 71 years, M = 43 years), and 10 functionally old subjects (chronological 

age between 37 and 88, M = 69 years). Information about priority regulation, obstructed 

view on upcoming intersections, safe gaps, and one-way streets were presented to the 

driver.  They concluded that the information conveyed was beneficial for intersection 

performance. Other traffic approaching the intersection needed less sharp decelerations to 

prevent collisions, so less hindrance was given to other drivers.  Driving speed was lower 

when participants had to yield to the other traffic and also when they received information 

about an obstructed view at the upcoming intersection. Participants also made less route 

errors when they received information about a one-way street that they were not allowed 

to enter. The beneficial effects of messages on driving performance were similar for 

younger and older drivers.  It was also found that ADAS use did not result in workload 

reduction. It was concluded that longer experience with ADAS needs to be studied in 

order to draw conclusion about workload over time.  

Becic et al. (2013) tested a Cooperative Intersection Collision Avoidance System- Stop 

Sign Assist (CICAS- SSA) in a driving simulator. Originally, it was a stationary 

intersection assistance system (Preston et al. 2004), which was converted into an in-

vehicle information system. The system did not warn drivers but presented information 

about gap sizes to crossing traffic. Crossing performance of 24 older drivers (M = 62 

years) and 24 young drivers (M = 22 years) was assessed. Participants came from a minor 
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two-lane road and had to cross a four-lane divided highway. Results show, with the 

intersection assistance systems active, drivers tended to be more conservative. They 

waited longer before crossing and were more likely to reject non-critical gaps. For older 

drivers, it was also found that in the dual-task paradigm, they performed worse on the 

secondary task indicating increased workload. 

Overall, the studies summarized above show that an intersection assistant has the potential 

to support older drivers when crossing intersections. Information given in advance might 

help drivers anticipating upcoming events and act upon them. An assistant might also help 

them to react earlier to unexpected events. Acceptance ratings indicate that such functions 

are appreciated by the driver. Workload measures suggest that systems induce additional 

demand. Nevertheless, conclusions are based on findings from short-term studies, so no 

conclusions with respect to what happens to driver performance and driver behavior over 

time can be drawn.  

3.3 Drawbacks, unanswered questions, and the need for further research 

ADAS such as speed advisory systems, forward collision warning, and intersection 

assistance have been investigated in the past and potential benefits on traffic and road 

safety have been identified. But this field of research is not exhausted, as often older 

drivers or even mildly impaired older drivers (e.g. drivers with an early-stage diagnosis of 

PD or AD) have not been considered as thoroughly as young and middle-aged drivers 

leaving many unanswered questions. As the population grows older and a higher number 

of active drivers will be 65 years and above in the near future, it is also important to 

identify strategies that will improve traffic safety of older drivers, also taking into account 

the great heterogeneity of this age group caused by differences in health and experience.  

Even though, intelligent speed adaptation has received a great deal of attention in the past, 

most research focused on young and middle-aged drivers because speeding is often 

perceived as a deliberate act within those age groups. Speed is a major contributing factor 

to road traffic safety, and therefore, ISA has been investigated as it inherits great potential 

to discourage/prevent speeding. Efforts have been made and long-term field operational 

tests executed. It was found that ISA reduces speeding, but results are limited to young 

and middle-aged drivers. Older drivers were not included in those studies, so long-term 
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effects on their speed performance as a response to a speed advisory system are not well-

understood and need to be investigated from a different angle. Research revealed different 

findings. On the one hand, older drivers are more likely to travel at a too slow pace due to 

their slower information perception and processing time; therefore, ISA systems could be 

used investigating whether speed increases when sufficient speed information is provided. 

On the other hand, older drivers tend to overlook traffic signs, especially in complex 

traffic situations; therefore, if they speed it might not be a deliberate act that needs to be 

inhibited but is rather the result of limitations in cognition. Systems that prevent speeding 

might not be the most suitable for older drivers but rather in-vehicle systems that present 

information about speed limits and changes in speed limits. In addition, making 

information about speed more salient (e.g. change of color of the speedometer) might be 

sufficient support. 

Safe gap advisory/forward collision warning has also been investigated in the past, but 

technology has advanced so quickly that those systems were practically skipped and 

collision avoidance systems were implemented. Nonetheless, forward collision warning 

has great potential to improve road traffic safety as long-term field operational tests have 

shown. Feedback on following distance led to greater distances to the car in front. 

Incentives also encouraged drivers to keep larger gaps between themselves and the lead 

vehicle. Here again, most research has considered young and middle-aged drivers, but not 

older drivers. Even though it is well-known that older drivers, in general, keep greater 

time headways, they also react later to sudden hazard due to their slower information 

processing speed. Unlike young drivers, assistance with time headway control should not 

be viewed as a learning tool, which teaches older drivers to keep a safe distance. It should 

be viewed as a support system that attracts drivers’ attention before drivers themselves see 

the danger of a rear-end collision and act upon it in a more timely manner. 

Results of studies investigating intersection performance show that intersection assistance 

improves driver performance and also that it is potentially beneficial for the older driver. 

All studies have one major drawback: the effects of the system on driver performance, 

driver behavior and/or workload were assessed in short-term studies. The overall findings 

were that even though older drivers benefitted from the system, they performed worse 

than younger drivers (Staplin & Fisk, 1991; Lee et al., 1999; Hanowski et al., 1999; Caird 

et al., 2008; Ziefle et al., 2008; Becic et al., 2013). Results of workload ratings also 

indicate that systems induce workload rather than reduce the mental effort (De Waard et 
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al., 1999a; Ziefle et al., 2008; Davidse et al., 2009; Becic et al., 2013) However, short-

term studies do not provide an opportunity the older drivers to get acquainted with the 

system and the new environment. It is also well-established that older drivers are able to 

learn new and complex task, only at a slower pace than young drivers. Performance of 

older drivers is poorer than of younger drivers, especially in complex new situations, 

while in routine situations the difference between younger and older drivers is much 

smaller (Lowe & Rabbit, 1997). So, initial differences might diminish over longer periods 

when the new task is learned. Drawing conclusions on a single assessment might be 

erroneous. Differences in performance between young and old and the impact on safety 

should be investigated in longer-term studies as short-term studies cannot answer several 

important questions with respect to the overall benefit to road traffic safety.  Longer-term 

exposure to ADAS might result in more positive effects for the older driver. Depending 

on the degree of impairment, ADAS might be beneficial for drivers with impaired 

executive functions. Showing mild impaired executive functioning means that more 

practice might be needed to show favorable effects. So most likely benefits of ADAS on 

performance might be reflected later in time and perceived mental effort might persists for 

a longer period of time.  

Little is known about how ADAS use changes driving behavior over time and whether 

behavioral adaption is different for young and older drivers. Testing participants in a 

longer-term study and acquainting them with the system over numerous consecutive 

sessions may reveal whether the particular ADAS leads to further positive or negative 

effects. In this light, it is also important to study what happens when ADAS is taken away 

from the driver after a longer period of usage (i.e. whether carry-over effects can be 

observed). Trust and acceptance play an important role when it comes to the appropriate 

use of ADAS. Long-term studies allow changes in those ratings to be detecting which, in 

turn, might lead to changes in ADAS use.   

Another question that cannot be answered is whether intersection assistance is beneficial 

for all age groups. Often it is argued that whatever helps older drivers will also support 

young drivers. Such conclusions are also drawn on the basis of a single assessment and 

might only show that young drivers learn faster than older drivers and do not allow 

conclusions to be drawn about added safety benefits. Young drivers experience different 

problems in traffic than older drivers. Helping them to cross an intersection might be 
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inappropriate because it is well within their capacities to do so safely, and therefore, they 

might receive support that is not needed. This may lead to unsafe attention allocation if 

crossing an intersection becomes too easy so that young drivers allocate attention to other 

tasks not related to driving. On the other hand, implementing an intervening system that 

discourages/prevents speeding actively might be more beneficial for young drivers than 

for older drivers. A great amount of severe crashes in the young age group results from 

inappropriate and high speeds. Forward collision warning/ safe gap advisory might be 

technologies that serve as tutoring systems for young drivers teaching them safe following 

distance or as systems that detect sudden hazards and enables older drivers to react faster 

to it. ADAS might add significantly to road traffic safety but might also need to be 

investigated from different angles for different age groups as each age group has its 

unique characteristics. 

Because many questions cannot be answered from short-term studies, more extensive 

research is needed to assess the magnitude of ADAS use, the effectiveness and efficiency 

of different ADAS functions and driving performance and behavior, and in how far this 

kind of support is beneficial or detrimental for various age groups.  

3.4 Experimental set-up  

Because currently marketed ADAS are not necessarily designed to fit the needs of older 

drivers a more tailored ADAS was designed and tested in a longer-term driving simulator 

study. Successively, data of different groups were collected. In a first phase, data of 18 

healthy older drivers between the age of 65 and 82 years were collected. Drivers were 

randomly assigned to either the control or treatment group and performance of those 

groups compared. In a second phase, 18 young drivers between the age of 20 and 25 years 

were recruited and the effects of ADAS tested and compared to healthy older drivers. 

Young drivers followed the same protocol as older drivers but completed only the first 

eight sessions of the experiment (see Figure 3.2). Here again, drivers were randomly 

assigned to a control and treatment group. For the last experiment, a group of drivers 

diagnosed with Parkinson’s disease between the age of 67 and 82 years was recruited and 

the effects of ADAS use on performance tested and compared to healthy older drivers, 

who received the same treatment.  
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The study was a mixed study design with 13 or 14 repeated measures depending on the 

manipulation. Within four weeks, groups completed twelve consecutive sessions in the 

driving simulator. Drivers assigned to the control group, completed all sessions without 

ADAS. Drivers of the treatment group completed sessions 1 and 7 without ADAS and the 

remaining ten sessions with ADAS. After the first 12 sessions, participants took a four 

week break and then return for the final assessment. Drivers of the control group 

completed one session after the break and drivers of the treatment group two sessions: one 

with ADAS and one without. The order of the final assessment was counterbalanced 

across subjects. 

 

The virtual driving environment was comprised of a 25 km city drive. Route instructions 

on when to turn left and right were given visually and auditory through a navigation 

system. In order to avoid learning effects, four different routes comparable in length and 

events were used and counterbalanced across participants. Drivers encountered various 

driving tasks such as changes in priority regulation, variations in speed limits, and slower 

moving lead vehicles.  

3.5 Proposed ADAS 

A tailored ADAS, designed to fit the needs of older drivers, was proposed, implemented, 

and tested in a driver simulator study. The ADAS provided relevant traffic information in 

advance. In more detail, the support system consisted of four functions: (1) in-vehicle 

traffic sign display, (2) speed advisory, (3) intersection assistance, and (4) forward 

collision warning. All information was presented by means of a head up display (HUD). 

Figure 3.2: Experimental set-up. All groups followed the same protocol. Young drivers completed only the 
first eight sessions of the experiment. 



03 | ADVANCED DRIVER ASSSISTANCE SYSTEMS 
 

50 
 

Head up displays have been used in the field of aviation for decades and have recently 

been introduced into (top-segment) vehicles as well. For the presentation of relevant 

traffic information, a head-up display is more favorable than a display positioned in the 

center column or in a head-down display (HDD). An HDD or display in the center 

column of the vehicle forces drivers to glance into the vehicle in order to extract 

important traffic information. Therefore, drivers have to take their eyes off the road 

creating undesirable distraction potential (Green, 1999). This can lead to late detection of 

other road users, obstacles, and hazardous situations (Louma & Rämä, 2002). An HUD 

removes the necessity to look into the vehicle to extract relevant traffic information as this 

information is projected onto the road, in form of transparent icons, in front of the driver. 

3.5.1 Traffic sign recognition 

Traffic sign recognition has already been introduced into vehicles, but is mostly limited to 

recognizing speed limit signs. In vehicles, the side of the road is scanned by means of 

cameras. When a traffic sign is recognized, it is compared to signs saved in a database. 

When a match is found, the traffic sign is shown to the driver in the instrument panel or 

on an HUD. In principle, the same notion is used for the implemented traffic sign 

recognition function. The side of the road is scanned for traffic signs, compared to signs 

in the database, and if a match is found, conveyed to the driver.  

 

Figure 3.3: Illustration of the in-vehicle traffic sign recognition. The side of the road is constantly scanned for 
traffic signs. In the vicinity of intersections, speed limit information is replaced with priority regulation information. 
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Figure 3.3 and 3.4 illustrate how traffic sign recognition is realized in the simulator. When 

a driver approaches an intersection and is within a distance 150 meters to the intersection, 

traffic signs with regard to priority regulation have priority over speed limit signs. The 

information about speed limits is exchanged for information about priority. After an 

intersection is crossed, drivers are immediately informed about the speed limit again. The 

information about the speed limit remains on the HUD until the next intersection is 

reached. When the distance to the intersections is less than 150 meters, the information in 

the HUD changes again showing the priority regulation traffic sign instead of the speed 

limit sign as this is more important at that point in time. 

3.5.2 Speed advisory 

In principle, speed advisory systems are coupled with traffic sign recognition. Speed limit 

signs are recognized. At the same time, traveling speed is monitored. When the system 

detects that a driver is speeding, the driver receives a warning. Warnings can range from 

visual to haptic warnings. The same approach is used for the implemented ADAS. Current 

speed is compared to posted speed limits and drivers receive visual warnings. 

Figure 3.4 illustrates a situation in which the posted speed limit is 70 km/h. The driver 

complies with the speed limit, and therefore, the digital speedometer in the HUD is lit up 

in green. Figure 3.5 shows two examples of exceeding the speed limit. The figure on the 

left shows a driver who set his traveling speed to 78 km/h and, therefore, the speedometer 

is presented in amber. In the illustration on the right, speed is set to 84 km/h and the 

speedometer is lit up in red. The different colors serve as an indication for the degree of 

exceeding the speed limit. The speedometer changes from green to amber when the speed 

Figure 3.4: Illustration of the in-vehicle traffic sign recognition function. After an intersection is crossed, drivers 
receive information about the current legal speed limit. 
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limit is exceeded by more than 10%. Exceeding the speed limit even more and reaching a 

value that is greater than 15% results in the presentation of the speedometer in red. When 

speed is reduced again and a driver complies with the speed limit again, the speedometer 

changes back to green. 

 

3.5.3 Intersection assistance 

The intersection assistant detects surrounding traffic and provides information about 

approaching traffic at the upcoming intersection. The information about whether it is safe 

to cross the intersection is presented in form of a bar in front of the driver below the 

digital speedometer (see Figure 3.6). It is a three-stage system that dynamically changes 

from green to amber to red depending on the distance to crossing traffic and vice versa as 

traffic at intersections changes. 

The priority regulation at the intersection and the traveling direction (as indicated by 

activation/deactivation of the indicator) of the driver are taken into account by the 

assistant system. Therefore, the intersection assistant also utilizes the traffic sign 

recognition function in order to determine the priority regulation at the intersection.  

For example, a driver wants to turn right at the upcoming intersection, which is also 

implied by activation of the indicator. At the intersection, drivers need to yield to the 

crossing traffic. The assistant takes that information into account and disregards traffic 

approaching the intersection from the right. Advice on safe gaps is with respect to 

crossing traffic approaching the intersection from the left. When the gap between the 

Figure 3.5: Illustration of the implemented speed advisory system. Left: When speed is exceeded by more than 
10% of the posted speed limit, the speedometer changes color from green to amber. Right: Exceeding the speed 
limit by more than 15% of the posted speed limit, the speedometer color changes to red. 
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driver and the approaching car is greater than five seconds a green bar lights up indicating 

that it is safe to cross. Gaps between 2.5 and five seconds are classified as marginal 

indicated by an amber flag, and gap sizes smaller than 2.5 seconds are unsafe as conveyed 

by the red flag. In order to calculate gaps and give advice on whether to proceed through 

the intersection, the driver’s time-to-intersection (TTI) and time-to-collision (TTC) with 

crossing traffic are taken into account. TTI and TTC values are based on course, speed, 

and distance. 

 

3.5.4 Collision warning 

The so called 2-second-rule serves as a rule of thumb, in the Netherlands and many other 

European countries, to keep a safe following distance. Meaning that when following 

another car two seconds need to lie between a defined passing point of the first and the 

second car. With the help of the collision warning function, the distance between the 

driver and the car in front is constantly measured. Based on speed and distance between 

cars, time headway is calculated. When the distance becomes too small, and the time 

headway value falls below two seconds, an icon as seen in Figure 3.7 (left) will appear in 

the HUD advising the driver to increase the distance. When time headway is greater than 

two seconds again, the icon will disappear. But when the following distance gets even 

smaller and falls below one second, the driver will be warned that a collision is about to 

happen (see in Figure 3.7, right). 

 

Figure 3.6: Illustration of the implemented gap advice. The bar below the digital speedometer indicates whether 
the distance to the crossing traffic is safe.  
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3.5.5 Overview of projected information 

The table below provides a brief overview of the information selected to be presented in 

the HUD. Information about priority regulation was limited to right-of- way traffic sign, 

yield and stop sign. Speed limits in the virtual environment changed between 30 km/h, 50 

km/h, and 70 km/h. Warnings on close following distance where presented in two 

different ways depending on how close drivers followed the lead vehicle. A three-stage 

system was used to provide information about gap sizes to crossing traffic. 

  

Figure 3.7: Illustration of the collision warning system. Left: Time headway is smaller than two seconds. The 
driver receives a request to increase the distance to the car in front. Right: Time headway is below on second. The 
driver receives a collision warning. 
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Table 2.2: Overview of projected information/icons 
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Abstract 

Within the next few decades, the number of older drivers operating a vehicle will increase 

rapidly (Eurostat, 2011). As age increases so does physical vulnerability, age-related 

impairments, and the risk of being involved in fatal crashes. Older drivers experience 

problems in driving situations that require divided attention and decision making under 

time pressure as reflected by their overrepresentation in at-fault crashes in intersections. 

Advanced Driver Assistance Systems (ADAS) especially designed to support older drivers 

crossing intersections might counteract these difficulties. In a longer-term driving simulator 

study, effects of an intersection assistant on driving were evaluated. Eighteen older drivers 

(M = 71.44 years) returned repeatedly completing a ride either with or without a support 

system in a driving simulator. In order to test the intersection assistant, eight intersections 

were depicted for further analyses. Results show that ADAS affects driving. Equipped with 

ADAS, drivers allocated more attention to the road center rather than the left and right, 

crossed intersections in shorter time, engaged in higher speeds, and crossed more often with 

a critical time-to-collision (TTC) value. The implications of results are discussed in terms 

of behavioral adaptation and safety. 
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 4.1 Introduction 

Because of demographical changes, the number of persons aged 65 and above will increase 

rapidly over the next few decades. In particular, this concerns the “older old”, those aged 75 

and above (EuroStat, 2011). Driving is going to be the more frequently preferred mode of 

transportation of the older persons in the future, more than it is presently, due to increasing 

numbers of people possessing driver’s licenses and keeping them through advanced age. 

This is especially true for women. Therefore, the number of older persons holding a valid 

driver’s license and being active drivers will probably rise substantially (OECD, 2001).  

With rising age, the probability of incidence of diseases and impairments, which make the 

body more vulnerable, increases and thus interferes with the capacity for safe driving 

practices (Hewson, 2006). Nonetheless we cannot ignore differences in health and 

functioning which vary among individual. Even in the case of significant impairments, 

older drivers are not necessarily considered unsafe drivers or unfit to drive, as illustrated by 

various legislations which still allow persons with mild dementia or macular degeneration 

to drive, granted they have shown in on-road tests that they are able to drive safely.  It is 

actually thought that the driving task provides a lot of opportunities for assistance on an 

individual, infrastructural, and vehicular level. A recent development in terms of offering 

support to the driver is the implementation of Advanced Driver Assistance Systems 

(ADAS) which could be very helpful in case of age-related impairments. It can be argued 

that older drivers need more tailored support apart from what is currently offered on the 

market because of their specific crash profile. Older drivers are overrepresented in at-fault 

crashes in intersections (Davidse, 2007; McGwin & Brown, 1999; Evans, 2004), but 

currently popular ADAS such as Adaptive Cruise Control (ACC) and Lane Departure 

Warning (LDW) do not target older drivers and crash prevention in intersections. 

Consistent with crash statistics, older drivers themselves report having difficulties 

identifying traffic signs, extracting the most relevant traffic sign, and also making decisions 

under time pressure. A reason why they, for example, travel at lower speeds (Musselwhite 

& Haddad, 2010). Several causes leading to crashes in intersections have been identified. 

Older drivers often fail to yield to the right-of-way (Aizenberg & McKenzie, 1997; 

McGwin & Brown, 1999). They experience problems estimating safe gaps between oneself 

and approaching cars (Oxley et al., 2006), which leads to an over-involvement of crashes 

when turning left (Griffin, 2004; Mayhew et al., 2006), but also makes passing straight 
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through an intersection a problematic undertaking (Preusser et al., 1998). Approaching and 

crossing an intersection involves several processes resulting in a complex task. Crossing an 

intersection requires divided attention among several pieces of information, perceiving and 

processing changes in the traffic situation, perceiving and processing signals and traffic 

signs, determining and executing a course of action (Braitman et al., 2007), and decision 

making under time pressure (Brouwer & Ponds, 1994). Attentional capacity deficits seem 

to be the key for their increased involvement in crashes (Owsley et al., 1998).  

Michon’s hierarchical task analysis of driving (1985) as applied by Brouwer (2002) to the 

domain of driver impairments, distinguishes three task levels: the strategic level, the tactical 

level, and the operational level. The strategic level (navigation) is the highest level. On this 

level, decisions with regard to route, navigation, and time of driving are made. Decisions 

are usually made before the trip has begun, but also, occasionally, during the trip, for 

example when deciding to choose an alternative route because of expected traffic jams.  On 

the tactical level, which takes place while driving, safety margins are set and adjusted for 

the trip. This includes deciding on speed, time headway, and lane position, but also 

involves considering various maneuvers such as overtaking and passing. Decisions on the 

tactical level are only performed occasionally, for example setting smaller time headway 

than normal if one is in a hurry or choosing the middle of three parallel lanes in an 

unfamiliar town.  On the operational level (control), the driver performs second to second 

lateral and longitudinal control tasks to avoid acute danger and to stay within the margins 

set on the tactical level.  The difference between tactical and operational level decisions and 

actions is that the latter are reactive and the former are proactive (anticipatory), not a 

reaction to immediate danger but a setting of safety margins for the case that actual danger 

(e.g. vehicle on collision course) manifests itself in the near future.  

On the strategic and tactical level, drivers can make adjustments and compensate for their 

challenges on the operational level. On the strategic level, this includes, for example, not 

driving during rush hours or avoiding highly complex intersections. On the tactical level, 

drivers can set a lower travelling speed or decide on keeping a larger gap between 

themselves and other cars which gives them more time to seek the necessary information 

and to make a decision. This compensation for challenges is not infinite. When the driving 

task becomes too complex and/or impairments are too severe, limitations of attentional 

capacity can no longer be compensated for and other means such as Advanced Driver 
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Assistance Systems (ADAS) are needed to support the older driver. But currently marketed 

ADAS are not necessarily designed to fit the needs of the older driver.  

Older drivers make adjustments on the tactical level in order to be able to extract more 

traffic-relevant information out of their surroundings (Musselwhite & Haddad, 2010). 

These results indicate that support on the tactical level might be a promising area of focus 

for the development of support systems for older drivers. Currently marketed ADAS such 

as ACC and LDW support the primary driving task, particularly speed control, distance to 

the car ahead, and lane positioning. Supporting lateral and longitudinal control of the 

vehicle means providing support on the operational level, which is not necessarily needed. 

Assistance on the tactical level can be given in form of an intersection assistant that 

provides relevant traffic information, including traffic signs, speed limits, and gap sizes, for 

the upcoming intersection in advance. Receiving information in advance serves two 

purposes. (1) It takes away uncertainty because the driver knows what to expect and what 

to anticipate. Receiving information in advance can compensate for difficulties in decision 

making under time pressure. (2) It also counters problems with divided attention because 

the important information, for example, priority regulation information at the upcoming 

intersection is fed to the driver before reaching the intersection. In theory, giving the older 

driver information about speed limit, priority regulation, and crossing traffic in advanced 

can compensate for attentional capacity challenges leaving enough resources to fulfill the 

primary driving task; freeing up just enough resources to drive. In the past, designing for 

in-vehicle signs has shown some promising results (Staplin & Fisk, 1991; Hanowski et al., 

1999; Lee et al., 1999; Luoma and Rämä, 2002; Caird et al., 2008; Ziefle et al., 2008; 

Davidse et al., 2009), but research has only been done sporadically. Staplin and Fisk (1991) 

investigated whether advanced information about left turns improved decision making 

performance in younger and older drivers. They found that younger and older drivers made 

more accurate go/no go decisions when the information was available. Lee and colleagues 

(1999), on the other hand, found that in-vehicle messaging led to deterioration in older 

drivers’ performance in terms of crashes per hour, lane variability, and speed variability. 

Hanowski and colleagues (1999) investigated the effects of advanced warnings (related to 

unexpected events in traffic). They found that with the advanced information, subjects 

could anticipate upcoming events. Older as well as young drivers benefitted from the 

advanced information. Caird et al. (2008) investigated an in-vehicle warning system which 

informed drivers about the status of the upcoming traffic light. They found that drivers ran 
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fewer red lights when the advanced information was present. Older drivers took longer than 

young drivers to process the given information, but when they decided to stop, they 

compensated by faster reacting and decelerating. Ziefle et al. (2008) showed that presenting 

traffic information about priority regulation and traffic density of the upcoming intersection 

visually as compared to auditory led to better performance. Davidse and colleagues (2009) 

investigated an assistant system that provided information about priority regulation, gap 

size, obstructed view in the intersection, and one-way streets. The first three types of 

messages led to safer driver performance, but did not reduce workload. The information 

about the one-way street resulted in fewer route errors. The studies show changes in 

performance when driving with ADAS. However, conclusions drawn result solely from 

short-term studies in which participants encountered a system as novice users in a single 

assessment. Little is known about longer-term effects of ADAS use on driving performance 

and driving behavior over time or the effects of negative behavioral adaptation. Longer-

term studies investigating the effects of ADAS use are a necessity.  

As a follow-up of Davidse (2007), the present study was designed to investigate the effects 

of an intersection assistant on the driving performance and driving behavior of older 

drivers.  A longer-term driving simulator study was set up in order to acquaint drivers with 

the support system and to examine changes in driving performance and behavior due to 

ADAS use over time. Participants completed 14 sessions in the driving simulator, the first 

twelve sessions within a four week time period and the last two sessions after a four week 

retention interval. During each session, participants drove through a virtual city and 

encountered several driving tasks. One of them was crossing uncontrolled intersections at 

which subjects had to yield the right-of-way. Bushes placed near the intersection obstructed 

the view into the intersection and made the crossing a safety-critical task forcing drivers to 

slow down before crossing. These intersections were used to test the effect of the 

intersection assistant on driving performance and behavior and to examine the effect on 

attention allocation due to information presentation in a head up display (HUD).  

The implemented intersection assistant was designed to support drivers crossing an 

intersection safely. It gave advice on whether it is safe to cross an intersection. The advice 

was based on driver’s time-to-intersection (TTI) as well as the time-to-collision (TTC) with 

other cars approaching the intersection. The information was presented in a HUD.   
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Even though older persons might learn new complex tasks at a slower pace (Lowe & 

Rabbit, 1997), we expect that over a longer period of exposure and experience with the 

intersection assistant, older drivers improve their overall intersection performance. It is 

expected that as drivers improve their overall driving performance they become quicker at 

crossing intersections and are also safer by choosing more appropriate gap distances when 

driving with ADAS. We also expect that drivers equipped with ADAS will use the ADAS 

and retrieve intersection information resulting in more attention allocation to the road 

center. That is where the information is projected onto. Despite the information retrieval, 

we do not expect an adverse impact of the ADAS on attention allocation because drivers do 

not need to take their eyes-off-the road in order to seek out information about the upcoming 

intersection.  

4.2 Materials and methods 

4.2.1 Participants 

Overall, 31 older drivers were recruited through distribution of flyers at different local 

senior clubs such as bridge and billiard and also through the local senior academy. They all 

reported feeling subjectively healthy and not having been diagnosed with a serious disease 

that interferes with driving. 42 percent of the recruited persons were excluded during the 

training session from the study due to simulator sickness. Eighteen older drivers between 

the ages of 65 years and 82 years old (M =71.44, SD = 4.82), fifteen males and three 

females participated in the study. On average, participants reported a total driving 

experience of 965.000 km, with an average of 17.900 km driven the past year. Subjects 

scored high on the Mini Mental State Exam (MMSE) (M = 29.28, SD = .82) indicating 

intact normal functioning. On average, participants completed the Trail Making Test Part A 

in 44.33 seconds (SD = 12.0), which corresponds to the 62nd percentile (Schmand et al., 

2012), and Part B in 90.94 seconds (SD = 22.3), corresponding with the 73rd percentile 

(Schmand et al., 2012). The mean ratio of Trail Making Test A and B (TMTb/TMTa) 

resulted in 2.13 (SD = .58) indicating good task switching abilities, also corresponding to 

the 73rd percentile (Schmand et al., 2012). Participants assessed their overall driving ability 

as good. Eight participants felt that they drive better compared to their peer group; nine 

reported that their driving ability is as good as the peer group. One person reported driving 
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worse compared to the peer group. Participants were randomly assigned to the control and 

treatment group. 

4.2.2 Apparatus 

A fixed-based driving simulator located at the University Medical Center Groningen was 

used for the study. The simulator consisted of an open cabin mock-up containing an 

adjustable force-feedback steering wheel, gas pedal, brake pedal, and audio sound 

simulated driving sound. Three projection modules resulting in 180 degrees horizontal and 

45 degrees vertical out-window projection screen of 4.5 m diameter stood in front of the 

mock-up. Front and side windows as well as a rear view mirror and side mirrors were 

projected onto the screen. The computer system consisted of four PCs: two PCs were used 

for graphical rendering, one for the traffic simulation and one for system control with a user 

interface for the simulator operator. The graphical interface was designed by means of 

StRoadDesign, a program provided by StSoftware. The scenario was programmed by 

means of StScenario, a scripting language also developed by StSoftware. 

4.2.3 ADAS 

The ADAS consisted of four functions: traffic sign recognition, speed warning, collision 

warning, and intersection assistance, but in this paper, the intersection assistant will only be 

discussed. The intersection assistant was realized by providing information about 

approaching traffic at the upcoming intersection. The assistant system indicated whether it 

was safe to cross an intersection.  The information was presented in form of a bar in front of 

the driver by means of a head-up display HUD). It was a three-stage system that 

dynamically changed from green to amber to red and vice versa as the traffic situation 

changed. The priority regulation in the intersection as well as the travelling direction (as 

indicated by the activation/deactivation of the indicator) of the driver were considered by 

the assistant system.  A gap between cars greater than five seconds was considered a safe 

crossing (indicated by a green flag). Gap between 2.5 and five seconds were classified as 

marginal indicated by an amber flag, and gap sizes smaller than 2.5 seconds were unsafe as 

conveyed by a red flag. In order to calculate gaps and give advice on whether to proceed 

through the intersection, driver’s time-to-intersection as well as the time-to-collision to 

crossing traffic was taken into account. TTI and TTC values were based on speed and 

distance.  
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4.2.4 Design 

The driving simulator study is a mixed study design with 13 or 14 repeated measures 

depending on the manipulation. The study was approved by the Medical Ethical Committee 

(METc) of the University Medical Center Groningen. Participants were randomly assigned 

to the control and treatment group. The control group completed the experiment without the 

intersection assistant; the treatment group drove three times without assistance and eleven 

times with. The virtual driving environment was comprised of a 25 km city drive. Route 

instructions on when to turn left or right were given visually and auditory through a 

navigation system. In order to avoid learning effects, four different routes comparable in 

length and events were used. The order of the routes was counterbalanced. Drivers 

encountered various driving tasks such as changes in priority regulation and speed limits, 

slower moving vehicle in front of them, etc. All participants completed the first session 

without the system. The treatment group completed session two to six with ADAS, session 

seven was without ADAS, and sessions eight to twelve with ADAS again. After a retention 

interval of four weeks, the treatment group completing one session with ADAS and one 

without; whereas, the control group completed one session without ADAS. 

For the present study, sessions 1, 6, 7, and 8 were depicted for further analysis. The 

intersections used to assess the effect of ADAS use are characterized as safety-critical 

because view into intersections was obstructed forcing drivers to slow down look to the 

right and left before crossing. The speed limit was 30 km/h and priority was regulated by 

yield-to-the-right.  For each session, eight intersections were included for the analysis. 

4.2.6 Procedure 

Persons interested in participation received an information package via regular mail or 

email including a detailed description of the study, the Motion Sickness Questionnaire 

(Golding, 1998), and an informed consent form. After completing the questionnaire and 

signing the informed consent, participants were invited, completed questionnaires and four 

rides in the driving simulator in order to get acquainted to the simulator but also to test for 

simulator sickness. Participants who experienced simulator sickness during the training 

were excluded from the study.  

Participants returned for the experimental sessions. They read a short description of the 

experiment. After that, they took a seat in the simulator. The seat and steering wheel were 
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adjusted to accommodate participants’ preferences. Participants were instructed to drive as 

they would normally do. After the first session, the treatment group was introduced to the 

ADAS. The functions and functioning of the ADAS was explained to participants with the 

help of a user manual. In addition, participants completed a five minute ride during which 

all functions were demonstrated in applicable traffic situations. They took home the user 

manual and asked to read it thoroughly. Participants returned to the driving simulator three 

times per week for four weeks and after the retention interval for a final assessment in order 

to complete participation in the experiment. Participants were compensated for their 

participation.  

4.2.6 Data analysis and dependent measures 

For the present study, sessions 1, 6, 7 and 8 were depicted for further analyses. For the 

treatment group, sessions 1 and 7 were without ADAS, sessions 6 and 8 were with ADAS. 

The control group completed all sessions without ADAS. Per session, eight intersections 

characterized as safety critical because of view obstruction were depicted for further 

analyses. For all dependent measures, intersections at which participants had another car in 

front of them were excluded from analyses. 

Driving performance parameters were sampled with a frequency of 10 Hz and stored as 

ASCII files. A MATLAB routine was used to extract the information about speed, time, 

and critical events. In particular, for each session, we determined the mean intersection time 

(i.e. the average sum of waiting time and crossing time of all intersections), the average 

maximum speed on all intersections, stopping behavior (i.e. the percentage of intersections 

where the intersection approach speed was between 0 and 1 km/h), and time-to-collision. 

Data were analyzed to investigate the effect of the implemented intersection assistant on 

intersection performance. 

In order to analyze the gaze behavior, video recordings of participants’ faces were coded 

and analyzed. The videos were coded using ELAN, a tool used to annotate videos. The gaze 

of the participant was coded with center, left, right, or other. Out of the output file, the 

percent road center (PRC), which is defined as the percentage of gaze data points that falls 

within the area of the road center (Victor et al., 2005), for each subject and each session 

was calculated. The value of PRC is the cumulative time of fixation in the center over the 

total time. The data includes the gaze behavior for approaching the intersection 

(approximately 160 meters) and crossing the intersection (approximately 23 meters).  
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The extracted TTC values only include values from participants’ entrance until exit of the 

second crossing lane. For this time frame, the mean TTC as well as the mean minimum 

TTC were determined. The absolute minimum TTC (i.e. the absolute lowest value while 

crossing the intersection), and the percentage of critical and safe gap crossings serve as a 

dependent measures. Safety critical gaps are gaps with a TTC equal to or smaller than one 

second. Safe crossing gaps have been defined as gaps with a TTC equal to or greater than 

1.5 seconds.  

4.3 Results 

4.3.1 Gaze behavior 

An analysis of Friedman’s ANOVA shows that the gaze behavior (Figure 4.1) of the 

control group (CG) did not change significantly over time, χ² (3, N = 9) = 3.4, p = .35; 

whereas, treatment group’s (TG) gaze behavior changed over time, χ² (3, N = 9) = 15.3, p 

< .001. Wilcoxon tests were used to follow up on the findings of TG. A Bonferroni 

correction was applied and all effects are reported at α = .008 level of significance. It 

appeared that the differences in PRC are significant when comparing session 1 (no ADAS) 

with session 6 (ADAS), z = 2.66, p = .001, r = .89, and session 1 (no ADAS) with session 8 

(ADAS), z = 2.55, p = .008, r = .85. Comparing other sessions with each other did not lead 

to significant differences, but large effects were revealed. TG spend more time looking in 

the center on session 7 (no ADAS) compared to session 1, z = 1.96, p = .05, r = .65. Results 

comparing session 6 (ADAS) and session 7 (no ADAS), z = 2.07, p = .04, r = .70, show a 

decrease in PRC from one session to the other, and comparing results of session 7 (no 

ADAS) with the results of session 8 (ADAS), z = 1.71, p = .09, r = .57, suggests an 

increase in PRC, again. 

Figure 4.1: Mean of percent road center for CG and TG, standard error is represented 
in the error bars. 
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Comparing mean ranks between CG and TG using Mann-Whitney U test (α = .01) revealed 

significant differences in session 6 (no ADAS vs. ADAS), z = 3.05, p = .001, r = .72, 

session 7 (both no ADAS), z = 2.61, p = .008, r = .61, and session 8 (no ADAS vs. ADAS), 

z = 3.13, p = .001, r = .74 indicating a higher PRC for TG compared to CG. 

4.3.2 Intersection time 

Figure 4.2 shows the average intersection time including standard errors for both groups. 

Friedman’s ANOVA was used to analyze differences in intersection time over time. No 

significant differences in intersection time were found for CG, χ² (3, N = 9) = 1.8, p = .65, 

indicating no changes in intersection time over time. A trend was observed for TG, χ² (3, N 

= 9) = 6.6, p = .08. As a post hoc analysis, the Wilcoxon test was applied to examine the 

difference in intersection time over time for the treatment group. A Bonferroni correction 

was applied and results are reported at α = .008 significance level. The decrease in 

intersection time over sessions for TG was significantly different when comparing session 1 

with session 7 (both sessions no ADAS), z = 2.55, p = .008, r = .85. A comparison of 

session 1 (no ADAS) with session 6 (ADAS) did not reveal a significant decrease in 

intersection time, but a large effect was observed, z = 2.19, p = .02, r = .73. The same is 

true when comparing session 1 (no ADAS) with session 8 (ADAS), z = 2.07, p = .04, r 

= .70. The effect sizes show a decrease in intersection time when comparing session 1 with 

the remaining three sessions. 

 

In order to determine difference in intersection time between groups, per session mean 

ranks were compared using Mann-Whitney U tests. The significance level has been 

adjusted to α = .01. No significant differences between groups have been revealed, but a 

Figure 4.2: Mean intersection crossing time for CG and TG, standard error is 
represented in the error bars. 
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large effect was found for session 6 (no ADAS vs. ADAS), z = 2.61, p = .03, r = .51, and a 

medium effect for session 7 (both groups no ADAS), z = 2.61, p = .06, r = .45, which 

tentatively suggests a faster intersection time for TG compared to CG. 

4.3.3 Speed information 

Average maximum speed 

Friedman’s ANOVA did not reveal significant differences in maximum speed for either 

CG, χ² (3, N = 9) = 1.13, p = .81, nor TG, χ² (3, N = 9) = 3, p = .41, over time. Figure 4.3 

shows the mean values for maximum speed in intersections including standard errors. In 

order to analyze differences in maximum speed between groups, Mann-Whitney U tests 

were used. The tests did not reveal significant differences between groups in choice of 

speed on the intersection, but medium effects for session 6, z = 1.37, p = .19, r = .32, 

session 7, z = 1.37, p = .19, r = .32, and session 8, z = 1.81, p = .07, r = .43 have been 

observed which tentatively suggest that TG crossed intersection with a higher speed. 

 

Stopping at intersection 

Investigating participants’ stopping behavior (see Figure 4.4) at intersections using 

Friedman’s ANOVA did not reveal differences over time for CG, χ² (3, N = 9) = 2.6, p 

= .46, but significant difference for TG, χ² (3, N = 9) = 8.9, p = .02. For a post hoc analysis, 

Wilcoxon tests have been administered with an adjusted level of significance set to α 

= .008. Significant differences were not found, but large effects, showing a decrease in the 

percentage of stops, were revealed when comparing session 1 to session 6, z = 2.31, p = .02, 

Figure 4.3: Mean maximum speed for CG and TG, standard errors are represented in 
the error bars. 
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r = .77, to session 7, z = 2.39, p = .01, r = .80, and to session 8, z = 1.71, p = .09, r = .57.  

Between-subject comparisons did not yield significant differences. 

 

4.3.4 Time-to-collision (TTC) 

Average TTC 

On average, TG crossed intersections with a smaller average TTC (see Figure 4.5), but 

Friedman’s ANOVA did not reveal differences in average TTC over time for neither CG, χ² 

(3, N =9) = .10, p = .99, nor TG, χ² (3, N = 9) = .86, p = .85. Mann Whitney U tests also did 

not yield significant differences between groups, but in session 1 (no ADAS) a large effect, 

z = 2.08, p = .40, r = .50, was observed indicating a smaller TTC for TG. The differences 

between groups on session 7 (no ADAS) were not significant either, but a medium effect, z 

= 1.63, p = .10, r = .39, in the same direction was observed.  

Figure 4.5: Mean TTC when crossing an intersection for CG and TG, standard errors 
are presented in the error bars. 

Figure 4.4: Mean percentage of stops at an intersection before crossing the 
intersection for CG and TG, standard errors are presented in the error bars. 
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Minimum and absolute minimum TTC 

Minimum TTC and absolute minimum TTC were also analyzed. Figure 4.6 shows the mean 

values for the average minimum TTC as well as the absolute minimum TTC including 

standard errors. Friedman’s ANOVA did not result in significant changes over time in 

average minimum TTC for neither CG, χ² (3, N = 9) = .33, p = .97, nor TG, χ² (3, N = 9) 

= .20, p = .98. Between-subject comparison also did not reveal significant differences 

between the groups at the different measurements in time either.  

Analyzing the absolute minimum TTC data using Friedman’s ANOVA did not yield 

significant results, neither for CG χ² (3, N = 9) = 4.70, p = .20 nor for TG χ² (3, N = 9) 

= .07, p = 1.00. Mann-Whitney U tests also did not reveal significant differences between 

groups. 

 

Critical and safe gaps 

Changes in critical gaps (< 1s) over time were analyzed using Friedman’s ANOVA. No 

significant differences for CG, χ² (3, N = 9) = 1.08, p = .79, or TG, χ² (3, N = 9) = .67, p 

= .89, have been observed, even though, on average, TG crossed the intersection between 

critical gaps more often than CG (see Table 4.1). Looking at between-subject comparisons, 

Mann-Whitney U tests did not yield significant differences between CG and TG. Only for 

session 1 (no ADAS) a medium effect, z = 1.86, p = .09, r = .44 was observed. 

 

Figure 4.6: Mean of lowest TTC per session for CG and TG as well as the mean minimum TTC for CG and 
TG, standard errors are presented in the error bars. 
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It was also analyzed whether choosing a safe gap (> 1.5s) would change over time. 

Friedman’s ANOVA did not result in significant differences for either CG, χ² (3, N = 9) = 

2.40, p = .51, or TG, χ² (3, N = 9) = .66, p = .89. Analyzing between subject differences did 

not reveal significant differences, but medium effects were observed for sessions without 

ADAS. Differences in session 1 resulted in a medium effect, z = 1.87, p = .07, r = .44, and 

were insignificant in session 7, z = 1.44, p = .16, r =. 34. 

4.4 Discussion 

This study was conducted to evaluate longer-term effects of an intersection assistant on 

driving. The support system was tailored to fit the needs of older drivers. It gave advice on 

whether it was safe to cross an intersection indicated by a green, amber, or red flag in an 

HUD. The experiment was realized as a longer-term study in order to acquaint drivers with 

the assistant and examine changes in driving performance and driving behavior over time. 

Of special interest were negative behavioral adaptations and whether these changes in 

behavior were carried over when ADAS was taken away from the driver. In order to 

investigate effects of ADAS, intersections characterized as safety critical intersections had 

been depicted for further analyses. The view into the intersection was obstructed, which, in 

general, forced drivers to slow down and look to the left and right before being able to 

make a sound decision on crossing the intersection. A general trend that could be observed 

was that driving performance of the treatment group did not go back to the initial 

performance, during the baseline session, when the ADAS was deactivated for one session, 

after a longer activation period.  

Table 4.1: Descriptive statistics: Mean and SD for the number of critical (TTC > 1s) and safe (TTC < 1.5s) 
intersection crossings in percent for control group (CG) and treatment group (TG). 
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An analysis of the gaze behavior revealed no significant differences in attention allocation 

over sessions for the control group. On the other hand, as expected, the treatment group 

showed changes in gaze behavior spending more time looking at the road center when 

driving with ADAS. The hypothesis that the treatment group will look more in the center 

than the control group, when driving with ADAS, was confirmed. When driving with 

ADAS, drivers retrieved relevant information about crossing traffic and gap information 

from the HUD. They spent less time looking to the left and right in order to comprise a 

picture of the current traffic situation. Even though the differences on session 7 were not 

significant, calculating the effect size revealed a large effect. This suggests that after being 

equipped with the intersection assistant, drivers did not go back to their initial gaze 

behavior as displayed during baseline. They still allocated less attention to the left and right 

of the intersection and more attention to the road center. This could be an indication for a 

negative carry-over effect, not being able to suppress the new learned behavior. But it could 

also mean that with the help of ADAS, they learned to look and retrieve information more 

effectively considering the finding that the amount of crossings with a critical time-to-

collision did not increase significantly in session 7. 

Intersection time was used to assess drivers’ intersection performance. The results showed 

that over time and equipped with ADAS, older drivers crossed intersections faster than 

drivers not equipped with ADAS. The hypothesis has been confirmed. Contrary to 

expectations, the intersection times for session 7, the session where both groups drove 

without ADAS, were also different for groups. Driving with a deactivated ADAS did not 

result in an increase in drivers’ intersection times. A difference was observed between the 

baseline session (without ADAS) and the following sessions for the treatment group; 

whereas, the control group did not improve over time. These differences between groups 

suggest that ADAS affects the overall intersection performance. It indicates that with the 

support system, drivers do not wait as long as unequipped drivers before crossing an 

intersection. They seem to learn taking smaller gaps based on the advice given by the 

ADAS.  

Speed has also been analyzed in order to find out whether ADAS has an effect on speed 

choice as well as on stopping behavior. No significant differences could be found between 

groups. It was expected that the treatment group engages in higher speeds when driving 

with ADAS compared to the control group. The hypothesis could not be confirmed. 

Nevertheless, medium effects were observed tentatively suggesting that the control group 
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decreased speed on intersections over time. This might be an indication for a more cautious 

driving behavior; whereas, the treatment group showed an increase when driving with 

ADAS and a decrease in speed when driving without ADAS. Seeing this trend in the 

treatment group over sessions and conditions suggests that the green flag indicating safe 

crossing might have served as a trigger to clear the intersection as fast as possible. Taking 

the stopping behavior into account supports this assumption. Control groups’ and treatment 

groups’ stopping behavior in session 6 and session 8 did not differ significantly. At the 

same time, maximum speed in intersections was higher for the treatment group compared to 

the control group. Because speed analysis showed different trends for both groups, but the 

stopping behavior did not yield the same trend, we assume that the green flag triggered a 

response, namely, hitting the gas and crossing the intersection quickly. When driving 

without ADAS, even though the choice of speed did not change, the stopping behavior of 

the treatment group changed. Visual inspection of the figure on stopping behavior shows 

that in the session 7 (no ADAS), the treatment group stopped fewer times compared to the 

baseline session, and fewer times compared to the sessions with ADAS. A trend that was 

not expected. An explanation for the changes on session 7 might lie in the analysis of TTC.  

Time-to-collision has been analyzed as a safety indicator. Small TTC below a critical value 

can serve as an indication for unsafe behavior and decision making. It was expected that 

drivers equipped with ADAS choose for more conservative gaps than drivers not equipped 

with ADAS. This hypothesis could not be confirmed. Analyses of the TTC data did not 

yield any significant results.  Yet, given the observation that drivers of the treatment group 

became less cautious over time as indicated by less attention allocation to the left and right, 

shorter intersection times, fewer stops before the intersection, we might expect more risky 

crossings in general, but also when drivers first equipped with an intersection assistance 

drive after an acquainting period without ADAS again. Visual inspection of Figures 3.5 and 

3.6 indicate that the average TTC as well as the average minimum TTC is lowest in session 

7 for the treatment group. It tentatively suggests that drivers made less conservative 

decisions when they drove without ADAS on session 7. Figures suggest changes in driving 

over time for the treatment group. Inspecting changes over time, we observed that drivers 

of the treatment group stopped fewer times and crossed intersections with overall lower 

speeds. Changes in the numbers of stops and speed suggest that crossings are made at the 

cost of safety margins. We observed the smallest TTC (see Figure 4.6) in session 7 

compared with all other sessions. Looking at the mean values (see Table 4.1) for the 
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percentage of safe and critical crossings, we also saw that the treatment group found more 

safety critical gaps and less safe gaps in session 7.  

4.5 Conclusion 

To summarize, we investigated the effects of an intersection assistant on driving 

performance and driving behavior. We can conclude that the intersection assistant led to 

changes in both driving performance and driving behavior. Driving with ADAS resulted in 

faster intersection crossings. Drivers of the treatment group tended to cross intersections 

with higher speeds and smaller TTC. According to the literature, critical TTC on 

intersections are defined as times smaller than 1.5 seconds (van der Horst, 1990). On 

average drivers kept TTC greater than that, even though the average minimum TTC of the 

treatment group was smaller than the TTC of the control group and the absolute minimum 

TTC of the treatment group remained below 1 second in all sessions. Moreover, an analysis 

of the gaze revealed that when driving with ADAS, drivers sought out information about 

the upcoming intersection from the HUD, spending less time looking to the left and the 

right of the road. A trend also noticed when the ADAS was taken away from the driver on 

session 7. This effect might also be due to the fact that the study was done in a driving 

simulator and participants were aware that a crash would not result in serious 

consequences. We also saw that when driving without ADAS, after being exposed to the 

ADAS for a longer period of time, performance did not go back to the initial performance 

as displayed during the baseline session. At this point, we cannot conclude whether these 

changes in performance and behavior are due to a safer and more efficient way of driving 

or whether they reflect a continuum of a risky behavior that resulted from driving with the 

system. One reason why we cannot draw exclusive conclusions from these findings is the 

sample size. The sample size was small, and therefore, we did not reveal too many 

significant differences between groups, but effect size calculations indicate that with a 

bigger sample size, results should allow for more explicit conclusions.  

Moreover, the population investigated in this study was fairly young older drivers without 

prominent impairments. These drivers might have not benefitted from the implemented 

ADAS because they were still able to drive safely. In order to gain more insight, driving 

behavior and performance of the investigated group needs to be compared to young drivers 

but also to impaired drivers which will be done in a follow-up study. 
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A version of this chapter will be published as Dotzauer, M., De Waard, D., Caljouw, S. 
R., Poehler, G. & Brouwer, W.H. (in press). Behavioral adaptation of young and older 
drivers to an intersection crossing advisory system. Accident Analysis & Prevention. 
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Abstract 

An Advanced Driver Assistance System (ADAS) provided information about the right of 

way regulation and safety to cross an upcoming intersection. Effects were studied in a 

longer-term study involving 18 healthy older drivers between the ages of 65 and 82 years 

and 18 healthy young drivers between the ages of 20 and 25 years. Participants repeatedly 

drove 25 km city routes in eight sessions on separate days over a period of two months in 

a driving simulator.  In each age group, participants were randomly assigned to the 

control (no ADAS) and treatment (ADAS) group. The control group completed the whole 

experiment without the ADAS.  The treatment group drove two sessions without (sessions 

1 and 7) and six times with ADAS. Results indicate effects of ADAS on driving safety for 

young and older drivers, as intersection time (intersection waiting and crossing time) and 

percentage of stops decreased, speed and critical intersection crossings increased, the 

number of crashes was lower for treatment groups than for control groups. The 

implications of results are discussed in terms of behavioral adaptation and safety. 
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5.1 Introduction 

According to recent European crash statistics, more young drivers (18-24 years) and older 

drivers (65 years and older) are killed in car crashes than drivers in any other age group 

(EuroStat, 2011). Over the last few decades, efforts have been put into designing support 

systems with the intention to make driving safer. Advanced Driver Assistance Systems 

(ADAS) which support drivers have been developed. For example, ADAS help with the 

longitudinal (Adaptive Cruise Control and Collision Warning) and lateral control (Lane 

Departure Warning) of the vehicle, or prevent losing control in a curve (Electronic 

Stability Control). Other ones such as Intersection Assistance Systems are being 

researched. In a recent driving simulator study, an intersection assistant designed to give 

tailored support to older drivers taking into account age-related limitations in processing 

speed and divided attention, was studied (Dotzauer et al., 2013a). Even though it is often 

assumed that support given to older drivers will be beneficial for young drivers as well, 

considering the underlying causations for crash involvement, the assumption can be 

questioned. Crash situations and determinants are quite different for these two age groups 

(Mayhew et al., 2003; McKnight & McKnight, 2003) and interventions needed to reduce 

the occurrence of crashes also might be quite different. So, young drivers might not profit 

from or respond to an assistance system that is tailored to fit the needs of older drivers. 

For example, in an early study on a speed feedback system, De Waard et al. (1999a) 

found that older drivers’ response to feedback messages was different than for younger 

drivers; young drivers looked upon the system as an enforcement device while older 

drivers welcomed the system as a support system.  

Across the lifespan, a shift in crash contributing factors but also a shift in crash 

characteristics is noticeable. As young drivers start driving, they lack experience and 

maturity (Deery, 1999; Mayhew et al., 2003; Borowsky et al., 2009; Trick et al., 2009; 

Curry et al., 2011; Vlakveld, 2011; Mueller & Trick, 2012), relatively more frequently, 

they do not maintain attention (Simons-Morton et al., 2004; Jaccard et al., 2005; Beede & 

Kass, 2006; Kass et al., 2007), search inappropriately (Pradhan et al., 2009; Vidotto et al., 

2011), fail to recognize hazards (Borowsky et al., 2009; Trick et al., 2009; De Craen et al., 

2011, Vlakveld, 2011; Mueller & Trick, 2012), and make poor decisions with regard to 

speed choice and time headway (THW) (Simons-Morton et al., 2005), reflecting a lack of 

driving skills (McKnight & McKnight, 2003; Curry et al., 2011) which results in poorer 
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driving performance. But young inexperienced drivers evolve into experienced drivers 

who estimate their driving skills more realistically, learn to search the environment better, 

identify and assess critical traffic situations more realistically and react in an appropriate 

manner to changes in road and traffic situations. Results from Graduated Driver Licensing 

Systems also support this; the highest rate of crash involvement is during the first months 

of solo driving with relatively higher crash involvement for younger drivers and males 

(e.g. Mayhew, 2007; Lewis-Evans, 2010). Crash statistics of middle-aged drivers further 

reflect those changes; this age group’s fatal crash involvement is the lowest. Over the 

years, the number of fatal crashes and the risk of being involved in fatal crashes 

decreases, up until 65 years of age. Approximately from that age, risks of being involved 

in and causing a crash as well as being seriously injured increases (EuroStat, 2011). 

Unlike young drivers, older drivers do not lack driving skills, but many of them struggle 

with age-related declines that affect driving performance (McGwin & Brown, 1999) and 

because of their physical vulnerability injuries are more severe (Evans, 2004). The most 

typical crashes that older drivers are involved in are at-fault crashes at an intersection 

(McGwin & Brown, 1999; Davidse, 2007) struggling most with decision making under 

time pressure and divided/selective attention (Brouwer & Ponds, 1994; De Waard et al., 

2009; Musselwhite & Haddad, 2010).  

According to older drivers’ specific crash characteristic, the ADAS used in the previous 

study (Dotzauer et al., 2013a) was designed. It gave tailored support to older drivers 

providing relevant traffic information in advance countering difficulties with decision 

making under time pressure and divided/selective attention. Considering that young 

drivers’ difficulties may mainly be based on inexperience and immaturity often resulting 

in inadequate speed choices and inaccurate anticipation of hazards, the question that rises 

is whether providing information about priority regulation and gap sizes in intersections 

(see Dotzauer et al., 2013a) in advance might also be suitable for young drivers. 

Predominantly, young drivers are involved in single-vehicle crashes on rural roads rather 

than multiple-vehicle crashes in intersections. Nonetheless, crossing an intersection might 

be a hazardous task for young drivers as well; especially, when the view of the crossing 

road is obstructed. Crossing requires divided attention among several pieces of 

information, perceiving and processing changes in the traffic situation, perceiving and 

processing signals and traffic signs, determining and executing a course of action 

(Braitman et al., 2007), decision making under time pressure (Brouwer & Ponds, 1994), 
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and  anticipating hazards. Intersection crossings might be a dangerous undertaking for 

young and older drivers even though the underlying causations are different. Older drivers 

are more likely to struggle with intersection crossing due to their limited attentional 

resources. Young drivers might struggle with appropriately assessing the traffic situation 

and therefore might engage in risky crossing behavior. Providing relevant traffic 

information (e.g. gap sizes) about the upcoming intersection in advance might support 

drivers of both age groups on the tactical level of the driving task.  

Based on Michon’s hierarchical task analysis (Michon, 1985), the driving task is divided 

into three levels. The strategic level (navigation) is the highest level. On this level, 

decisions with regard to route, navigation, and time of driving are made. Decisions are 

usually made before the trip has begun, but also, occasionally, during the trip, for example 

when deciding to take an alternative route because of a traffic jam.  On the tactical level, 

while driving, safety margins are set and adjusted for the trip. This includes deciding on 

speed, time-headway, and lane position, but also involves considering various maneuvers 

such as overtaking, passing, and crossing. On the operational level (control), drivers 

perform second to second lateral and longitudinal control tasks to avoid acute danger and 

to stay within the margins set on the tactical level. The difference between tactical and 

operational level decisions and actions is that the latter are reactive and the former are 

proactive (anticipatory), not a reaction to immediate danger but a setting of safety margins 

in the case that actual danger (e.g. vehicle on collision course) manifesting itself in the 

near future. 

Therefore, receiving information in advance may serve two purposes for older drivers. It 

may take away uncertainty and may counter difficulties with divided attention, for 

example, when receiving information about gap size to crossing traffic. Knowing that the 

gap size is either large enough or too small to cross supports drivers when deciding on 

going or stopping. Therefore, decision making under time pressure might be countered. 

Young drivers might benefit from the information, but differently because their weakness 

is not limited attentional resources but rather identifying hazards and acting appropriately. 

For example, providing information about gap size might teach young drivers to assess 

crossable gap sizes more accurately. This augmented information also implies the 

presence of other vehicles at the intersection even though they might be hidden behind 



05 | ADAPTATION TO AN INTERSECTION ASSISTANT 
 

 

82 
 

bushes; therefore, young inexperienced drivers might become more sensitive to potential 

hazards.  

In a recent driving simulator study, an intersection assistance system which provided 

relevant information about gap sizes to crossing traffic in advance (Dotzauer et al., 2013a) 

was proposed. As research of ADAS effects on driving performance over longer time 

periods is lacking, the study was conceptualized to investigate changes in performance 

over a period of two months including 14 repeated measures. In order to assess the effects 

of the intersection assistant, safety-critical situations were created. Bushes were placed 

along intersections that needed to be crossed, blocking the view into the intersection. The 

system was tested with healthy older drivers (65 to 82 years) in order to investigate effects 

of ADAS use on performance over time, and to scrutinize the need for tailored support 

(Dotzauer et al. 2013a). Older drivers’ performance data used for the present paper was 

obtained during the first experiment. The aim of the present study was to examine the 

performance of older drivers in relation to the performance of young less experienced 

drivers.  The main focus laid on the investigation and evaluation of the intersection 

assistant. Young drivers completed the same drive as older drivers and followed the same 

protocol as older participants, but instead of completing 14 sessions, they only completed 

the first eight sessions of the experiment. The number of sessions was limited to eight 

because of time constraints but also to minimize the drop-out rate in the group of young 

inexperienced drivers. 

We expect an age effect in all driver performance parameters. Dependent measures such 

as intersection time, maximum speed in intersections, number of stops before crossing, 

minimum average time-to-collision to crossing traffic, and number of critical crossings 

will differ between groups. Moreover, we assume that over time, drivers supported by 

ADAS will show changes in performance. 

5.2 Materials and methods 

5.2.1 Participants 

In a recent study (Dotzauer et al., 2013a), 25 older drivers were recruited of which 40% 

dropped out because of simulator sickness. Data of 18 older drivers between the ages of 

65 years and 82 years (M = 71.4, SD = 4.8), 15 male and three female drivers were 
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collected. In addition, after a 20% drop-out rate among the young drivers, 18 drivers 

between the ages of 20 years and 25 years (M = 22.3, SD = 1.74), nine male and nine 

female, participated in the study. On average, older drivers reported a total driving 

experience of 965.000 km, with an average of 17.900 km driven the past year; whereas, 

young drivers averaged 22.900 km experience with a yearly average of 5.800 km. 

Participants were assigned to the control and treatment group by means of controlled 

randomization. 

5.2.2 Apparatus 

A validated (e.g., De Waard & Brookhuis, 1997) fixed-based driving simulator located at 

the University Medical Center Groningen was used for the study. The simulator consisted 

of an open cabin-mock-up containing an adjustable force-feedback steering wheel, gas 

pedal, brake pedal, and audio sound simulated driving sound. Three screens (4.5 m 

diameter) resulting in 180 degrees horizontal and 45 degrees vertical projection were 

placed in front of the open cabin mock-up. Front and side windows as well as a rear view 

mirror and side mirrors were projected onto the screen. The computer system consisted of 

four PCs: two PCs were used for graphical rendering, one for the traffic simulation and 

one for system control with a user interface for the simulator operator. The graphical 

interface was designed by means of StRoadDesign, a program provided by StSoftware. 

The scenario was programmed by means of StScenario, a scripting language also 

developed by StSoftware. 

5.2.3 ADAS 

The ADAS consisted of four functions: (1) in-vehicle traffic sign display, (2) speed 

warning, (3) collision warning, and (4) intersection assistance. All information was 

presented by means of a head up display (HUD). This paper will focus on the intersection 

assistant. The assistant provided information about approaching traffic at the upcoming 

intersection and indicated whether it was safe to cross the intersection.  The information 

was presented in form of a bar in front of the driver. It was a three-stage system that 

dynamically changed from green to amber to red and vice versa as the traffic situation 

changed. The priority regulation (whether drivers had right-of-way or to yield to crossing 

traffic) at the intersection and the travelling direction (as indicated by the 

activation/deactivation of the indicator) of the driver were taken into account by the 
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assistant system.  Based on trial and error, values for gap acceptance were determined. 

When the gap between the driver and the crossing cars was greater than five seconds, a 

green light lit up indicating that it was safe to cross. Gaps between 2.5 and five seconds 

were classified as marginal indicated by an amber flag, and gap sizes smaller than 2.5 

seconds were unsafe as conveyed by the red flag. In order to calculate gaps and give 

advice on whether to proceed through the intersection, the driver’s time-to-intersection 

(TTI) and time-to-collision (TTC) with other cars approaching the intersection were taken 

into account. TTI and TTC values are based on course, speed, and distance. 

5.2.4 Design 

The driving simulator study is a mixed study design with 13 or 14 repeated measurements 

(older drivers) or eight repeated measures (young drivers). Data of older participants were 

collected during an earlier study (Dotzauer et al., 2013a) and analyses will be limited to 

session one to eight for the present study. Data of young drivers were collected during a 

follow-up experiment. Younger drivers completed eight sessions. The experiment had 

been approved by the Medical Ethical Committee (METc) of the University Medical 

Center Groningen. Participants were assigned to the control and treatment group by 

means of controlled randomization. Selected sessions for the control group were all 

without the intersection assistant; the treatment group drove two times without assistance 

(namely, session 1 and 7) and six times with ADAS (see Figure 5.1). The virtual driving 

environment was comprised of a 25 km city drive. Route instructions on when to turn left 

and right were given visually and auditory through a navigation system. In order to avoid 

learning effects, four different routes comparable in length and events were used. The 

order of the routes was counterbalanced. Drivers encountered various driving tasks such 

as changes in priority regulation, variations in speed limits, and slower moving vehicle in 

front of them. All participants completed the first session without the system. The 

treatment group completed session two to six with ADAS, session seven without ADAS, 

and session eight with ADAS again.  

Young drivers were also randomly assigned to the control and treatment group. The 

control group completed the experiment without ADAS and the treatment group with 

ADAS, except for sessions 1 and 7. 
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During each session, participants crossed 130 intersections. Out of these intersections, 

based on the priority regulation (see below), 16 intersections per session were selected to 

assess the effects of ADAS use on driving performance and driving behavior. Half of 

those intersections had bushes placed along the crossing road in order to obstruct the view 

into the intersection forcing the driver to slow down before crossing the intersection. The 

other eight intersections had no view obstructions. All selected intersections had a speed 

limit of 30 km/h and the priority was regulated by yield-to-the-right. 

5.2.5 Procedure 

Persons interested in participation received an information package via regular mail or 

email including a detailed description of the study and an informed consent form. After 

completing the informed consent, participants were invited, completed other 

questionnaires and completed four rides (each of approximately five to seven minutes) in 

the driving simulator to get acquainted to the simulator and to test for simulator sickness. 

Participants who experienced simulator sickness (40% of older drivers and 20% of young 

drivers) during the training were excluded from the study.  

Participants returned for the experimental sessions. They read a short description of the 

experiment and took a seat in the simulator. The seat and steering wheel were adjusted to 

accommodate participants’ preferences. Participants were instructed to drive as they 

would normally do. After the first session, the treatment group was introduced to the 

ADAS. The functions and functioning of the ADAS was explained to participants with 

the help of a user manual. In addition, participants completed a five minute ride during 

Figure 5.1: Experimental set-up of the previous and current study indicating the different number of 
sessions for older and young drivers. For the present study, sessions 1 through 8 were selected for further 
analysis. 
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which all functions were demonstrated in particular traffic situations. They also took 

home a user manual and were asked to read it thoroughly. Older participants returned to 

the driving simulator three times per week for four weeks and after the retention interval 

of four weeks returned for a final assessment. Control group drivers came back for one 

final assessment and drivers of the treatment group for two assessments. Younger 

participants returned three times for the first two weeks and two more times during the 

third week of the experiment. All participants were financially compensated for their 

participation.  

5.2.6 Data analyses and dependent measures 

For the present study, sessions 1 through 8 were selected for further analysis. For 

treatment groups, sessions 1 and 7 were without ADAS; sessions 2 through 6, and session 

8 were with ADAS (see Figure 5.1). Control groups completed all sessions without 

ADAS. Per session, eight intersections with obstructed view and eight intersections 

without obstructed view were chosen for further analysis. For all dependent measures, 

intersections at which participants had another car in front of them were excluded from 

analyses. 

Driving performance parameters were sampled at a frequency of 10 Hz and stored on 

disk. A MATLAB routine was used to extract the information about speed, time, and 

critical events. In particular, for each session, mean intersection time, that is the average 

sum of waiting time (velocity= 0 km/h) and crossing time of all intersections, was 

determined.  The average maximum speed on all intersections, which covers 12 meters 

before and after the intersection midpoint and the stopping behavior, that is the percentage 

of intersections where the intersection approach speed was between 0 and 1 km/h 

covering the same area were also extracted. Extracted TTC values were limited to the 

entrance and exit of the second crossing lane at an intersection. For this time frame, 

minimum time-to-collision to crossing traffic was also determined and the percentage of 

critical crossings (TTC to crossing traffic > 1 second) calculated. Throughout sessions, 

the number of collisions was counted and categorized into either crashes in intersections 

or other.  

In order to analyze the gaze behavior, video recordings of participants’ faces were coded 

and analyzed. The videos were coded using ELAN, a tool used to annotate videos (Max 
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Planck Institute for Psycholinguistics, 2013; Lausberg & Sloetjes, 2009). Based on the 

eye movement, gaze was coded with center, left, and right, the category other was used 

for all other eye movements. Out of the output file, the percent road center (PRC), which 

is defined as the percentage of gaze that falls within the area of the road center (Victor et 

al., 2005), for each participant and each session was calculated. The value of PRC is the 

cumulative time of fixation in the center over the total time. The data includes the gaze 

behavior for approaching the intersection (approximately 160 meters) and crossing the 

intersection (approximately 24 meters).  

5.3 Result 

5.3.1 Gaze behavior 

Figure 5.2 shows the percent gazing at the road center (PRC) for all four groups in both 

types of intersection (obstructed view (OV) and unobstructed view (UV)) separately. PRC 

is displayed for sessions 1, 6, 7, and 8. In the case of the treatment groups, sessions 1 and 

7 were without ADAS; whereas, sessions 6 and 8 were with ADAS.  Effects of ADAS use 

on gaze patterns were analyzed with an analysis of variance with Session serving as 

within-subject factors and Age x Treatment as between-subject factors. Repeated contrast 

analysis was used to assess significant main and interaction effects in more detail.  

Obstructed view 

Analysis of PRC revealed significant main effects of Treatment, F(1,36) = 32.83, p < 

.001, η2 = .447, and Session, F(3,36) = 31.82, p < .001, η2 = .499, and also a significant 

interaction effect of Session x Treatment, F(3,36)= 14.42, p< .001, η2= .311, but no 

significant effect of Age. Table 5.1 lists means and standard deviations of groups 

individually as well as control and treatment groups combined. Repeated contrast analysis 

showed a significant interaction of Session x Treatment from session 1 to session 6 

(F(1,36) = 34.12, p < .001, η2 = .516), from session 6 to session 7 (F(1,36) = 16.79, p < 

.001, η2 = .344), and from session 7 to session 8 (F(1,36) = 9.38, p = .004, η2 = .227). For 

treatment groups, an increase in PRC from session 1 to 6, a decrease from session 6 to 7, 

and an increase again from session 7 to 8 were observed. Control groups, on the other 

hand, did not show changes in PRC across sessions. 
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Unobstructed view  

On UV intersections, the same significant effects of Treatment (F(1,36) = 32.26, p < .001, 

η2 = .502), Session (F(3,36) = 5.24, p = .002, η2 = .141), and Session x Treatment (F(3,36) 

= 11.4, p < .001, η2 = .263) were revealed. Repeated contrast analysis showed that 

interaction effects of Session x Treatment were significant from session 1 to 6 (F(1,36) = 

14.19, p = .001, η2 = .307) and from session 7 to 8 (F(1,36) = 7.55, p = .01, η2 = .191). 

Means and standard deviations are listed in Table 5.1. 

Table 5.1: Summary of means and standard deviations of PRC for intersections with view obstruction and 
without view obstruction of control groups (YCG and OCG) and treatment groups (YTG and OTG). 

 
 Obstructed view Unobstructed view 
 1 6 7 8 1 6 7 8 
 M SD M SD M SD M SD M SD M SD M SD M SD 

YCG 45.1 12.6 41.9 8.9 43.7 6.8 42.9 9.2 55.4 12.9 52.1 9.9 47.6 12.9 51.5 12.4 

OCG 40.3 11.2 42.6 14.9 44.3 10.2 44.9 10.9 50.9 8.4 43.9 10.2 47.1 14.8 45.2 12.1 
Control 
group 42.7 11.8 42.3 11.9 44 8.4 43.9 9.84 53.2 10.8 47.9 10.6 47.4 13.5 48.4 12.3 

YTG 46.2 9.2 63.3 13.9 46.9 11.8 61.7 18.1 52.7 12.9 62.8 13.1 54.5 12.9 72.1 14.1 

OTG 47.9 11.8 74.1 10.2 59.4 9.3 69.7 10.6 51.2 6.7 72.2 13.1 67.4 12.3 77.2 5.3 
Treatment 
group 47.1 11.8 68.7 13.1 53.1 12.1 56.7 14.9 52.2 10.0 67.5 13.6 60.9 13.9 74.6 10.7 

 

 

 

Figure 5.2: Mean percent road center (PRC) for session 1, 6, 7, and 8 of all for groups on intersections with 
(OV) and without (UV) obstructed view. Left: Obstructed view. Right: Unobstructed view. 
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5.3.2 Driving performance in intersections 

Intersection time, maximum speed on intersection, percentage of stops before crossing an 

intersection, average minimum TTC, and percentage of critical crossings served as 

dependent measures assessing intersection performance. Data were analyzed in an 

analysis of variance with Age x Treatment and Group as between-subject factors and 

Session (Session 2 vs. Session 8) and Intersection (obstructed view vs. unobstructed view) 

as within-subject factors. For all variables, it was tested whether type of intersection (view 

obstruction) affected the outcome. Neither the main effect Intersection nor the two- way 

and three-way interactions of Intersection and Age and Treatment and Session were 

statistically significant for intersection time, maximum speed in intersections, and 

absolute minimum TTC. Therefore, for those variables data of OV and UV intersection 

were combined for further analyses. 

Intersection time 

 

Intersection times for each group over the eight sessions are displayed in Figure 5.3. 

Overall, main effects of Age (F(1,36) = 6.23, p = .02, η2 =.163) and Session (F(1,36) = 

7.24, p = .01, η2 =.185) and  a significant interaction effect of Session x Treatment 

(F(1,36) = 4.93, p = .03, η2 =.134) were observed. Post-hoc analysis revealed significant 

differences in intersection time for treatment groups (Older driver Treatment Group 

(OTG) and Young driver Treatment Group (YTG)), F(1,18) = 9.34, p = .008, η2 = .369. 

On average, intersection time decreased from 5.95 s (SD = 6.02) in session 2 to 2.24 s (SD 

= 1.54) in session 8. Control groups’ (Older driver Control Group (OCG) and Young 

Figure 5.3: Means of intersection times in seconds for sessions 2 
and 8 for OCG, OTG, YCG, and YTG. 
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driver Control Group (YCG)) changes in intersection time (M2 = 6.3, SD2 = 6.39 vs. M8 = 

5.94, SD8 = 7.51) were not significant, F(1,18) < 1, ns.  

Significant differences in intersection time for individual groups (F(2,36) = 3.69, p = .04, 

η2 = .188) were also found. Therefore, testing for changes over time for each group, a 

large effect (after adjusting the α-level) was found for OTG, F(1,9) = 6.41, p = .04, η2 = 

.445.  OTG decreased their intersection time from 7.50 s (SD = 6.26) to 3.07 s (SD = 

1.72). Even though YTG decreased intersection time from session 2 (M = 4.41, SD = 

5.69) to session 8 (M = 1.41, SD = .75), changes were not significant, F(1,9) = 3.15, p = 

.1, η2 = .283. OCG showed a non-significant (F(1,9) < 1, ns) decrease in intersection time 

from 9.69 s (SD = 7.61) to 8.51 (SD = 9.81) and YCG increased intersection time (M2 = 

2.91, SD2 = 1.75 vs. M8 = 3.39, SD8 = 2.94) non- significantly, F(1,9) < 1, ns. 

Maximum speed 

Figure 5.4 shows changes of maximum speed in intersections for all four groups. 

Analyses of maximum speed in intersections revealed that young drivers had a 

significantly higher maximum speed in intersections compared to older drivers, F(1,36) = 

8.19, p = .007, η2 = .204.  

 

Even though the analysis did not reveal a significant main effect of Session (session 2 vs. 

session 8) or a significant interaction effect of Session x Treatment, it is noteworthy to 

mention that regardless of treatment, it was observed that young drivers of the control 

group (M2 = 34.02, SD2 = 4.07 vs. M8 = 37.25, SD8 = 10.33) and of the treatment group 

Figure 5.4: Means of maximum speed for sessions 2 and 8 of OCG, 
OTG, YCG, and YTG. 
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(M2 = 36.29, SD2 = 4.85 vs. M8 = 38.43, SD8 = 7.17) increased speed in intersections. On 

the other hand, it was observed that older drivers of the control group decreased speed 

(M2 = 33.29, SD2 = 3.09 vs. M8 = 31.55, SD8 = 2.56); whereas, drivers of the treatment 

group increased speed in intersections (M2 = 33.26, SD2 = 3.51 vs. M8 = 34.35, SD8 = 

3.82). This trend of older drivers is also reflected in the interaction effect of Session x 

Treatment, F(1,18) = 3.45, p = .08, η2 = .177.  

Percentage of stops 

Figure 5.5 shows the number of stops in percentage separately for intersections with (OV) 

and without (UV) obstructed view. The percentage of stops of young and older drivers 

differed significantly, F(1,36) = 34.98, p < .001, η2 =.516. Overall, young drivers stopped 

less frequently before crossing an intersection than older drivers (Myoung = 19%, Molder = 

47%). 

 

Moreover, ANOVA with repeated measures revealed a significant main effect of Session, 

F(1,36) = 9.87, p = .004, η2 =.236 and a significant interaction of Session x Treatment, 

F(1,36) = 7.46, p = .01, η2 =.189. Analysis of treatment groups’ (OTG and YTG) 

percentage of stops showed significant differences over time, F(1,18) = 19.53, p < .001, 

η2 = .550. The percentage of stops decreased from about 40% in session 2 to about 23% in 

session 8. Control groups’ (OCG and YCG) percentage of stops did not change 

significantly over time, F(1,18) < 1, ns. The percentage of stops amounted to about 35% 

in both sessions.  

Figure 5.5: Mean number of stops in percent before crossing intersections for sessions 2 and 8 of OCG, 
OTG, YCG, and YTG. Left: Obstructed view. Right: Unobstructed view. 
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Type of Intersection also resulted in a significant main effect, F(1,36) = 64.48, p < .001, 

η2 =.668. The percentage of stops in OV was greater than the percentage of stops in UV. 

The interaction effect of Intersection x Age, F(1,36) = 6.59, p = .01, η2 = .171, was also 

significant. Post-hoc analyses showed a significant effect of Intersection on young, 

F(1,18) = 15.24, p = .001, η2 = .488, and on older drivers, F(1,18) = 54.95, p < .001, η2 = 

.774. Young drivers stopped at around 28% of the intersections with view obstruction and 

on 12% of the intersections without obstructed view. On average, older drivers stopped 

64% of the time at OV and 32% of the time at UV before crossing the intersection. 

The three-way interaction Session x Intersection x Treatment was close to being 

significant, F(1,36) = 3.89, p = .06, η2 = .108. Post-hoc analyses showed that treatment 

groups’ changes in percentage of stops were significant on OV intersections, F(1,18) = 

12.54, p = .003, η2 = .440, as well as on UV intersections, F(1,18) = 11.48, p = .004, η2 = 

.418. On both types of intersections the percentage of stops decreased from session 2 to 

session 8. Results for control groups did not reveal significant difference for OV 

intersections, F(1,18) = 2.53, ns, or UV intersections, F(1,18) = 1.81, ns. In more detail, 

OTG’s decrease in stops resulted in large effects for OV (M2 = 73%, M8 = 55%), F(1,9) = 

7.51, p = .03, η2 = .484, as well as for UV (M2 = 47%, M8 = 14%), F(1,9) = 9.18, p = .02, 

η2 = .535. Results of OV intersections for YTG also yielded a large effect, F(1,9) = 5.24, 

p = .05, η2 = .396. The percentage decreased from 33% to 16%. On UV intersections, no 

significant changes were observed, F(1,9) = 3.02, ns, even though the percentage 

decreased from 10% to 4 %. 

Collisions and absolute minimum time-to-collision (TTC) 

Figure 5.6 shows detailed information of the crashes which occurred during a total of 288 

sessions. With respect to crashes in intersections, crashes were classified as at-fault when 

drivers failed to yield to crossing traffic. Drivers were not at-fault when other drivers 

failed to yield to them. Crashes that occurred at one of the 16 selected intersections were 

not included in the analysis of the absolute minimum (time-to-collision) TTC. The 

absolute minimum TTC is lowest TTC value of all 16 intersection crossings averaged for 

each group per session. Scores per group per session are shown in Figure 5.7. 
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Testing for differences in absolute minimum TTC, significant differences between young 

and older drivers, F(1,36) = 5.41, p = .027, η2 = .145, were found. Young drivers’ 

absolute minimum TTC (M = .38, SD = .41) was smaller than older drivers’ TTC (M = .7, 

SD = .56). Testing for within-subject effects, a significant interaction of Session x Age, 

F(1,36) = 6.86, p = .01, η2 = .177, was revealed. Older drivers’ TTC slightly decreased 

across sessions; whereas, young drivers’ TTC increased from session 2 to session 8. 

 

In addition, a significant main effect of Group, F(2,36) = 7.46, p = .002, η2 = .318, and a 

trend for the interaction of Session x Group, F(2,36) = 2.6, p = .09, η2 = .140, was found. 

Figure 5.6: Total number of crashes during 288 sessions 
displayed for all four groups indicating whether the crash 
occurred at an intersection and also indicating whether the 
driver was at-fault. 

Figure 5.7: Mean of absolute minimum TTC for sessions 2 and 8 of 
OCG, OTG, YCG, and YTG. 
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Therefore, an analysis of changes over time in the absolute minimum TTC from session 2 

to session 8 was done for groups individually. Post-hoc analysis revealed no significant 

changes in TTC for OCG, OTG, and YCG from session 2 to session 8. For YTG, on the 

other hand, a large effect (F(1,9) = 7.51, p = .02, η2 = .484) was found for the increase in 

absolute minimum TTC from .15 (SD = .25) in session 2 to .76 (SD = .59) in session 8. 

Critical intersection crossings 

The absolute minimum TTC only gave information about the lowest TTC on one 

occasion, meaning one out of the 16 intersection crossings. As Figure 5.7 shows, that one 

TTC is below 1 second for all drivers in sessions 2 and 8. One critical crossing can 

already result in a crash; frequently crossing intersections with low TTC heightens that 

risk. Six of the twelve crashes that occurred at intersections happened at the selected 

intersections.  

Young drivers’ percentage of critical crossing differed significantly from older drivers’ 

percentage, F(1,36) = 8.77, p = .006, η2 = .215 (see Figure 5.8). On average, young 

drivers crossed 28% of the time with a TTC smaller than one second, whereas older 

drivers crossed 14% of the time with a critical TTC value.  

 

Testing for within-subject effects, a significant interaction of Session x Age, F(1,36) = 

4.73, p = .037, η2 = .129, was found. Older drivers crossed less frequently with a critical 

TTC during session 2 (12%) compared with session 8 (19%). Young drivers, on the other 

hand, decreased the percentage of critical crossings across sessions from 34% to 24%.  

Figure 5.8: Mean number of critical crossings in percent for sessions 2 and 8 of OCG, OTG, YCG, and 
YTG. 
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The three-way interaction of Intersection x Age x Treatment, F(1,36) = 4.73, p = .037, 

η2 = .129, was also significant. Post-hoc analysis of intersections with obstructed view 

(OV) revealed a significant main effect of Group (F(2,36) = 5.08, p = .01, η2 = .241.  

OCG crossed about 13% of the intersections with a critical TTC in session 2 as well as 

session 8. OTG increased the percentage of critical crossing from 8% to 12 %. Young 

drivers showed a decrease in the percentage of critical crossings. YCG decreased from 

29% to 23% and YTG from 34% to 29%.  

Analysis of data of intersections without obstructed view (UV) revealed a significant 

interaction of Session x Group (F(2,36) = 4.71, p = .01, η2 = .227. The percentage of 

critical crossings increased from 12% to 20% for OCG, but the change did not reach 

significance, F(1,9) = 1.65, ns. A large effect was found for OTG in intersections without 

obstructed view, F(1,19) = 4.50, p = .07, η2 = .360. The percentage increased from about 

15% to 30%. Young drivers of the control group showed a decrease in the percentage of 

critical crossings (M2 = 40%, M8 = 26%), but the change was not significant, F(1,9) = 1.7, 

ns. YTG also decreased from 31% to 18%, but the change was also not significant, F(1,9) 

= 2.47, ns. 

5.4 Discussion 

This study was a follow- up on a previous study of us (Dotzauer et al., 2013a), focusing 

on comparing intersection performance of older and young drivers and testing for longer-

term effects on performance due to ADAS use. Over a period of three weeks, the effects 

of an advice system (indicating whether it was safe to cross an intersection on 

performance) were investigated. Up to this point, investigation of ADAS effects on 

driving performance and behavior over longer time periods is lacking. A longer-term 

study, during which drivers returned for eight consecutive sessions within a period of 

three week, was administered, in order to acquaint drivers with the assistance system and 

examine changes in driving performance and behavior over time. In terms of the 

intersection assistant, we depicted eight intersections classified as safety critical because 

bushes placed along the road prevented drivers from having a good view into the 

intersection and forced them to slow down, to look to the left and right before being able 

to make a sound decision on crossing. Another eight intersections of the same make-up, 

but without view obstruction, were also added for further analysis.   
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An analysis of gaze revealed a significant treatment effect. Being equipped with the 

ADAS and having the information projected by means of a head up display (HUD) 

resulted in greater percent road center (PRC) during ADAS sessions compared to the non-

ADAS sessions. In contrast with Dukic & Broberg (2012) and Romoser and colleagues 

(2013), no age effect was found. Gaze behavior of drivers was not affected by age but 

rather by the type of treatment. When equipped with ADAS, drivers appear to retrieve 

relevant traffic information from the HUD and spent less time looking to the left or right 

in order to comprise a picture of the current traffic situation. Per se, this behavior poses a 

safety risk. Relying on information presented without confirming the accuracy of the 

information might result in detrimental consequences in the case of a system failure. 

Moreover, visual inspection of changes in PRC over time tentatively suggests a negative 

carry-over effect in attention allocation in the older driver treatment group. When ADAS 

was deactivated in session 7, older drivers of the treatment group still spent less time 

looking to the left or right than young drivers of the treatment groups. It appears that older 

drivers adapted their gaze behavior and did not reverse the adaptation effect when driving 

without the assistance. 

The analysis of the driving performance parameters provides more information on the 

effects of ADAS use on intersection performance. In line with our expectations, an age 

effect with respect to driving performance parameters was revealed. Young drivers were 

quicker in crossing intersections, had a higher maximum speed in intersections, and a 

lower percentage of stops before crossing an intersection. At the same time, young drivers 

had a smaller absolute minimum TTC value to crossing traffic and crossed more 

frequently with a critical TTC (< 1 second) than older drivers. Not surprisingly, young 

drivers were not only involved in more crashes; they also caused most of the crashes 

involved in (i.e. they failed to yield to the crossing traffic approaching from the right). 

In addition, the previous study (Dotzauer et al., 2013a) showed that older drivers 

supported by ADAS shortened their intersection times over time; whereas, performance 

of the control group remained constant over sessions. In the present study, we found 

results to be in line with previous findings. Both treatment groups showed decreases in 

intersection time over time; whereas, control groups’ intersection times did not change 

significantly over time. The decrease in intersection time was greatest for older drivers of 

the treatment group. Intersection time is the sum of waiting and crossing time. Therefore, 
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a decrease in intersection time mainly results from shorter waiting times before crossing 

an intersection. Changes in the percentage of stops before crossing an intersection confirm 

this assumption. With ADAS, drivers decreased their percentage of stops; whereas, 

without ADAS, the percentage of stops did not change over time.  

The effects on maximum speed in intersections are not as straightforward. With respect to 

older drivers, an increase in maximum speed was observed for drivers of the treatment 

group and a decrease for drivers of the control group. At least for older drivers, it seems 

that ADAS use affects maximum speed in intersections. Combined with the results of the 

intersection time and the percentage in stops before crossing, changes in maximum speed 

are a logical consequence. Young drivers, regardless of the type of treatment, increased 

their maximum speed in intersections. It appears that ADAS use did not affect maximum 

speed in intersection but rather the extent of familiarity of the environment. Charlton and 

Starkey (2013) found that when drivers become more familiar with the driving task and 

environment they tend to drive faster. 

Whether changes observed affected driving safety might be answered looking at time-to-

collision variables. Young as well as older drivers are at risk of being involved in a crash, 

but the causations differ. Older drivers experience difficulties with selecting and 

processing relevant information (Brouwer & Ponds, 1994; McGwin & Brown, 1999; De 

Waard et al., 2009; Musselwhite & Haddad, 2010) whereas, young drivers lack driving 

experience that is necessary to assess traffic situations accurately (McKnight & 

McKnight, 2003; Curry et al., 2011). It was expected that drivers would accept gaps that 

are too small. Young drivers might choose small gaps because of a lack of skills. They 

just might not know yet how to accurately assess crossable gap sizes (Borowsky et al., 

2009; Trick et al, 2009; De Craen et al., 2011, Vlakveld, 2011; Mueller & Trick, 2012) 

and might learn with the help of the support system. Older drivers, on the other hand, 

possess the skills, but because of limited attentional capacity and deficits in 

divided/selective attention and information processing (Brouwer & Ponds, 1994; De 

Waard et al., 2009; Musselwhite & Haddad, 2010), they might miss information 

necessary to make a safe crossing maneuver. As a result of ADAS use, we expected to see 

an increase in safety over time. It was observed that young drivers increased their 

minimum TTC to crossing traffic over time and older drivers decreased their TTC over 

time. Against our expectations, only young drivers of the treatment group seemed to 
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benefit from the gap advice. From session 2 to session 8, they showed a strong increase in 

the minimum TTC. In session 8, their minimum TTC was even larger than older drivers’. 

But it is also noteworthy to mention that the absolute minimum TTC was below one 

second for all groups.  

Even more interesting are the number of crashes and the frequency of critical crossings. 

Treatment groups were involved in three crashes within intersections and were at-fault on 

one occasion. Control groups, on the other hand, were involved in ten crashes and caused 

nine of those crashes. Six of those crashes were committed by young drivers. Overall, 

young drivers of the control group decreased their percentage of critical crossings and 

increased their absolute minimum TTC over time, but as crash statistics show, changes 

were not sufficient to prevent crashes from occurring. Young drivers of the treatment 

group, on the other hand, decreased their percentage of critical crossings, increased their 

absolute minimum TTC strongly, and caused fewer crashes than young drivers of the 

control group.  It appears that information about gap sizes was beneficial for young 

drivers of the treatment group. It might have helped them to maneuver safer through 

intersections. Older drivers of the control group caused three crashes in intersections. 

They showed a slight decrease in the absolute minimum TTC but also a slight increase in 

the percentage of critical crossings in intersections without view obstruction. In contrast, 

older drivers of the treatment group did not cause a crash. They decreased their TTC and 

increased their percentage of critical crossings. Even though not reflected in their crash 

statistics, it appears that older drivers of the treatment group adapted negatively to the 

advice. Their crossing maneuvers became riskier over time and in the long-run might also 

lead to more crashes.  

5.5 Conclusion 

Overall, a positive effect on intersection time, especially for older drivers of the treatment 

group, was found. Drivers of the treatment group did not wait as long before accepting a 

gap. It appears that they became less hesitant over time; a trend which might be beneficial 

for the overall road traffic safety. Being less hesitant also means being less of a hindrance 

to other road users. The question is whether this is at the cost of safety. In the present 

study, drivers of the treatment groups caused fewer crashes than drivers of the control 

groups. Therefore, at a first glance, it appears that decisions made were not critical to road 
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traffic safety. At a second glance, it was observed that especially older driver adapted 

negatively to the ADAS as reflected in the absolute minimum TTC and frequency of 

critical crossings. Young drivers might have benefitted from the gap advice; we saw a 

strong increase in the absolute minimum TTC and also a low number of crashes in the 

treatment group compared to the control group. 

Regardless of age, provision of information affected gaze behavior negatively. Drivers 

tended to focus primarily on the road center and neglected the left and right of the 

intersection. Such adaptation to the ADAS needs to be prevented in order to increase road 

traffic safety. One approach might be to present information were the attention of the 

driver needs to be. For example, if a driver approaching an intersection from the left fails 

to yield right-of-way, a driver should not also be warned, but the attention also drawn to 

the source of danger. 

Results are not conclusive, but it is noteworthy to mention that this is one of the first 

attempts trying to investigate longer-term effects of ADAS use on driving performance. In 

addition, older drivers selected for the study were fairly young older drivers. Participation 

was also solely voluntarily. So we might have investigated a small sample of the older 

population without any prominent impairments rather than the general population. 

Support provided might have not been needed and drivers of the control group might have 

performed at an optimal level. With the support, the driving task at hand might have 

become too easy and drivers started to compensate by engaging in riskier driving 

maneuvers. In the future, a group of older drivers with impairments should be included in 

order to test the effectiveness of the information provided. Results also suggest that young 

drivers might benefit from ADAS. Receiving information about safe gap sizes might 

teach young drivers to make more sound crossing maneuvers. But taking into account 

different information processing speed and reaction time, thresholds should be set 

accordingly. 
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Abstract 

An Advanced Driver Assistance System (ADAS) supported drivers in intersections 

providing information about gap sizes to crossing traffic. Effects were studied in a 

longer-term driving simulator study including 12 repeated measures spread out over one 

month. Nine healthy older drivers (65 to 82 years) making up one group and nine older 

drivers diagnosed with Parkinson’s disease (PD, 68 and 82 years) making up a second 

group participated in the study. Groups completed ten sessions with ADAS and two 

sessions without ADAS. Results showed, over the longer-term period, a decrease in time 

needed to pass the intersection and the number of stops before crossing an intersection, 

so they became less hesitant and more confident over time. It was also observed that 

healthy older drivers had a smaller minimum time-to-collision (TTC) value to crossing 

traffic and crossed more often with a critical TTC than drivers diagnosed with PD 

reflecting acceptance of smaller safety margins. At the same time, they caused less 

crashes than drivers diagnosed with PD. Nevertheless, ADAS use might have prevented 

crashes from occurring as it was found in previous studies. 
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6.1 Introduction 

Over the next few decades, the number of persons aged 65 and above will increase 

rapidly, especially the “older old”, those aged 75 and above (EuroStat, 2010). It is 

projected that driving will be the preferred mode of transportation of older persons in 

the future, more than it is nowadays. The number of people, especially women, who 

possess a driver’s license, will increase and therefore the number of older persons 

holding a valid drivers’ license and being active drivers will increase (OECD, 2001). 

Unfortunately, older drivers struggle with age-related declines in cognitive, visual, and 

motor functions which affect driving performance (McGwin & Brown, 1999). In 

addition, increased physical vulnerability makes older drivers more prone to severe 

injuries or even death as a consequence of a crash (Evans, 2004). Most likely, older 

drivers are involved in at-fault crashes in intersections (McGwin & Brown, 1999, 

Davidse, 2007) as a result of struggling with decision making under time pressure and 

divided/selective attention (Brouwer & Ponds, 1994; De Waard et al., 2009; 

Musselwhite & Haddad, 2010). 

When persons become older, the probability of being affected by diseases and 

impairments increases. A neurodegenerative disease which becomes more prominent in 

older persons is Parkinson’s disease (PD). It is the second most common 

neurodegenerative disease after Alzheimer’s disease. Approximately 1 to 2 percent of 

the population aged over 65 years is affected by PD (Alves et al. 2008). PD is typically 

characterized by motor dysfunctions such as tremor, rigidity, postural abnormalities, 

and slow movements. In addition, cognitive deficits such as impairments in attention, 

memory, information processing, and executive functioning frequently occur even in 

early stages of the disease (Dubois & Pillon, 1996). Nonetheless, as a large survey 

study conducted in Germany revealed, 82 % of persons diagnosed with PD still held a 

valid driver’s’ license and 60% of them were still active drivers (Meindorfner et al., 

2005). But research also showed that PD might affect driving safety (Heikkilä et al., 

1998; Wood et al., 2005; Cordell et al., 2008; Uc et al., 2009) as driving is a complex 

physical and cognitive task in a dynamic environment involving timely information 

perception and processing, decision-making, motor programming and execution, and 

fulfilling concurrent tasks (Heikkilä et al., 1998). Past research (Heikkilä et al., 1998; 

Wood et al., 2005; Cordell et al., 2008; Uc et al., 2009) showed that drivers diagnosed 
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with PD have more difficulties with the driving task as compared to healthy drivers of 

the same age group on the tactical and operational level (i.e. maintaining lane position, 

turning, steering, and with regard to speed control). They also experience difficulties 

with information processing in complex situations (e.g. addressing two driving tasks 

simultaneously) leading to delayed judgments and decisions (Cordell et al., 2008). 

But revoking drivers’ licenses cannot be the solution to maintaining traffic safety 

because evidence for an elevated crash risks of drivers diagnosed with PD is 

inconclusive (Heikkilä et al., 1998; Devos et al., 2007) and driving contributes to 

quality of life (Carp, 1988; Kaplan, 1995), countering isolation and depression, 

promoting subjective well-being and independence (Fonda et al., 2001; Marottoli et al., 

2000). Moreover, if drivers’ licenses are revoked, they may decide to cycle or walk, 

which, in many ways, might be more dangerous for themselves (Siren & Meng, 2012). 

Over the last few decades, efforts have been put into designing and implementing 

advanced driver assistance systems (ADAS) intended to offer support to the driver. For 

example, ADAS help with longitudinal (Adaptive Cruise Control and Collision 

Warning) and lateral position control (Lane Departure Warning and Lane Keeping 

System) of the vehicle. They even prevent losing control in a curve (Electronic Stability 

Control). Based on Michon’s hierarchical model of driving (Michon, 1985), such 

systems support the driver on the tactical and operational level of the driving task. In 

accordance to Michon, the driving task is divided into three levels: strategic, tactical, 

and operational. On the strategic level, decisions with regard to route are made, usually 

before the trip has begun and sometimes altered during the trip because of traffic jams. 

On the tactical level, while driving, safety margins are set and adjusted. It includes 

setting speed and time headway and deciding on maneuvers such as staying behind a 

slower moving car or overtaking it. On the operational level, drivers perform second to 

second lateral and longitudinal control tasks in order to avoid acute danger and to stay 

within the margins set on the tactical level. 

As stated earlier, older drivers struggle with decision making under time pressure and 

divided/selective attention (Brouwer & Ponds, 1994; De Waard et al., 2009, 

Musselwhite & Haddad, 2010). These declines, crucial for safe driving, are also shown 

in drivers diagnosed with PD, but in a more prominent way. Sharpe (1996) found that 

persons diagnosed with PD have more difficulties dividing their attention than healthy 
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controls. In the context of driving these results were confirmed by Cordell’s et al. 

(2008) on-road assessment of drivers diagnosed with PD and healthy controls. They 

found that drivers diagnosed with PD had more difficulties addressing two tasks 

simultaneously and making decisions and judgments in a timely manner. It can be 

theorized that struggles with divided/selective attention and decision making under time 

pressure are manifested in limitations on the tactical and operational level of the driving 

task. 

Overall, drivers can make adjustments and compensate for these limitations. For 

example, on the strategic level, this might include not driving during rush hours or 

avoiding complex intersections. On the tactical level, drivers could choose for general 

lower traveling speeds. Drivers can also increase the following distance to the car in 

front. Both strategies enable drivers to gain more time to seek the necessary information 

and to make a decision. But when the driving task becomes too complex and/or 

impairments are too severe, limitations of slow information processing and divided 

attention can no longer be fully compensated for and other means such as ADAS might 

be needed. But currently marketed ADAS are not necessarily designed to fit the needs 

of older drivers or of specific groups such as persons diagnosed with PD. More tailored 

support, based on older drivers specific crash profile (i.e. at-fault crashes in 

intersections), might be a promising approach. 

In a recent driving simulator study, we proposed an assistance system, which provided 

relevant traffic information in advance (Dotzauer et al., 2013a). As drivers approached 

an intersection, they received information whether the gap size to crossing traffic was 

large enough to cross the intersection safely. The system was tested with older healthy 

drivers (65 to 82 years) and young inexperienced drivers (20 to 25 years) in order to 

investigate the effectiveness of such system on intersection performance, to examine 

changes in behavior over time due to exposure to ADAS, to gain more insight into the 

development of trust and acceptance, and to scrutinize the need for tailored support 

(Dotzauer et al., 2013a; 2014b). In the previous studies, performance of eight 

consecutive sessions spread out over three weeks was analyzed. Because of the 

prevalence of neurodegenerative diseases in older persons which might interfere with 

driving, the current study aims to investigate the effects of an intersection assistant with 

a group of older active drivers diagnosed with Parkinson’s disease (PD). In a driving 

simulator study, data of twelve consecutive sessions spread out over a time period of 
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four weeks was collected and analyzed. 

Providing information about gap sizes while approaching the intersection and 

continuously updating the information until the intersection is crossed, it is expected 

that after a longer period of exposure to the support system, drivers diagnosed with PD 

will show changes in performance as healthy older drivers did in the previous study 

(Dotzauer et al. 2013a; 2014b). Changes will manifest itself in changes in intersection 

time, speed on intersection, and time-to-collision (TTC). It is expected that drivers with 

PD will benefit more from the ADAS than healthy controls. At the same time, we 

expect acceptance ratings to be less positive than ratings of healthy older drivers 

because research has also revealed that persons diagnosed with PD are often unaware of 

their deficits and struggles (Leritz et al., 2004; Maier et al., 2012). 

6.2 Materials and method 

6.2.1 Participants  

Table 6.1 summarizes participants’ information. Altogether, 40% of persons who were 

interested in participation could not be included due to simulator sickness. Eighteen 

persons between the age of 65 and 82 years were included. Nine participants were 

diagnosed with PD made up a second group. The remaining participants reported not 

having any chronic diseases making up the group of healthy controls. All participants 

were still active drivers. Persons diagnosed with PD were recruited from a local 

Parkinson’s association and through an article in the magazine of the national 

Parkinson’s association. Healthy older persons were recruited through the local senior 

academy and local leisure clubs for older persons. All participants reported living 

independently. Diagnoses of PD ranged from one year ago up to twelve years ago with 

an average duration of 5.7 years. According to the information they provided, persons 

with PD and HRS were on optimal and stable medication at the time of the experiment. 

As illustrated in Table 6.1, healthy older drivers and drivers diagnosed with PD differed 

significantly in kilometers driven in the past year, but total mileage did not differ 

significantly. A small difference was observed for the scores on the MMSE. Healthy 

older drivers scored higher on the MMSE. But the scores indicate that neither healthy 

persons nor persons diagnosed with PD showed signs of cognitive impairment. A small 

difference in the ratio of the Trail Making Test was also observed. Healthy older 
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drivers’ ratio was smaller than of persons diagnosed with PD. 

Table 6.1: Summary (mean and standard deviation) of participants' demographic information and test scores 
 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.2 Apparatus 

A fixed-based driving simulator located at the University Medical Center Groningen 

was used for the study. The simulator consisted of an open cabin-mock-up containing 

an adjustable force-feedback steering wheel, gas pedal, brake pedal, and audio sound 

simulated driving sound. Three projection modules resulting in 180 degrees horizontal 

and 45 degrees vertical out-window projection screen of 4.5 m diameter stood in front 

of the mock-up. Front and side windows as well as a rear view mirror and side mirrors 

were projected onto the screen. The computer system consisted of four PCs: two PCs 

were used for graphical rendering, one for the traffic simulation and one for system 

control with a user interface for the simulator operator. The graphical interface was 

designed by means of StRoadDesign, a program provided by StSoftware. The scenario 

was programmed by means of StScenario, a scripting language also developed by 

StSoftware. 

 

 
 

Healthy 
drivers 

Drivers 
with PD 

p= 

N 9 9 
 
 

Age 
72.4 years 

(+ 2.8) 
72.8 years 

(+ 4.6) 
NS 

Total driving 
experience 

1 011 000 km 
(+ 493 000) 

712 000 km 
(+ 393 000) 

NS 

Driving last year 
21 000 km 
(+ 8 900) 

9 000 km 
(+ 5 200) .02 

MMSE score 
29.4 
(+ .7) 

28.4 
(+ 1.5) 

.09 

Trail Making 
Test, part A 
(TMTa) 

43.6 s 
(+ 13.6) 

41.4 s 
(+ 22.1) 

NS 

Trail Making 
Test, part B 
(TMTb) 

99.0 s 
(+ 26.8) 

116.2 s 
(+ 59.9) 

NS 

Trail Making 
Test, ratio 
(TMTa/TMTb) 

2.3 
(+ .6) 

2.9 
(+ .6) 

.09 



06 | INTERSECTION PERFORMANCE OF DRIVERS WITH PD 
 

108 
 

6.2.3 ADAS 

The ADAS consisted of four functions: (1) in-vehicle traffic sign display, (2) speed 

warning, (3) collision warning, and (4) intersection assistance. All information was 

presented by means of a head up display (HUD). This paper will focus on the 

intersection assistant. The assistant provided information about approaching traffic at 

the upcoming intersection and indicated whether it was safe to cross an intersection. 

The information was presented in form of a bar in front of the driver. It was a three-

stage system that dynamically changed from green to amber to red and vice versa as the 

traffic situation changed. The priority regulation at the intersection and the traveling 

direction (as indicated by the activation/deactivation of the indicator) of the driver were 

taken into account when providing advice. When the gap between the driver and the 

approaching cars was greater than five seconds, a green light lit up indicating that it 

was safe to cross. Gaps between 2.5 and five seconds were classified as marginal 

indicated by an amber flag, and gap sizes smaller than 2.5 seconds were unsafe as 

conveyed by a red flag. In order to calculate gaps and give advice on whether to 

proceed through the intersection, driver’s time-to-intersection (TTI) and time-to-

collision (TTC) with other cars approaching the intersection were taken into account. 

TTI and TTC values are based on course, speed, and distance. 

6.2.4 Design 

The driving simulator study is a mixed study design with 14 repeated measurements 

(Figure 6.1). Data of healthy older participants were collected during an earlier study 

(Dotzauer et al., 2013a). Data of drivers diagnosed with PD were collected during a 

follow-up experiment. The experiment had been approved by the Medical Ethical 

Committee (METc) of the University Medical Centre Groningen. Healthy participants 

made up one group and persons diagnosed with PD a second group. Within four weeks, 

groups completed 12 consecutive sessions of which sessions 1 and 7 were completed 

without ADAS and the remaining ten sessions with ADAS. After the twelfth session, 

participants took a four week break and returned for two final sessions, one with ADAS 

and one without (the order was counterbalanced across subjects). The effects of the 

retention interval are not subject of the present paper, therefore, sessions 1 through 12 

will be analyzed.  
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The virtual driving environment was comprised of a 25 km city drive. Route 

instructions on when to turn left and right were given visually and auditory through a 

navigation system. In order to avoid learning effects, four different routes comparable in 

length and events were used and counterbalanced. Drivers encountered various driving 

tasks such as changes in priority regulation, variations in speed limits, and slower 

moving lead vehicles. 

During each session, participants crossed 130 intersections each. Based on priority 

regulation 16 intersections per session were selected to assess the effects of ADAS use 

on driving performance. Half of those intersections had bushes placed along the 

crossing obstructing the view into the intersection forcing drivers to slow down before 

crossing the intersection. The other eight intersections had unobstructed view. All 

selected intersections had a speed limit of 30 km/h and drivers needed to yield-to-the-

right. 

6.2.5 Procedure 

Persons interested in participation received an information package via regular mail or 

email including a detailed description of the study and an informed consent form. After 

signing the informed consent, participants were invited, completed questionnaires and 

four rides (each of approximately five to seven minutes) in the driving simulator in 

order to get acquainted to the simulator and to test for simulator sickness. Participants 

who experienced simulator sickness during the training were excluded from the study. 

Participants returned for the experimental sessions. They read a short description of the 

experiment and took a seat in the simulator. The seat and steering wheel were adjusted 

to accommodate participants’ preferences. Participants were instructed to drive as they 

Figure 6.1: Experimental set-up (ADAS= Advanced Driver Assistance System). For the present study, sessions 1 through 
12 were selected for further analysis. Note: * the order of sessions with and without ADAS was counterbalanced across 
participants. 
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would normally do. After the first session, participants were introduced to the ADAS. It 

was explained to them thoroughly and also presented to them during a five minute 

demonstration ride. They took home a user manual and were asked to read it 

thoroughly. Further questions were answered before the second session. After each ride 

with ADAS, groups filled in an acceptance scale containing nine Likert items such as 

useful-useless or nice-annoying (Van der Laan et al., 1997). They also indicated their 

perceived workload using the RSME scale (Zijlstra, 1993) after each session. 

Participants returned to the driving simulator three times per week for four weeks. All 

participants were financially compensated for their participation. 

6.2.6 Data analyses and dependent measures 

For the present study, effects of short-term practice (session 2 vs. session 6), longer-

term practice (session 2 vs. session 12), and removal of ADAS (sessions 6 through 8) 

were assessed. Per session, eight intersections with obstructed view and eight 

intersections without obstructed view were chosen for further analysis. Intersection 

time, maximum speed, percentage of stops before crossing an intersection, absolute 

minimum TTC, and percentage of critical crossings served as dependent measures and 

were analyzed separately for intersection with and without view obstruction. For all 

dependent measures, intersections at which participants had another car in front of them 

were excluded from analyses, as behavior may have been affected or restricted by that 

lead vehicle. In addition, perceived workload was analyzed to test for effects of ADAS 

use on mental demand and acceptance of the gap advice as well as changes in ratings 

over time. 

Driving performance parameters were sampled at a frequency of 10 Hz and stored on 

disk. A MATLAB routine was used to extract the information about speed, time, and 

critical events. For each session, intersection time was calculated, that is the average 

sum of waiting time (velocity= 0 km/h) and crossing time of all intersections. The 

average maximum speed on all intersections, which covered 12 meters before and after 

the intersection midpoint and the stopping behavior, that is the percentage of 

intersections where intersection approach speed was between 0 and 1 km/h covering the 

same area were also extracted. Minimum time-to-collision to crossing traffic was also 

determined, collisions counted, and the percentage of critical crossings calculated. 

Crossings with a TTC equal to or smaller than one second to crossing traffic were 
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classified as critical gap crossings. The extracted TTC values are limited to vehicles 

approaching the intersection from the right and only include values from participants’ 

entrance until exit of the second crossing lane. 

6.3 Results 

6.3.1 Subjective ratings 

Acceptance 

The acceptance scale (Van der Laan et al., 1997) gives, on the basis of nine Likert 

scales, ratings on two dimensions: usefulness and satisfaction. Gap acceptance advice 

was rated on a scale ranging from -2 to 2 after each session which was completed with 

ADAS. Results of the usefulness and satisfaction ratings of OG (healthy older drivers) 

and PG (drivers diagnosed with PD) are shown in Figure 6.2. In a first step, usefulness 

ratings as well as satisfaction ratings of all sessions completed with ADAS were 

averaged and tested against zero (indicating neither acceptance nor rejection). The 

overall usefulness of the gap advice, t(17) = 3.11, p = .006, r = .60, as well as 

satisfaction of it, t(17) = 2.48, p = .02, r = .51, differed significantly from zero. The 

average usefulness rating came out to .62 (SD = .8) and satisfaction rating to .45 (SD = 

.7). Independent-samples t-test did not reveal significant differences between groups in 

ratings of usefulness, t(16) = 7.71, ns. OG’s average rating amounted to .33 (SD = 1.1) 

and PG’s rating to .91 (SD = .4). A difference in the overall satisfaction was observed, 

t(16) = 5.98, p = .09, r = .40. OG’s ratings (M = .14, SD = .95) were lower than PG’s 

ratings (M = .75, SD = .37). 

Effects of short-term (Session 2 vs. 6) and longer-term (Session 2 vs. 12) practice:   A 2 

(OG and PG) x 2 (sessions 2 vs. 6) RM-ANOVA was performed to assess the 

usefulness and satisfaction ratings over the short-term period. As shown in Figure 6.2 

(left), OG’s ratings were lower and more variable than PG’s ratings. This was 

confirmed by trends in Group comparisons for both usefulness (F(1,18) = 3.09, p = .09, 

η2 = .162) and satisfaction ratings (F(1,18)= 3.54, p= .08. η2 = .181). OG’s average 

usefulness rating amounted to .36 (SD = 1.14) and PG’s to 1.07 (SD = .59). OG rated 

their satisfaction of the gap advice (M = .23, SD = .91) lower than PG (M = .87, SD = 

.55). Neither a significant effect of Session nor a significant interaction of Session x 
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Group could be revealed for usefulness ratings. 

 

Over the longer-term exposure, the trend seen in group differences of the usefulness 

ratings diminished, F(1,18) = 1.46, ns. The main effect of Session as well as the 

interaction effect of Session x Group were also not significant as seen over the short-

term period. Results of the satisfaction ratings are in line with the results found for the 

short-term exposure. Groups’ ratings differed, F(1,18) = 3.38, p = .08, η2 = .174. Here 

again, OG’s ratings (M = .16, SD = .99) were lower than PG’s ratings (M = 1.29, SD = 

.51). 

Effects of removing ADAS (Sessions 6 through 8):   Testing the effect of ADAS removal 

on subjective ratings, ratings of session 6 and session 8 were analyzed. Analysis of 

usefulness ratings did not reveal a significant main effect of Session or a significant 

interaction of Session x Group, but a trend of the effect of Group, F(1,18) = 3.31,  p= 

.09, η2 = .172. As seen in Figure 6.2, OG perceived the usefulness of the gap advice 

lower than PG. 

Results of the analysis of satisfaction ratings did not reveal significant main or 

interaction effects.  

Perceived Workload 

Perceived workload was measured using the Rating Scale Mental Effort (RSME, 

Zijlstra, 1993). After each completed session, participants indicated their perceived 

workload on a scale ranging from 0-150 (Figure 6.3). 

Figure 6.2: Mean acceptance ratings of the gap advice of OG (healthy older drivers) and PG (drivers diagnosed with PD) 
of sessions completed with ADAS. Left: Usefulness ratings of gap advice. Right: Satisfaction ratings of gap advice.



06 | INTERSECTION PERFORMANCE OF DRIVERS WITH PD 
 

113 
 

 

Effects of short-term (Session 2 vs. 6) and longer-term (Session 2 vs. 12) practice:   As 

data points in Figure 6.3 already indicate, the statistical analysis confirms a significant 

effect of Session, F(1,18) = 8.03, p = .01, η2= .334. Ratings of perceived workload 

decreased from 34.2 (SD = 19.1) in session 2 to 24.9 (SD = 14.4) in session 6. The trend 

in workload ratings revealed for short-term practice was also revealed for longer-term 

exposure. The main effect of Session, F(1,18) = 6.54, p = .02, η2= .290, was significant. 

The average rating of workload decreased from 34.2 (SD = 19.1) to 22.2 (SD = 12.3). 

Neither for the short-term period nor the longer-term period, a significant effect of 

Group or interaction effect of Session x Group could be revealed. But it should be 

noted, based on visual inspection of Figure 6.3, that after session 7, healthy older 

drivers’ subjective workload ratings levelled off (ratings of about 20), but ratings of 

drivers with PD increased and levelled off at around 28. 

Effects of ADAS removal (Sessions 6 through 8):   Analysis of sessions 6, 7, and 8 

revealed a trend of the main effect of Session, F(2,18) = 2.62, p = .08, η2 = .141. 

Overall, ratings decreased from 24.9 (SD = 14.4) to 20.8 (SD = 14.9) and then increased 

to 21.2 (SD = 14.6). Repeated contrast analysis showed a trend for changes in ratings 

from session 6 to 7, F(1,18) = 3.26, p = .09, η2 = .170. Ratings between groups did not 

differ significantly. The same is true for the interaction of Session x Group. 

 

 

Figure 6.3: Mean ratings of perceived workload of OG and PG across 12 sessions.
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6.3.2 Performance on intersections 

Intersection time, maximum speed on intersection, percentage of stops before crossing 

an intersection, absolute minimum TTC, and percentage of critical crossings served as 

dependent measures assessing intersection performance. Short-term practice effects 

were assessed analyzing changes in performance between sessions 2 and 6. Longer-term 

effects were investigated assessing changes between sessions 2 and 12. Testing effects 

of removing the intersection assistant, sessions 6, 7, and 8 were analyzed. Repeated 

contrast analysis was used to assess significant main and interaction effects in more 

detail. Overall, effects were examined separately for intersections with (OV) and 

without (UV) view obstruction. Data was analyzed with an analysis of variance with 

Session serving as within-subject factor and Group (OG vs. PG) as between-subject 

factor. 

Intersection time 

Effects of short-term practice (Session 2 vs. 6:   Examining short-term changes in 

intersection time in OV (obstructed view) intersections (see Figure 6.4, left), a 

significant main effect of Session (2 vs. 6), F(1,18) = 6.73, p = .02, η2 = .296, was 

found. Intersection time decreased from 9.41 s (SD = 6.5) in session 2 to 6.45 s (SD = 

6.2) in session 6. Also a significant main effect of Group, F(1,18) = 4.32, p = .05, η2 = 

.213 was revealed. OG needed less time (M = 5.25, SD = 5.36) to cross an intersection 

with view obstruction than PG (M = 10.5 s, SD = 9.34). The interaction of Session x 

Group was not significant. 

 

 

Figure 6.4: Means of intersection times across 12 sessions of OG and PG. Left: Times on intersections with obstructed 
view. Right: Times on intersections without view obstruction. 
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In UV (unobstructed view) intersections (see Figure 6.4, right), a trend for the decrease 

in intersection time over sessions was found, F(1,18) = 4.19, p = .06, η2 = .207. 

Intersection time changed from 9.36 s (SD = 11.0) to 4.9 s (SD = 4.31). Differences 

between groups and the interaction effect were not significant. 

Effects of longer-term practice (Session 2 vs. 12):   Over the longer-term period, results 

found are in line with short-term effects. For intersection times in OV intersections, a 

significant main effect of Session, F(1,18) = 5.55, p = .03, η2 = .258, was observed and 

a trend for the Group effect, F(1,18) = 3.45, p = .08, η2 = .178. No significant 

interaction effect was found. OG (M = 5.9, SD = 4.1) needed less time crossing an 

intersection than PG (M = 9.2, SD = 5.5). Overall, intersection time decreased from 9.41 

s (SD = 6.5) in session 2 to 5.69 s (SD = 3.5) in session 12. Analysis of intersection 

times of UV intersections (see Figure 6.5, right) did not reveal significant main or 

interaction effects.  

 

Effects of ADAS removal (Sessions 6 through 8):   No significant main effect of Session 

or an interaction effect of Group x Session was observed. Only a significant effect of 

Group, F(1,18) = 4.68, p = .05, η2 = .226, was revealed (Figure 6.6, left). OG crossed 

intersections in 3.65 s (SD = 2.3) and PG in 8.82 s (SD = 7.3). Similarly, in UV 

intersections, only a significant main effect of Group, F(1,18) = 4.9 , p = .04, η2 = .234, 

was revealed. OG crossed intersections with an average time of 2.7 s (SD = 2.3); 

whereas, PG needed 7.3 s (SD = 6.4) to cross intersections. 

Figure 6.5: Mean intersection times of OG and PG for sessions 2, 6, and 12 (all with ADAS). Standard errors are 
presented in the error bars. Left: Average time on intersection with view obstruction. Right: Average times on 
intersections without view obstruction. 
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Maximum speed on intersections 

Effects of short-term practice (Session 2 vs. 6):   Figure 6.7 shows not much change 

from session 2 to 6 for both groups. Statistical analysis analyses of data of OV as well 

as UV intersections did not reveal significant main effects of Group or Session or an 

interaction effect. 

 

Effects of longer-term practice (Session 2 vs. 12):   Assessing the longer-term effect, no 

significant main effects of Group and Session were observed, but a trend for the 

interaction of Session x Group, F(1,18) = 4.00, p = .06, η2 = .200, was revealed for OV 

intersections. As depicted in Figure 6.7, from session 2 to 12, an increase in maximum 

speed from 32.8 km/h (SD = 3.0) to 34.5 km (SD = 3.3) was observed for OG while PG 

decreased maximum speed from 33.6 km/h (SD = 3.3) to 31.2 km/h (SD = 2.8). 

 

Figure 6.6: Mean intersection times of OG and PG for sessions 6 (ADAS), 7 (No ADAS), and 8 (ADAS). Standard 
errors are presented in the error bars. Left: Average time on intersection with view obstruction. Right: Average times on 
intersections without view obstruction. 

Figure 6.7: Average maximum speed of OG and PG for sessions 2, 6, and 12 (all with ADAS). Standard errors are 
presented in the error bars. Left: Average maximum speed on intersection with view obstruction. Right: Average 
maximum speed on intersections without view obstruction.
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No significant main effects or interaction effect were found for maximum speed on 

intersections without view obstruction. 

Effects of ADAS removal (Sessions 6 through 8):   As illustrated in Figure 6.8 (left), 

maximum speed on OV intersections changed from 33.3 km/h (SD = 2.6) in session 6 

(with ADAS) to 31.7 km/h (SD = 3.1) in session 7 (without ADAS) to 32.7 km/h (SD = 

3.6) in session 8 (with ADAS). Statistical analysis revealed a significant main effect of 

Session of maximum speed in OV intersections, F(1,18) = 4.22, p = .02, η2 = .209. 

Repeated contrast analysis showed a significant decrease in maximum speed from 

session 6 to 7, F(1,18) = 8.32, p = .01, η2 = .342, and a trend for the increase in speed 

from sessions 7 to 8, F(1,18) = 3.42, p = .08, η2 = .176. 

 

Analysis of data of UV intersections (Figure 6.8, right) did not result in significant main 

and interaction effects of maximum speed in UV intersections. 

Percentage of stops before crossing 

Effects of short-term practice (Session 2 vs. 6):   As depicted in Figure 6.9, on OV 

intersections, the percentage of stops before crossing an intersection decreased from 

session 2 to 6. Statistical analysis confirms a significant main effect of Session, F(1,18) 

= 12.13, p = .003, η2 = .431. A trend of the interaction Session x Group, F(1,18) = 3.05, 

p = .1, η2 = .160, was also observed. OG showed a stronger decrease in percentage of 

stops (M2 = 72.63, SD2 = 17.4; M6 = 50.9, SD6 = 13.4) than PG (M2 = 67.54, SD2 = 

21.1; M6 = 60.34, SD6 = 22.65). Differences between groups were not significant. 

Figure 6.8: Mean maximum speed of OG and PG for sessions 6 (ADAS), 7 (No ADAS), and 8 (ADAS). Standard errors 
are presented in the error bars. Left: Average maximum speed on intersection with view obstruction. Right: Average 
maximum speed on intersections without view obstruction. 
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On intersections without view obstruction neither the main effect of Session nor the 

main effect of Group were significant, but the interaction of Session x Group, F(1,18) = 

4.82, p = .04, η2 = .232, was significant. A decrease from 47% (SD = 26.0) to 26% (SD 

= 18.2) was seen for OG; whereas, PG increased their percentage of stops before 

crossing from 28% (SD = 23.2) to 36% (SD = 19.4). 

Effects of longer-term practice (Session 2 vs. 12):   Similar to the results of changes 

over the short-term practice, a significant main effect of Session, F(1,18) = 10.83, p = 

.005, η2 = .404, was revealed for percentage of stops in OV intersections. The trend of 

the interaction of Session x Group diminished over the longer-term period. Differences 

between groups were also not observed. Overall, the percentage of stops before crossing 

an intersection decreased from 70% (SD = 18.9) to 48% (SD = 25.3). 

Longer-term changes in UV intersections were different from short-term changes. A 

significant main effect of Session, F(1,18) = 13.22, p = .002, η2 = .452, and a trend of 

Group, F(1,18) = 3.63, p = .07, η2 = .185, were observed. The interaction of Session x 

Group was not significant. The percentage of stops decreased from 37% (SD = 25.8) to 

17% (SD = 12.8). As depicted in Figure 6.9 (left), OG stopped more often before 

crossing an intersection (M = 33.9, SD = 18.4) than PG (M = 20.1, SD = 18.6). 

Effects of removal of ADAS (Sessions 6 through 8): Testing for effects of removing 

ADAS, no significant main or interaction effects of percentage of stops were observed. 

This is true for data in intersections with and without view obstruction. 

Figure 6.9: Mean percentages of stops before crossing an intersection of OG and PG for sessions 2, 6, and 12 (all with 
ADAS). Standard errors are presented in the error bars. Left: Means of stops on intersection with view obstruction. 
Right: Means of stops on intersections without view obstruction.
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Collisions and absolute minimum Time-to-collision 

Figure 6.10 shows detailed information of crashes which occurred during a total number 

of 216 sessions. Crash information is displayed separately for OG and PG, split up in 

crashes at intersections and other locations. Crashes have also been classified as driver 

being at-fault or not at-fault. PG caused 4 out of 5 crashes in intersections. Crashes that 

occurred at one of the 16 selected intersections were not included in the analyses of the 

absolute minimum TTC. 

 

For each intersection type, absolute minimum TTC represented the lowest TTC value 

out of eight intersection crossings. Data is displayed in Figure 6.11. 

 

Figure 6.10: Information of crashes for each group separately 
distinguishing between crashes on intersections and others as well as 
being at-fault or not at-fault.

Figure 6.11: Means of absolute minimum TTC across 12 sessions of OG and PG. Left: Means of TTC on intersection 
with obstructed view. Right: Means of TTC on intersections without view obstruction.
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Effects of short-term practice (Session 2 vs. 6):   As seen in Figure 6.11, short-term 

changes in absolute minimum time-to-collision (TTC) in OV as well as UV 

intersections were small. Even though, in OV intersections, PG decreased their 

minimum TTC over time and OG did not show a change in TTC, statistical analysis did 

not reveal any significant main and interaction effects. In UV intersections, an increase 

in TTC was observed for OG and a decrease for PG, but here again, statistical analysis 

did not reveal significant results. 

Effects of longer-term practice (Session 2 vs. 12):  Results of longer-term practice in 

OV intersections are in line with results of short-term practice. No significant effects 

could be revealed for performance in intersections with view obstruction. In 

intersections without view obstruction a decrease in TTC was observed for both groups, 

but main and interaction effects were insignificant. 

Effects of ADAS removal (Sessions 6 through 8):   Removing ADAS in session 7 did not 

affect drivers’ minimum time-to-collision significantly. On OV and UV intersections, 

changes were small and neither main nor interaction effects yielded significant results. 

Percentage of critical crossings 

The absolute minimum TTC only gave information about the lowest TTC on one 

occasion. For each type of intersection, it indicated the most critical crossing out of 8 

crossings. As Figure 6.11 shows, OG’s TTC average minimum TTC is lower than PG’s, 

so it is interesting to see whether the frequency of critical crossings is higher for OG 

than for PG. Even though that one occasion can already result in a crash, frequently 

crossing intersections with low TTC heightens that risk. 

Effects of short-term practice (Session 2 vs. 6):   Figure 6.12 depicts the percentage of 

critical crossings. Statistical analysis confirms that short-term changes did not yield any 

significant main effects or interaction effects on either type of intersections. 

Effects of longer-term practice (Session 2 vs. 12):   Significant changes in OV 

intersections were also not found. In UV intersections, on the other hand, a significant 

main effect of Session, F(1,18) = 9.29, p = .008, η2 = .367, a trend of the Group effect, 

F(1,18) = 3.51, p = .08, η2 = .180, and the interaction Session x Group, F(1,18) = 3.17, 

p = .09, η2 = .165, were observed. OG crossed intersections 25% of the times with a 
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critical TTC showing an increase of 20% over time. PG crossed intersections about 13% 

of the times with a critical TTC. Their percentage increased by 5% from session 2 to 12. 

 

Effects of ADAS removal (Sessions 6 through 8):   Removing ADAS (Figure 6.13) did 

not affect the percentage of critical crossings significantly in OV intersection. Neither 

significant main nor interaction effects were observed. In UV intersections only the 

main effect of Group, F(1,18) = 3.96, p = .06, η2 = .199, was close to being significant. 

OG crossed 22% (SD = 19.7) of the time with a critical TTC and PG 19% (SD = 12.3). 

 

6.4 Discussion 

This study was a follow-up of Dotzauer and colleagues (2013a, 2014b) aimed to gain 

more insight into the longer-term effects of ADAS use on driving performance. Effects 

Figure 6.12: Mean percentages of critical crossing of OG and PG for sessions 2, 6, and 12 (all with ADAS). Standard 
errors are presented in the error bars. Left: Means of critical crossings on intersection with view obstruction. Right: 
Means of critical crossings on intersections without view obstruction.

Figure 6.13: Means of the percentage of critical crossings of OG and PG for sessions 6 (ADAS), 7 (No ADAS), and 8 
(ADAS). Standard errors are presented in the error bars. Left: Means of critical crossings on intersection with view 
obstruction. Right: Means of critical crossings on intersections without view obstruction.
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of ADAS on patient groups are unknown. ADAS might be more beneficial for them 

than for healthy controls, at the same time, patient groups may have more difficulty, for 

example, with processing and responding to additional information. For that purpose of 

the present study, a group of drivers diagnosed with Parkinson’s disease was added and 

the effects of ADAS on intersections performance as well as workload and acceptance 

ratings investigated. Up until this point, research on ADAS effects on driving 

performance over longer periods is lacking, especially on patient groups of drivers, in 

this case persons diagnosed with PD. In the present study, the effects of ADAS were 

investigated over a period of one month including 12 repeated measures. During this 

time, drivers were acquainted to the system enabling us to detect changes in 

performance. Effects of short-term and longer-term practice were investigated as well 

as effects of removing ADAS in one session after completing five sessions with ADAS. 

Eight intersections were depicted and classified as safety-critical because bushes were 

placed along the road preventing drivers from having a good view into the intersection 

forcing them to slow down, checking for crossing traffic before being able to make a 

sound decision on crossing the intersection. A pendant was created as well: eight 

intersections without view obstruction. For both types of intersections, intersection 

time, maximum speed on intersections, percentage of stops before crossing an 

intersection, absolute minimum time-to-collision, and percentage of critical crossings 

were analyzed. 

Crossing performance over the short- and longer-term period 

Analyses of driving performance parameters showed that both groups decreased their 

intersection time over the short-term period in intersections with view obstructions. 

Healthy older drivers were quicker in crossing intersections than drivers diagnosed with 

PD. The same trend and differences were observed over the longer-term period: 

intersection time decreased and healthy older drivers were faster than drivers diagnosed 

with PD. On the short-term, ADAS use did not affect maximum speed in intersections 

with view obstruction, but over the longer-term, maximum speed changed. Healthy 

older drivers increased their maximum speed in intersections and drivers diagnosed 

with PD showed a decrease in maximum speed. The number of stops was affected in 

short-term as well as longer-term practice. A significant decrease in stops was observed. 

On the short-term, the decrease was stronger in healthy older drivers. Over the longer-

term this interaction effect diminished. Time-to-collision was not affected at all. The 
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same is true for the number of critical crossings. 

In intersections without view obstruction, a decrease in intersection time was also 

observed over the short-term, but the effect was not as large as in intersections with 

view obstruction. In the longer-term, the decrease in intersection time was not 

significant anymore. In addition, in these intersections, no differences in intersections 

times between groups could be revealed. Maximum speed was neither affected in the 

short-run nor the long-run. The decrease in intersection time over the short-term period 

was not realized by adapting the maximum speed in intersections but by decreasing the 

number of stops. Over the short-term period healthy older drivers showed a decrease in 

the number of stops before crossing an intersection. Drivers diagnosed with PD, on the 

other hand, increased their number of stops before crossing an intersection. This does 

not affect intersection time negatively as intersection time is determined by the sum of 

wait and cross time. Even though drivers stopped more often they spent less time 

waiting on the intersection before they crossed. In the long-run, a significant decrease in 

stops was noted as well as a trend in differences between groups. Healthy older drivers 

stopped more often than drivers diagnosed with PD. Other than that, it was observed 

that in the longer-term, healthy older drivers showed a strong increase in the number of 

critical crossings. 

Overall, it was noticed that intersection time which is the sum of waiting time and 

crossing time decreased over time. These results indicate that over time drivers did not 

wait as long in intersections anymore and seemed to accept earlier gaps. Over time, it 

appears that drivers become less hesitant and more confident. This assumption is 

supported by the development in the number of stops before crossing an intersection. 

The percentage decreased over time as well. Neither intersection time nor the 

percentage of stops had an influence on maximum speed on intersection as this value 

did not change over time. These results on driving performance do not allow concluding 

on whether changes observed add to driving safety or compromise it. What can be seen 

is that changes in driving performance parameters are similar for both groups and for 

most part, performance of drivers diagnosed with PD (except for intersection time) did 

not differ from healthy older drivers. Information about time-to-collision and actual 

collisions can offer some more insight into driver safety. Drivers diagnosed with PD 

caused four out of the five crashes in intersections, healthy older drivers not one. At the 

same time, healthy older drivers crossed more often with a critical TTC and with a 
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minimum TTC below one second (see Figure 6.11). Motor impairments such as 

akinesia, hypokinesia and bradykinesia are the most prevalent consequences of 

Parkinson’s disease (Mardsen, 1989) and might have contributed to crashes. Drivers 

diagnosed with PD might have seen the danger, but unlike healthy older drivers it 

might have taken them too long initiating and executing a corrective movement such as 

braking quickly or putting more force on the accelerator. In addition, as also seen in 

results of the Trail Making Test Part B and the ratio of Trail Making A and B, persons 

diagnosed with PD also show deficits in task switching abilities (Cameron, et al. 2010; 

Crescentini et al. 2012); therefore, it might have been more difficult for them to 

suppress the initial plan of crossing the intersection and taking corrective actions to 

avoid a collision. This might also explain that they stopped fewer times before crossing 

intersections. 

Effects of ADAS removal 

In both types of intersections, differences in intersection times between groups were 

observed as this has also been observed to short- and longer-term practice effects; 

therefore, group differences cannot be due to ADAS removal. The most interesting 

finding was the change in maximum speed in intersections with view obstruction as this 

change could not be observed for intersections without view obstruction. From session 

6 (ADAS) to session 7 (no ADAS) maximum speed decreased. From session 7 to 

session 8 (ADAS), maximum speed increased again. These results suggest that 

especially in situations with view obstructions (i.e. more safety critical situations) 

drivers relied on the advice given to them. 

Subjective ratings 

Results of acceptance ratings were against the expectation that healthy older drivers are 

more accepting than drivers diagnosed with PD. Literature suggests that persons 

diagnosed with PD have an impaired self-awareness of their daily struggles and 

difficulties (Leritz et al., 2004; Maier et al., 2012). As drivers are not aware of their 

struggles, they would not accept assistance given to them as they do not see the need for 

such support. In our study, drivers diagnosed with PD were more accepting than healthy 

older drivers. They also showed less variability in ratings than healthy older drivers. 

Participants were not referred to us from a physician, but interested in the study. 

Motivation for participation was solely based participants’ decision, which might have 
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also contributed to the results. Participants selected for the study might not represent the 

general population of persons with PD but rather a small proportion that might has more 

insight in the struggles and difficulties encountered in everyday life and therefore was 

more positive about technology that supports them. 

With the introduction of ADAS, perceived workload decreased over time. Even though 

ratings between groups did not differ significantly, healthy older drivers showed a 

stronger decrease in perceived workload than drivers diagnosed with PD. The graph of 

workload ratings (Figure 3) displays that drivers diagnosed with PD showed an increase 

in workload ratings right after the midpoint of the study and also a greater variability in 

perceived workload compared to healthy older drivers. Persons diagnosed with PD 

experience good and bad days which includes, for example, fluctuations in their motor 

abilities (Richard, et al., 2004). These ups and downs might be reflected in their 

subjective workload ratings as tasks and activities become more difficult on bad days. It 

might also be that the experiment was more exhausting for them. About half of the 

drivers diagnosed with PD lived between one hour and two hours away and traveled a 

long distance three times per week. This additional strain might also be reflected in their 

ratings as this was observed during the last two weeks of the experiment. 

6.5 Conclusion 

In Dotzauer et al. (2013a; 2014b) performance of older drivers was compared to a 

matched control group (completing sessions without ADAS) and it was concluded that 

ADAS affected driving performance. The current study showed that performance of 

drivers diagnosed with PD did not differ greatly from healthy older drivers and changes 

were in the same direction as those observed for healthy older drivers. Therefore, we 

can conclude that performance of drivers with PD was similarly affected by ADAS use. 

However, alarming at this point are the at-fault crashes that occurred more frequently in 

the patient group. But in Dotzauer et al. (2014b) we found that young and older drivers 

of control groups who drove without ADAS caused more crashes than groups with 

ADAS leading to the conclusion that ADAS prevented crashes from occurring. The 

same might have happened with drivers diagnosed with PD too. Here again, ADAS 

might have diminished crashes. Past research has shown that drivers diagnosed with PD 

have more difficulties with the driving task compared to healthy drivers of the same age 

group (Heikkilä et al., 1998; Wood et al., 2005; Cordell et al., 2008; Uc et al., 2009). 
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Without ADAS, it is possible that even more crashes could have occurred. Their 

acceptance ratings also indicate that the advice given to them was useful and helpful. 

It is also noteworthy to mention that this was a first attempt investigating potential 

safety benefits of an intersection assistant on the performance of not only healthy older 

drivers, but also drivers diagnosed with PD. Results suggests that more tailored support 

might help impaired older drivers to stay on the road safer. More research needs to 

focus on beneficial longer-term effects as a response to ADAS use instead of focusing 

on identifying drivers who are no longer fit to drive. 



Chapter 7 

LONGER-TERM EFFECTS OF ADAS USE ON SPEED AND 

HEADWAY CONTROL IN DRIVERS DIAGNOSED WITH 

PARKINSON’S DISEASE 

 

 

 

 

 

 

A version of this chapter is published as Dotzauer, M., Caljouw, S.R., De Waard, D., 
Brouwer, W.H. (2014). Longer-term effects of ADAS use on speed and headway control 
in drivers diagnosed with Parkinson’s disease. Traffic Injury Prevention. doi: 
10.1080/15389588.2014.909037. 



07 | SPEED AND HEADWAY CONTROL OF DRIVERS WITH PD 
 

128 
 

Abstract 

An Advanced Driver Assistance System (ADAS) provided information about speed 

limits, speed, speeding, and following distance. Information was presented to participants 

by means of a head up display (HUD). Effects of the information on speed and headway 

control were studied in a longer-term driving simulator study including twelve repeated 

measures spread out over four weeks. Nine healthy older drivers between the ages of 65 

and 82 years making up one group and nine drivers diagnosed with Parkinson’s disease 

(PD) between the ages of 68 and 82 years making up another group participated in the 

study. Within the four weeks, groups completed twelve consecutive sessions (ten with 

ADAS and two without ADAS) in a driving simulator. Results indicate an effect of 

ADAS use on performance. Removing ADAS after short-term exposure led to 

deterioration of performance in all speed measures in the group of drivers diagnosed with 

PD.  These results suggest that provision of traffic information was utilized by drivers 

diagnosed with PD in order to control their speed. 
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7.1 Introduction 

Parkinson’s disease (PD) is a neurodegenerative disease which becomes more prominent 

in older persons. It is the second most common neurodegenerative disease after 

Alzheimer’s disease. Approximately 1 to 2 percent of the population aged 65+ is affected 

by PD (Alves et al., 2008). PD typically affects motor functions causing tremor, rigidity, 

postural abnormalities, and slow movements. Cognition might also be affected leading to 

impairments of attention, memory, information processing, and executive functioning 

(Dubois & Pillon, 1996). Therefore, PD might affect driving safety (Heikkilä et al. 1998; 

Uc et al. 2009) as driving is a complex physical and cognitive task in a dynamic 

environment involving information perception and processing under time pressure, 

decision-making, motor programming and execution as well as fulfilling concurrent tasks 

(Heikkilä et al. 1998). Deficits in information processing in complex situations (e.g. 

addressing two driving tasks simultaneously or seeking out the most relevant traffic sign) 

have already been identified as a difficulty of healthy older drivers (Musselwhite & 

Haddad, 2010) leading to delayed judgments and decisions (Brouwer & Ponds, 1994; De 

Waard et al. 2009). These difficulties are even more evident in drivers diagnosed with PD. 

As past research showed (Heikkilä et al. 1998; Wood et al. 2005; Cordell et al. 2008; Uc 

et al. 2009), drivers diagnosed with PD experienced more difficulties driving than healthy 

controls on the tactical and operational level of the driving task (i.e. maintaining lane 

position, controlling speed and time headway (THW)).  

Nonetheless, a large survey study conducted in Germany revealed that 82% of persons 

diagnosed with PD held a valid driver’s license and 60% of them were active drivers 

(Meindorfner et al. 2005). Evidence of an elevated crash risk of drivers diagnosed with 

PD is also inconclusive (Heikkilä et al. 1998; Devos et al. 2007). Revoking driver’s 

licenses solely based on  medical diagnoses is not the solution to maintaining traffic 

safety as driving contributes to quality of life (Carp, 1988; Kaplan, 1995), counters 

isolation and depression, promotes subjective well-being, and independence (Marottoli et 

al., 2000; Fonda et al. 2001). Moreover, if drivers’ licenses are revoked, they may decide 

to cycle or walk, which, in many ways, might be more dangerous for themselves (Siren & 

Meng, 2012). 

Over the last few decades, in-vehicle information systems (IVIS), such as navigation 

systems, and advanced driver assistance systems (ADAS), such as Adaptive Cruise 
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Control (ACC), Lane Departure Warning (LDW), Collision Avoidance, or Electronic 

Stability Program (ESP) have been designed and implemented with the aim of improving 

traffic safety. IVIS and ADAS offer support to drivers on different levels of the driving 

task (Michon, 1985). On the strategic level, high level decisions, for example, with regard 

to route planning are made. Navigation systems support drivers by planning a trip and 

guide them from point A to B. On the tactical level, safety margins are set and adjusted. 

This includes deciding on speed, THW, and lane position. ACC and LDW support drivers 

by maintaining a safe distance to the car in front and warning them when they are about to 

leave their traveling lane unintentionally. On the operational level, drivers perform second 

to second lateral and longitudinal control tasks to avoid acute danger and to stay within 

the margins set on the tactical level. Here, systems such as Collision Avoidance and ESP 

come into play. If a collision is about to happen, brakes are often engaged automatically 

and brake force applied. ESP autonomously activates in case of over- or under-steering to 

prevent loss of control, for example, in a curve.  

ADAS support on the tactical and operational level is often characterized by aiding the 

primary driving task (longitudinal and lateral control), but this is not necessarily the type 

of support older drivers need. As older drivers have a great amount of driving experience, 

observed difficulties on the tactical and operational level of the driving task might be the 

result of their deficits in selective/divided attention and decision making under time 

pressure (Brouwer & Ponds, 1994; De Waard et al. 2009). Therefore, difficulties with 

speed control, lane position, steering, and turning (Heikkilä et al. 1998; Wood et al. 2005; 

Cordell et al. 2008; Uc et al. 2009) might not be the source of the problem, but rather the 

quantifiable outcome of the above mentioned deficits. These deficits are even more 

prominent in persons diagnosed with PD. Sharpe (1996) found that persons diagnosed 

with PD have more difficulties dividing attention than healthy controls. In the context of 

driving, these results are confirmed by Cordell’s et al. (2008) on-road assessment. They 

found that drivers diagnosed with PD have more difficulties addressing two tasks 

simultaneously and delay their decisions and judgments compared to healthy controls. As 

compensation, drivers may choose lower traveling speed and larger gaps between 

themselves and other cars. Both tactics enable drivers to gain more time to seek necessary 

information and to make sound decisions. But limitations of slow information processing 

and divided attention can only be compensated for up to a certain point under certain task 

conditions. When the driving task becomes too complex, those strategies cannot fully 
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compensate for impairments anymore, and other means, such as ADAS, are needed. More 

tailored support, based on specific drivers’ characteristics (i.e. impairment of 

divided/selective attention and decision making under time pressure), might be a 

promising approach to keep drivers mobile and traffic safe. 

In a recent driving simulator study, an assistance system which provided relevant traffic 

information in advance (Dotzauer et al. 2013a) was proposed. In theory, receiving 

relevant traffic information in advance frees resources, which, in turn, might counter 

problems with divided/selective attention. The system was tested with healthy older 

drivers (65 to 82 years) in order to investigate effects of ADAS use on driving, and to 

scrutinize the need for tailored support (Dotzauer et al. 2013a). The study was 

conceptualized to investigate changes over a period of two months including 14 repeated 

measures. In addition, in the past, driving performance of drivers diagnosed with PD has 

also only been evaluated a few times and no research has been done investigating the 

effects of ADAS use on speed and headway control. Because of the prevalence of 

neurodegenerative diseases in older persons, a group of older drivers diagnosed with PD 

was added assessing longer-term changes in driving performance. In a recent paper 

(Dotzauer et al. 2013b), the effects of an intersection assistant on intersection 

performance were presented. In the present paper, the effects of ADAS on speed and 

headway control are presented and discussed. 

Speed and headway control of two groups (healthy older drivers and drivers diagnosed 

with PD) were investigated over a period of four weeks. A speed advisory system and 

collision warning were implemented. Drivers’ speed and following distance were 

monitored at all times. When drivers exceeded the speed limit by more than 10%, the 

speedometer color changed from green to amber. When the speed limit was exceeded by 

more than 15%, the color changed to red (Brookhuis & De Waard, 1999). When drivers’ 

THW dropped below two seconds, a symbol illumed requesting drivers to increase the 

distance to the car in front. When THW dropped below one second a different symbol lit 

up, warning drivers for a high likelihood of a rear-end collision. Traffic signs were also 

presented in car. When drivers approached an intersection, they received information 

about the priority regulation at the intersection. Icons of traffic signs such as Yield, Stop, 

or Right-of-way were projected onto the virtual front screen. After they had passed the 

intersection, information about the legal speed limit was presented to them. The 
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information was presented to the driver by means of a head-up display (HUD). Changes 

in speed and following distance were recorded and evaluated. It is expected that advanced 

information manifests itself in changes of performance on the tactical level of the driving 

task: higher speeds, more speeding, greater following distances. We also expect that over 

longer-term practice, differences between groups will become smaller.  

7.2 Materials and methods 

7.2.1 Participants 

Table 7.1 summarizes participants’ information. Altogether, 40% of persons who were 

interested in participation could not be included due to simulator sickness. Eighteen 

persons between the age of 65 and 82 years were included. Nine participants were 

diagnosed with PD making up one group. The remaining participants reported not having 

any chronic diseases making up the group of healthy controls. All participants were still 

active drivers. Persons diagnosed with PD were recruited from a local Parkinson’s 

association and through an article in the magazine of the national Parkinson’s association. 

Healthy older persons were recruited through the local senior academy and local leisure 

clubs for older persons.  All participants reported living independently. Diagnoses of PD 

and HRS ranged from one year ago up to twelve years ago with an average duration of 5.7 

years. 

According to the information provided in the demographic questionnaire, persons with 

PD were on optimal and stable medication at the time of the experiment. In addition, on 

the open-ended questions about driving experience, drivers diagnosed with PD reported 

driving significantly fewer kilometers in the past year compared with healthy older 

drivers. At the same time, the reported total mileage and frequency of driving per week 

did not differ significantly. A small but insignificant difference was observed for the 

scores on the Mini Mental State Exam (MMSE, Kok & Verhey, 2002) and the ratio of the 

Trail Making Test. Even though healthy older drivers scored higher on the MMSE, scores 

indicate that neither healthy persons nor persons diagnosed with PD showed signs of 

cognitive impairment. Healthy older drivers’ ratio was smaller than of persons diagnosed 

with PD.  
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Table 7.1: Summary (mean and standard deviation) of participants' demographic information and test 
scores. 

 
 

Healthy 
drivers 

Drivers 
with PD 

t= 
(df=16) 

p= 

N 9 9 
  

 

Age 
72.4 years 

(+ 2.8) 
72.8 years 

(+ 4.6) 
< 1 NS 

Total driving 
experience 

1 011 000 km 
(+ 493 000) 

712 000 km 
(+ 393 000) 

1.41 NS 

Driving last year 
21 000 km 
(+ 8 900) 

9 000 km 
(+ 5 200) 

3.7 .002 

Driving per week 
(times per week) 

4.3 
(+ 1.4) 

4.1 
(+ 1.7) 

< 1 NS 

MMSE score 
29.4 
(+ .7) 

28.4 
(+ 1.5) 

1.79 .09 

Trail Making Test, 
part A (TMTa) 

43.6 s 
(+ 13.6) 

41.4 s 
(+ 22.1) 

< 1 NS 

Trail Making Test, 
part B (TMTb) 

99.0 s 
(+ 26.8) 

116.2 s 
(+ 59.9) 

< 1 NS 

Trail Making Test, 
ratio (TMTa/TMTb) 

2.3 
(+ .6) 

2.9 
(+ .6) 

1.79 .09 

 

7.2.2 Apparatus 

A validated (e.g., De Waard & Brookhuis, 1997) fixed-based driving simulator located at 

the University Medical Center Groningen was used for the study. The simulator consisted 

of an open cabin-mock-up containing an adjustable force-feedback steering wheel, gas 

pedal, brake pedal, and audio simulated driving sound. Three projection modules resulting 

in 180 degrees horizontal and 45 degrees vertical out-window projection screen of 4.5 m 

diameter stood in front of the mock-up. Front and side windows as well as a rear view 

mirror and side mirrors were projected onto the screen. For more detailed specification, 

please see Dotzauer et al. (2013a). 

 

7.2.3 Design 
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 The driving simulator study is a mixed study design with 14 repeated measurements 

(Figure 7.1). Data of healthy older participants were collected during an earlier study 

(Dotzauer et al. 2013a). Data of drivers diagnosed with PD were collected during a 

follow-up experiment (Dotzauer et al. 2013b). The experiment was approved by the 

Medical Ethical Committee (METc) of the University Medical Center Groningen. Healthy 

participants made up one group and persons diagnosed with PD a second group. Within 

four weeks, groups completed 12 consecutive sessions of which sessions 1 and 7 were 

completed without ADAS and the remaining ten sessions with ADAS. After the twelfth 

session, participants took a four week break and returned for two final sessions (Results of 

the retention interval concern a different research topic and will not be discussed here). 

 

The virtual driving environment was comprised of a 25 km city drive. Route instructions 

were given visually and auditory through a navigation system. Four different routes (the 

order was counterbalanced) comparable in length and events were used to avoid learning 

effects. Various driving tasks, such as changes in priority regulation, variations in speed 

limits, and slower moving vehicles were implemented.  

During each session, participants drove in sections (length of 2000 meters) with speed 

limits of 50 km/h and 70 km/h without a car in front of them. In addition, in sections, with 

a speed limit of 50 km/h, car following tasks were implemented. These sections were also 

of an approximate length of 2000 meters. Data collected were used to analyze 

performance in terms of speed, speeding, and following distance.  

7.2.4 Procedure 

Persons interested in participating in the study received an information package via 

regular mail or email including a detailed description of the study and an informed 

Figure 7.1: Experimental set-up (ADAS= Advanced Driver Assistance System). For the present study, sessions 1 through 
12 were selected for further analysis. 
Note: * the order of sessions with and without ADAS was counterbalanced across participants 
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consent form. After completing the informed consent, participants were invited to the 

hospital, completed other questionnaires and four rides (each of approximately five to 

seven minutes) in the driving simulator to get acquainted to the simulator and to test for 

simulator sickness. Participants who experienced simulator sickness during the training 

session were excluded from the study.  

Participants returned for the experimental sessions. They read a short description of the 

experiment and took a seat in the simulator. The seat and steering wheel were adjusted to 

accommodate participants’ preferences. Participants were instructed to drive as they 

would normally do. After the first session, groups were introduced to the ADAS. It was 

explained to them in detail and also presented to them. They took home a user manual and 

were asked to read it thoroughly. Participants returned to the driving simulator three times 

per week for four weeks. All participants were financially compensated for their 

participation.   

7.2.5 Data analyses and dependent measures  

Driving performance parameters were sampled at a frequency of 10 Hz and stored on 

disk. A MATLAB routine was used to extract the information about speed, speeding, and 

following distance. Per session, participants drove through sections with posted speed 

limits of 50 and 70 km/h and completed car-following tasks in separate sections with 

posted speed limits of 50 km/h.  Average and maximum speed, the percentage of driving 

time spent speeding, and time headway served as dependent measures. Speeding was 

defined as traveling at a speed 10% or more above the speed limit. The percentage of 

driving time spent speeding was calculated by dividing “ the total driving time of 

exceeding the speed limit” by “ the total driving time needed to complete sections”. 

Calculations were done separately for stretches with posted speed limits of 50 km/h and 

70 km/h. Minimum THW, defined as the lowest THW value during the car-following 

task, was used to assess performance of the car-following task. Short-term practice effects 

were assessed analyzing changes in performance between sessions 2 and 6. Longer-term 

effects were investigated assessing changes between sessions 2 and 12. For the effects of 

removing the intersection assistant, session 7 (no ADAS) was compared with session 6 

(pre removal) and session 8 (post removal). Data were examined with an analysis of 

variance with Session as within-subjects and Group (OG and PG) as between-subjects. 
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7.3 Results 

7.3.1 Speed and speeding (speed limit 50 km/h) 

ADAS removal (sessions 6, 7, and 8) 

Analyses of sessions 6, 7, and 8 revealed significant main effects of Session, F(2,18) = 

3.13, p = .05, η2 = .164, and Group, F(1,18) = 6.25, p = .02, η2 = .281, and a significant 

interaction effect of Session x Group, F(1,18) = 4.82, p = .02, η2 = .232, for average 

speed. OG’s average speed did not change across sessions; whereas, PG’s increased from 

session 6 to 7 and decreased from session 7 to 8 (see Figure 7.2 and Table 7.2). Contrast 

analysis confirmed a significant interaction from session 6 to 7, F(1,18) = 4.37, p = .05, η2 

= .215, and from session 7 to 8, F(1,18) = 8.35, p = .01, η2 = .343, but not from session 6 

to 8, F(1,18)= 1.2, ns. Maximum speed indicated a similar trend (see Figure 7.2), but no 

significant interaction effect was found (F(2,18) = 2.57, p = .09, η2 = .139).  

 

Results of driving time spent speeding showed a different pattern over time for both 

groups (see Figure 7.2), OG’s percentage of driving time spent speeding increased over 

sessions irrespective of ADAS removal in session 7, but PG’s percentage decreased when 

ADAS was reintroduced in session 8. Indeed, the interaction of Session x Group for 

driving time spent speeding was significant, F(2,18) = 4.6, p = .02, η2 = .223. The 

interaction effect was not significant between sessions 6 and 7, but between sessions 7 

and 8, F(1,18) = 4.85, p = .04, η2 = .233, and sessions 6 and 8, F(1,18) = 6.42, p = .02, η2 

= .286. 

Figure 7.2: Means and standard errors for sessions 6, 7, and 8 in sections with a posted speed limit of 50 km/h. Left: 
Presentation of average speed. Center: Display of maximum speed. Right: Graphs represent driving time spent speeding 
in percent. 
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Short-term (session 2 vs. 6) and longer-term practice (session 2 vs.12) 

For average speed, in the short-term, the main effect of Group, F(1,18) = 9.53, p = .007, 

η2 = .373, was significant. Average speed was higher for OG compared to PG (see Table 

7.2). Means of maximum speed and driving time spent speeding suggest differences 

between OG and PG, but analysis did not reveal significant results. The same is true for 

changes over time between groups (see Figure 7.3). 

 

Effects of longer-term practice on average speed are comparable with effects of short-

term practice. Group differences were significant, F(1,18) = 9.11, p = .008, η2 = .363 (see 

Figure 7.3 and Table 7.2). Means of maximum speed and driving time spent speeding, as 

displayed in Figure 7.3, indicate differences between groups and over time, but result 

were not significant. 

7.3.2 Speed and speeding (speed limit 70 km/h) 

ADAS removal (sessions 6, 7, and 8) 

Figure 7.3: Means and standard errors for sessions 2, 6, and 12 in sections with a posted speed limit of 50 km/h. Left: 
Presentation of average speed. Center: Display of maximum speed. Right: Graphs represent driving time spent speeding in 
percent. 
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The average speed was not significantly affected when ADAS was removed, but group 

differences were revealed for the change in maximum speed. Experimental results of OG 

showed a small but steady increase in speed over sessions. PG, on the other hand, showed 

effects of ADAS removal. They increased speed from session 6 to 7 and decreased speed 

from session 7 to 8 (see Figure 7.4 and Table 7.2). This was also statistically confirmed 

by a significant interaction effect of Session x Group, F(2,18) = 4.09, p = .02, η2 = .204, 

which was significant from session 6 to 7, F(1,18) = 4.86, p = .04, η2 = .233, and from 

session 7 to 8, F(1,18) = 7.95, p = .01, η2 = .332, but not from session 6 to 8. The same 

trend was observed for driving time spent speeding, but these effects were not significant. 

 

Short-term (session 2 vs. 6) and longer-term practice (session 2 vs.12) 

In the short term, comparing session 2 with session 6, no significant differences in speed 

measures (average speed, maximum speed and time spend speeding) were revealed over 

time or between groups. 

Over the longer-term period, for average speed, the main effects of Session, F(1,18) = 

10.07, p = .006, η2 = .386, and Group, F(1,18) = 4.25, p = .05, η2 = .210, were significant. 

Average speed increased from 63.4 km/h (SD = 5.3) in session 2 to 66.6 km/h (SD = 4.9) 

in session 12 (see Figure 7.5). Group means also suggest lower maximum speed for PG 

compared to OG, but differences did not reach significance, (F(1,18) = 3.49, p = .08, η2 = 

.179).  Also no significant change between groups or over time was found for driving time 

spent speeding.  

 

  

Figure 7.4: Means and standard errors for sessions 6, 7, and 8 in sections with a posted speed limit of 70 km/h. Left: 
Presentation of average speed. Center: Display of maximum speed. Right: Graphs represent driving time spent speeding in 
percent. 
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7.3.3 Time headway in the car-following task 

ADAS removal (sessions 6, 7, and 8) 

Removing ADAS did not affect THW. No significant main and interaction effects were 

found. 

 

Short-term (session 2 vs. 6) and longer-term practice (session 2 vs.12) 

Unlike significant group differences (OG: M = 1.1, SD = .56; PG: M = 1.5, SD = .5) over 

the longer term period (F(1,18) = 4.30, p = .05, η2 = .212), in the short term, differences in 

THW were not significantly different. As depicted in Figure 7.6, OG followed cars with a 

smaller THW than PG. 

7.4 Discussion 

Figure 7.5: Means and standard errors for sessions 2, 6, and 12 in sections with a posted speed limit of 70 km/h. Left: 
Presentation of average speed. Center: Display of maximum speed. Right: Graphs represent driving time spent speeding 
in percent. 

Figure 7.6: Mean of minimum time headway of sessions 2, 6, 
and 12 for OG and PG. Standard errors are presented in error 
bars. 
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The study aimed to gain more insight into longer-term effects of ADAS use on driving 

performance of drivers diagnosed with PD and healthy older drivers. Changes in speed, 

speeding, and THW over time as a result of ADAS use were investigated. Up until this 

point, little is known about ADAS effects on driving performance over longer periods, 

especially of drivers diagnosed with PD. In the present study, the effects of ADAS use on 

performance of healthy older drivers and drivers diagnosed with PD were investigated 

over a period of four weeks including twelve repeated measures. 

For drivers diagnosed with PD group means of the speed measures on both road segments 

fluctuated more over sessions when  ADAS was removed (session 7) and reintroduced 

(session 8) compared to the healthy older drivers. Results of different speed measures 

(maximum speed, average speed and time spent speeding) on both road segments were 

affected in the same direction when removing and reintroducing ADAS, but often failed 

to reach significance. In sections with a speed limit of 50 km/h, significant differences 

were found between groups over time for average speed and driving time spent speeding. 

In sections with a speed limit of 70 km/h, significant differences between groups over 

time were found for maximum speed.  As displayed in Figure 7.2 and 7.4, PG’s speed 

performance was affected more by removing and reintroducing ADAS than OG’s 

performance. Broadly speaking, compared to the more stable performance of OG, PG’s 

speed values increased and decreased when ADAS was removed and reintroduced, 

respectively. Whether these fluctuations were truly due to ADAS use or due to the disease 

(i.e. experiencing “good” and “bad” days) cannot be answered based on this sample. 

Research including a larger sample size might shed more light on this. Our data 

tentatively suggest that removing ADAS affected speed performance of drivers diagnosed 

with PD and this might indicate that the presented information was utilized.  

Effects of short-term and longer-term practice with ADAS on speed and speeding did not 

develop as expected over time. Against our expectations, hardly any behavioural 

adaptation over time due to ADAS use was observed and group differences in average 

speed remained over all sessions. The average speed on both road segments was 

significantly lower for PG than for OG. Different patterns were observed in terms of 

maximum speed and driving time spent speeding for OG and PG. OG tended to increase 

their maximum speed over time and decrease driving time spent speeding; whereas, PG’s 

maximum speed slightly decreased and driving time spent speeding increased. Whether 
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observed trends were in response to ADAS use cannot be determined. Larger sample sizes 

are needed to study the effects of ADAS on speed and speeding more thoroughly.  

The most relevant result revealed from the analysis of the performance on the car-

following task was the difference between groups. OG followed cars with a smaller THW 

than PG. Differences in THW were about half a second. Previous research suggested that 

following distance positively correlates with perceived workload (Lewis-Evans et al. 

2010); therefore, the greater THW might reflect drivers’ experienced task difficulty. In 

the previous study, an increase in workload ratings for PG was observed right after the 

midpoint of the experiment which is in line with the observed increase in following 

distance over time for PG (Dotzauer et al. 2013b). On the other hand, the observed small 

following distances of OG might reflect a low task demand. 

All findings need to be considered with caution because of the small sample size in 

combination with heterogeneity. Even healthy aging does not occur in a linear manner. 

One might experience stronger declines in vision, whereas another might experience 

strong cognitive declines. Symptoms of PD are also very heterogeneous. This 

heterogeneity might be reflected in the results; therefore, samples of subcategories of PD 

might be needed to evaluate the added benefit. Differences in annual mileage might have 

also contributed to the results, but we believe equating groups on similar recent 

experience is not a good solution. Either the healthy older driver group or the PD group 

would be less representative for their population. For instance, in a survey of over 6000 

persons with PD, Meindorfner et al. (2005) found that although 60% still drove, over half 

said they had reduced their amount of driving. 

7.5 Conclusion 

It is also noteworthy to mention that it was a first attempt to investigate the effects of 

ADAS use on driving performance not only over a period of four weeks, including twelve 

consecutive sessions, but also including a group of drivers diagnosed with PD. Instead of 

identifying drivers who are no longer fit to drive, the focus laid on investigating means 

that support drivers without active interference. The question of whether drivers 

diagnosed with PD utilized information about speed and speeding, whether the changes 

observed were by chance, and whether the information presented was beneficial for speed 
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control cannot be answered conclusively, but results suggest that provision of traffic 

information was utilized by drivers diagnosed with PD in order to control their speed. 

 



 



Chapter 8 

DISCUSSION AND CONCLUSION 



08 | DISCUSSION & CONCLUSION 

146 
 

The aim of the studies was to gain more insight in the effects of ADAS use on driving 

performance of young and older drivers and drivers diagnosed with Parkinson’s disease. As 

currently marketed ADAS are not necessarily designed to accommodate the needs of older 

drivers an ADAS was proposed more suitable to the unique characteristics of older drivers. 

Drivers received information about traffic signs, particularly priority regulations and speed 

limits, and about gap sizes to crossing traffic in intersections. They were also warned when 

they exceeded the speed limit too excessively or followed another car too closely.  Also 

longer-term effects of the ADAS on acceptance and trust as well as driving performance 

and behavior were investigated in a driving simulator. 

In a consecutive manner, data for different groups of interests were collected. In the first 

phase, data of 18 older healthy drivers between the ages of 65 and 82 years were collected 

over a period of two months. In a second phase, 18 young inexperienced drivers between 

the ages of 20 and 25 years were recruited. For young drivers, data collection was limited to 

the first eight sessions of the experiment due to time constraints but also to minimize 

chances of drop-outs. Data was collected over a period of three weeks. Because little is 

known about the effects of ADAS use on driving performance of patient groups, nine 

drivers diagnosed with Parkinson’s disease (PD) between the ages of 68 and 82 were 

recruited and data of 14 consecutive sessions collected. In the end, data of 45 participants in 

513 sessions of approximately one hour each were collected. In sum: three treatment groups 

were created, one consisted of healthy older drivers, one of young inexperienced drivers, 

and a third one of drivers diagnosed with PD, and one control group of nine older and nine 

young drivers who completed all sessions without ADAS. 

Changes in driving performance and subjective ratings in response to ADAS use were 

investigated with respect to effects of short-term and longer-term practice, but also with 

respect to ADAS removal after completing several consecutive sessions with ADAS. Of 

interest were within-group changes over time but also differences between groups, 

especially differences between age groups, control and treatment groups, and healthy older 

drivers and drivers diagnosed with PD. Subjective ratings, performance on intersections, 

and speed and headway control (for a detailed description of dependent measures see Table 

8.1) were used to assess driving behavior and performance over time. In the following 

sections results obtained during the studies for healthy older drivers, drivers diagnosed with 
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PD and young inexperienced will be discussed drivers aiming to provide a comprehensive 

overview of the results. 

Table 8.1: List and summary of dependent measures used in the previous studies. 

Subjective Ratings 

Trust SHAPE Automation Trust Index  (SATI, Dehn, 2008): rating trust in the 

system 

• six items with regard to reliability, accuracy, understandability, confidence, 
liking, and robustness were answered utilizing a 7-point Likert scale ranging 
from 0 (never) to 6 (always) 

• completed by treatment groups after each session that was done with ADAS 

Acceptance Acceptance scale (Van der Laan, 1997): rating acceptance of the separate 

functions (traffic sign recognition, speed advice, gap advice, collision warning) 

• 2 dimensions: usefulness and satisfaction (altogether 9 items) were rated on a 
5-point Likert scale 

• completed by treatment groups after each session that was done with ADAS 

Workload Rating Scale Mental Effort (RSME, Van Zijlstra, 1993) : indicating how 

demanding a session was experienced 

• one dimensional scale ranging from 0 -150 
• completed by all groups after each session 

Performance on intersection* 
*Intersections at which participants had another car in front of them were excluded from analyses, as 
behaviour may have been affected or restricted by that lead vehicle 

Intersection time = average sum of waiting time (velocity = 0 km/h) and crossing time 

• calculated for intersections with a speed limit of 30 km/h and a priority 
regulation of yield-to-the-right 

• 8 intersections with obstructed view (bushes along the road) and 8 
intersections with clear view into the intersection 

Maximum speed = average of maximum speed values of intersection crossings 

• recorded for intersections with and without view obstruction separately 
• measured 12 meters before the intersection midpoint and 12 meters after 

Percentage of stops = number of stops before crossing an intersection in percent 

• a stop was defined as approach speed between 0 and 1 km/h within the 12 
meters to the intersection midpoint 

• stops were recorded separately for intersections with and without obstructed 
view, eight stops per session and intersection type was maximally possible 

Collisions • recorded for each group throughout the experiment 
• categorized into intersection crashes and other crashes as well as driver 

being at-fault or not at-fault 

Absolute minimum TTC = one value out of a maximum of eight minimum TTC values per 

intersection type 

• extracted TTC values were limited to data of participants entering and 
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exiting the second crossing lane 
• only included values for crossing traffic approaching the intersection from 

the right 

Percentage of critical 

crossings 

= number of crossing with a TTC to crossing traffic smaller than one second 

in percent 

• out of possible eight crossing per intersection type 

Gaze behavior = the percentage of gaze that falls within the area of the road center (PRC, 

Victor et al., 2005) 

• gaze data analyzed included the gaze behavior for approaching the 
intersection (approximately 160 meters) and crossing the intersection 
(approximately 24 meters). 

• videos were coded using ELAN, a tool used to annotate videos (Max 
Planck Institute for Psycholinguistics, 2013; Lausberg & Sloetjes, 2009) 

• gaze was coded as center, left, right, or other. 
• value of PRC was the cumulative time of fixation in the center over the 

total time 

Speed and headway control 

Maximum speed = highest speed within predefined sections with posted speed limits of either 

50 km/h or 70 km/h 

• each section was of approximately 2000 meters 
• no cars in front of the participants 

Percentage of driving 

time spent speeding 

= “total driving time of exceeding the speed limit” by “ total driving time 

needed to complete sections” 

• speeding was defined as traveling at a speed 10% greater than the 
posted speed limit within the same predefined sections 

Minimum time headway = smallest following distance in car-following task 

• THW values extracted for sections with a speed limit of 50 km/h and a 
vehicle with varying speed in front of the participant 

• approximate length: 2000 meters 

 

8.1 Healthy older drivers 

8.1.1 Performance in intersections 

In healthy older drivers, usefulness and satisfaction ratings of the gap advice system were 

rather low. Mean ratings did not differ significantly from a neutral rating of zero. Results of 

acceptance ratings alone, suggest that the advice provided was not accepted. At the same 

time, changes in objective driving parameters were noticed, which are in contrast with this 

suggestion. It was observed that drivers of the treatment group decreased their intersection 
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time (i.e. the average sum of wait and cross time). Because cross time can only vary so 

much, changes in intersection time are mainly the result of changes in waiting in the 

intersection before crossing. This coincides with the observed decrease in percentage of 

stops before crossing. Because those changes were not observed for drivers of the control 

group (see Chapter 4), changes in performance might be the result of ADAS use. Results of 

the gaze analysis support this assumption. Drivers of the treatment group spent significantly 

more time looking at the road center than drivers of the control group. They retrieved 

relevant information about crossing traffic from the HUD instead of looking left and right 

in the intersection. This behavior might jeopardize traffic safety in a direct way but also in 

an indirect way. A system failure or inaccurate presentation of information should be an 

exception to the rule, but when such an event takes place reliance on the presented 

information might turn out to be fatal, a phenomenon referred to as overreliance (see 

Parasuraman & Riley, 1997). More direct consequences of overreliance on the information 

might be an increase in the number of critical crossings and very small TTC values to 

crossing traffic which in turn put drivers at risk. Time-to-collision data reveal that drivers of 

the control group made more conservative crossing decisions than drivers of the treatment 

group as reflected in greater TTC values, fewer critical crossing, and more safe crossing 

(according to van der Horst (1991) a TTC value to crossing traffic greater than 1.5 seconds 

is considered safe). One would assume that making more conservative decisions leads to 

safer driving performance. According to our data, this is not necessarily true. Using the 

number of collisions as the most crucial safety indicator, drivers of the control group were 

not as safe as drivers of the treatment group. Control group drivers caused three crashes in 

intersections; whereas, treatment group drivers did not cause any crashes. Another 

difference between groups was also seen in maximum speed. Differences in maximum 

speed between the control group and the treatment group were not found, but medium 

effects (Chapter 4) were revealed. Treatment group’s maximum speed in intersection was 

higher. It leads to the speculation that higher speeds might have made the difference when 

it came to collision avoidance: a strategy to compensate for critical crossing decisions. 

At the midpoint of the twelve consecutive sessions, the treatment group completed a 

session without ADAS. At this point, five consecutive sessions with ADAS were already 

completed. Overall, healthy older drivers’ performance did not appear to be affected by the 

removal of the ADAS. No changes could be recorded for any of the driving performance 

parameters, but the gaze behavior of the treatment group was different from the control 
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group as well as young inexperienced drivers, and drivers diagnosed with PD (see 

Appendix B) in session 7. Gaze allocation between older drivers of the treatment group and 

the control group differed significantly in session 7 (Chapter 4): an alarming change. It was 

observed that drivers’ attention allocation in session 7 (session without ADAS) to the road 

center (PRC) was higher than the PRC of the control group and higher than their PRC in 

session 1 (baseline session). This might be a negative carry-over effect, having difficulty 

with suppressing the new learned behavior. In addition, removal of ADAS also did not 

result in an increase of intersection time. In session 7, drivers were as quick in crossing 

intersections as in other session with ADAS.  

We cannot state with certainty that the reduced glances to the left and right and short 

intersection time indicate greater risk. It might be the case that during sessions with ADAS, 

drivers learned to retrieve information from the surrounding more effectively and 

efficiently. 

8.1.2 Speed and headway control 

Acceptance ratings of the traffic sign recognition function and the speed advisory function 

indicate that healthy older drivers appreciate that type of support. Their average usefulness 

and satisfaction ratings differed positively from a neutral rating of zero (see Appendix A). 

In sections with posted speed limits of 50 km/h, the effectiveness of speed advisory and 

traffic sign recognition is in question. Drivers of the treatment group had a significantly 

higher maximum speed and spent more time speeding than the control group. Selander and 

colleagues (2011) found that older drivers tend to speed in low speed zones, but rather than 

being a deliberate act, it is the result of cognitive impairment and overload in complex 

situations. So, one possibility could be that ADAS induced workload creating a complex 

and cognitively demanding traffic situation. Based on workload ratings, this is not a likely 

explanation. An alternative explanation that speed advice makes the driving task easier 

might be more likely. Having the additional information presented in the HUD might free 

resources to the extent that the driving task at hand becomes too easy and drivers start 

traveling faster and exceeding the speed limit to reach an optimal level of workload again. 

As these effects on speed were only found for sections with a speed limit of 50 km/h and 

not for 70 km/h, there might be a ceiling effect to such behavior and traveling 70 km/h 

might already require all available resources again preventing excessively exceeding the 

speed limit in higher-speed zones.  
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Results of the car-following task in sections with a speed limit of 50 km/h also support the 

assumption that the task at hand was quite easy. Despite the fact that older drivers of the 

treatment group did not welcome the collision warning function (see Appendix A) and 

might have ignored warnings, following distance also closely relates to workload (Lewis-

Evans et al., 2010). Drivers of the treatment group settled for shorter following distances 

than drivers of the control group. The close following distance might again serve as an 

indication of low cognitive demand. Workload ratings confirm the assumption of not 

perceiving the task as demanding. 

8.2 Drivers diagnosed with Parkinson’s disease 

8.2.1 Performance in intersections 

Drivers diagnosed with PD were very positive about the gap advice function as indicated by 

their usefulness and satisfaction ratings (see Appendix A). Their ratings differed 

significantly from the test value of zero (indicating neither acceptance nor rejection). 

Driving performance parameters revealed that drivers diagnosed with PD decreased their 

intersection time. Unlike healthy older drivers, drivers diagnosed with PD decreased their 

intersection time, but not their percentage of stops before crossing an intersection. Lower 

intersection times are mainly due to shorter wait times before crossing. It appears that 

drivers became less hesitant and more confident over time accepting gaps earlier. An 

analysis of gaze data (see Appendix B) also suggests that drivers diagnosed with PD used 

the information about crossing traffic presented in the HUD to make a decision on crossing. 

In sessions completed with ADAS, the percentage of gazes that fell onto the road center 

was higher compared with the baseline session and session 7 (without ADAS). But unlike 

healthy older drivers, the allocation of attention in session 7 did not differ from the baseline 

session (as it was also observed in young drivers). In addition, the overall allocation of gaze 

to the road center was significantly lower for drivers diagnosed with PD compared with 

healthy older drivers of the treatment group. 

In contrast to healthy older drivers of the treatment group, maximum speed in intersections 

did not increase in the PD group. It might be that, overall, drivers diagnosed with PD made 

safe crossing decisions based on the advice received. As it was for healthy drivers of the 

control group, drivers diagnosed with PD made more conservative crossing decisions than 

healthy older drivers of the treatment group. Their minimum TTC value to crossing traffic 
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was greater and the number of critical crossings smaller. Nonetheless, drivers diagnosed 

with PD caused four crashes in intersections. According to the data, drivers diagnosed with 

PD engaged less frequently in safety-critical maneuvers, but when a critical situation 

occurred they might have not been able to react in a timely manner and apply a corrective 

plan of action. Their cognitive and motor impairments might have contributed to the 

crashes. In addition to impairments in executive functioning (Ranchet et al., 2013), motor 

impairments such as akinesia, hypokinesia, and bradykinesia are characteristic symptoms of 

Parkinson’s disease (Marsden, 1989; Richard et al., 2004). Because of these impairments, it 

is often difficult to stop or adjust an ongoing movement. The gap advice lit up green when 

it was safe to cross an intersection. This concept is known from the traffic light. When a 

traffic light turns green, it signalizes drivers to go. This action is than initiated and 

executed. In our case, drivers might have seen the green light which in turn triggered and 

initiated their action plan of crossing the intersection. As a sudden hazard occurred, while 

executing their action plan of crossing an intersection, they might have seen the change in 

the current traffic situation, but because of difficulties of inhibiting one behavior, initiating 

and executing another plan of action, it might have not been realizable within the given 

time frame to apply an corrective movement such as braking or accelerating quickly.  

8.2.2 Speed and headway control 

Besides the gap advice, drivers diagnosed with PD were also very pleased with the speed 

advisory function and the traffic sign recognition function (see Appendix A). Speed 

information such as average speed, maximum speed, and time spent speeding was used to 

assess the effect of presenting information on driving performance. Two changes were 

observed for drivers diagnosed with PD. The desirable change observed was an increase in 

average speed. Musselwhite and Haddad (2010) found that older drivers tend to drive under 

the speed limit in order to seek relevant information such as speed limit signs. Lower 

traveling speed gives drivers more time to perceive and process information. Information 

about speed limits and current speed might have provided drivers with the opportunity to 

concentrate more on the driving task because they did not need to scan the environment for 

speed limit signs and also did not need to  monitor their current speed too closely.  

An undesirable change observed was an increase in time spent speeding. The observed 

increase in driving time spent speeding might have resulted from being more familiar with 

the traffic environment and simulation. Charlton and Starkey (2013) found that as drivers 

become more familiar they tend to speed. Considering that their maximum speed was lower 
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than that of older drivers of the treatment group (Chapter 7), it is more likely that changes 

resulted from impairments of motor functions. Provision of information might have offered 

drivers the opportunity to increase their speed. As a result, drivers diagnosed with PD might 

have engaged the accelerator, but were not able to reverse the movement in a timely 

manner in order to avoid speeding.  

In contrast to healthy older drivers, removing ADAS in session 7 after completing five 

consecutive sessions with ADAS had an effect on speed control. Average speed, maximum 

speed and time spent speeding were affected: increases in those dependent measures were 

observed in session 7. It appears that drivers diagnosed with PD utilized the information 

about speed limit and current speed as the effect was reversed again in session 8. The 

change observed in variables might reflect drivers’ inability to scan the environment for 

relevant traffic information due to cognitive overload and/or attentional limitations. As 

drivers’ diagnosed with PD also experience more problems with memory (Lee et al., 2010) 

and knowledge consolidation (Muslimovic et al., 2007; Ros et al., 2013) compared with 

healthy controls, this might further contribute to the effects found. The virtual environment 

comprised reoccurring distinguishable infrastructural features. For example, roads with 

speed limits of 70 km/h were always double carriageways and roads with a speed limit of 

50 km/h were comprised of single carriageways: information that might have not been 

utilized by persons diagnosed with PD. Drivers diagnosed with PD might have not been 

able to recall those details due to memory problems or they might have not even been able 

to observe those details because they were busy with the driving task itself.  

Drivers diagnosed with PD were the only ones who appreciated the collision warning (see 

Appendix A). Their usefulness and satisfaction ratings differed positively from zero. In 

addition, drivers diagnosed with PD kept the greatest distance between themselves and the 

car in front. This might be because they followed the advice and kept a long distance to the 

car in front. On the other hand, as following distance relates closely to perceived demand 

(Lewis-Evans et al., 2010), the distance to the car in front might also reflect that. After the 

midpoint of the experiment, an increase in workload was observed for drivers diagnosed 

with PD. This observation is in line with the observed larger following distance. Because of 

their impairment of motor functions, drivers might have adjusted their following distance to 

it. If a driver needs more time to release the accelerator and engage the brake pedal, this 

ideally should be reflected in a larger following distance (van Winsum and Brouwer, 1997). 
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It also suggests that our participants diagnosed with PD accurately assessed their abilities 

and adjusted their actions to it.  

8.3 Young inexperienced drivers 

8.3.1 Performance in intersections 

According to the usefulness and satisfaction ratings of the gap size function (see Appendix 

A), young drivers’ mean ratings did not differ significantly from the test value of zero 

(indication of neither acceptance nor rejection), meaning that the advice on gap size to 

crossing traffic was neutral and not deemed needed. At the same time, objective measures 

such as percentage of stops before crossing an intersection and gaze behavior tell a different 

story. According to the analysis of the number of stops before crossing an intersection, 

young drivers of the treatment group showed a significant decrease in the number of stops 

over time, especially in intersections with view obstruction. Because bushes were placed 

along the intersection, it was impossible to detect crossing traffic in the periphery while 

approaching the intersection. Drivers needed to slow down and even stop before making a 

sound decision on crossing. Gaze data show that, when driving with ADAS, participants 

retrieved their information about crossing traffic in form of gap size information from the 

system instead of looking left and right in the intersection. The percentage of time spent 

looking at the road center while approaching an intersection was significantly higher in 

sessions completed with ADAS. How this behavior affected traffic safety directly, is 

reflected in safety indicators such as number of collisions, minimum time-to-collisions, and 

number of critical crossings. For young drivers, neither the minimum TTC value nor the 

number of critical crossings differed. For both groups, even a decrease in the percentage of 

critical crossings was observed in both types of intersections, but drivers of the control 

group were involved in six at-fault crashes in intersections. For the treatment group, only 

one such crash was observed. The number of crashes suggests that young driver of the 

treatment group were safer than young driver of the control group. Groups’ exposure to risk 

was similar as indicated by similar frequencies of critical crossings and minimum TTC to 

crossing traffic, but it seems that drivers of the treatment group were able to avoid 

collisions. Differences in the number of collisions might be due to the information on safe 

and unsafe gap sizes. This information might have helped drivers making a sound crossing 

decision. Choosing the right gap is a matter of experience. As young drivers lack driving 
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experience, gap selection might be a hazardous situation and the system might have 

supported drivers with the task successfully. 

8.3.2 Speed and headway control 

Surprisingly, young drivers’ acceptance ratings of the speed advisory system differed 

significantly from zero (see Appendix A). Measured on a scale from -2 to 2, the average 

usefulness rating came out to 1.11 (SD = .97), and the satisfaction rating to .74 (SD = .87). 

Results indicate that drivers perceived the advice as useful and were satisfied with it. At the 

same time, results of speed data are in contrast with subjective ratings. Young drivers, 

regardless of treatment, showed an increase in maximum speed as well as driving time 

spent speeding (see Appendix C) indicating that drivers of the treatment group either  

ignored the speed advice or used it in a way not intended (i.e. driving within the margins 

used to classify speeding). What was found is in line with Charlton and Starkey (2013) who 

saw that when drivers become familiar with a route they tend to speed. It is also in line with 

findings that drivers speed within enforcement tolerances (Fleiter & Watson, 2006). 

Speeding was defined as exceeding the speed limit by more than ten percent. At the same 

time, the speed advisory changed its color from green to amber and to red when the legal 

speed limit was exceeded by more than 15%. Red is a color that indicates danger in many 

different situations. Inside the vehicle, we can find several examples utilizing red to 

indicate danger. When a driver runs out of fuel, he/she reaches the red zone of the fuel 

gauge or when accelerating without changing gears, the red zone of the RPM gauge is 

reached. Outside the vehicle, red is not only used for traffic lights, but also for signs 

expressing prohibition. The red zone is something drivers might want to avoid; therefore, 

they speed but only within the amber zone. The speed advisory system might be helpful to 

young drivers but not as initially intended to prevent speeding, but to stay within 

enforcement tolerances.  

As mentioned earlier, following distance and workload relate closely (Lewis-Evans et al., 

2010). Results of young drivers’ minimum distances to the car in front may suggest that the 

driving task was too easy for them. Their minimum THW values were smaller than those of 

healthy older drivers and drivers diagnosed with PD. On average, their minimum THW was 

one second and below indicating that warnings about close following distances were 

ignored. Acceptance ratings support the assumption. According to these results, advice on 

following distance was not appreciated.  
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8.4 General discussion 

As the previous section showed, whether ADAS was beneficial cannot be easily answered 

with yes or no. Results are manifold and need to be considered differentially for age and 

impairment. A change seen in older drivers and drivers diagnosed with PD was a decrease 

in intersection time. Changes in intersection time suggest that drivers do not wait as long on 

intersections anymore before they decide to cross. Shorter wait times at intersections may 

improve efficiency and traffic flow. If an otherwise hesitant driver starts to take earlier 

gaps, a queue of waiting traffic might be minimized or even avoided, granted that an earlier 

gap did not lead to a crash. In addition, value to road traffic safety might also be added, 

because drivers might not wait “unnecessarily” long anymore before they cross an 

intersection. Sitting behind a hesitant driver and perceiving gaps to crossing traffic as long 

enough might provoke impatience. As a result of impatience, a driver might put pressure on 

the driver in front by honking and gesturing that he/she needs to cross. This might lead to 

making an unsafe crossing choice. Impatient drivers might also try to pass the waiting 

vehicle or cross quickly but dangerously after the slower moving vehicle. In that sense, gap 

advice might add positive value by minimizing uncertainty and hesitation in otherwise 

longer waiting drivers and minimize potential impatience of following traffic. In either 

case, hectic and/or unsafe crossing decisions might be reduced.  

Using the number of collisions in intersections as the safety indicator, we might also 

conclude that ADAS added value to traffic safety. Young and older drivers of the treatment 

groups caused fewer crashes than control group drivers. Because this pattern was not only 

observed for one age group, it appears that the advanced information about crossing traffic 

might have prevented crashes from occurring. Seeing this trend in young and older drivers, 

suggests that the advanced information might have also prevented crashes in the group of 

drivers diagnosed with PD.  

Changes in driving performance and behavior were also observed that might have 

jeopardized road traffic safety. Especially for young and older drivers of the treatment 

groups, fewer stops before crossing an intersection, in intersections with view obstruction, 

were observed. It indicates that drivers relied on the advice on gap size to crossing traffic. 

Higher concentration of gaze on the road center confirms the assumption and suggests that 

drivers followed the advice without confirming the accuracy of the information. This, in 

addition to low minimum TTC values and a higher frequency of the number of critical 
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crossings, suggests risky behavior and mitigating effects on traffic safety. The benefits of 

ADAS are questionable for those groups. Also, excessive speed, short time headway, and 

low workload ratings observed in those groups suggest that the driving task at hand was too 

easy. In their case, the high gaze concentration on the road center, is not interpreted as high 

demand or not having enough time to survey the surrounding. It seems that in their case, an 

undesirable behavior was provoked. They misused and abused (see Parasuraman & Riley, 

1997) the information provided. Even though, drivers diagnosed with PD also showed a 

high concentration of gaze in the road center when driving with the ADAS, driving 

performance parameters as well as workload ratings, on the other hand, indicated high 

demand. According to their data, the driving task at hand was not too easy. Drivers 

diagnosed with PD experience more cognitive impairments than healthy older drivers and 

therefore experience more difficulties with the dynamics in driving situations (Heikkilä et 

al. 1998; Wood et al. 2005; Cordell et al. 2008; Uc et al. 2009). Not looking to the left and 

right, might not be the result of over-reliance on the system, but rather the result of not 

having enough time and resources to survey the surrounding. Either way, failing to look left 

and right in an intersection and taking the provided information as granted, may have 

detrimental consequences for everyone involved. 

In addition, it was found that subjective ratings and objective measures do not necessarily 

correlate. Here again, differences between young and older drivers of the treatment groups 

and drivers diagnosed with PD were observed. Overall, young and older drivers gave more 

modest ratings. At the same time, their ratings and their performance were not necessarily 

in agreement. For example, speed advice was rated as fairly high (i.e. mean ratings differed 

positively significant from a test value of zero), but those drivers still exceeded the speed 

limit. On the other hand, gap advice was rated rather low, but still drivers stopped fewer 

times and crossed intersections quicker. Even though acceptance was low, the information 

was utilized. In general, these results show that subjective measures and objective measure 

need to be examined together. Individual examination might lead to wrong conclusions as 

seen in the present examples. Acceptance ratings alone might not predict the use, misuse, 

disuse, or abuse of a system. The same is true for objective measures.  

This discrepancy between objective and subjective measures might hint that the support 

provided was not needed as differences in measures were not observed for drivers 

diagnosed with PD. It is often stated in the literature that persons diagnosed with PD are 

less aware of their daily deficits and struggles (Leritz et al., 2004; Maier et al., 2012), which 
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in turn should lead to low acceptance ratings or discrepancies between subjective and 

objective measures. It appears that the tested sample of drivers diagnosed with PD, was 

aware of their struggles in traffic and therefore not only appreciated the ADAS but also 

showed positive effects in response to ADAS use. Results suggest that added value and 

benefits to road traffic safety are not achieved by putting systems into cars that are thought 

to be beneficial for everyone. It seems that support needs to be tailored and match drivers’ 

abilities and capacities in order to add the intended value. Giving support when it is not 

needed might jeopardize safety as freed resources might be used to engage in unrelated 

secondary tasks. Not providing enough support to the driver might result in being 

overwhelmed with the situation which also might jeopardize safety. In the end, support 

systems should not be about “must haves on a general level” as it is today, but rather 

“should haves on an individual level” (e.g. see Bagdadi & Varhelyi, 2011). 

A question that remains is whether it was really necessary to complete so many sessions 

and whether results and conclusions would have been different with fewer consecutive 

sessions. The question might also be asked the other way around. For example, young 

inexperienced drivers completed only the first eight sessions of the experiment. Based on 

the assumption that young drivers learn quicker, in other words, need less time to get 

acquainted with the driving simulator, the new driving environment, and the ADAS, their 

number of consecutive sessions was limited to eight. The question that rises is whether their 

limited number of sessions was sufficient. Because of their driving inexperience, most steps 

of the driving task were not automatized already. In addition, drivers could not rely on an 

extensive repertoire of knowledge which could be applied to, for example, novel situations. 

In turn, cognitive effort had to be put forward to process general driving information and 

act upon it. Therefore, the benefits of repeated training might have manifested itself later on 

in time. In addition, according to Jenssen (2010), drivers go through five phases of learning 

in the behavioral adaptation to ADAS. After driving 200 km in eight sessions within three 

weeks, young drivers were still in the second phase, the learning stage. They were still 

novices when interacting with the system and their behavior was rather unstable. Being 

novice drivers and novice ADAS users might have contributed to their performance. 

Therefore, more sessions and longer exposure to ADAS might have been worthwhile for 

young drivers as well. 

Considering that line of argumentation, we might be able to conclude that the completed 

number of sessions for older drivers was ideal. The large amount of sessions was justified 



08 | DISCUSSION & CONCLUSION 
 

159 
 

under the assumption that older drivers learn, but at a slower pace (Lowe & Rabbitt, 1997), 

and therefore need more sessions to show learning effects and also under the premises that 

longer-term exposure to ADAS is needed in order to observe practice effects. According to 

Jenssen’s (2010) understanding of behavioral adaptation to ADAS, older drivers were in the 

third learning phase, the trust stage. At that point, their behavior was relatively stable and 

they were relatively experienced with interacting with the system. It takes about one month 

of exposure to reach the third learning phase.  Considering that older drivers need more 

time to learn new complex task and their age-related cognitive, visual, and motor declines, 

they might have just been at the verge of entering the third learning phase. Drivers 

diagnosed with PD show symptoms in a more prominent way; therefore, it might be 

possible that they were still in the learning phase and results might have been different if 

exposure to ADAS would have been increased.  

8.5 Shortcomings and drawbacks 

A major drawback of driving simulator studies is the occurrence of simulator sickness 

resulting in high numbers of drop-out. Being aware of the persistent issue, an extensive 

screening was done testing tendencies towards motion sickness and proneness to simulator 

sickness before the experimental sessions started in order to eliminate drop-outs during the 

experiment. The method was successful and no one suffered from simulator sickness during 

experimental sessions. Nonetheless, about 40 % of all older drivers and drivers diagnosed 

with PD, who were interested in participation, could not take part in the study due to 

simulator sickness. The same is true for approximately 20% of young inexperienced 

drivers. Simulator sickness has not been fully understood yet (Stoner et al., 2011), 

therefore, it is not clear in how far persons experiencing simulator sickness differ from 

persons who are not affected negatively.  

In addition, it should also be noted that healthy older drivers who participated in the study 

were fairly young and also still very active as they were recruited from a local senior 

academy as well as leisure clubs. Those participants might not reflect the general 

population of older persons but rather a small proportion of it. Other older persons who 

might not feel confident driving might have refrained from participation because they might 

have been afraid of negative consequences such as referral to driving authorities or even 

revocation of their driver’s license. Therefore, results obtained need to be considered 

carefully as results might not be applicable to the general population of older drivers. The 
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same is true for participants diagnosed with PD, participation was fully voluntary. Drivers 

were not referred by doctors or authorities. Here, it might have also been the case that only 

drivers confident enough decided to participate also represented a small sample rather than 

the general population. The general population of drivers diagnosed with PD might 

experience more difficulties driving and might benefit even more from driving support. 

Another shortcoming that needs to be kept in mind when interpreting the results is that the 

number of participants per group was fairly small, and therefore, not all results reached 

significance, but effect sizes indicated that with a larger sample, results obtained might 

reach significance allowing for more exclusive conclusions. In addition, a control group of 

drivers diagnosed with Parkinson’s disease would have been advantageous for more direct 

comparison. But recruiting persons of such a specific group turned out to be more difficult 

than anticipated. Unfortunately, we did not succeed in recruiting enough persons diagnosed 

with PD locally. Additional recruitment efforts were made throughout the Netherlands 

enabling us to investigate at least a treatment group.  

Driving simulators provide a safe environment for investigating effects of ADAS use on 

driving performance and behavior without putting drivers in jeopardy which is a great 

benefit of driving simulator studies. At the same time, driving simulator studies lack 

realisms which may affect the outcome. Drivers might drive less carefully, riskier and more 

recklessly in a driving simulator because they are aware that for example a crash would not 

bear serious consequences. Therefore, results obtained need to be interpreted carefully and 

cannot be transferred to the real-world setting without validation. 

In addition, the proposed ADAS worked 100% reliable which is not something than can be 

guaranteed; in particular early after introduction this may be rather an exception to the rule. 

Reliability influences how a system is perceived affecting acceptance and trust and in turn 

how it is used (Parasuraman & Riley, 1997). Results obtained might be due to the fact that 

the system worked perfectly. Participants might have relied on the information given to 

them without cross checking the information, a behavior that might have been triggered 

even more because the study was set out in a driving simulator instead of real traffic. 

8.6 Further research 

As the tested system was 100% reliable it is not surprising that trust ratings were generally 

high. On a scale ranging from 0 to 6, the average rating came out to 4.6 (SD = .7). Observed 
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differences between groups were at most marginal. Drivers diagnosed with PD rated their 

trust in the system highest (M = 4.5, SD = .5), followed by young inexperienced drivers (M 

= 4.2, SD = .8). Healthy older drivers ratings were lowest with M = 4.1 (SD = .9). A 100% 

reliable system is unrealistic, so further research should also investigate changes in not only 

subjective perception of the system but also in performance and behavior. We found that 

participants trusted the information provided and also relied on the information without 

confirming the accuracy of the information as indicated by the observed gaze patterns. It is 

of interest to see whether this behavior persists when the system either fails or provides 

inaccurate information. According to Jenssen (2010), experiencing malfunctions, 

limitations, and system failures leads to adjustment and readjustment and as a result, the 

system at use might be resented.  

Results of the gaze pattern are also somewhat alarming. The intention of such a system is to 

support the driver, but even with such a system, drivers must not neglect surrounding traffic 

as this jeopardizes safety. Drivers take responsibilities for their decisions in traffic; 

therefore, decisions made must be safe and sound. Further research might also focus on 

presenting information in a different manner. One option would be to not present all 

information in HUD in front of the driver, but to present the information where, for 

example, danger might happen. In case of the intersection assistant, if another car 

approaches the traffic from the right, information should be presented there instead of the 

road center. Also, if a car approaches the intersection from the left and it appears that it fails 

to yield-to-the-right, attention should be drawn to the incident. Drawing attention to 

potential danger might encourage drivers to scan the surrounding more appropriately again 

making them more conscious. 

In addition, based on Wickens’ resource model (2002), resources are limited. In the studies, 

all information was presented visually. Considering that the driving task itself also already 

requires a great amount of visual resources, other modalities such as the auditory channel 

should be used too to present information to the driver. That way visual attention is not 

drawn away from the road and the traffic environment. Instead, drivers can survey their 

surrounding and receive, for example, spoken messages, on speed limit signs or priority 

regulation. Information might also be conveyed haptic. If drivers speed, the gas pedal might 

signalize that by providing counter pressure. 
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Driving simulator studies might carry the risk of being unrealistic and certain behavior such 

as risky maneuvers including speeding, unsafe crossing decision might be evoked by 

driving simulators. The same might be true for the gaze patterns observed. Those patterns 

might have been provoked because no real danger existed. In the end, driving simulator 

studies should be taking into the real world and replicated. Ideally, naturalistic field 

operational tests should be executed, but closed test tracks might be a safer alternative, 

especially not knowing what kind of safety-critical behavior might be evoked and what type 

of countermeasure might need to be in place. 

Specifically for groups with impairments, in our case persons diagnosed with PD, a system 

that works solely on the level of information provision might not be enough. Persons 

diagnosed with PD experience not only motor impairments, but often also cognitive 

impairments, which make safe driving a manifold challenge. Information needs to be 

perceived, processed and acted upon in a timely manner. Because of the symptoms of PD, 

any scenario is possible and plausible. Because of difficulties with dividing/ selective 

attention, drivers might fail to perceive the most relevant information in a particular traffic 

situation. In this case, drivers might be helped with a system that provides that information. 

Because of slower reaction times, a driver might not be able to process information fast 

enough, especially in situations that require a quick response. Here, having information 

available in advance might counter slower reaction times. Taking into account motor 

impairments, this type of support might not be sufficient. An additional intervening system 

such as emergency braking or forward collision avoidance might be suitable for drivers 

diagnosed with PD. For example, akinesia, hypokinesia, and bradykinesia make it difficult 

for drivers to stop or adjust an action/ movement quickly. Even if a driver is able to seek 

out the most relevant traffic information and process that information quickly, motor 

impairments might hinder him/her to put a new plan in action calling for intervening 

actions. The relation between TTC values and collisions support this idea. Drivers 

diagnosed with PD had the greatest TTC to crossing traffic, being the most conservative in 

the study. Nonetheless, they caused four crashes in intersections. Moreover, these drivers 

also chose for the longest time headway, but one driver caused a rear-end collision because 

he dozed off. The occurrence of paroxysmal symptoms, such as sudden onset of sleep, is 

unpredictable, but also well documented (Hobson et al., 2002; Meindorfner et al., 2005). 

An alertness monitoring system might be helpful to detect drowsiness and sudden onset of 

sleep and prevent its consequences. In general, crashes are rare events, but it seems that in 
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critical situations drivers diagnosed with PD have a greater risk of being involved or 

causing a crash. Intervening systems might be utilized to avoid those crashes. 

That action should not be limited to collision avoidance functions, but might also include an 

intervening speed monitoring system. Drivers diagnosed with PD do not speed 

intentionally. Exceeding the speed limit might be due to difficulties of fine-tuning or 

because inhibiting a movement such as releasing the accelerator. When the posted speed 

limit is reached, pressure should be applied to the gas pedal making acceleration more 

difficult. More research is needed to clarify the added safety benefits for specific groups of 

drivers. For example, studies investigating ISA using force feedback to minimize or even 

prevent speeding found that a counter on the accelerator is not appreciated. But such 

systems were not investigated with person who might experience motor impairments.  

Most systems and interventions mentioned here have already been implemented or are 

investigated at the moment. It seems that in the end, tailored support is possible. But to 

support drivers, support should be custom-made for each individual. As drivers diagnosed 

with PD might need an intervening system due to their motor impairments. Healthy older 

drivers might only need advance information. Young drivers, on the other hand, might need 

an intervening system or a system that provides feedback on their performance, tutoring 

them to be safer drivers. As all this is possible, it might just be the question of finding the 

right mix for the individual. 
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In de komende decennia zal het aantal mensen van 65 jaar en ouder snel toenemen 

(Demography Report, 2011). Daarnaast zullen de ouderen van de toekomst waarschijnlijk 

eerder voor de auto kiezen en meer gaan autorijden (OECD, 2001). Deze veranderingen 

kunnen een negatieve invloed hebben op de verkeersveiligheid. Met name de groep 

“oudere ouderen”, dat wil zeggen met een leeftijd boven de 75 jaar, zal sterk toenemen.  

Door met leeftijd samenhangende visuele, cognitieve en motorische functiebeperkingen, 

hebben oudere bestuurders een groter risico om bij ongevallen betrokken te raken en 

daardoor gewond te raken of te overlijden. Vanwege met de leeftijd toenemende 

lichamelijke kwetsbaarheid leiden ongevallen bij ouderen eerder tot ernstige letsels, vaak 

met fatale afloop (Evans, 2004; Hewson, 2012).  

Het beperken van het autorijden en rijbewijsbezit van ouderen kan niet de oplossing zijn 

om de verkeersveiligheid te handhaven. Zelf kunnen autorijden is belangrijk voor een 

gevoel van onafhankelijkheid en draagt daardoor sterk bij aan de kwaliteit van leven 

(Carp, 1988; Kaplan, 1995). Het voorkomt sociale isolatie en depressie, en bevordert 

subjectief welzijn en zelfstandigheid  (Marottoli et al., 2000; Fonda et al., 2001).  

Vaak beperken ouderen met en zonder functiebeperkingen hun verkeersdeelname als 

automobilist al zelf, bijvoorbeeld door alleen bij goede weersomstandigheden te rijden en 

door het vermijden van complexe weg- en verkeerssituaties (McGwin & Brown, 1999). 

Bovendien, als rijbewijzen worden ingetrokken, kan het zijn dat ouderen besluiten te gaan 

fietsen of lopen wat in veel gevallen een stuk gevaarlijker is voor hen zelf (Siren & Meng, 

2012). 

Oudere automobilisten zijn een groep met bijzondere kenmerken wat betreft het type 

ongevallen en wat betreft de problemen die zij in het verkeer ervaren. Hiermee moet 

rekening worden gehouden bij het bedenken van strategieën om de verkeerveiligheid te 

bevorderen. Oudere automobilisten zijn oververtegenwoordigd  bij ongevallen op 

kruisingen, in het bijzonder als ze te maken hebben met verschillende verkeersstromen, 

zoals bij het links af slaan (McGwin & Brown, 1999; Evans, 2004; Griffin, 2004; 

Mayhew et al., 2006 Davidse, 2007). Oudere bestuurders geven zelf aan moeite te hebben 

met het waarnemen van verkeersborden en te bepalen wat het meest relevante 

verkeersbord is, en ook met het nemen van beslissingen onder tijdsdruk. Dit zijn volgens 

hen redenen waarom ze langzamer rijden (Musselwhite & Haddad, 2010). Tevens hebben 

ze moeite met het juist inschatten van de benodigde tijdsruimte  voor een maneuver 

(Oxley et al., 2006) wat het oversteken tussen of invoegen in een kruisende 
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verkeersstroom een problematische onderneming kan maken (Preusser et al., 1998). Het 

benaderen en oversteken van een kruising is een complexe taak onder tijdsdruk waarbij de 

aandacht verdeeld moet worden over verschillende informatiestromen: waarnemen en 

verwerken van veranderingen in weg- en verkeerssituaties, waarnemen en verwerken van 

verkeerstekens en verkeerssignalen, en het bepalen en uitvoeren van een actiebeloop 

(Brouwer & Ponds, 1994; Braitman et al., 2007). 

Ouderen zijn een heterogene groep met grote variatie in gezondheid. Bij het ouder worden 

neemt de kans toe om getroffen te worden door neurodegeneratieve aandoeningen zoals 

de ziekte van Parkinson (PD). PD is na de ziekte van Alzheimer (AD) de meest 

voorkomende neurodegeneratieve aandoening. Ongeveer 1 tot 2 percent van de mensen  

boven de 65 jaar lijdt aan PD (Alves et al., 2008). Naast de aantasting van de motorische 

functies is er vaak ook sprake van cognitieve beperkingen (Dubois & Pillon, 1996). Door 

deze combinatie van beperkingen kan PD autorijden moeilijker maken en een negatieve 

invloed hebben op de verkeersveiligheid (Heikkilä et al., 1998; Uc et al., 2009).  Het 

besturen van een auto is immers een complexe visueel-motorische en cognitieve taak. 

Beperkingen in informatieverwerking in complexe situaties, met name selectieve en 

verdeelde aandacht onder tijdsdruk zijn al geïdentificeerd als kernproblemen voor oudere 

bestuurders in het algemeen (Brouwer & Ponds, 1994; Musselwhite & Haddad, 2010; De 

Waard et al., 2009). Door de motorische en cognitieve symptomen van de ziekte, zijn 

deze beperkingen evident ook aan de orde bij bestuurders met PD. Meer dan gezonde 

ouderen kunnen bestuurders met PD daarnaast moeite hebben met basisvaardigheden van 

de rijtaak zoals koers houden, en het regelen van de snelheid en volgafstand (Heikkilä et 

al., 1998; Wood et al., 2005; Cordell et al., 2008; Uc et al., 2009).  

Omdat oudere bestuurders in het algemeen veel rijervaring hebben, ligt het in de rede dat 

de problemen die ze ervaren bij het autorijden het gevolg zijn van functiebeperkingen 

door veroudering en daarmee samenhangende aandoeningen, en niet komen door 

onvoldoende expertise. Tragere informatieverwerking en beperkingen in de selectieve en 

verdeelde aandacht worden inderdaad veelvuldig beschreven in de literatuur over 

veroudering en neurodegeneratieve aandoeningen. Om deze functiebeperkingen te 

compenseren en oudere automobilisten veilig mobiel te houden, zou op maat gemaakte 

ondersteuning moeten worden geboden, die aansluit bij de beperkingen in aandacht en 

snelheid van informatieverwerking.  



09 | SAMENVATTING 
 

168 
 

Het is waarschijnlijk dat oudere bestuurders geholpen kunnen worden door het eerder en 

duidelijker aanbieden van relevante verkeersinformatie waardoor de tijdsdruk en de 

noodzaak om de aandacht te verdelen verminderd worden. Door vroegtijdig informatie te 

verstrekken krijgt de automobilist meer tijd om te anticiperen op wat komen gaat. In deze 

these wordt onderzoek gedaan naar een geavanceerd bestuurdersondersteuningssysteem 

(Advanced Driver Assistant System, afgekort als ADAS) dat tijdens het rijden informatie 

geeft over voorrang, snelheid en volgafstand. In een longitudinaal onderzoek in een 

rijsimulator worden oudere en jongere bestuurders en bestuurders met PD gedurende wat 

langere tijd gevolgd wat betreft hun rijgedrag en ervaringen bij het gebruik van dit 

systeem.  

9.1 Assistentie op kruisingen: Een veilige oplossing voor oudere 

automobilisten? (Hoofdstuk 4) 

Oudere automobilisten ervaren problemen in weg- en verkeerssituaties die verdeelde 

aandacht onder tijdsdruk vereisen zoals ook weerspiegeld in hun relatief hoge 

betrokkenheid als de juridisch schuldige partij bij ongevallen op kruisingen (McGwin & 

Brown, 1999; Evans, 2004; Davidse, 2007). In een rijsimulator werd een ADAS 

onderzocht dat speciaal is ontworpen om dergelijke problemen en ongevallen te 

voorkomen. Dit systeem gaf via groene, oranje of rode balkjes geprojecteerd op de 

voorruit (“head up display”) aan op welke momenten het veilig was om kruisingen over te 

steken. 

Achttien ervaren automobilisten tussen de 65 en 82 jaar (M = 71.4 jaar) kwamen over een 

periode van een maand meerdere malen naar het UMCG om in de rijsimulator ritten met 

of zonder het ADAS te maken. Deelnemers werden willekeurig verdeeld over de 

controlegroep en de experimentele groep. De controlegroep onderging 12 

achtereenvolgende sessies zonder het systeem. De experimentele groep reed twee sessies 

zonder (sessies 1 en 7) en tien sessies met het systeem. Specifiek om de ondersteuning op 

kruisingen te onderzoeken werden acht kruisingen en de sessies 1, 6, 7, en 8 uitgekozen 

voor nadere analyse. Het systeem had duidelijke effecten op de prestaties. Als bestuurders 

de beschikking hadden over het systeem keken ze minder opzij, staken ze kruisingen 

vlotter over, reden ze sneller en staken ze vaker over met een korte tijdmarge ten opzichte 

van het kruisende verkeer (een bijna botsing).   
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9.2 Gedragsaanpassingen van jonge en oudere automobilisten bij 

gebruik van een systeem dat advies geeft over het oversteken van 

kruisingen (hoofdstuk 5)  

Omdat vaak wordt geargumenteerd dat wat oudere automobilisten helpt, ook andere 

risicogroepen zoals jonge onervaren automobilisten zal helpen, werden in een tweede 

studie gegevens verzameld bij 18 jonge volwassen automobilisten (20-25 jaar, M = 22.3 

jaar). Opnieuw werden deelnemers willekeurig verdeeld over een controlegroep en een 

experimentele groep. Het onderzoek was iets beperkter in duur en besloeg 8 sessies over 

een periode van 3 weken. Rijprestaties zoals oversteektijd en maximum snelheid op 

kruisingen, veiligheidsmarges, bijna-botsingen en botsingen van jongere automobilisten 

werden vergeleken met die van oudere automobilisten in dezelfde sessies. Ook het 

kijkgedrag werd geobserveerd en geregistreerd.  

De resultaten geven aan dat het ADAS invloed heeft op het gedrag van zowel jonge als 

oudere automobilisten. Zowel de gemiddelde  tijd op de kruising als het aantal keren dat 

men stopte voor de kruising namen af en het aantal kritieke oversteekgedragingen nam 

toe. Aan de andere kant was bij beide leeftijdsgroepen het aantal botsingen in de 

experimentele groepen geringer dan in de controlegroepen. Net zo als eerder 

waargenomen bij ouderen, keken de jongeren uit de experimentele groep minder opzij dan 

die in de controlegroep. In ritten waarin het systeem was uitgeschakeld keken ze wel weer 

meer opzij.  

9.3 Wat langer durende ervaring met een ADAS dat assistentie geeft bij 

het oversteken van kruisingen: Effecten op het rijgedrag van ouderen 

met de ziekte van Parkinson (Hoofdstuk 6) 

Bij het ouder worden neemt de kans toe op neurodegeneratieve aandoeningen zoals de 

ziekte van Parkinson (PD).  PD  is de op een na meest voorkomende 

neurodegeneratieve aandoening en wordt gekarakteriseerd door beperkingen in 

motorische en cognitieve functies (Dubois & Pillon, 1996) die van belang zijn voor 

veilige verkeersdeelname als automobilist (Heikkilä et al., 1998; Wood et al., 2005; 

Cordell et al., 2008; Uc et al., 2009).  Toch bezit  82% van de mensen met PD nog een 
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geldig rijbewijs en rijdt 60%  nog geregeld (Meindorfner et al., 2005). Mogelijk zou 

het autorijden gemakkelijker en veiliger voor hen worden als ze een ADAS ter 

beschikking hebben. Daarom werd onderzoek gedaan bij een groep actieve 

automobilisten met PD,  in de leeftijd tussen de 68 en 82 jaar (M = 72.8 jaar). In een 

tijdsbestek van 1 maand deden ze mee aan twaalf opeenvolgende sessies (sessies 1 en 

7 zonder ADAS, overige sessies met ADAS). De effecten van wat langer durende 

ervaringen met een system dat assistentie geeft bij het oversteken van kruisingen 

werden bestudeerd en vergeleken met de effecten bij gezonde ouderen.  

Naarmate beide groepen meer ervaring krijgen met het systeem, neemt de tijd om een 

kruising over te steken af, evenals het aantal keren dat ze stoppen voor de kruising, Dit 

suggereert dat ze gaandeweg minder gaan aarzelen en meer vertrouwen krijgen. Er 

werd ook waargenomen dat gezonde oudere automobilisten bij het oversteken van 

kruisingen in het algemeen kleinere veiligheidsmarges gebruikten dan mensen met 

PD. Toch traden bij de mensen met PD enkele aanrijdingen op en niet bij de 

controlegroep. Mogelijk wordt dit veroorzaakt doordat PD patiënten minder goed in 

staat zijn een een keer op gang gebrachte handeling alsnog te stoppen.  

9.4 Oudere automobilisten met de ziekte van Parkinson die wat langer 

gebruik maken van een ADAS dat advies geeft over snelheid en 

volgafstand (Hoofdstuk 7) 

Behalve de ondersteuning op kruisingen, gaf het onderzochte ADAS ook informatie over 

snelheid, snelheidsbeperkingen, snelheidsovertredingen, en volgafstand. De effecten van 

deze informatie op de snelheid en volgafstand werden bestudeerd bij bovengenoemde 

groepen (PD en gezonde oudere automobilisten), gebruik makend van dezelfde 12 sessies 

in een periode van 1 maand. Het bleek dat het ADAS systeem een effect had op de 

snelheid. Uitzetten van het systeem (na sessie 7) leidde bij de PD patiënten tot een 

verandering in de rijsnelheid wat er op wijst dat ze de informatie van het systeem 

gebruikten bij het regelen van hun snelheid. 
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9.5 Discusssie en Conclusie (Hoofdstuk 8) 

In het bijzonder voor mensen met functiebeperkingen, in het geval van deze these mensen 

met PD, zou een systeem dat alleen informatie aanbiedt wel eens niet genoeg kunnen zijn 

om veilig te rijden. Door de combinatie van motorische en cognitieve beperkingen is het 

soms lastig om toch veilig en vlot te blijven rijden. Weg- en verkeersinformatie moet 

waargenomen worden, verwerkt worden en er moet tijdig op worden gereageerd en bij elk 

van deze componenten  kunnen effecten van PD optreden.  Vanwege beperkingen in de 

gerichte en verdeelde aandacht zouden mensen belangrijke informatie zoals 

voorrangsborden kunnen missen en zouden ze geholpen zijn met een system dat extra de 

aandacht vestigt op deze informatie. Problemen veroorzaakt door trage 

informatieverwerking zouden aangepakt kunnen worden door informatie over 

voorrangssituaties eerder aan te bieden. 

Maar als compensatie voor motorische beperkingen zoals moeite om een eenmaal in gang 

gezette handelingen weer te onderbreken, is wellicht ook behoefte aan additionele 

ondersteuning in de vorm van “emergency braking” (een automatische noodstop) of 

“collision avoidance” (voorwaarts gerichte aanrijdingsvermijding). Zelfs als een 

bestuurder in staat is de belangrijkste informatie te vinden en tijdig te verwerken, kan het 

zijn dat motorische beperkingen hem/haar verhinderen het plan van handeling tijdig tot 

uiting te brengen of te stoppen. De op het eerste gezicht tegenstrijdige relatie tussen de 

veiligheidsmarges en de ongevallen bij PD patiënten suggereert dat PD patiënten mogelijk 

belang zouden hebben bij een wat verder gaand ADAS systeem dat ook daadwerkelijk 

ingrijpt. Automobilisten met PD hielden de grootste veiligheidsmarges aan ten opzichte 

van kruisend verkeer aan en waren in die zin de meest voorzichtige groep in het 

onderzoek. Desondanks veroorzaakten ze vier ongevallen op kruisingen terwijl zulke 

ongevallen niet voorkwamen bij de gezonde ouderen. Verder hield de PD groep in het 

algemeen de grootste afstand aan ten opzicht van de voorliggers, maar toch veroorzaakte 

één van de deelnemers uit deze groep een kop-staart botsing doordat hij even was ingedut.  

Het optreden van paroxysmale symptomen zoals plotseling en onvoorspelbaar  in slaap 

vallen  komt weliswaar niet veel voor maar wordt toch geregeld beschreven bij PD 

(Hobson et al., 2002; Meindorfner et al., 2005). In zo’n geval zou een ADAS dat de 

alertheid meet en waarschuwt als iemand dreigt in slaap te vallen, behulpzaam kunnen 

zijn.  
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Dat laat onverlet dat een systeem dat de snelheid bewaakt ook van groot belang kan zijn. 

Automobilisten met PD rijden waarschijnlijk niet bewust te hard. Het lijkt soms moeilijk 

voor hen te zijn de snelheid fijn te regelen en de beweging van het loslaten van het 

gaspedaal tijdig te onderbreken. Wellicht zouden ze geholpen kunnen worden door een 

system dat het indrukken van het gaspedaal moeilijker maakt als de toegestane snelheid 

eenmaal is bereikt. 

Hoewel meer onderzoek nodig is om de veiligheidseffecten te verhelderen, zijn de 

beschreven systemen technisch mogelijk en in veel gevallen zijn er ook al dergelijke of er 

aan verwante systemen op de markt of in onderzoek. Dankzij deze technische 

ontwikkelingen, lijkt op maat gemaakte ondersteuning mogelijk. Het is niet 

vanzelfsprekend dat iedereen het zelfde soort ondersteuning nodig heeft. Gezonde 

ouderen zouden wellicht voldoende hebben aan een systeem dat tijdig en duidelijk de 

relevante informatie over voorrang en snelheid geeft terwijl ouderen met daarnaast ook 

motorische beperkingen ook baat zouden hebben bij een systeem dat zelfstandig ingrijpt 

als er een acute aanrijding dreigt. Aan de andere kant, zouden jonge automobilisten vooral 

baat hebben bij een educatief systeem dat hen feedback geeft over hun verrichtingen en 

dat hen coacht om veilige automobilisten te worden. Veel manieren van ondersteuning 

zijn mogelijk, de vraag is wat de juiste cocktail is voor welke groep of persoon.  

 



Chapter 10 

ACADEMIC SUMMARY 
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Over the next few decades the number of persons aged 65 years and above will increase 

rapidly (Demography Report, 2011). Because driving is probably going to be a more 

preferred mode of transportation, this change in demographics is alarming with regard to 

road traffic safety. The number of older persons holding a valid driver’s license and being 

active drivers will increase (OECD, 2001). At the same time, due to age-related visual, 

cognitive, and motor impairments, older drivers have a higher risk of being involved in a 

crash. Physical vulnerability increases with age as well. Consequently, more often, 

crashes lead to severe injuries which may prove fatal (Evans, 2004; Hewson, 2012).  

Nonetheless, revoking driver’s licenses cannot be the solution to maintain road traffic 

safety. The importance of driving and mobility is well-understood and concerns persons 

with and without impairments likewise. Driving is important for a sense of independence; 

and therefore, contributes to quality of life (Carp, 1988; Kaplan, 1995), counters isolation 

and depression, and promotes subjective well-being and independence (Marottoli et al., 

2000; Fonda et al., 2001). Often, however, older persons with and without impairments 

manage by restricting the situations in which they drive. For example, they tend to only 

drive under good weather conditions and avoid complex road and traffic situations 

(McGwin & Brown, 1999). Moreover, if drivers’ licenses are revoked, they may decide to 

cycle or walk, which, in many ways, might be more dangerous for themselves (Siren & 

Meng, 2012). 

Older persons make up a unique group of drivers with a distinguishable crash profile and 

travel pattern. This needs to be considered when developing and implementing road 

traffic safety strategies. For example, older drivers are over-represented in at-fault crashes 

on intersections (McGwin & Brown, 1999; Evans, 2004; Davidse, 2007). Consistent with 

crash statistics, older drivers themselves report having difficulties identifying traffic signs, 

extracting the most relevant traffic sign, and also making decisions under time pressure, a 

reason why they, for example, travel at lower speeds (Musselwhite & Haddad, 2010). 

They experience problems estimating safe gaps between oneself and approaching cars 

(Oxley et al., 2006) which leads to an over-involvement of crashes when turning left 

(Griffin, 2004; Mayhew et al., 2006), but also makes passing straight through an 

intersection a problematic undertaking (Preusser et al., 1998). Approaching and crossing 

an intersection involves several processes resulting in a complex task. Crossing an 

intersection requires divided attention among several pieces of information, perceiving 

and processing changes in the traffic situation, perceiving and processing signals and 
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traffic signs, determining and executing a course of action (Braitman et al., 2007), and 

decision making under time pressure (Brouwer & Ponds, 1994). 

In addition, chances of being affected by neurodegenerative diseases such as Parkinson’s 

disease (PD) increase. It is the second most common neurodegenerative disease after 

Alzheimer’s disease. Approximately 1 to 2 percent of the population aged 65+ is affected 

by PD (Alves et al., 2008). PD typically affects motor functions and cognition (Dubois & 

Pillon, 1992). Therefore, PD might affect driving safety (Heikkilä et al., 1998; Uc et al., 

2009) as driving is a complex physical and cognitive task in a dynamic environment 

involving information perception and processing under time pressure, decision-making, 

motor programming and execution as well as fulfilling concurrent tasks (Heikkilä et al., 

1998). Deficits in information processing in complex situations (e.g. addressing two 

driving tasks simultaneously or seeking out the most relevant traffic sign) have already 

been identified as a difficulty of the healthy older driver (Musselwhite & Haddad, 2010) 

leading to delayed judgments and decisions (Brouwer & Ponds, 1994; De Waard et al., 

2009). These difficulties are even more evident in drivers with PD. As past research 

showed (Heikkilä et al., 1998; Wood et al., 2005; Cordell et al., 2008; Uc et al., 2009), 

drivers diagnosed with PD experienced more difficulties driving than healthy controls on 

the tactical and operational level of the driving task (i.e. maintaining lane position, 

controlling speed and time headway). 

As older drivers have a great amount of driving experience, observed difficulties on the 

tactical and operational level of the driving task might be the result of their deficits in 

selective/divided attention and decision making under time pressure (Brouwer & Ponds, 

1994; De Waard et al., 2009). Therefore, difficulties with speed control, lane position, 

steering, and turning/crossing intersections (Heikkilä et al., 1998; Wood et al., 2005; 

Cordell et al., 2008; Uc et al., 2009) might not be the source of the problem, but rather the 

quantifiable outcome of the above mentioned deficits. Therefore, more tailored support, 

based on specific drivers’ characteristics (i.e. impairment of divided/selective attention 

and decision making under time pressure), might be a promising approach to keep drivers 

mobile and traffic safe. Older drivers might be helped by the provision of relevant traffic 

information in advance reducing the time pressure and divided attention requirements.  

In this thesis, an Advanced Driver Assistant System (ADAS) providing information about 

traffic and speed limit signs, speeding, and following distance has been proposed and 
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tested in a longer-term driving simulator study with a group of healthy older drivers, 

drivers diagnosed with Parkinson’s disease (PD), and young drivers. 

9.1 Chapter 4: Intersection assistance: A safe solution for older drivers? 

Because older drivers experience problems in driving situations that require divided 

attention and decision making under time pressure (Brouwer & Ponds, 1994) as reflected 

by their overrepresentation in at-fault crashes on intersections (McGwin & Brown, 1999; 

Evans, 2004; Davidse, 2007), an Advanced Driver Assistance Systems (ADAS) especially 

designed to support older drivers crossing intersections was investigated. In a longer-term 

driving simulator study, the effects of an intersection assistant on driving performance 

were evaluated. Information about safe gaps to crossing traffic was presented to drivers in 

form of green, amber, and red flag on a head up display.  

Eighteen older drivers between the ages of 65 and 82 years (M = 71.44 years) returned 

repeatedly completing a ride either with or without a support system in a driving 

simulator over a period of one month. Participants were randomly assigned to the control 

or treatment group. The control group completed twelve consecutive sessions without the 

ADAS.  The treatment group drove two sessions without (sessions 1 and 7) and the 

remaining ten sessions with ADAS. In order to test the intersection assistance, eight 

intersections throughout the scenario and sessions 1, 6, 7, and 8 were depicted for further 

analyses. Results showed that ADAS affected driving. Equipped with ADAS, drivers 

allocated more attention to the road center rather than the left and right, crossed 

intersections in shorter times, engaged in higher speeds, and crossed more often with a 

critical time-to-collision (TTC) value.  

9.2 Chapter: Behavioral adaptation of young and older drivers to an 

intersection crossing advisory system 

Because it is often argued that what helps older drivers will also help young 

inexperienced drivers, in a second study, data of 18 young drivers between the ages of 20 

and 25 years (M = 22.3 years) was collected. Drivers were randomly assigned to the 

control and treatment group. Unlike healthy older drivers, young drivers completed only 

the first eight sessions of the experiment over a period of three weeks. Driving 
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performance in terms of intersection time, maximum speed on intersections, time-to-

collision to crossing traffic, frequency of critical crossing, and collisions of young drivers 

were compared to the performance of healthy older drivers (up until session 8). Gaze 

behavior of young drivers was also recorded and analyzed. Results indicate effects of 

ADAS on driving safety for young and older drivers as intersection time and percentage 

of stops decreased, speed and the number of critical intersection crossings increased. The 

number of crashes was lower for treatment groups than for control groups. This is true 

across age groups. As it was also observed for older drivers, with ADAS, young drivers 

allocated more attention to the road center compared to drivers of the control group, but 

also compared to sessions completed without ADAS. 

9.3 Chapter 6: Longer-term exposure to an intersection assistant: 

Effects of ADAS use on intersection performance of older drivers 

diagnosed with Parkinson’s disease 

As persons become older, the chance of being affected by a neurodegenerative disease 

such as Parkinson’s disease increases. Parkinson’s disease (PD) is the second most 

common neurodegenerative disease after Alzheimer’s disease. PD is typically 

characterized by motor and cognitive impairments (Dubois & Pillon, 1992), which 

may affect driving safety (Heikkilä et al., 1998; Wood et al., 2005; Cordell et al., 

2008; Uc et al., 2009). Nonetheless, as a large survey study conducted in Germany 

revealed, 82 % of persons diagnosed with PD still held a valid driver’s’ license and 

60% of them were still active drivers (Meindorfner et al., 2005). Therefore, data of a 

group of active drivers diagnosed with PD (n = 9) between the ages of 68 and 82 years 

(M = 72.8 years) were also collected in the course of the experiment. Drivers 

completed twelve consecutive sessions (session 1 and 7 without ADAS, remaining ten 

sessions with ADAS) over a period of one month. Longer-term effects of the 

intersection assistant on driving performance were compared to the group of healthy 

older drivers of the treatment group. Results show, over the longer-term period, a 

decrease in time needed to pass the intersection and the number of stops before 

crossing an intersection, so they became less hesitant and more confident over time. It 

was also observed that healthy older drivers had a smaller minimum time-to-collision 

(TTC) value to crossing traffic and crossed more often with a critical TTC to crossing 
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traffic than drivers diagnosed with PD. At the same time, they caused less crashes than 

drivers diagnosed with PD. Nevertheless, ADAS use might have prevented crashes 

from occurring as it was found in previous studies. 

9.4 Chapter 7: Longer-term effects of ADAS use on speed and headway 

control in drivers diagnosed with Parkinson’s disease 

In addition to the intersection assistant function, the ADAS investigated also provided 

information about speed limits, speed, speeding, and following distance. Effects of the 

information on speed and headway control were also studied in drivers diagnosed with PD 

and healthy older drivers of the treatment group over the same period. Results indicate an 

effect of ADAS use on performance. Removing ADAS (session 7) after short-term 

exposure led to deterioration of performance in all speed measures in the group of drivers 

diagnosed with PD. These results suggest that provision of traffic information was utilized 

by drivers diagnosed with PD in order to control their speed. 

9.5 Chapter 8: Discussion and Conclusion 

Specifically for groups with impairments, in our case persons diagnosed with PD, a 

system that works solely on the level of information provision might not be enough. 

Persons diagnosed with PD experience not only motor impairments, but often also 

cognitive impairments, which make safe driving a manifold challenge. Information needs 

to be perceived, processed and acted upon in a timely manner. Because of the symptoms 

of PD, any scenario is possible and plausible. Because of difficulties with dividing/ 

selective attention, drivers might fail to perceive the most relevant information in a 

particular traffic situation. In this case, drivers might be helped with a system that 

provides that information. Because of slower reaction times, driver might not be able to 

process information fast enough, especially in situations that require a quick response. 

Here, having information available in advance might counter the problem with reaction 

times. Taking into account motor impairments, this type of support might not be 

sufficient. An additional intervening system such as emergency braking or forward 

collision avoidance might be suitable for drivers diagnosed with PD. For example, 

akinesia, hypokinesia, and bradykinesia make it difficult for drivers to stop or adjust an 

action/ movement quickly. Even if a driver is able to seek out the most relevant traffic 
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information and process that information quickly, motor impairments might hinder 

him/her to put a new plan in action: an intervening actions. The relation between TTC 

values and collisions support this idea. Drivers diagnosed with PD had the greatest TTC 

to crossing traffic, being the most conservative in the study. Nonetheless, they caused four 

crashes in intersections. Moreover, these drivers also chose for the longest time headway, 

but one driver caused a rear-end collision because he dozed off. The occurrence of 

paroxysmal symptoms, such as sudden onset of sleep, is unpredictable, but also well 

documented (Hobson et al., 2002; Meindorfner et al., 2005). An alertness monitoring 

system might be helpful to detect drowsiness and sudden onset of sleep and prevent its 

consequences. In general, crashes are rare events, but it seems that in critical situations 

drivers diagnosed with PD have a greater risk of being involved or causing a crash. 

Intervening systems might be utilized to avoid those crashes. 

That action should not be limited to collision avoidance functions, but might also include 

an intervening speed monitoring system. Drivers diagnosed with PD do not speed 

intentionally. Exceeding the speed limit might be due to difficulties of fine-tuning or 

because inhibiting a movement such as releasing the accelerator. When the posted speed 

limit is reached, pressure should be applied to the gas pedal making acceleration more 

difficult. Even though more research is needed to clarify the added safety benefits, it is 

technically possible. Most systems and interventions mentioned here have already been 

implemented or are investigated at the moment. It seems that in the end, tailored support 

is possible. But to support drivers, support should be custom-made for each individual. As 

drivers diagnosed with PD might need an intervening system due to their motor 

impairments. Healthy older drivers might only need advance information. Young drivers, 

on the other hand, might need an intervening system or a system that provides feedback 

on their performance, tutoring them to be safer drivers. As all this is possible, it might just 

be the question of finding the right mix for the individual. 
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Appendix A 

Analysis of acceptance ratings 

The acceptance scale (Van der Laan et al. 1997) gives, on the basis of nine Likert scales, 

ratings on two dimensions: usefulness and satisfaction. The individual functions of the 

ADAS (traffic sign recognition, gap advice, speed advice, and collision warning) were 

rated on a scale ranging from -2 to 2 after each session which was completed with ADAS. 

The results of the overall usefulness and satisfaction ratings are the average sum of the 

individual ratings. In Figure A1, the results of summing up and averaging ratings of each 

function separately across all session are displayed.  

 

In order to determine whether drivers accepted or rejected the assistant system, the 

average ratings were testing against a test value zero (indication neither acceptance nor 

rejection of the system). The results of One-Sample t tests are shown in Table A1. 

According to the results, drivers diagnosed with PD were most positive towards the 

ADAS functions. All their ratings differed significantly from the test value. Healthy older 

drivers and young inexperienced drivers were more apprehensive about the ADAS 

functions. They were positive about the usefulness of the traffic sign recognition (TSR) 

and the speed advice. Healthy older drivers were also satisfied with those functions, but 

young drivers only with the speed advice. 

Figure A1: Mean ratings of overall usefulness and satisfaction as well as the individual functions for drivers of 
the treatment group. Both dimensions range from -2 to +2, but are displayed between -1 and +2. Left: Healthy 
older drivers. Center: Drivers diagnosed with PD. Right: Young inexperienced drivers.  
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Appendix B 

Analysis of gaze behavior (drivers diagnosed with PD) 

 

In Figure B1, the percent gazing at the road center (PRC) for all five groups investigated 

is displayed for sessions 1 (without ADAS), 6 (with ADAS), 7 (without ADAS), and 8 

(with ADAS) in intersection with view obstruction. Figure B2 shows the results of gaze 

concentration in intersections without view obstruction. The gaze behavior of healthy 

older drivers and young inexperienced drivers was analyzed for the purpose of article 1 

(Chapter 4) and article 2 (Chapter 5). In addition, data of PRC of drivers diagnosed with 

PD were analyzed and results are stated here briefly. Data of older drivers were analyzed 

with an analysis of variance with Session as within-subjects factors and Group as 

between-subjects factors. Because a significant main effect of Intersection was found. 

Data for intersections with and without obstructed view were analyzed separately. 

Table B1: Display of means and standard deviations of percent road center on a group 
level, but also separately for drivers diagnosed with PD. Results of Paired-samples t-test 
are listed including degrees of freedom, t-values, p-values and effect sizes (r). *Alpha 
level has been corrected to α = .016. 
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Analysis of gaze concentration in intersections with obstructed view revealed significant 

main effects of Session, F(3,27) = 18.98, p < .001, η2= .442, and Group, F(2,27) = 11.74, 

p < .001, η2= .495, and a significant interaction effect of Group x Session, F(6,27)= 4.27, 

p = .001, η2= .263 (descriptive information is summarized in Table B1). Data of the group 

of drivers diagnosed with PD was compared to the control group and the treatment group 

of older drivers separately. Analyses revealed a significant main effect of Session, F(3,18) 

= 7.95 p < .001, η2= .332, and a significant interaction effect of Session x Group, 

F(3,18)= 5.18, p = .004, η2= .242, when drivers diagnosed with PD were compared to the 

control group. While the control group did not show changes in PRC over time, drivers 

diagnosed with PD increased their PRC from session 1 to session 6, decreased from 

session 6 to session 7, and increased again from session 7 to 8 (means and standard 

deviations and results of Paired-samples t-tests are reported in Table B1). The same 

analysis was done for drivers diagnosed with PD and the treatment group of healthy older 

drivers. Here, significant main effects of Session, F(3,18) = 19.38, p < .001, η2= .548, and 

Group, F(1,18) = 12.92, p = .002, η2= .447, were found.  

In intersections without view obstruction, the main effects of Session, F(3,27) = 6.17, p = 

.001, η2= .205, and Group, F(2,27) = 17.1, p < .001, η2= .588, and the interaction effect 

of Group x Session, F(6,27) = 5.04, p < .001, η2= .296, were also significant. In these 

intersections, a significant main effect of Group, F(1,18) = 4.74, p .04, η2= .229, and a 

significant interaction effect of Session x Group, F(3,18) = 4.74, p = .006, η2= .229, was 

revealed when analyzing data of the control group and drivers diagnosed with PD. 

Figure B1: Means of percent road center for sessions 1, 6, 7, and 8 on intersections with obstructed view. Left: 3 
groups of older drivers (control group, treatment group, group of drivers with PD. Right: 2 groups of young 
inexperienced drivers (control group and treatment group). 
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Changes in gaze concentration follow the same trend as it was found in intersections with 

view obstructions (means and standard deviations and results of Paired-samples t-tests are 

reported in Table B1). Comparing drivers diagnosed with PD with the treatment group, 

significant main effects of Group, F(1,18) = 14.53,  p = .002, η2= .476, and Session, 

F(3,18) = 11.32, p < .001, η2= .414, were revealed.  

Figure B2: Means of percent road center for sessions 1, 6, 7, and 8 on intersections without obstructed view. Left: 3 
groups of older drivers (control group, treatment group, group of drivers with PD. Right: 2 groups of young 
inexperienced drivers (control group and treatment group). 
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Appendix C 

Speed and speeding (young drivers) 

Speed and speeding data of young inexperienced drivers were analyzed with an analysis 

of variance with Session (session 2 (first session with ADAS) vs. session 8 (last session 

with ADAS)) as within-subjects factors, Treatment (control group vs. treatment group) as 

between-subjects factors.  

 

Analyzing maximum speed in sections with a posted speed limit of 50 km/h did not reveal 

any significant main and interaction effects (see Figure C1). In sections with a posted 

speed limit of 70 km/h, a significant main effect of Session, F(1,18) = 8.1 p = .01, η2= 

.336, was revealed. Regardless of treatment, young drivers increased their average 

maximum speed of 79.5 km/h (SD = 4.8) in session 2 to 85 km/h (SD = 11.5) in session 8 

(see Figure C2). 

Time spent speeding was also analyzed and a significant main effect of Session, F(1,18) = 

11.9,  p = .003, η2= .423, was revealed for sections with a speed limit of 50 km/h (see 

Figure C1) as well as for sections with a speed limit of 70 km/h, F(1,18) = 6.24, p = .02, 

η2= .281 (see Figure C2). The time spent speeding increased from 35% (SD = 31.6) to 

47% (SD = 34.2) in sections with a posted speed limit of 50 km/h. In sections with a 

speed limit of 70 km/h, an increase in driving time spent speeding was also observed. It 

increased from 24% (SD = 34.4) to 37% (SD = 37.3). 

Figure C1: Means of maximum speed (left) and driving time spent speeding (right) of young inexperienced drivers 
across eight sessions of sections with a posted speed limit of 50 km/h. 
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Figure C2: Means of maximum speed (left) and driving time spent speeding (right) of young inexperienced drivers 
across eight sessions of sections with a posted speed limit of 70 km/h. 
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Appendix D 

Time headway (young drivers) 

Time headway (THW) data of young inexperienced drivers were analyzed with an 

analysis of variance with Session (session 2 (first session with ADAS) vs. session 8 (last 

session with ADAS) as within-subjects factors, Treatment (control group vs. treatment 

group) as between-subjects factors. 

 

Figure D1: Means of minimum THW of young inexperienced drivers of the control and 
treatment group across sessions 1 through 8. 
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Analysis of THW data did not reveal any significant main or interaction effects. Neither 

the control nor treatment group showed significant changes in minimum THW over time 

nor significant differences between groups (see Figure D1). But graphs in Figure D2 

suggest differences between young and older drivers, but also between young drivers and 

drivers diagnosed with Parkinson’s disease. Additional analysis comparing minimum 

THW of young drivers, older drivers, and drivers diagnosed with PD revealed a 

significant effect of Group, F(2,45) = 7.19, p = .002, η2= .264. On average, young 

drivers’ minimum THW amounted to .78 (SD = .34) and healthy older drivers’ to 1.29 

(SD = .58). Drivers diagnosed with PD had an average minimum following distance of 

1.42 s (SD = .56). Post-hoc analyses (α = .016) revealed significant differences between 

young and healthy older drivers (F(1,36) = 10.04, p = .003, η2= .239), young drivers and 

drives diagnosed with PD (F(1,27) = 8.56, p = .007, η2= .263, but not between healthy 

older drivers and drivers diagnosed with PD (F(1,27)= 1.34, ns. 

 

Figure 3: Means of minimum time headway of young drivers, older drivers, and drivers 
diagnosed with PD across sessions 1 through 8. 
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