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Chapter 1

1. Introduction

During the lagt decade the fidd of driver behaviour modding has suffered from alack of progress. This has been
attributed to a number of different causes, the most important one being the preoccupation in traffic psychology
with accidents and accident causation (Ranney, 1994). As a result it has never been dear whether driver theories
should explain accidents or everyday driving. Several authors have stressed that the actual traffic situations instead
of accident analysis should be the main focus and that driver theories should explain everyday driving instead of
accidents (for example Rumar, 1988).

The second factor behind the lack of progressin driver modeling is the fact that the mativational modd's which
are dominant today have failed to generate testable hypotheses (Ranney, 1994) mainly because of the confusion
between individual and aggregate levels of anaysis (Michon, 1989). Also, the continuing debate concerning the
validity of therisk homeostasis theory has stalled progress.

Michon (1985) has attributed the lack of progress in driver behaviour modeling to the failure to incorporate the
results from the 'cognitive revolution' in psychology. He divided the task of car driving into three levels of skills
and control: drategic (planning), tactica (maneuvering) and operationa (control). On the drategic levd, trip
planning and the selection of trip goas and route occur. On the tactical level, sometimes referred to as the
maneuvering level, the driver negotiates prevailing circumstances. It includes maneuvers such as obstacle
avoidance, gap acceptance, overtaking, choice of headway during car-following and speed choice. The operational
level relates to direct lateral and longitudinal vehicle control. Michon postulated that a comprehensive modd of
driving should take these level s into account, and specify the relations between them. However, al existing modds
have focused almogt excdusively on one level. Ranney (1994) regarded the hierarchical control structure between
these levels as one of the most sgnificant developments in the field of driver modding. It forms a basis for the
development of modern driver behaviour theories.

Huguenin (1988) saw the abundance of determinants and factors that operate Smultaneoudy as the cause for the
lack of a general theoretical bass or a comprehensive model of driver behaviour which has resulted in several
theoriesthat apply only to alimited problem domain.

The causes for the limited progressin driver modeling referred to by Ranney, Michon and Huguenin converge in
the problem of 'human behaviour feedback’ which has puzzled many traffic safety researchers during the last
decade and triggered fierce discussons about the effects of safety measures. This issue of the apparently
unpredictable human behaviour effects following road safety measures was explored by Evans (1985). He
compared the expected safety effects with the actual safety changes in 26 studies and found evidence of changes
greater than expected, as expected, smaler than expected, no safety change and perverse effects (safety change
opposite in sign to expected). Evans concluded that no behavioura modd was available to predict effects of
changes in the road-vehicle-driver system. The same issue was referred to as 'behavioural adaptation’ instead of
'human behaviour feedback' in a report of the OECD (1990). Behavioural adaptation was defined as "those
behaviours which may occur following the introduction of changes to the road-vehicle-user system and which are
not consistent with the initial purpose of the change ...”. Because behavioura adaptation may strongly affect the
success or failure of road safety measures, collection of driver behaviour data is at least as important as accident
data. Accident and fatality data do not contribute as much to an understanding of the process that produced them as
driver behavior data because they are only a summary or afina result of a complicated process.

The effects of 'human behaviour feedback’ as defined by Evans and of 'behavioural adaptation’ as defined in the
OECD report are limited to changes related to the road and the vehicle. For example, in the OECD report a number
of studies are referred to that present evidence of increases in speed if lane width or shoulder width is increased
while accidents are reduced. Also, the presence of edge lines has been associ ated with speed increases and acci dent
reductions. However, in chapter 2 evidence will be presented that adaptation is a much more genera phenomenon
that can be observed in the fields of individua differences, trangent dates, effects of age and so on. At present no
theory is able to predict or explain the changes in behaviour after the introduction of a road safety measure,



although several theories have claimed to explain some of the effects. The theory that has been associated most
often with the 'human feedback effects is Wilde's risk homeogtass theory (Wilde, 1982). The most important
reason for the fierce discussons evoked by this theory centers around the explanation it provides for the 'human
feedback effects. The emotiona discussions over the reasons for this phenomenon and surrounding any attempt at
theory devel opment have incapacitated the progressin driver modding.

In chapter 2 amodd of driving behaviour is deve oped in which the process of adaptation plays a dominant role.
Although the meaning of the term adaptation in this thesis differs from its meaning in the OECD report, the
underlying process is thought to be the same. In both cases behaviour on the tactical level is changed as a function
of some factor. 'Behavioural adaptation’ as defined in the OECD report results in a smaller safety benefit than
expected after the introduction of a safety measure, because behaviour becomes more 'risky’. This is sometimes
referred to as 'negative adaptation”: drivers choose a higher speed or follow at a smaller headway. It is often
assumed that the number of traffic accidents would have been reduced moreif behaviour had remained constant. In
contrast, adaptation as described in this thess sometimes may result in a process in which system safety increases
because behaviour becomes less 'risky’, in the sense that drivers sometimes choose a lower speed or follow at a
larger headway in response to some factors. It is then assumed that both effects on behaviour are two sides of the
same coin.

Most driver modd s can be characterized by an emphasis on either individual differences or on stuationa factors
and are limited in scopeto either thetactical leve or the operational level. The emphasis on either of theseisin part
determined by historical reasons. A comprehensive driver model should be able to handle both individual
differences and situational factors as well as the operational and the tactical level of car driving behaviour. In this,
severd factors reated to the driver, the vehide and the road-environment have to be incorporated into a
comprehensve framework.

The purpose of the present sudy is to construct and validate a modd of driving behaviour in which these
requirements are met, starting from a discusson of existing theories and mode's of driving behaviour in chapter 2.
The essence of the modd that is derived in the course of the next chapter is that human drivers operate at different
levels smultaneoudy. Severa factors affect the quality of operational performance. These factors may be related to
individual differences in perceptua-motor ability affected by age or to temporary state-reated effects induced by
marijuana or acohol. But situational factors such as sght distance may also affect operational performance. The
main point discussed in chapter 2 is that both individual and Stuational factors that affect performance on the
operationa level will ultimately result in an adaptation of behaviour on the tactical level and in some cases also on
the drategic level. Therefore the modd isreferred to as the adaptation modd of car driving behaviour. In chapter 2
evidenceis presented that adaptation of behaviour on thetactical level to changesin performance on the operational
level may be crucia from a safety point of view. Accident involvement appears to be highest in cases where
adaptation fails. This makesthe sudy of the process of adaptation not only important from a scientific point of view
but also from a traffic safety point of view.

Outline of the study. Chapter 2 serves as a theoretical section and discusses a number of driver modds from the
perspective of adaptation. A general modd of driver behaviour is presented that emphasizes the interactions
between the operationa and the tactical level of the car driving task. The skill modds, motivational models and
adaptive control modds are anayzed in terms of their emphasis on dther the operational or tactical leve and
situational factors or individual differences. During this discusson a number of central problems in traffic
psychology is examined in detail. The problem of the elderly driver isanadyzed in terms of individua differencesin
perceptual-motor abilities. The effects of alcohol and drugs (marijuand) are andyzed in terms of state-rdated
factors that result in a trandent degradation of operational performance. The problem of the young mae driver is
associated with motivational factors and discussed in terms of the mativational modds. Paragraph 2.5 connects the
operationa and thetactical levels of behaviour with the concept of safety margins, and makes the adaptation mode
more explicit for the lateral and the longitudina driving control tasks. Paragraph 2.6 serves as a link between the
theoretical modd and six experiments that were performed to test a number of elements from the adaptation model.
In these experiments one important aspect of the adaptation modd is examined in detail: the extent to which



individual differences in behaviour on the tacticd level are related to individua differences in operationa
performance and perceptual-motor sKills.

The experiments were performed in the TRC driving smulator. Chapter 3 discusses this research instrument and
the contribution of the author to its devel opment in more detail. Two car driving tasks, negotiating curves and car-
following, are sudied in the chaptersthat follow.

Experiment 1 analyzes the driver task of curve negotiation and this is discussed in chapter 4. It focuses on the
relation between steering performance and speed choice in curves with different radii. The car-following task and
its relation with braking performance is examined in the experiments 2 to 6. These are discussed in the chapters 5,
6, 7, 8 and 9 respectivdy.

The general results from the Sx experiments and the relevance for the adaptation modd are discussed in chapter
10, together with anumber of general conclusions and some next steps.



Chapter 2

2. Models of driving behaviour

2.1 Introduction

A widerange of models of driving behaviour has been described in the literature that typically emphasize a specific
aspect of car driving. Some modds emphasize operational performance while others stress the importance of
behaviour on the tactical level. Also, some modds focus on individua differences while others emphasize
situational factors. The number of serious attempts at categorization of driver behaviour models is limited. The
problem isthat the categorizations are almost aways too limited, exclude important mode's or are wrong according
to the advocates of some modes. However, an important attempt is the one proposed by Michon (1985). Michon
has made a digtinction between taxonomic and functiona driver behaviour models. Taxonomic modeds are
inventories of facts while functional modd s specify reations between components. The best known example of a
taxonomic modd is the task analysis of the driving task developed by McKnight and Adams (1970). This task
analysis specifies the driving task in terms of behaviour requirements (for a digtinction between several types of
task analyses, see Hackman, 1969). This means that it describes what the driver should do. The task analysis of
McKnight and Adams is not aimed at understanding driver behaviour or at describing how the driver actually
drives. Given the purpose of driver education, thisis not surprising. However, sinceit isnot aimed at understanding
driver behaviour, itisnot discussed here

In the sixties, the early concept of accident proneness was replaced by studies of individua differencesin accident
involvement that focused on psychological abilities. Together, these studies have become known as the skill model.
The term 'skill modd' is actually a misnomer, because the model centers around psychological abilities instead of
skills. The use of the word 'skill' suggests that the modd focuses on car driving performance while in fact
psychological ahilities are tested and corrdated with accident involvement. Proponents of this modd assume a
relation between psychological ahilities and car driving skills but generally fail to test thisrdation explicitly. Still,
because of the genera use of the term in traffic psychology, skill model is used in this thesis. Situational factors
were hardly given any condderation in this approach. The dependent variable has been accident involvement
instead of actual car driving behaviour. The studiesin the tradition of accident proneness and differential accident
involvement bel ong to the taxonomic mode s and focus on individual differences measured by psychological ability
tests.

Individual differences are also stressed in studies on the effects of aging. Since elderly road users differ in car
driving performance from younger drivers and are assumed to suffer from skill degradation having an effect on
accident involvement, the studies on this issue are grouped under the heading of the skill modd in this thess.
However, it must be stressed that these studies differ strongly from the corrdation approach of the differential
accident involvement studies. Also, behaviour on the drategic and the tactical level of car driving is explicitly
incorporated.

The effects of temporary sates induced by alcoho and drugs are assumed to affect car driving skills.
Traditionally, studies on the effects of temporary states are not part of the skill mode if this is envisaged as being
equivalent to the correation approach. Also, thefocusis neither on individual differences nor on situationa factors.
Since temporary states may be seen as within-subjects manipulations of skill level they may give some indghtsin
the workings of skill level on driver behaviour. Thisiswhy studies on the effects of temporary states are discussed
under the heading of skill moddsin the present thesis.

Michon (1985) has categorized the motivational modds as functional modes. In most motivational models the
emphasis is on risk. Since they have been introduced to a certain extent as a reaction to the skill model, the
emphasisis on situational factorsingtead of individual differences. Skills and abilities are not regarded asimportant
in motivational mode s and behaviour on the operationa level has alow priority in this approach, or as Nédtanen
and Summala (1976) put it: "crucial to traffic safety is what the driver actually will do in any given Stuation, rather



than his maximum level of performance and the environmental demands'. Mativationa modds mainly study
behaviour on the tactical level, especially speed choice. Although individual differences have a low priority in
motivational modes, young (male) drivers are regarded as a subgroup of the driving population that deserves
specia attention because of their high accident involvement rate. Studies of the young male driver are grouped
under the heading of motivational modes, since in the literature motivational factors are emphasized in the
behaviour of the young driver.

The adaptive control models, also categorized as functional modd s by Michon (1985), focus on behaviour on the
operational level and especially on steering behaviour. Individual differences areignored while effects of situational
and vehicle-rdated factors on operational behaviour are emphasized.

In the next paragraphs, and especially in the paragraphs 2.2.2 and 2.2.3, a number of experimental studies on
driver behaviour are discussed. However, it is not intended to give a comprehensive review. The results of studies
on driver behaviour are merdy referred to as illustrative examples for the modd of driver behavior that is
devel oped during the course of the next paragraphs.

2.2 Skill models

From accident pronenessto differential accident involvement.

The concept of accident proneness has been in vogue from the 1920s up until the 1960s, and played an important
role in theories of driver behaviour. McKenna (1983) presented a conceptual anaysis of accident proneness. The
idea was that someindividuasare moreliableto beinvolved in accidentsthan others. The statistical techniquesthat
have been applied to resolve this issue have given rise to substantial controversy. One of the problems mentioned
by McKenna is that differential accident liability can aways be attributed to differences in exposure to risk.
Moreover, the lack of a clear definition of accident proneness has resulted in confusion. Several meanings have
been assigned to the concept of accident proneness. Some have understood it asthat most accidents are caused by a
few people. This is associated with the definition of accident proneness as a disproportionate involvement in
accidents in a statistical sense. However, the mere randomness of accidents suggests that some people have been
involved in more accidents than others because of 'bad luck'. Others have regarded it asan individua property, or as
a personality characteristic or disposition leading to a disproportional accident involvement. In that case accident
proneness is a trait. However, the connection between these (persondlity) characteristics and actua car driving
behaviour resulting in a higher accident involvement is unclear.

McKenna (1982) proposed the differential accident involvement approach as an aternative to the concept of
accident proneness because this would offer a better theoretica understanding of the psychological abilities and
characteristics associated with human error. Further advantages of this approach arethat it does not suffer from the
moral and emotiona connotations associated with accident proneness, and that it is based on psychological testing
instead of datitical modding. The differential accident involvement approach evauates the contribution of
psychological abilities instead of personaity factors to accident involvement. Although this approach has become
known as an important representative of the so-called skill modd, it isimportant to note that it isnot driving skill as
such that is being evaluated but psychological abilities that are assumed to be related to driving skills. Efforts were
made to identify the psychological abilities critical to safe car driving. A subgtantia amount of research was
devoted to the study of correlations between performance on perceptua -motor tasks that were assumed to measure
abilitiesrequired for safe driving on the one hand and accidents on the other hand.

Unfortunately, because this approach is purey correationa, the nature of the relation between psychol ogical
abilities and accident involvement is not made explicit a al. The exisence of such a rdation is assumed on
intuitive grounds and based on face validity. Because the process controlling this assumed relation was not
investigated, the effects of psychological abilities on operational driving performance and on behaviour on the
tactical level have not been examined. Therefore, accident involvement has been the only dependent variable in this
line of research. The results were generally disappointing. A small overview of some of the extensve rdevant
literature givesthefollowing results
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Vigon is generally accepted as being of central importance in driving. Yet correlations between several visual
performance tests such as gatic acuity, dynamic acuity, visual field, glare recovery and recognition on the one hand
and accident rate on the other, aretypically lower than 0.05 (Rumar, 1988).

The psychological test that has probably been studied most often in reation to accident involvement is the
embedded figurestest (EFT) of Witkin. Thistest measuresthe cognitive style of 'fidd independence and it requires
that a smpleform isfound within a background. The EFT has been presented as predicting accident rate. Mihal and
Barrett (1976) reported a corrdation of 0.24 between EFT performance and accident involvement. Loo (1978)
obtained a corrdation of 0.42 with self-reported accident rate. However, Harano (1970) found a correlation of only
0.001 and McKenna et a. (1986) found a non-significant correlation of 0.19 between EFT performance and
accident rate. Also, Quimby and Watts (1981) failed to obtain a Sgnificant correlation with accident invol vement.

Other psychological tests, such as the dichatic listening test, Stroop test and reaction time tests aso have been
reported to be poorly rdated to accident involvement (McKenna et a., 1986; Quimby and Watts, 1981).

Noordzij (1990) reviewed the German literature on individual differences and accident liability. Performance
measures on a wide range of tests failed to predict safe driving in any of the reviewed studies. Some sudies even
reported relations contrary to the expected direction, such that better performance in the laboratory and on the road
was associated with poorer accident histories.

McKenna et a. (1986) gave two explanations for the low correlations. The rdiability of accident scores is low
when these are obtained over only a few years. This makes it impossble to obtain high correations between
accident rate and test parformance. Furthermore, accident rate probably reflects different psychological abilities that
cannot be captured in alimited number of tests. Hakkinen (1979) demonstrated that the reliability of accident scores
increases by lengthening the time over which accidents are measured. He argued that the lack of significant
relations between test scores and accident involvement in so many studies was caused by short exposure periods
and poor contral of environmental risk. Hakkinen studied accident involvement of professonal bus and streetcar
drivers and found significant differences between safe drivers and accident involved drivers on a number of
psychological tests measuring, for example, eye-hand coordination, choice reaction time and psychomotor
personality factors. The correations were over 0.40. The study of Hakkinen has often been referred to a evidence
for the skill moddl, and it is one of the few studiesthat supports the modd.

In summary, psychological abilities assumed to be related to driving skills have proven to be unrelated to accident
involvement, except perhaps for professond drivers. Summala (1985) explained the results of Hakkinens study by
the forced-paced nature of the driving task for this group of drivers. Thetask of professional bus driversispaced by
time-schedules and differs from the task of private drivers who are able to decrease the speed, overtake | ess often or
avoid bad conditions. The explanation suggested in this thesis is that the driver adapts behaviour on the tactical
level to the level of operationa performance if the driving task is sdf-paced. This prevents a higher accident
involvement for drivers with poorer psycho-motor abilities. This ofcourse assumes that drivers with poorer psycho-
motor ahilities are characterized by poorer operationa performance. However, when the task is forced-paced
adaptation is not possble. Unfortunately, the effects of psycho-motor abilities on operational performance and on
tactical behaviour, such as speed choice, have not been studied, thus making it impossible to prove the existence of
such an adaptive mechanism from the data presented so far. Thereishowever evidence that adaptive processes play
an important role in accident causation of elderly drivers, who suffer from age-related performance decrements and
in some trangent state-related performance decrements. In that case the term compensation is applied instead of
adaptation.

Individual differencesin skill: theelderly driver.
It is well documented that older drivers have to cope with declining vison and exhibit poorer performance on a

widerange of tests of perceptual and motor ahility and response speed (see for example Y sander and Herner, 1976).
Ranney and Pulling (1990) found that older drivers (74-83 years of age) score lower on laboratory tasks requiring
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rapid switching of attention. Rackoff and Mourant (1979) reported poorer performance of older drivers on motor
testsand especialy on the embedded figures test.

Y et the accident rate of elderly driversislower than expected on the basis of the skill modd, although the fatality
amongs ederly drivers is quite high due to their physical frailness (Evans, 1988; Brouwer, 1989). Hakamies-
Blomqvist (1994) found that older drivershad fewer accidents at nighttime and under bad weather and road-surface
conditions compared to younger drivers. Older drivers were also less often in a hurry, acohd intoxicated or
distracted by non-driving activities compared to younger drivers. These results were interpreted as evidence that
older drivers avoid more difficult conditions. Ranney and Pulling (1990) reported that complex traffic situations
pose problems for ederly drivers. They are more often involved in multiple vehicle intersection accidents, while
they are lessinvolved in sngle-vehicle accidents. They questioned the idea that older drivers have higher accident
rates than middle-aged drivers. Although drivers over 65 make up 11.2% of the driving population in the United
States, they areinvolved in only 7% of al accidents. A study of Cerdli (1989) was cited reporting that drivers over
75 have a crash involvement rate that is 2.5 times lower than that of drivers aged 40, and 5 times lower than that of
20 year old drivers. According to Brouwer and Ponds (1994) the fatality risk for drivers of age 70 is about three
times as high compared to drivers a age 20, due to physical changes such as osteopoross and decreased cardio-
vascular efficiency resulting in an increased physical vulnerahility. Correction for thisincreased vulnerability gives
a better impression of actual accident involvement of older drivers compared to younger drivers. Application of this
correction factor resulted in amost equal casualty risks for 35 and 70 year old drivers in the Netherlands in the
eighties. Evans (1988) also found that when correcting for increased vulnerability, fataities for older drivers are
lessthan for male drivers under 20.

Theresults suggest that, although older drivers suffer from decreased performance on most tests of psycho-motor
and attentional abilities, their accident risk is not dramatically different from drivers of other age groups. In
situations with high time-pressure and situations beyond the contral of the driver accident risk appears to increase
for older drivers. A possible cause for this phenomenon may be found in the distinction between sdf-paced and
forced-paced driving situations. When the driving task is sdf-paced, the situation allows the driver to compensate
for performance deficits. However, compensation isimpossble in forced-paced Stuations. In that case the driver is
subjected to higher leves of time-pressure. The results may then be explained in terms of a process of adaptation:
older drivers may compensate for their degradations of psycho-motor abilities by changing their behaviour both at
the strategic level and thetactical level. There are anumber of research findingsin support of adaptive mechanisms.

The ultimate decison at the strategic level isto give up driving. Kosnik et a. (1990) found that older drivers who
had recently given up driving reported more visual problems compared to older drivers who had not given up
driving. The results suggested that older drivers are aware of their visual deficits and that this awarenessinfluenced
decisons about driving. At the drategic level decisons are aso made regarding the time of driving. Planek and
Fowler (1971) and Y sander and Herner (1976) found that ol der driversavoided driving in the dark, on icy roads and
in unknown cities more than younger drivers. According to these authors, sdf-sdection seems to be a factor of
great importance when judging the traffic safety risks of elderly drivers. Older drivers also may compensate for
their age-rdated impairments by limiting their driving and avoiding risky situations and rush hours (Ranney and
Pulling, 1990). In addition to this, there is some evidence in support of compensation at the tactica level. Ranney
and Pulling found that older drivers drive dower compared to younger drivers. This was also reported by Rackoff
and Mourant (1979). They cited the studies of Case et d. (1970) and Rackoff (1974) in which it was found that the
vehicle speed of older drivers, in an instrumented vehicle, was about ten percent less than the speed of younger
drivers. The tendency of older drivers to drive at lower speeds was also referred to by Rumar (1987). The
proportion of accidents where speed is bel ow average increases asa function of age.

Variationsin kill asafunction of temporary states.
Both the consumption of marijuana and alcohol result in temporary state changes. This is generally assumed to

temporarily affect perceptua-motor abilities. Because of this, the literature on temporary states is discussed under
the heading of the skill model, although it must be stressed that in practice this fied of research is trested as a
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separate problem domain, whilethe results of these studies are normally not rel ated to a specific driving model. The
line of reasoning in this thesis is that marijuana and a cohol may effect psycho-motor ahilities which may affect
operationa driving performance. The factors marijuana and a cohol may be considered as a natura experiment in
which perceptual-motor abilities are manipulated within the driver. This then offers interesting opportunities to
study the effects on tactical behaviour and the relation with accident involvement. The effects of this within-
subjects manipulation on driving skills and driving behaviour may then give important information about the
workings of the process of adaptation.

Marijuana. Moskowitz (1985) reviewed a large number of studies on the effects of marijuana on psychological
abilities. In reaction time experiments neither the speed of initial detection nor the speed of responding appears to
be affected by marijuana, athough the frequently reported increase of RT variability suggests that attentional
mechanisms are impaired by marijuana. Tracking is significantly affected by marijuana. Also, perceptual functions
and vigilance are negatively affected by thisdrug.

However, based on areview of a number of epidemiologica studies, Moskowitz (1985) concuded that thereis
little evidence for an increased risk of accident involvement under marijuana. Robbe (1994) reviewed the
epidemiological literature as well and concluded that some people do drive after cannabis use and that drivers
involved in accidents often show the drug's presence. However, because alcohol has been a severe confounding
factor in al surveys of accident-involved drivers, the independent contribution of marijuana to accidents remains
unclear.

The effects of marijuana on driving behaviour has been examined in many experiments. According to Robbe
(1994), the foremost impresson one gains from reviewing the literature is that no clear reationship has been
demondgrated between marijuana and ether serioudy impaired driving performance or the risk of accident
involvement. Smiley (1986) compared simulator and on-road studies of marijuana effects on car driving perfor-
mance. In smulator gudies with redligtic car dynamicsand in interactive smulators strong effects of marijuana on
operational performance were found. In a study of Smiley et a. (1981) in an interactive driving simulator variability
of velocity and lateral postion increased during curve negotiation and while following cars and in windgudts.
Variahility of headway and lateral position while following cars aso increased under marijuana. However, alarger
headway was chosen during car-following under marijuana. In a sudy by Stein et al. (1983) with an interactive
simulator, performance effects of marijuana were examined in anumber of driving tasks such as car control during
windgusts, curve following and lane changes. Although there were effects on steering performance, mean driving
speed was lower under marijuana.

Severa other gudies have presented behavioural evidence suggesting that drivers may adapt ther tactical
behaviour to deteriorated operational performance by choosing a lower speed or by increasing headway in car-
following. In an on-road sudy by Caswell (1977) drivers under marijuana drove more dowly. In an on-road study
by Smiley et al. (1986) the effects of marijuana on severa tasks such as car-following, curve following, open road
driving, emergency decision making and obstacl e avoi dance were measured. Marijuana only had a few effects, but
it ggnificantly increased headway in the car-following task. Smiley (1986) concluded that all studies indicate that
when the driver under marijuana has the possihility to choose a lower speed, there are no effects on lane position
control while speed is reduced. Stein (1986) studied the effects of marijuana on driving behaviour in a number of
driving tasks in a simulator. A dose dependent effect of marijuana on speed was found; drivers decreased speed
more with higher doses. In a task requiring the driver to compensate for random wind gusts, a strong effect of
marijuana was found on mean speed and speed variahility. Drivers were also required to control speed and eering
during the negotiation of curves. Again, marijuana decreased speed. The speed reduction was aso found in an
obstacle avoidance task. No effects of marijuana on steering behaviour were found.

Robbe (1994) performed three on-road experiments in which the effect of marijuana on car driving was
examined. In asudy with driving on arestricted highway it was found that marijuana affected steering performance
asindicated by an increased standard deviation of lateral postion (SDLP). Subjects were ingructed to maintain a
congant speed of 90 km/h, or lessiif they felt incapable of driving safdy at that speed. The gresater the dose, the
harder the subjects attempted to compensate as indicated by perceved effort and increased heart rate. Despite the
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instruction, there was a small reduction in mean speed under marijuana. Drivers rated the quality of their own
driving performance lower with higher doses, suggesting that they were aware of the effects of marijuana.

In another experiment, Robbe (1994) had subjects drive on a highway with other traffic under the ingtruction to
maintain a speed of 95 km/h. Thisalso involved a car-following test in which subjects wereinstructed to maintain a
50 meter headway. A marijuana dose-dependent increase in SDLP was found and a decrease in speed under
marijuana. Also, under marijuana headway increased although the increase was highest with the smallest dose.
Reaction time to gpeed changes in the preceding vehicle increased under marijuana. However, reaction time was
confounded with headway, such that RT increased with increased headway.

In athird experiment, Robbe (1994) examined the effects of marijuanain a city driving task. Driving performance
was evauated by trained observers (driving ingructor). No effects of marijuana were found on driving
performance. Under marijuana it took more time to complete the circuit, suggesting a lower speed, although this
was not dgnificant. Drivers under marijuana perceived their driving quality as poorer compared to placebo and
perceived ther effort as higher.

In conclusion, the studies of the effects of marijuana suggest that, firgly, it affects perceptua and psycho-maotor
skills, secondly, it affects performance on the operational level, and thirdly, it affects behaviour on thetactica leve,
especially when the task is sdf-paced. Evidence was presented that the drivers are aware of performance
decrements under marijuana. It may be hypothesized that the perception of feedback of these performance
decrementsis a necessary prerequisite for such a compensation strategy. However, the nature of the perception of
feedback, whether it is conscious or unconscious, is a present unclear. When the task is self-paced ingead of
prescribed by the experimenter (by ingtructing the subject to maintain a fixed speed), effects of marijuana on
operational performance may be limited due to compensation for decreased skills when drivers are alowed to
choose their speed, effects of marijuana on steering behaviour are generaly absent, while effects on geering
behaviour are found when speed is prescribed by the experimenter. This compensation mechanism may explain
why epidemiological studies have been unableto find aredation between marijuana and accident invol vement.

Alcohol. A substantial part of the literature on accidents and driver behaviour concerns the effects of acohol. The
effects of alcohol on performance are well documented for a large number of tests. Only a few examples are given
here. Moskowitz and Robinson (1986) reviewed the literature on the effects of alcohol on task performance. They
analyzed the reaults of 178 gtudies that fulfilled regular methodological criteria. Forty-five percent of the studies
indicated impairment at 0.04% BAC (blood alcohol concentration) or less. The mgjority of studies reported impair-
ment at below 0.07% BAC. Impairments were found in tracking, divided attention, information processing, eye
movements and psycho-motor skills, especially in tasks requiring skilled motor performance and coordination.
Divided attention deteriorated already at very low BAC levels. Sgnal detection, visua search and recognition tasks
also showed impairments a low BAC levels Kennedy et al. (1989) measured the effect of BAC leve on
performance in a battery of nine tests measuring motor speed, symbol manipulation/reasoning, cognitive processing
speed and speed of response sdection. Performance on eight out of nine tests was strongly and monotonoudy
affected by BAC.

Evans (1991) estimated that 47% of fatal accidents, 20% of injuries and 10% of property damage are attributable
to acohal. This means that alcohol contributes importantly to traffic accidents with the contribution increasing as
crash severity increases. Evans (1989) conduded that diminating acohol would reduce traffic fatdities in the
United States by 47+4 percent. Guthrie and Linnoila (1986), suggested that epidemiological studies indicate a
disproportionate number of acohol related fatal crashes involving young male drivers below 24 years of age. The
majority of alcohol reated accidents occur during the weekend, especidly at evening hours, and in summer.
According to Smiley (1989), alcohal isinvolved in 62 percent of al fatal single vehicle accidents.

There is dso overwheming evidence that acohol affects operational driving performance. Louwerens et al.
(1986) studied the effects of four doses of acohol in a task where subjects were required to drive with a constant
speed of 90 km/h with a congtant lateral position between the right lane boundaries. Standard deviation of lateral
position (SDLP) increased in a dose dependent manner as a function of alcohol. The subjective assessment of
driving performance by the driver corrdated poorly with SDLP and BAC level. This suggedis that drivers were
unaware of performance decrements under alcohol. In a smulator study with several driving tasks, Stein (1986)
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found that acohd increased the number of accidents. Also, in a task requiring the driver to compensate for
windgusts while following a winding road, steering behaviour was sgnificantly affected by alcohol, and lane
position variahility was increased under alcohol. No effects of alcohol on mean speed were found, although speed
variability increased under acohol. Stein and Allen (1986) reported the results of an experiment that aimed to
unravel the effects of alcohol on performance and risk taking. This is important because the effect of acohol on
accident involvement has often been attributed to an increase in deiberate risk taking. The effects of acohol on
driver behaviour was sudied in a driving Smulator and on a dosed course. Both methods gave essentially the same
results. Alcohal increased speed variability and the number of times the speed limit was exceeded. As drivers were
well aware of the speed limit and the probability of detection, and since speed feedback was available both visually
and aurally, the increased variahility suggested decrements in the driver's perception and/or speedometer monito-
ring. Also the frequency of running red lights was increased by alcohol. The subjective probability of running ared
traffic light was affected by alcohol while risk acceptance was not affected by alcohal. Stein and Allen saw these
results as evidence that the driver's perception of speed and distance was impaired by alcohadl, and that the drivers
were unaware of this impairment. They concluded that the locus of effect of acohal on risk taking is on the
perceptua leve ingead of the risk acceptance levd. Wilde et a. (1989) invedtigated the effect of BAC on
performance on a response timing task and a genera knowledge quiz. The findings did not support the hypothesis
that acohal increases ddiberate risk taking. A significant increase in overconfidence in the cognitive task was
observed under alcohol, but overconfidence and risk taking were not correlated.

In an on-road study by Caswell (1977) drivers performed severd tasks such as overtaking, driving on Sraight
road sections and curves and through narrow gaps while responding to road signas, traffic signals and auditory
signals in a subsidiary task. Alcohol resulted in increased speeds and poorer tracking performance. In an on-road
study of Smiley et al. (1986), alcohol a 0.05% BAC was associated with sgnificantly higher speed on Sraight
roads and in curves, Also, alcohol decreased the number of peripheral simuli detected. According to Smiley
(1986), in three of the four studies reviewed, where effects of alcohol on speed were recorded, acohol was
associated with an increase in speed while it significantly affected steering performance in a number of studies
(Smiley, 1989). In a study of Hansteen et al. (1976), alcohal increased the number of cones hit and the amount of
'rough vehicle handling' while it increased speed. Robbe (1994) tested the effect of alcohol on driving performance
during city driving. Alcohol decreased performance in 'vehicle handling' and ‘action in traffic, while speed was
increased. Subjects thought, however, that they had driven as well as following placebo and there was no effect of
alcohal on effort invested in the driving task.

In summary, acohol drongly affects perceptual and psycho-motor skills as well as performance on the
operational level of car driving. At the sametime, alcohol increases speed. In thisthe effect of alcohal is oppositeto
the effect of marijuana. It may then be hypothesized that a lack of compensation for impairmentsin performanceis
the cause for the very strong role of alcohol in accident involvement. Evidence was presented that suggests that
drivers are unaware of performance decrements under acohol. This may be somehow related to the absence of
compensatory speed changes and effort.

Conclusions and consequences for the present model.

Corrdation gudies in the tradition of the differential accident involvement approach have been unable to
demondrate a rdation between psycho-motor abilities and accident involvement, with the possble exception of
professional drivers. This may be explained by the sdf-paced nature of the driving task for private drivers which
allows compensation for poorer skills, such that effects of psycho-motor abilities on accident involvement are
decreased. Because the driving task for professional driversis often controlled by time schedules and fixed driving
times and routes, their task is more of a forced-paced nature. In the differential accident involvement approach a
relation between psycho-motor abilities and driving performance was assumed ingtead of tested and driving
behaviour on both the operationa and thetactical level typically was not examined by this approach.

The effects of individua differencesin psycho-motor abilities on behaviour on the grategic and the tactical level
was illugrated by the case of the elderly driver. Accident involvement of the elderly driver is much lower than
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expected from the skill modd. A possible cause for this may be that behaviour on the strategic level and the tactical
level is adapted to poorer psycho-motor abilies of elderly drivers, in the sense that these drivers often refrain from
driving in the dark, under bad weather conditions and so on, and that they drive with lower speeds.

Variations of skill within the driver as a function of temporary states were illustrated by examining the effects of
marijuana and acohal. These studies have supplied strong evidence for effects on psycho-motor abilities and
operational performance, together with effects on tactical behaviour. Evidence was presented that supports the
hypothess that effects of marijuana on accident involvement are tempered because of compensation of behaviour
on the tactical level for degradations of perceptual-motor abilities and operational performance under marijuana,
and that the driver perceives the feedback of poorer operational performance. Alcohol aso strongly affects
perceptua -motor abilities but the driver appears to be unable to perceve this. This may explain why the driver does
not compensate behaviour on the tactical level which may be the cause for a strongly increased accident risk. The
results are consistent with the idea that behaviour on the tactical level is adapted by decreasing speed or increasing
headway when feedback of operational performance decrementsis perceived by thedriver.

Theresults presented so far, are summarized in figure 1 asafirg attempt to describe amode of driver adaptation.
Individual differencesin psycho-motor abilities, for example as a function of age, and effects of temporary states
induced by marijuana or alcohol on these ahilities affect operational car driving performance.

individual differences

elderly driver

@

psycho-motor operational
abilities performance

temporary sfates feedback

moni forced pace
marijuana > o effort
self paced
alcohol factical
behavior

Figure 1. Modd of driver adaptation, derived from the discusson of skill modds

i

Normally, these effects are monitored by the driver and the driver perceives the feedback of these effects, although
this may be inhibited by alcohol. Two kinds of adaptation may occur. Either behaviour on the tactical level is
adapted to compensate for decreased operationa performance, if driving is sdf-paced. If driving is not sdf-paced
the driver may also increase effort to improve operationa performance or, aternatively, the driver may adapt
behaviour on the Strategic level by deciding to give up driving for awhile or atogether, or by avoiding driving in
bad conditions.

Thus far, only the effects of poorer operational performance have been examined, resulting mainly in decreased
speeds. The reverse, better performance resulting in increased speed has not been examined. However, in the
motivational mode s, discussed in the next paragraph, it is argued that behaviour on thetactical level, such as higher
speed or smaler headway during car-following, are the result of mativational factors ingead of improved
performance.
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2.3 Motivational models of car driving

During the seventies driver behaviour modding shifted to motivational approaches as dternatives for the skill
modd. The main reason for the rise of motivationa models was the rejection of accident proneness as an
explanatory concept and the disappointing results of the differentia accident involvement approach (Summala,
1985; Naétanen and Summala, 1974). The fact that increasing driver skills and decreasing environmental demands
did not result in increased traffic safety in a straightforward manner was attributed to the sdf-paced nature of the
driving task in which the driver is able to contral task difficulty. The emphasis of the motivationa modds on
transent or Stuational factors came as aresponseto theindividua difference approach of the skill modd (Ranney,
1994). The actua behaviour of the driver in any given traffic situation was given more importance than the
maximum level of performance. The motivational mode s that emerged in the seventies were based to a large extent
on afew articles, written in the Sixties, that Sressed the sdf-paced nature of the driving task. Taylor (1964) claimed
that galvanic skin response (GSR) per unit of time was congtant. He regarded GSR as a measure for subjective risk
and hypothesized that the driver adjusts the level of risk taking to keep emotional responses on a congant level. In
this view, speed was adjusted to keep subjective risk on a constant level. This notion of compensation by adjusting
speed differs from compensation as discussed in previous paragraphs. Taylor (and the motivational modds in
generd) conjectured that speed was adjusted to compensate for subjective risk, while the viewpoint expressed in
previous paragraphs suggests that speed is adjusted to compensate for degradations or improvementsin operationa
performance. Both viewpoints dress the importance of the self-paced nature of the driving task. The Risk
Homeostasis Theory of Wilde can be seen as a descendant of the principle formulated by Taylor. Cownie and
Calderwood (1966) argued that accidents are the product of a simple closed-loop process in which feedback from
the consequences of driver actions and decisions play an important role. They emphasized the importance of
finding a good balance between mativating and inhibitory forces of positive and negative motivating events. This
viewpoint has played an important rolein the modd of Nédténen and Summala.

Motivational models of driver behaviour have become synonymous with modes of risk taking. The most
important variants are Wilde's Risk Homeostasis Theory, Né&ténen and Summalas Zero Risk Model and Fuller's
Threat Avoidance Model. The rdation between motivations other than risk taking and driving behaviour has been
examined in a limited number of studies, for example French et d. (1993), Rothengatter and de Bruin (1986) and
Rothengatter (1988). French et d. (1993) invedtigated the relation between decision-making style, driving style and
accident rates. The results of this study do not give an indication how behaviour on thetactical levd is affected by
motivational factors. Speed is described as an aspect of driving style together with more motivational concepts such
as social resgance and deviance. This indicates that the concept of "driving style" is not clearly defined since it
mixes overt behavioural manifedtations with covert motivational constructs. Because of this it is difficult to
integrate with other approaches discussed in thisthess. Rothengatter and de Bruin (1986) and Rothengatter (1988)
examined the relation between gpeed choice and motivational factors within the framework of Fishbein and Ajzen's
mode of reasoned action. It was found that speed choice is determined by four mativational factors: pleasure in
driving, risk, travel time and costs. Pleasure in driving proved to be the strongest determining factor of speed
choice, such that the subjects with the highest speed scored highest on pleasure in driving. However, pleasure in
driving was aso rdated to the top speed of the vehide and thus to vehicle characterigics: drivers of high
performance cars scored higher on pleasure in driving compared to drivers of low performance cars. This was
explained by suggesting that drivers with more pleasure in driving, as a characteristic of the person, are more
inclined to buy high performance cars. However, the reverse could aso be true drivers of high performance cars
may enjoy driving fast more than drivers of low performance cars because the car allows better control at higher
speeds. Thisissue should be consdered in further studies.
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Risk Homeostasis Theory.

Risk compensation modd s propose a genera compensatory mechanism whereby drivers adjust their driving (e.g.
speed) to establish a balance between what happens on the road and their level of accepted subjective risk. Wilde's
Risk Homeogstasis Theory (RHT) is based on the assumption that the level of accepted subjectiverisk isardatively
stable personal parameter. An important implication is that drivers will nullify the effects of safety improvements
by driving faster or behaving less cautious in general. This hasresulted in consderable controversy. RHT (see for
example Wilde, 1982), previoudy known asrisk compensation theory (for example Wilde, 1976), consgtsin fact of
two modds, an individual mode of driver behaviour and an aggregate mode that relates driver behaviour to
accident rate. In the individual modd the driver isassumed to have a target level of risk that represents the amount
of accident risk the driver accepts. Thisis continuoudy compared to the perceived level of risk which isan estimate
of the accident risk in theimmediate future. The perceived level of risk is determined by the vehicle path, the road
environment and paths of other road users (the simulus Situation) and anticipations regarding the devel opment of
the stimulus situation in time. When thereis a discrepancy between perceived risk and target level of risk the driver
makes a behavioura change, ether inthe direction of reducing the leve of risk if perceived risk islarger than target
level of risk, or in the direction of increasing the level of risk if the reverseis true. This results in a homeostatic
processin which the driver aimsto match the perceived level of risk with the constant target level of risk.

The name 'risk homeostas s theory is, however, essentially derived from the aggregate modd, seefigure 2. Again,
drivers compare the perceived leve of risk with the target level, resulting in adjustment actions. Aggregated over al
road users over a given time span, these adjustment actionswill produce therate of accident frequency and severity.
This has a lagged feedback on perceived risk. Decreased accident rates then decrease perceived risk after some
time, resulting in adjustment actions that increase accident risk in a homeostatic way. The only factor that affects
accident risk then isthetarget level of risk. In the aggregate modd, skills play somerole, athough improvementsin
skills are unlikdy to have a lagting effect on accident frequency and severity (Wilde, 1981). Perceptual skills
determine the extent to which subjective risk corresponds to objective risk. It isimportant to note here that Wilde
does not think that improving risk perception skills will improve traffic safety. Decision kills refer to the drivers
ability to bring about the desired adjustment, while vehicle handling sills determine the extent to which the
planned actions are executed properly. In the individua model of risk compensation skills only have a modest
influence on perceived level of risk and on the transformation of sensory input. Thus, the concept of skill, as
discussed previoudy, plays no role in Wildes theory. Individual differences areredricted to individual differences
in motivational satesthat may affect the target level of risk.
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Figure 2. Aggregate modd of Risk Homeostasis Theory (from Wilde, 1982).
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The effects of motivations on choice of time-headway (THW) during car-following has been studied by Heino et al.
(1992). Drivers were classfied as sensation seekers or sensation avoiders depending on their scores on personality
inventories. It was expected that sensation seekers seek more risk and are thus characterized by a higher level of
target risk. It was found that sensation seekers followed at a smaller THW which is associated with higher objective
risk by several authors. However, Heino found that this smaller THW was not associated with a higher subjective
risk. It appeared then that both sensation groups accepted the same level of risk, and thus did not differ in target
level of risk, but for sensation seekers this perceived level of risk was achieved at a smaller THW compared to
sensation avoiders.

Meanwhile the discussions concerning the validity of RHT have gone on for years. Evidence provided by Wilde
supporting RHT has been refuted by various counterexamples (for example, McKenna, 1982; Evans, 1985). Even
more controversy has arisen over Wilde's hypothesis that safety improvements will not work unless it affects the
target level of risk (McKenna, 1988). The ability of drivers to monitor accident risk has been questioned and the
assertion that drivers experience or accept risk has been challenged (for example, Evans, 1991). The plausbility of
seeking some level of risk has been serioudy doubted and according to severa authors drivers seek the lowest
possible, or zero, level of risk.

Zero Risk Theory.

Né&dténen and Summala (1974, 1976) have presented a mode of the driver's decison making that has become
known as the zero-risk theory. In this modd motivationa factors such as subjective risk, other motivations and
vigilance determine driver decison-making and behaviour, see figure 3. The subjective risk monitor is a crucia
element in this modd. It was conceptualized as a monitor that generates subjective risk or fear depending on the
experienced risk in the present or expected traffic Stuation. Activation of subjective risk inhibits ongoing behaviour
in the sense that it results in behaviour such as dowing down. It also has an inhibitory effect on subsequent
behaviour in the sense that drivers learn to behave more cautioudly in smilar Stuations. However, most of the time
subjective risk equals zero. Other moativations provide an excitatory component resulting in increased speed. These
other motives are affected by personality factors such as aggressiveness and the sate of mind of the driver. Several
changesin the traffic environment may affect subjective risk. Drivers may drive faster or overtake other cars more
frequently before subjective risk is experienced. The best traffic safety measures are those that decrease objective
risk but increase subjective risk.
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Figure 3. The zero-risk model of N&éténen and Summala (from N&étdnen and Summala, 1976).

An important difference with the risk homeostas's theory is that in the zero-risk theory the driver is assumed to
accept no risk at al, that is, the target leve of risk is zero. N&&tanen and Summala state on the one hand that
subjective risk is an important determinant of driver behaviour (as an inhibitory factor) while on the other hand
mog of the time subjective risk equals zero. Fuller formulated his Threat Avoidance Modd, to be discussed |ater,
partly in response to this inconsstency. In later publications by Summala (1985, 1988) the concept of subjective
risk was more or less abandoned as an explanatory factor in driver behaviour: it isnot risk that the driver attempts
to control, but instead, drivers control and maintain safety margins, snce normally the driver gives no consderation
torisk (Summala, 1988). The concept of subjective risk should be reserved for ‘arm-chair estimates’ of the risks of,
for example, traffic scenes shown to subjects for research purposes (Summala, 1988). He stated that the output of
the subjective risk monitor was meant to represent a fear response resulting from the perception or expectation of
loss of control over the car or of being on a collison course (Summala, 1986). The concept of 'perceived 10ss of
control' thus replaced the continuous control of subjective risk. Taylor (1976) postulated that subjective risk is
equiva ent to the perception of loss of contral. The relative unimportance of subjective risk in the zero-risk theory
was further exemplified by Summala by his observation that as drivers become more experienced driving becomes
more automated and feelings of uncertainty or fear related to perceived loss of control decrease because confidence
in control skillsincreases. He regarded the fact that drivers are not very well able to take account of the objective
variance in the traffic system as the most important point of the zero-risk theory. The second main point is that
different kinds of motives push drivers towards higher speeds and if the traffic system provides (environmental)
opportunities to satisfy these matives, drivers areinclined to use them. Thisisnot risk compensation but merdy the
result of atendency for satisfaction of motives. Examples of such motives are that high speed as such is motivating
and higher speeds mean shorter travel times. Also the conservation of effort is seen as an important motive resulting
in a reluctance to sow down. Speed also provides outlets for many other 'extra motives such as the mative to
demondrate driver kills to peers. In order to improve traffic safety, drivers should be prevented to satisfy their
motives by introducing speed limits.

Thus, the zero-risk theory has undergone significant changes in time. The role of the inhibitory forces associated
with subjective risk has diminished while the excitatory motivational components are emphasized more strongly.
Also, the concept of safety margins has replaced the concept of subjective risk and "perceived loss of control' has
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become an important factor in the control of safety margins. Although thisis not stated explicitly by Summala, 10ss
of contral is grongly related to performance on the operational level. Because safety margins appear to be
underlying controlling variables of driver behaviour, different subtasks such as lane keeping, car-following, curve
negotiation, gap acceptance and overtaking should be analyzed in more detail (Summala, 1988). The concept of
safety margin will be discussed later.

Yet, a large number of studies have focused on one aspect of the early verson of the zero-risk modd: the
assumption of a discrepancy between subjective and objective risk. A threshold for risk perception is assumed, and
risk compensation occurs only if this threshold is exceeded. Below this threshold subjective risk is experienced as
zero. The idea then became in vogue that risk perception may be distorted as a function of severa factors such as
age or driving experience. Mogt studies on risk perception have focused on the young driver and these will be
reviewed later.

Threat Avoidance M odel.

Although the Threat Avoidance Modd of Fuller istypically classfied asamoativational theory it isactualy morea
theory of learning applied to car driving. Fuller (1984) has formulated his threat avoidance modd of driving
behaviour partly in an attempt to solve two problems associated with the zero-risk theory. Thefirst problem wasthe
dissociation between subjective and objective risk in the zero-risk modd. The second problem was that subjective
risk reactions congitute an important determinant of decision making while at the same time the driver feels no
subjective risk most of the time. Since the experience of subjective risk is aversive drivers are motivated to escape
from gdtuations that dicit subjective risk or to avoid those stuations. Thus, subjective risk reactions are important
determinants of behaviour assuming that drivers are able to anticipate and make appropriate adjustments to
upcoming hazards. If driving conssts to a large extent of |earned avoidance reactions drivers will rardy experience
any subjectiverisk at al.

Figure 4 gives a representation of the modd. Because, in general, the driver's own actions determine whether or
not interactions with the road environment will be punishing, stimuli in the road environment have an aversve
potential. A discriminative stimulus is some precursor of a potential aversive stimulus which has been learned by
association. Severa consequences are experienced as aversve. These may be very common consequences such as
loss of sdlf-pacing in the driving task and a state of high arousal, or less common consequences such as loss of
vehicle contral, physical injury, material damage, loss of sdf esteem and so on. The driver then is motivated to
prevent these negative consequences and not just to avoid the experience of subjective risk. The discriminative
stimulusisafunction of the drivers perception of speed, the road environment and <Kkill. It is an integration of these
features projected into the future. For example, the combination of a particular speed, a curve that is approached
and an edimate of present vehicle handling skills determine together whether this condtitutes a discriminative
stimulus. When perceived capability is a primary factor underlying the discriminative stimulus some compensatory
response is generated that may consist of raigng the performance level or some behavioura adjustment such as
lowering the speed or increasing headway during car-following. It is then important to note that the issue of
feedback and compensation is solved in Fuller's model by assuming behavioural anticipatory avoidance responses
to a discriminative stimulus. A delayed avoidance response may occur if the anticipatory avoidance response is
inadequate. If there is a discriminative stimulus, the probability of an anticipatory avoidance response or a non-
avoidance response is both determined by the subjective probability of expected threat and by the rewards and
punishments of the response alternatives. If no discriminative stimulusis detected then ether no threat isrealized or
athreat occurs demanding a delayed avoidance response of the driver.
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Figure 4. Fuller'sthreat avoidance modd (from Fuller, 1984).

This may occur because of perceptua errors, inadeguate learning to recognize a discriminative stimulus,
unpredictable behaviour of other road users or sudden mechanical failure. If the driver makes no anticipatory
avoidance response a delayed avoidance response represents an escape from an aversive gimulus. Learner drivers
are more likely to make delayed avoidance rather than anticipatory avoidance responses than experienced drivers
because they have not yet deve oped associations between discriminative and potential aversve stimuli. The higher
accident involvement of young drivers was explained by this lack of associations, while N&&tdnen and Summala
(1976) attributed the high accident involvement of young drivers to the reative srength of 'extra motives in this
group, such asthe desireto drive at high speeds.

Based on this framework, Fuller suggested that there may be drivers who are predominantly anticipatory
avoidance responders while others are predominantly delayed avoidance responders. This may then be rdated to
individual differences in the ability to detect hazards. This ability has been referred to as 'hazard cognition' by
severd authorsand it is believed to be rel ated to accident involvement of young and inexperienced drivers.
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Individual differencesin motivations: the young driver.

Young drivers, especially males, from 18 to 24 are dramatically more often involved in accidents compared to
drivers of other age groups (Evans, 1991). This overinvolvement of young male driversin the accident satigicsis
one of the most consstently observed phenomena in traffic throughout the world. A confounding factor is that
young drivers usually are the least experienced. Simpson (1986) stated that the reason for the high involvement of
young driversin vehicle accidents, even when exposure to risk is controlled for, is not clear. While young people
from 16 to 24 years of age represent 17% of the Canadian population, they account for 31% of all traffic fatalities,
33% of al traffic injuries and 58% of all driver fatalities in Canada. Because risk is usualy applied as an
explanatory concept for the high accident involvement of young drivers, studies on thisissue are discussed here,
The meanings of the risk-rdated concepts will be discussed firgt as they are applied in the case of the young
driver. Risk-taking is something which is usualy inferred from observation of behaviour (Saad, 1989). Traffic
researchers often assume that high speed and dose following carry a higher objective risk. Drivers who display
such behaviours are then assumed to take morerisks. Jonah (1986) has given several examples of higher risk-taking
in young drivers. Young drivers have been reported to drive at higher speeds (for example Wasidewski, 1984;
Soliday, 1974), athough the corrdation between speed and age is generadly very low. Also, younger drivers have
been reported to follow at smaller headways (Evans and Wasidewski, 1983). This behaviour associated by a
number of researchers with higher risk taking in young drivers, is often seen as evidence that young drivers either
deliberatdy seek more risk or accept a higher target level of risk, and thus have a higher risk acceptance or risk
utility, or have a deficient risk perception, i.e they fail to see the risk involved with such behaviours. The former
concept is associated with Wilde's modd while the latter is more closdy associated with the mode s of N&atanen
and Summala and Fuller. Both concepts have been used as expressions of subjective risk. One of the problems with
risk research centers around the conceptua vagueness of the term 'subjective risk'. It isnot always clear whether it
refersto afailure to percelve the potentia danger (hazard perception), to an underestimation of the probability of a
certain event (subjective estimation of objective risk), to the driver's poor appreciation of his or her ability to cope
with the dtuation, or to attitudes and motives regarding safety (risk acceptance) (Saad, 1989). Haight (1986) argued
that the only valid meaning of the term 'risk’ refers to empirical probability or expected cod. In that caserisk isa
dtatigtical concept referring to the outcome of behaviour on a highly aggregated level. In such a view thereislittle
room for terms such as subjective risk, risk perception or risk acceptance. Another problem associated with some
risk research is the circularity in reasoning. The explanation for behaviour associated with a higher objective risk,
resulting in more accidents, isthat drivers ddiberately want a higher objective risk or fail to see the objective risk
involved. So the behaviour to be explained is explained in terms of the outcomes of precisely the same behaviour.
The high accident involvement of young drivers has often been attributed to poorer risk perception, resulting in a
larger discrepancy between subjective risk and objective risk for young male drivers. Jonah (1986) stated that, even
though young drivers may perceive as much risk while driving as older drivers and thus do not deliberatdy seek
more risk, they may be more confident in their ability to avoid an accident. In Jonah's review, risk perception was
meant to reflect the subjective estimation of objective risk. He presented some evidence that younger drivers had
poorer risk perceptions in the sense that they estimated objective risk lower compared to other age groups.
However, it is not dear what this means. Basicaly, the subjects were asked about their knowledge of dtatitical
facts over which even traffic researchers are still debating. Wilde's modd is the only risk model that assumes that
knowledge of drivers concerning Satistical accident risk affects behaviour. It has been objected by many authors
that it is highly unlikdly that drivers are aware of accident statigtics or that these play any rolein driving behaviour.
Finn and Bragg (1986) also measured subjective risk or risk perception as the estimation of objective risk as a
datigical phenomenon by asking questions such as 'how many people were killed in traffic accidents in
Massachusetts last year'. Although it was found that young drivers see driving as more dangerous when genera
guestions about accident risk were asked, and they recognize that their age group is at greater risk of accident
involvement compared to other age groups, they see their own chances to be involved in an accident as lower
compared to their own age group and ol der drivers when specific questions about their own risk are asked. Finn and
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Bragg saw this as evidence that young drivers differ from older drivers in lower risk perception and not in risk
acceptance and that risk perception, or at least seeing lessrisk in driving Situations compared to older male drivers,
may account for the high accident involvement of young male drivers. Bragg and Finn (1982) found that specific
behaviours such as speeding and tailgating were perceived as less risky by young drivers. They hypothesized that
the lower perception of risk in young drivers may be attributable to the greater confidence in their kill or belief in
their ability to handle a particular hazardous Stuation. Risk perception was thus connected with confidencein driver
skills.

Matthews and Moran (1986) assessed the reationship between perceived skill and perceived risk. In ther study
young (18-25) and middle-aged (35-50) male drivers completed a questionnaire on accident risk and driving ability
and gave subjectiveratings of risk to videotaped traffic Stuations. Y oung drivers gave lower ratings of accident risk
for driving situations which demanded fast reflexes or substantial vehicle handling skills. They rated their own risk
of an accident and driving abilities as being the same as for older drivers. However, they saw their peers as being
significantly more at risk and as having poorer ahilities than themselves. The data suggested that risk perception is
strongly related to perceived ability. Spolander (1982) found that drivers with three years of experience judged
themselves to have better driving skills compared to other drivers. The drivers who gave the highest ratings on skill
asoreported fager driving.

Brown and Groeger (1988) digtinguished two inputs to the process of risk perception: information on potential
hazards in the traffic environment and information on the joint ahilities of driver and vehicle to prevent that hazard
potential being transformed into actua accident outcomes. Risk perception is the detection of any shortfall in the
ability to avoid redlizing the potential of immediate task and environmental hazards.

This short review makes clear that the concept of risk perception has more than one meaning which makes the
interpretation of results from these sudies difficult. On the other hand, subjective risk has been linked more and
more with (perceived) driving skills. This suggests that, at least in the mind of the driver, subjective risk redly
means fear of loss of control, as was suggested during the discussion of the zero-risk theory.

In another line or research, the high accident involvement rate of especially young male drivers has been associated
with the use of alcohol and drugs as a lifestyle-rdated phenomenon. Although as many as 50% of fatally injured
young drivers have been found to be positive for alcohdl, thisis dightly lower than the frequency for older drivers.
Also, it has become clear from surveys that drinking and driving is widespread among younger drivers although
they had typically consumed less alcohal than older drivers. In acohol related crashes younger driverstend to have
lower BACsthan older drivers (Smpson, 1986). Y &t, the high accident involvement among young drivers has been
attributed to risky driving behaviour as an aspect of adolescent lifestyle that is embedded in the same st of
personality and behaviour aspects as other kinds of adolescent problem behaviour such as delinquency, problem
drinking and illegal drug use and smoking (Jessor, 1986). Also, Beirness and Simpson (1986) found that accident
involved young drivers score higher on thrill and sensation seeking, alcohol consumption and frequency of drinking
while they score lower on traditional values and usage of seat belts. In short then, some authors believe that the high
accident involvement of young, and especially male, driversis a lifestyle related phenomenon resulting in a higher
deliberate risk acceptance or higher target level of risk, using the terminology of Wilde But in that caseit would be
expected that a higher percentage of accident involved young drivers are positive on acohol and have higher BAC
levels compared to older drivers. This obvioudy isnot the case.

It has frequently been reported that the reative risk of becoming involved in a fatal accident rises faser as a
function of BAC leve for younger drivers compared to older drivers (Simpson, 1986; Kretschmer-Béumel and
Kroj, 1986). In other words, with increases in the amount of acohol consumed, the accident risk increases for al
age groups, but much more rapidly for the young. Although the typical explanation for this has been the rdative
inexperience of young drivers with alcohol, driving and the combination of these, thereisno scientific evidence that
inexperience with drinking and/or driving is the cause for the stronger impact of alcohol on accident rate for the
young (Simpson, 1986; Mayhew et al. 1986). Although the reason for the interaction between age and BAC leve
on accident involvement is not clear, it suggeds that both factors share a common locus of effect, in the sense that
the factor that causes the higher accident rate of young drivers is aggravated by alcohal. In the discusson of the
effects of alcohol it was suggested that the lack of compensation for impaired performance may be the cause for the
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large role of alcohol in accident causation. Evidence was presented that drivers are unaware of performance
decrements under acohal which is possbly the cause for the absence of compensatory speed changes and effort.
From the same perspective it may be suggested that young and inexperienced drivers have nat yet learned to
recognize the effects of situationa factors on their performance and thus fail to compensate for these effects
resulting in speedsthat aretoo high for the circumstances.

Conclusions and consequences for the present model.

In the literature on risk perception it is often suggested that young drivers are more involved in accidents because
the discrepancy between subjective risk and objectiverisk is higher in this group. The reason proposed in a number
of studiesisthat young drivers tend to overestimate their own abilities, athough the overestimation of on€s abilities
appearsto be a genera phenomenon for al age groups. A drawback of studies on young driversisthat the problem
is often examined without smultaneoudy measuring operational and tactical behaviour. Following the line of
reasoning of thisthess, it may be hypothesized that the high accident involvement of young driversis caused by a
failure of young drivers to adapt their speed, or tactical behaviour in general, to the traffic Stuation, because they
overestimate their ability to cope with hazardous stuations and fail in the perception of feedback of operational
performance decrementsinduced by traffic situations, vehicle characterigtics or environmenta variationsin general.
Theinteraction between BAC level and age on accident involvement may then be suggestive of a common locus of
effect for both the factors alcohol and young drivers. However, it must be stressed that the lack of studies that have
examined explicitly the operational and tactical behaviour of young drivers prevents firm conclusions.

From the discussion of the motivational mode's, a second version of the modd of driver adaptation is presented in
figure5.
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Figure 5. Modd of driver adaptation, derived from the discusson of motivational modds.

Various dtuationa factors may affect operational performance resulting in a sense of 'loss of contral’. In general,
this effect is monitored, athough for young drivers monitoring or recognition of these effects on operational
performance may be hampered in some way. Associations between situational factors and the monitored effects on
operational performance are formed that result in adaptations of behaviour on the tactical level (anticipatory
avoidance responses, according to Fuller). There dso is a direct effect of performance monitoring on tactical
behaviour. The effects of age on accident involvement may also be explained in terms of fewer associations
between dtuationa effects and operational performance because of limited experience, resulting in fewer
anticipatory avoidance responses. However, the comments made on the young driver are highly hypothetical and
need to be verified by more rigorous experimentation.
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2.4 Adaptive control models

The adaptive control modes, referred to by Michon (1985), deal primarily with the operationa level of car driving
behaviour. These models have been inspired by the principle of adaptive control in which the human operator
adapts his control behaviour to the characterigtics of the system to be controlled. This concept resembles the use of
the term adaptation in this thesis. An important difference lies in the behavioura level at which this process of
adaptation occurs: in adaptive control modes adaptation occurs on the operational levd while in the modd of
adaptation discussed in this thes s adaptation occurs primarily on the tactical leve.

Michon (1985) distinguished between two different classes of adaptive control moded's; the servo-control mode's
and the information flow control modes. The firgt class is primarily concerned with manua contral in the context
of signals that are continuous in time, while the second involves discrete decisons. In practice, the digtinction has
somewhat vanished, resulting in hybrid models. Servo-control modes consider driving as a continuous tracking
task. These models have been applied to operationa performance of steering on straight roads and curves and to
obstacle avoidance maneuvers. Input sgnals are transformed by transfer functions into a vehicle output. Transfer
functions represent both driver and vehicle dynamics and contain lead components to account for preview or
anticipation of the driver and lag components representing driver and vehicleinertia

Y oung (1969) discussed a number of different types of adaptation to the system to be contralled. Input adaptation
refers to the ability of the operator to detect familiar or repeated patterns in the input and track thesein a predictive
or open loop fashion. The adaptive control models applied to the driver task mainly refer to input adaptation. The
best known is the STI modd described by McRuer e a. (1977). One variant of this mode, see figure 6, refersto
compensatory steering control on straight roads. In this model the driver is assumed to act as a regulator againgt
externa disturbances that arise from wind and road surface effects. Thus, operational performance is continuoudy
adapted to system disturbances and vehide characteristics. The steering whed output is determined by transfer
functions while the visual inputs to the mode are latera position and vehicde heading errors. In the ‘input
adaptation’ mode sthe predictable aspects of the steering task, such astherequired steering angle as determined by
the road curvature, are described as precognitive tracking while the random components in the input Sgnal are
handled by compensatory tracking. Another important type of adaptation is referred to as controlled dement
adaptation. This occurs when the operator changes his control strategy as an adaptation to changesin the dynamics
of the system. If adriver normally drives a sedan but changes to a sports car he has to adapt his steering behaviour
to the different steering ratio. In general, any change in vehicle characteristics or vehicle dynamics reguires some
form of controlled dement adaptation. In chapter 4 an experiment on steering during curve negotiation is
discussed. In the introduction of chapter 4 it is stated that required steering whed angle during curve negotiation is
determined by curve radius and by speed. Speed then changes the dynamics of the system to be controlled and
requires an adaptation of steering wheel angle as a form of controlled element adaptation. In that sense speed is
conddered asa ‘property’ of the system to be controlled instead of aform of operator adaptation on its own. In
the adaptive control modd s, the operator is described as someone who responds to the task-characteristics instead
of someone who actively creates the task. However, because the driving task is sdf-paced most of the time, the
behaviour of the driver affects the dynamics of the task.
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Figure 6. STl compensatory steering modd (from Reid, 1983).

Some pr operties of the adaptive control models.

A consgtent feature in attempts to validate these mode s with human driversis that subjects are ingructed to drive
with a fixed speed, thereby excluding possible effects of tactical behaviour on operationa performance. Also, the
parametersthat are found using human drivers often apply to only one Situation. Variation in speeds and curve radii
will affect the parameters of the modds (see for example Donges, 1978). It is argued here that operationa
performance and behaviour on the tactical leve are interdependent and should both be incorporated into a sngle
modd.

There are a large number of examples that suggest that speed is used to compensate for detrimental effects of
various task-related and situational factors on operationa steering performance. For example, Good and Baxter
(1986) used the STI modd to study steering performance as a function of roadway delineation. The qudlity of
steering was expressed, among other things, by the remnant that accounts for that part of the manual control output
that is uncorrdated with the input. A smaller remnant then indicates better steering performance. Wider edge lines
resulted in a smaller remnant because of improved vehicle guidance. However, wider edge lines also resulted in
higher speed. Also, day time driving resulted in better steering performance and higher speed compared to night
time driving. Thus, it appears that factors that improve steering performance result in higher speeds. However, the
effects on gpeed are not accounted for by the mode and are consdered undesirable artifacts.

Tenkink (1988) studied the effects of sight distances of 27, 37 and 183 meers with fixed speeds.
Standarddeviation of lateral position (SDLP) increased with higher fixed speeds over al sight distances with steeper
increases for smaller sight distances. A smaller Sght distance resulted in alarger SDLP at a given speed. Lowering
sight distance thus deteriorated steering performance and this was aggravated with higher speeds. However, if
drivers were alowed to choose their own speed, reductions in sight distance resulted in the choice of lower speeds
while SDLP was maintained on ardatively congtant level, except for very short Sght distances of 27 meters where
speed was not reduced enough to prevent an increase in SDLP. According to Tenkink, a safety margin based on
time may have caused the speed reduction under reduced sight distance, because the speed-distance curve appeared
to approach aline through the origin, with a dope corresponding to a minimum time of 1.2 seconds for driving on
straight roads. Harms (1993) a so studied the effect of reduced sight distance on speed choice and lane keeping. She
found that reduced sight distance resulted in the choice of alower speed, while SDLP was unaffected, even with the
shortest sight distance of 30 meters. She suggested that the speed reduction had prevented a deterioration of lateral
control performance as afunction of sight distance.

These studies suggest that situational factors that affect operational steering performance are compensated for by
speed choice if task conditions are self-paced. If drivers are not given the opportunity to adapt behaviour on the
tactical level they are forced to improve behaviour on the operationa level, and it is under these conditions that the
adaptive control modelsare normally tested.
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In most adaptive control mode s lateral position deviations, heading angle and anticipated curvature are trested as
the input variables that are continuoudy transformed into a steering whed angle. The validity of theinput variables
and the assumption of continuous minimization of errors has been challenged by a number of authors. Riemersma
(1987) performed a number of experimentsto find the visual cuesthat are used by the driver in steering control. He
found that control of lateral position aloneisnot sufficient for lane keeping in straight road driving and that heading
angleisnot directly used as an input variable in steering control, in contrast to the assumption of adaptive control
modds.

Blaauw (1984) studied the multitasking aspects of car driving. A monitoring function was assumed to supervise
manual control associated with steering and speed control on the operational level. Because of a supervisory
function, perceptua and control actions are not executed continuoudly, in contrast to the assumption of the adaptive
control modds, thus alowing free time in-between control actions. Experienced drivers adjusted their steering
control better to increased task demands invoked by driving with a constant speed or night time driving compared
to inexperienced drivers. Also, in sdf-paced conditions where drivers were free to choose their own speed,
increasing task demands by occlusion or night time driving resulted in the choice of lower speeds.

Godthdp (1984) questioned the assumption of the adaptive control models that the driver behaves in a closed-
loop error-correction mode in which continuous attention is alocated to the steering task. He applied the Time-to-
Line-Crossing (TLC) asameasure that reflects thetime available for the driver before a correcting steering action is
needed to prevent a lane boundary exceedence. The amount of timethe driver voluntarily refrains from using visua
feedback (occlusion time) corresponded closely with TLC values. This means that when the driver has less time
availableto postpone correcting steering actions, arequest for visua feedback is made sooner. Thisimpliesthat the
driver isaware of the time available and that correcting steering actions are generated when some TLC criterion has
been reached. Drivers chose occlusion times of about 40% of the available time, irrespective of speed. Also, if
steering corrections during the occluson interval were larger, the driver requested visua feedback sooner,
suggesting awareness of the driver's own steering behaviour and a compensatory effect on visual sampling. When,
in Godthel p (1984), drivers were asked to switch to error-correction when vehicle motion could gill comfortably be
corrected to prevent a crossing of the lane boundary, it appeared that drivers chose a strategy where TLC on the
moment of steering correction was about congtant over different (fixed) speeds. This constancy of TLC over speed
was obtained without occlusion, while the grategy of requesting visua feedback when 40% of available time was
reached occurred under ocdusion. This difference was explained as a result of the degree of uncertainty regarding
the vehidetrajectory. Thus, Godthelp found strong evidence that steering control is not continuous, that driversare
sengtiveto TLC and that TLC information is used in steering contral.

The relation between vehicle dynamics and operational behaviour congtitutes an important aspect of adaptive
control models. Godthd p and K&ppler (1988) found that changing the vehicle characteristicsto heavy understeering
resulted in increased steering control effort but smilar lateral control performance, as evidenced from TLC contral
performance, compared to a normally understeered car, because drivers were able to develop an accurate internal
representation of the vehicde dynamics. In both normal and heavy understeered cars the accepted occlusion times
were about 40% of available time, independent of (fixed) speed. This suggedts that drivers adapt their visua
information intake and steering behaviour to the dynamic characterigtics of the vehicle such that the same Srategy
is maintained. From the results of Godthdp and Ké&ppler it may be inferred that drivers are sensitive to vehicle
handling properties and change their operationa behaviour as a function of this if the driver is required to drive
with a fixed speed. This may be considered as an example of controlled € ement adaptation and thus as an example
of adaptation of operational behaviour. A number of other studies have revealed effects of vehicle characteristics on
tactical driver behaviour. Rumar et al. (1976) studied the effects of studded tires on speed choice in curves. Drivers
with studded tires drove faster compared to drivers with unstudded tiresin icy road conditions. This did not result in
lower safety, since the 'safety margin', defined as the difference between real and critical lateral acceleration, was
larger with gudded tires. Summala and Merisalo (1980) also found that drivers with studded tires chose higher
speedsin curves in low-friction conditions and that the safety margin was greater for drivers with studded tiresin
dlippery conditions. The higher speeds with studded tires in low friction conditions may be regarded as an
adaptation of tactical behaviour to theincreased friction coefficient induced by studded tires. Also, the acceleration
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capahility of cars has been shown to affect behaviour. Evans and Herman (1976) found that drivers accepted
smaller gaps with oncoming cars while negotiating intersections if the accel eration capability of the car was higher.
However, the physical safety margin was not negatively affected by acceleration capability. Also, newer cars used
higher levels of deceleration compared to older cars when they stopped at Sgnalized intersections (Evans and
Rothery, 1976). This was explained as a poss ble adaptation of behaviour (on the tactical level) to compensate for
reduced mechanical conditions in older vehicles. Evans and Wasdewski (1983) found that drivers of newer cars
and cars with intermediate mass followed with a smaler time-headway. This may also be the result of better
decedleration capabilities of newer cars Evans (1991) postulated that improved braking and vehicle handling
characterigtics result in increased speeds, closer following and higher speeds in curves. When safety changes are
invisble to the user as may be the case with seat belts and increased crashworthiness, there is no evidence of any
measurable human behaviour feedback. A smilar point was made by Lund and O'Neill (1986). Design changesthat
reduce the likelihood of a crash do have an effect on behaviour. They stated that how a car is driven depends on
feedback to the driver about the car's handling characteristics. Vehicdlerdated factors may then affect both
operational and tactical driver behaviour depending on the visihility of the feedback.

Conclusions and consequences for the present model.
Adaptive control mode s study the effects of system characteristics on operational behaviour without establishing a

link with behaviour on the tactical leve. Also, adaptive control models assume that continuous attention is being
allocated to the steering task resulting in continuous error correction.
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Figure 7. Modd of driver adaptation, derived from the discusson of adaptive control models and related research.

Under forced paced conditions effects of vehide characteristics and Stuational factors generally affect operationa
behaviour asis predicted by the adaptive control models. However, car driving is a sdf-paced task mogt of thetime
and it is under these conditions that speed reductions generaly occur, possbly as an attempt to compensate for
effects on operational performance. Evidence was presented that a time-based variable, TLC, is used by the driver
as a criterion for generating corrective steering actions. TLC is determined by operational steering performance,
vehicle characteridics, speed and lane width. Effects of situationa and vehiclerdated factors on seering
performance and vehicle dynamics may then be compensated for by a speed reduction, such that a constant safety
margin is maintained.
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From the discussion of the adaptive control modd s, a third verson of the modd of driver adaptation is presented
in figure 7. Various dtuationa factors driving experience and vehicle characterigtics affect operational
performance. This effect is monitored and adapted for either via allocation of effort in order to improve operationa
performance, or viaan effect on behaviour on thetactical level.

2.5 Connecting operational and tactical behaviour: a driving model based on
safety margins

The adaptation model as it emerges from the discusson of the literature on driver models and driving behaviour is
presented in figure 8. Thismodd states that several factors affect operationa performance. For example, temporary
dtates, induced by acohol or marijuana, affect psycho-motor abilities while psycho-motor abilities affect
operational performance. Also, vehide related factors dtuationa factors and driving experience may affect
operationa performance in accordance with the adaptive control models. The effects on operationa performance
are percaved via a feedback 1oop by the driver, although alcohol and young age may inhibit this. If driving is salf-
paced, the driver adjusts behaviour on the tactical level by either increasing speed or decreasing headway during
car-following if operationa performance isimproved, or by decreasing speed or increasing headway if operational
performance deteriorates. If there are no opportunities to adapt behaviour on thetactical levd, i.e. when the driving
task is forced-paced, the driver may elect in alocate more effort to increase operational performance. Adaptation of
tactical behaviour or effort allocation does not only occur as aresponse to momentary changes, but also in the form
of an anticipatory response. This response is the result of learned associations between various factors and effects
on operationa performance alowing an adaptation of tactical behaviour in the absence of an effect on operational
performance. For example, if the driver has learned the effects of rain on road friction and on operational steering
performance, he may already choose alower speed before these effects are actually experienced during a particular
period of rain
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Figure 8. Adaptation model of car driving.

However, the mechanisms by which this process works are still undear. The extent to which speed is adapted
cannot be predicted because of the lack of a unitary measure that incorporates both behaviour on the operational
level and thetactical level. An organizing principle may be found in the operation of safety margins. Earlier it was
mentioned that, according to Summala (1985), drivers maintain safety margins and that this process should be
analyzed in more detail in subtasks such as lane keeping, car-following, curve negotiation, gap acceptance and
overtaking. Rumar (1988) shares the point of view that drivers control safety margins instead of risk. He proposed
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that a safety margin may be operationally defined as an area of safe driving around the car, equivalent to the old
idea of the subjective dynamic fidd that expands in front of the car if speed is increased (Gibson and Crook,
referred to by Rumar, 1988). Safety margins can be operationally defined as distance or time related measures
(Summala, 1988), although they have aso been described in other terms such as a difference between actua and
critical lateral accd eration. Summala has mentioned thetime-to-line-crossing (TLC) and time-to-collison (TTC) as
examples of safety margins.

Operationa contral in car driving is usually separated into lateral control and longitudinal control. Latera control
refers to keeping the car within the lane boundaries or to steering away from objects that block the path of the
vehicle. Longitudina control refers to activities related to the control of speed, such as braking and use of
accderator and clutch. It is proposed here that the driver uses TLC as a safety margin during lateral control, while
TTC, or more generaly time-to-object (TTO), is used as a safety margin during longitudina control. Ofcourse,
TLC isthe same as TTO to either of the lane boundaries. Thus, safety margins are proposed to represent time-
related measures. Thishas a number of advantages. Because driving is a dynamic task in which the driver and other
traffic participants move with varying speeds, time may be used as a rdativdy congant parameter that can be
controlled by means of tactical adaptations of speed or headway. In addition to this, there is abundant evidence that
humans are very well equipped to perceive timeto gatic and dynamic objectsin dynamic Stuations.

Lee (1976) argued that drivers are able to control braking based on time-to-collison (TTC) information from the
optic flow field (visua angle divided by the angular velocity). This would enable the driver to judge the moment to
start braking and to control the braking process. The ability to use TTC information and the actual use of this
information has been established in a number of studies, referred to in subsequent chapters on car-following and
braking. Van der Horst (1990) showed that time-to-intersection (TTI) is used by the driver in the decision when to
start braking as well asin the contral of braking. The TTI at which the driver gtarts braking appeared to be rather
congtant over speed. In stopping for a stationary object the minimum TTC during the approach was also about
congant over different approach speeds. This suggeststhat time-to-object may be used as a safety margin the driver
isnot willing to exceed in longitudinal control tasks. Behavioural manifestations of adaptation on the tactical level
in longitudinal control tasks are adaptation of speed and of time-headway during car-following. It may be argued
that poorer performance in operationa control increases the chance that a TTO safety margin is exceeded. In
approaching a stationary object such as atraffic light, for which the driver has to stop, the driver may decrease his
speed earlier in order to compensate for this. During car-following, the driver may choose a larger time-headway.
This allows more time to react if the lead vehicle decd erates and thus minimizes the chance that a critical TTCis
exceeded.

As was dready mentioned in the previous paragraph, drivers appear to be able to estimate the TLC in lateral
control tasks, and thereis evidence that TLC plays an important role in seering control. If TLC istoo smal, it can
be increased by choosing alower speed. Thus speed adaptations alow control of a TLC-based safety margin.

Severa factors related to operationa performance, vehicle characterigtics, environment and behaviour on the
tactical level affect these time-based safety margins. TLC is affected by vehicle dynamics, steering performance,
speed, road width and curve radius. TTC is affected by braking characteristics of the vehide, braking performance
of the driver, initia headway, and behaviour of the lead vehicle. Thus, these measures of safety margin integrate
many different aspects of the driving task, such as operationa performance and tactical behaviour, and may be
regarded as good candidates for the unitary measures that serve as an organizing principle in the mode presented
here

The genera idea underlying the adaptation model isthat any factor that affects operational performance may result
in adaptation of behaviour on the tactical levd, if the driving task is sdf-paced and if the driver is able to perceive
these effects on operationa performance. In this, feedback of the effects on operationa performance may have a
direct effect on tactical behaviour. For example, windgusts affect operationa performance which, if detected by the
driver, result in the choice of alower speed. Alternatively, feedback effects may result in learned associations of the
effects of various factors on operational performance, resulting in anticipatory adaptation responses. If, for example,
the driver detects afog bank in the direction of the vehide path, he may aready decrease speed, athough the effect
of fog on operational performance has not been experienced yet. The speed reduction then is an anticipatory
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adaptation response resulting from associations learned in the past between fog and effects on operational
performance. If the driving task is not fully self-paced, the driver may elect to increase effort in order to improve
operational performance. Time-based safety margins are proposed as the regulating mechanisms of behavioural
adaptation. The grategiesinvolved in this are a matter of further experimentation.

In the experimental section of this thess two driving tasks, curve negoatiation and car-following, are analyzed in
more detail. Curve negotiation is essentially a lateral control task, while car-following is predominantly a
longitudina control task. Figure 9 presents a model for lateral control tasks. Figure 10 does the same for the
longitudinal control tasks of car-following. Both modeds are amost identical, although they differ in the kinds of
safety margins and behavioural adaptations.
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Figure 9. Modd for thelateral control task.
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2.6 Experimental validation of the model: research questions

Two different car driving tasks, negotiating curves and car-following, are studied in detail in the chapters that
follow. The goal of the six experiments discussed in the chapters 4 to 9 is to examine one aspect of the present
modd: the prediction that individual differencesin operationa performance affect behaviour on thetactical leve.

In experiment 1 the driver task of curve negotiation is analyzed. It focuses on the rdation between seering
performance and speed choice in curves with different radii. Drivers differ in steering performance in that some
drivers consgently commit larger steering errors than others. Curve radius is manipulated as an Stuational factor
that affects operational performance. In general, steering errors are larger in curves with smaler radii. It is then
investigated how speed is affected by curve radius and by individua differences in steering competence as an
adaptative response to steering performance. Drivers already decrease speed before the curve is entered and, thus,
before the effect of radius on steering performanceis experienced. The adaptation of speed then isassumed to be an
anticipatory adaptation response that has been learned by experience in curve negotiation. Time-to-line-crossng
(TLC) is used as a safety margin and it is explored whether this safety margin is affected by curve radius and
steering competence.

In the experiments 2 to 6 the longitudinal control task of car-following is analyzed. It is examined whether choice
of time-headway (THW), as behaviour on thetactica leve, is affected by operationa braking performance. During
car-following, the driver has to take account of the posshility that the driver of the lead vehide might brake.
However, the driver never knows when the lead vehicle will brake, and if it does, how hard it will brake and for
how long. It is then assumed that the driver has learned the quality of his or her own braking performance from
previous experiences and that this results in a preference for a specific THW. THW is the time available to the
driver to reach the same level of decderation as the lead vehicle in caseit brakes, without becoming involved in a
collison. Braking performanceis assumed to affect the time required to reach the same level of deceleration asthe
lead vehidle. Adaptation of THW may then be regarded as a tuning of available time to required time that is
determined by braking performance.

In experiment 2 it is investigated whether choice of THW is related to the ability to brake as fast as possiblein
situations where the driver knows that the lead vehicle will brake and the level of decdleration at which it will
brake. In this experiment the locus of effect of differencesin braking performanceis examined as well.

In experiments 3 and 4 it is examined whether choice of THW is constant over different speeds and whether
individual differences in choice of THW are consstent. In experiment 3 the role of time-to-callision (TTC) on the
moment the lead vehicle Sarts to brake is examined in detail. More specificaly, it istested whether the sengtivity
of the braking response to TTC information differs asa function of preferred THW. In experiment 4 the process of
braking itself is examined in more detail and a mode of braking is presented starting from modern theories of
perceptua-motor performance. The process of braking is separated into three sequential phases: a reaction time
(RT) phase, an open-loop phase covering the initial motor response, and a closed-loop phase during which visual
feedback is used to control the process of braking. It is tesed whether TTC on the moment the driver detects the
braking of the lead vehicle affects the early motor phase (open-1oop component) of the braking process and whether
the motor response differsasa function of preferred THW in unexpected emergency braking situations.

In the experiments 5 and 6 it is tested explicitly whether short followers differ from long followers in the open-
and closed loop phases of the braking response by manipulating both phases. However, in experiment 5 specific
task-related factors induced startle responses and vigilance effects requiring some methodological changes in the
final experiment. In experiment 6 the level of decderation of the lead vehicle is manipulated. This affectsthe TTC
on the moment the driver detects the decderation of the lead vehicle and this procedure aims to manipulate the
duration of the open-loop response. It istested whether the open-loop response of short followersis more srongly
affected by this manipulation compared to long followers. This would support the idea that the senstivity of the
motor responseto TTC information differs as a function of preferred THW, and thus, that short followers differ in
operational performance from long followers. It is aso examined whether preferred THW isrelated to differences
in performance in other tasks that require a fast dynamic perception-response coupling as a test of the hypothesis
that preferred THW is reated to perceptual-motor abilitiesthat are more genera than braking performance.
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Chapter 3

3. Instrumentation: the driving simulator

3.1. Background

The preparation of the experiments discussed in this thesis required a substantial amount of software design and
implementation for the TRC driving Smulator. A full description of the functionality and implementation of the
simulator is beyond the scope of this chapter. The reader is referred to other documents for more detail and
background (for example Van Wolffdaar & Van Winsum, 1992; Van Wolffdaar & Van Winsum, 1994). [edit
WVW: For amodern version of the software, see http://www.rijschool-simulator.nl/driving-simulator.html ]

The driving simulator of the Traffic Research Center (TRC) was developed as an ingrument for behavioural
research of driving. The GIDS project in which the TRC was involved at that time required a simulation testbed
for mathematical driving modeling. Because of the dynamic complexities of driver tasks in multi-vehicle traffic,
a dynamic traffic smulation was required as a test tool (Van Winsum and Van Wolffelaar, 1993). The objective
of GIDS, an acronym for Generic Intelligent Driver Support, was ‘to determine the requirements and design
standards for a class of intelligent co-driver (GIDS) systems that are maximally consistent with the performance
requirements and performance capabilities of the human driver.” (Michon and Smiley (1993). A prototype
system was devel oped as a demonstrator for the essential features of the GIDS concept. One of the functions of
the GIDS system was to compare required driving behaviour with actua behaviour. Required behaviour was
modeled for a number of driving tasks and implemented in a computer system (Van Winsum, 1991; McLoughlin
et al., 1993). It was decided at that time to design and implement a dynamic traffic simulation model and connect
this with the driving simulator under development. From that moment the driving simulator evolved as a
dynamic driving simulator with an interacting traffic world that could be connected to the GIDS system to serve
as atest bed. After this, the simulator was also used as a testbed for other external driver support systems.

However, most importantly, the simulator isan instrument for the study of driver behaviour. Because it is used
by researchers with very different questions and requirements, flexibility in software design has been considered
to be important. This was accomplished by using the object-oriented computer language C++, and a multi-
purpose UNIX machine instead of a single purpose dedicated simulation machine. To further increase flexibility
for the researchers and to facilitate the design and testing of the experiments reported in this thesis, a fourth
generation Smulation language, SSL (Scenario Specification Language), was devel oped for the specification of
experiments, together with a specification language (NSL, Network Specification Language) and software tools
for roadnetwork creation. Data-sampling and data-processing facilities were added to facilitate experimentation.

3.2 The structure of the simulator

The simulator is composed of a number of software and hardware components that are connected via interfaces.
The 'conventional’ driving simulator consists of a physical car mockup, a car model implemented in software and
a graphics system, together with a static road network environment. A dynamic traffic environment is added to
this. The structure of these components as well asthe object relations are shown in figure 1. In this figure several
types of relations can be seen. An "is-a" relation specifiesthat a certain object type is a subtype of an other more
abstract object type. For example, a BMW-car is some kind of car. This meansthat it inherits the functionality of
the more abstract object type car. A "has-a' relation specifies that a certain objects has another object as a
member. For example, a car has a traverser. The heavy printed arrows specify the direction of the flow of
information. For example, there is an information flow from the object roadnet to the object sensor. This means
that a sensor requests information from a certain instantiation of the object roadnet.
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Figure 1. Logical structure of components of the driving s mulator and relations between objects.

In addition to this, a number of facilities related to data-sampling and processing and experimental control are
added to the smulator.

Car cabin. The steering whedl, clutch, gear, accelerator, brake and indicators of the car (a BMW 518) are
connected to a Silicon Graphics Skywriter 340VGXT computer (IRIS). Electromotors and other eectronic
appliances are built in the car to excert forces on the pedals and steering wheel and to send data on the steering
whesel, accelerator pedal, brake pedal and indicators to the IRIS computer for further processing by the car
model.

Car model. The IRIS computer processes these signalsin a separate process referred to as the car moddl. The car
model is described in more detail in Spaargaren (1994). It computes the longitudinal and latera speed and
acceleration that are the result of physical characteristics of the car and the input from the car cabin. From this
the new coordinate position in the artificial world the car isdriving in is computed. The output of the car model
isused by the car traverser and by the graphics system. The traverser constitutes the link with the dynamic traffic
process while the graphics system presents the output of the full system in areal-time visual format to the driver.

Graphics system. On a projection screen, placed in front, to the left and to the right of the driver, an image of the
outside world from the perspective of the driver with a horizontal angle of 150 degrees is projected by three
graphical videoprojectors that are controlled by the graphics software. Images are presented with arate of 15 to
20 frames per second, resulting in a suggestion of smooth movement. The visua objects are buildings, roads,
traffic signs, traffic lights and other vehicles.
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In addition to this, the sound of the engine, wind and tires is presented by means of a digital soundsampler
receiving input from the simulator computer.

Logical network (Roadnet). The logical network is the static environment in which the simulator car and traffic
operate. The dtatic environment consigs of a database with a network of roads, traffic signs, traffic lights and
buildings. This database is used for the visualization of the environment by the graphics system and by the
artificialy intelligent traffic to evaluate the present situation. The database can be generated in two ways:

- by NSL (Network Specification Language). This is a user specification language, created for the TRC
simulator (Van Winsum, SSL/NSL specification release 1.2, 1994), by which a network of roads can be
specified as an ASCII text. Thistext is processed by an NSL interpreter program that generates a road network
database that is used by the simulator (Van Winsum, 1994, NSL scanner/ parser/interpreter computer program).

- by means of an interactive graphica program written in C++/OSF Motif (Van Winsum, 1993, program
WORLDED). The user can specify a network of roads by means of click and point operations. The output of the
NSL interpreter can also be used as input for this program to visualize and change the network.

The network consists of a structure of three base tables: a table with intersections, atable with paths and a table
with segments. An intersection is a point in the network coordinate system with 1..n, {n >= 1}, outgoing paths.
Coordinates are in meters. The following relations hold:

- n = 1: the intersection forms a terminal point in the network. If cars approach this intersection
they cannot proceed beyond the intersection and provisions are made to ensure that the car turns
around in the opposite direction as soon as the intersection is reached. The intersection has no
physical layout and has the appearance of an ending road. The implication is that it is not possible
for carsto move off thelogical world.

- n = 2: theintersection isavirtual intersection in the sense that it has no specific layout and is not
treated as an intersection by the traffic. The only purpose of creating such an intersection is for the
convenience of the network constructor.

- n > 2: theintersection has more than two branches.

An intersection is of a certain type (f.i. aroundabout), it can be controlled by traffic lights with a
certain control strategy, and it contains a list of references to outgoing paths. This list is ordered
such that the path connections to the intersections are counterclockwise. In addition to this the
intersection containsinformation about the layout, which is used by the graphics system and by the
traffic.

A path is alogical connection between two intersections and always has one direction. It must art a one
intersection A and end at one intersection B, where A may be equal to B. If A=B then the path islogically a
circular path. All paths have precisely one path in the opposite direction, referred to asa counterpath. It hasalist
of references to segments with 1..n eements, {n>=1} . This list is ordered such that the segments are in
successive order. A path also contains information on right-of-way at the intersection at the end of the path,
whether entry into this path is allowed, a reference to a traffic light at the end of the path if there is one, and
information on buildings on the right side of the segments on the path.

To every path an ordered list with references to cars is attached. This lig is ordered such that it reflects the
order of the cars on the path and it may be empty. Cars can be added or removed at any time during the
simulation process. In this way the simulator car and the computer controlled cars are connected to the static
environment. Because every car is an object in the software-engineering conception that it has its own functions
and data-structures, every car performs its own administration of detailed position (coordinates, distances from
the last intersection and from the edge of theroad etc.) in relation to the logical network.

The concept of path corresponds to the terminology of graph theory. Using that terminology, intersections are
nodes.
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The combination of nodes and paths may be described as a directed graph with the following properties:
- Suppose the network is represented as the graph G=(P,Z), with P being the set of intersections or
nodes and Z being the set of ordered relations between the intersections, then P = {0..n} with n >
0. The fact that al intersections are member of a set ensures that al members occur once. The
number of the intersections are in successive order. A set of intersections is, for example,
{0,1,2,3}, meaning that there are 4 intersections. The set {0,1,3,4} isincorrect because the number
2 ismissing.
- Z contains the relations between two nodes A and B, for example {{1,2}, {1,3}, {1,1}}. If {A,
B} isamember of Z then {B,A} isalso amember. This shows that all paths have a counterpath. A
road can be traveled in two directions and this is the reason that every path has a counterpath. If
only one-way traffic is allowed there are still two paths because physicaly it is possible to enter a
one-way street into the wrong direction although legally it is not allowed.
- Thefact that Z is described as a set suggests that the member { A,B} may occur only once. This
restriction has been abandoned for practical purposes. There may be more than one ingantiation of
the relation {A,B}. In that sense Z is not a set but a collection. This restriction was |oosened
because sometimes there is more than oneroad between two intersections.
- A further redtriction to the graph specification is that all nodes must occur in at least one relation,
that is, anode that is fully unconnected is not all owed.

A segment is represented as a line through the middle of aroadpiece. It can be either straight or curved and is
undirected. Segments are members of ordered lists connected to a path and the ordered list must contain al least
one segment. A segment must be a member of one and only one ordered list. Segments represent the physical
layout of the road, while a path represents the logical presence of a road. The direction depends on the path the
segment isin. If the segment is straight the two end points are given in coordinates. If it is curved the segment
contains the necessary information on the curvature, such as the radius, the centerpoint of the arc etc. A segment
has a certain lane-width. At present only two-lane segmentsare alowed.

Traffic signs, buildings and traffic lights are connected to the network and have a certain position, angle, and
type. Within the simulator program this roadnet representation is implemented as the separate object class in the
roadnet module (Van Winsum, 1992, computer program class c_roadnet, roadnet.c). This object performs its
own administration and can be queried from outside via an interface.

The following is an example of a definition of a ssimple network with NSL.

Define Inter[0] {
X :=100; Y:=100;
}

Define Segment[0] {
Type := Straight;
StartX := Inter[0].X;
StartY = Inter[0].Y
Length := 100;
Angle :=90;

In this definition a straight road of 100 meters with an absolute angle of 90 degrees is created, starting at
coordinate position [100, 100]. Paths are added automatically by the system. Since this definition of a network
would result in a path without an end node, the system creates an end node (intersection number 1). Since the
lane-width is not specified, the segment is assigned the default lane-width of 3 meters by the NSL system. In this
case the NSL interpreter creates 2 intersections, 2 paths and 1 segment, no traffic signs, traffic lights or
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buildings. NSL contains a number of geometric transformation methods and rules to assists the user and to make
it easer to build the network.

Traffic. Traffic consists of a list of cars that may be controlled by a human driver (the simulator car) or by an
artificialy intelligent 'driver’. Every car has a number of properties, such as a length, a width, a wheel-base and
s0 on and a number of objects that are needed for driving in the logical world. These objects are a traverser, a
sensor and a decision (control) mechanism. In the case of a human-controlled car the decision mechanismsis of
course the human driver who, together with the car model, determines the movement of the car. In the case of a
computer controlled car the decision mechanism is composed of a set of decision rules. Traffic isimplemented in
the simulator program as a separate object container class (Van Winsum, 1992, computer program class
c_traffic, traffic.c). It contains all kinds of methods for adding or removing cars from a traffic list. The class
traffic contains references to cars which may be very different in type. The mechanisms of late binding and
virtual classes and inheritance, which are properties of the object-oriented methodology used, ensure that in the
future all kinds of other moving objects such as pedestrians and bicyclists may be added to traffic. Every car has
its own instantiation of a traverser, sensor and control object. These objects also may be of different types. For
example, a human controlled car (the smulator car) would need a somewhat different traverser than a computer
controlled car or maybe a pedestrian.

In the case of a human driver, the output of the car model, i.e. the speed and the angle of lateral displacement,
are input for the traverser. For computer-controlled cars, the output of the artificialy intelligent decision
mechanism is the input for the traverser. The traverser calculates the lateral position (with respect to the right
side of the road), the longitudinal displacement with respect to the road, it connects the car to the network of
roads, checks which path is selected if the car is on an intersection and performs a number of other checks to
maintain the position of the car accurate with respect to other traffic. It uses deadreckoning techniques in this
process. The traverser is the interface between traffic and the road network and it al so connects the simulator car
with the interactive traffic world. The traverser is implemented as a separate object class in the simulator
program, such that every car has areference to its own instantiation of a traverser object (Van Winsum, 1992,
computer program class, c_traverser, travers.c)

The sensor isan object that really consists of a set of sensors. Both the human controlled car and the computer
controlled cars have a sensor object but they use it differently. In general, the sensor is used to 'look’ into the
network. In this way every car, including the smulator car, can evaluate the present type of road and curvature,
evaluate the distance and speed of traffic in front etc. This means that the sensor is an interface between the
network and the car in that it requests information from the network. The human controlled car uses this
information for data storage purposes and to give input to driver support systems. The computer controlled cars
use this information for the decisions they are required to make concerning their speed and course. Sensor is
implemented as a separate object class in the simulator program (Van Winsum, 1992, computer program class
C_sensor, sensor.c). Every car has areference to its own instantiation of a sensor object.

The control mechanism for the human driver is the human information processing system that uses visual
information received via the graphics system, to exert the controls in the car cabin. These car control signals are
processed by the car model. The output of the car model is used to update the graphics and as input for the
traverser that connects the simulator car to the network. The control mechanism of the computer controlled cars
consists of a set of decision rules. Every computer controlled car has rules for different driver tasks on the
tactical level. These tasks are related to curve negotiation, car-following, overtaking, negotiating intersections,
speed choice on straight roads and processing road sign information. The car evaluates which tasks are presently
performed and computes a required speed and lateral position. Since multiple tasks can be performed at the same
time, a decison mechanism selects the appropriate speed and lateral position together with the required
acceleration and whedl-angle to reach this state, after all tasks have been evaluated for the present car . This
resultsin anatural and human-like behaviour that contributes in an important way to the fidelity of the simulator.
For computer controlled robot cars the artificial intelligence is implemented in a separate object class in the
simulator program (Van Winsum, 1992, computer program class ¢_control, control.c).
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3.3 Data collection and processing

A large quantity of performance data can be collected with any sampling frequency. Examples are time-to-
collision, time-to-intersection, time-to-line crossing, lateral position, speed, acceleration, brake force and so on.
The user creates an ASCII text with keywords that specify the sample frequency and the data to sample with that
frequency. The data are then sampled during a smulation run and stored into a binary file. The real-time
handling of data-storage during a simulator run is controlled by a separate object class ¢ data that is
implemented in the smulator program (Van Winsum, 1992, computer program class ¢_data, newdata.c).

After asimulator run the data can be visualized and preprocessed with a graphical program written in C++ and
X-windows/OSF motif (Van Winsum, 1994, program DATAPROC).

For the experiments described in this thesis the real-time sampling of time-based information was required.
The variables used are TTC (time-to-collision), TLC (time-to-line crossing) and THW (time-headway during
car-following). These measures are defined and implemented as follows:

- THW isdefined as D/u
for u> 0, ese THW = infinite (undefined)
with D = bumper to bumper distance in meters along the path between
the simulator car and the lead vehicle, and
u = speed of simulator car in m/s

- TTCisdefined as D/(U - Uyex)
for (U- Uex) > 0, else TTC = infinite (undefined)
with ue = Speed of lead vehiclein m/s

- TLC is calculated differently depending on whether the car is on a straight road or in a
curve.
In general, TLC = DLClu,
for u> 0, ese TLC = infinite (undefined)
with DLC = digance to line crossing along the vehicle path and
u = speed of simulator car in my/s.

DLC is solved goniometrically using the cosine rule. Normally, the car is not driving in a straight line but it
alternates between curves to left and to right. The radius of the vehicle path is cal culated using the coordinates of
the centerpoint of the curve the car is driving. This centerpoint is calculated as the point where the perpendicular
lines through the frontwhed and the rearwheel, with dipangles added to the whedlangles, intersect. Ry, the
vehicle radius, is then computed as the distance between the center of gravity of the car and the centerpoint of
the vehicle curve. Rv; then is the distance between the front (left or right) wheel and the centerpoint of the
vehicle curve. TLC then measures the time until either the left or right front wheel crosses the left or right lane
boundary, given the current vehicle path and speed.

First the case for straight roads is described if the vehicle makes a l€eft turning curve, see figure 2. DLC is
computed as a*Rv;. Since Rv; isknown, only a hasto be computed, using the cosinerule.
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Figure 2. Determination of the length of the arc DLC for driving on straight roadsections.

- The length of the linepiece A is computed as Rv1-(d/cos(ha)), with de; being the distance between the |eft
frontwheel and the lane boundary (in a line perpendicular on the road) and ha the angle between the line
perpendicular on the road and the line from the front wheel to the centerpoint of the vehicle curve.

- Thelength of the linepiece C is computed as (2* A* cos(R)+(Y(2* A* cos(R))*-4* (A%-Rv1?)))/2

Then a = arccos((A? + Rv,? - C?)/(2*A*C))

and DLC=a*Rv;
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Figure 3. Determination of the length of the arc DLC for driving on curved roadsections.

Figure 3 shows the situation for determining the TLC while the car is negotiating a road curve. Again, DLC is
determined as a*Rv;. In this case a is computed differently.

- The length of linepiece A represents the distance between the centerpoint of the roadcurve and the centerpoint
of the vehicle curve.

- Angle 3 is computed as the angle difference between the line from the centerpoint of the vehicle curve to the
centerpoint of the roadcurve and the line from the centerpoint of the vehicle curve to the left front whed (if the
vehicle turns towards the inner lane boundary).

- Angle a; is computed as arccos((A? + Rvy? - Rr)/(2* A*Rvy))

-a=R-a;and DLC=a*Rv;

In addition to this, vehicle control information was required for the experiments. The position of the accelerator

pedal, expressed as a percentage pressed, the position of the brake peda and the force excerted by the foot on the
braking peda were used in the studies on car-following, while steering wheel angle was used in the study on
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steering performance and curve negotiation. The results of these control actions, such as speed, acceleration,
heading angle and | ateral position, were sampled and processed as well.

For every experiment automatic data processing programs were written to extract and process the required
data. These data were then transformed into aformat suitable for processing by SPSS.

3.4 Scenario Specification Language (SSL)

SSL is a user specification language that was defined and implemented as a tool for specification and design of
experiments. It contains most of the functionality of the simulator. A description of SSL then essentially gives a
description of the functionality of the TRC simulator. For a full specification of the language the reader is
referred to the SSL/NSL specification document (Van Winsum, 1994).

An ASCII file with SSL commands is analyzed by a scanner and parser module during initialization of the
simulator progran and syntactical errors are reported to the user. (Van Winsum, 1994, SSL
scanner/parser/interpreter modules). If no syntactical errors are found, the SSL commands are converted to an
interna data-gructure that is interpreted in real-time by the SSL-interpreter during execution of the ssimulation
process. Since the simulation process is a dynamic process in which the state is determined by SSL
specifications, the human driver, the behaviour of traffic and by the process operator who interacts with the
computer via the user interface, the course of eventsis not deterministic. However, SSL commands can be used
to force identical situations for all subjects in an experiment. Since SSL commands are often conditiona, the
state of the traffic world can be queried and events can be triggered if some condition istrue or false.

Scenarios are defined in a SSL text file A scenario is a predefined list of situations with a start and an end
condition: the scenario starts when the start condition is fulfilled and terminates when the end condition is
fulfilled. A scenario may involve 0..n cars, referred to as participants, in addition to the simulator car. A
participant is a car that performs conditional actions. A scenario may be used for controlling traffic and traffic
lights, for indicating when data must be stored, for communication with the driver with spoken or written
messages, for sending messages to other devices, and so on. SSL is not exclusively a language for specification
of traffic situations during an experiment. It also may be used for rapid prototyping of driver support systems, for
creating test situations and for debugging. It is important to note that SSL is often used to override default
settings and default behaviour. For example, if a computer-controlled car is created with SSL, the car follows its
own rules unless specified differently with SSL.

Thefollowing is an example of an SSL description.

Define Scen[1] {
Var { time; }
Start {
When ( Part[MainTarget].LeadCar != Absent and
Part{fMainTarget].DisToLeadCar < 50 );
Scen[].NrTimes:=1; time:=runtime();
}
End {
When (runtime() - time> 20);
}
Define Part[1] {
Start {
Part[].CarNr := Part{MainTarget].LeadCar;
Part[].MaxV e ocity := 50/3.6;
}
End {
Part[].MaxV e ocity := 100/3.6;
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This scenario specifies that if there is a lead vehicle and the distance to it is less than 50 meters then this lead
vehicle starts to drive with a maximum speed of 50 km/h during 20 seconds. After 20 seconds (at the end of the
scenario) this vehicle pulls up to a speed of 100 km/h.

SSL files contain the full script for an experiment and are thus compl ete specifications of an experiment. This
ensures repeatability and detailed documentation of experiments. Since researchers are able to make their own
SSL script filesthey can design and test experiments with a minimal dependency on technical staff and computer
programmers.

3.5 The use of the simulator in the experiments
The driving simulator offers anumber of advantages compared to studying driver behaviour on the road.

1) The sensors of the simulator car and of other cars used in the car-following experiments contain important
information that is much harder to obtain with current technology in areal world test situation. This information
is vital as input for the control of experiments and data-sampling. For the experiment on curve driving the
measurement of TLC information during curve negotiation would be very hard to obtain in real world driving. A
simulator is the only practical way to obtain complex measures such as the TLC in curves. Although time-to-
collision information may be obtained during on-road experiments it is measured more practically and efficiently
in the smulator.

2) All kinds of situations can be generated and tested that would be very hard or impossible to generate in the
real world. In the curve negotiation experiment the drivers are required to negotiate a number of different road
curves with a specific lane width and radii. Roads with the precise characteristics required by this experiment are
very hard to find in the real world. During the car-following experiments the lead vehicle was sometimes
required to drive with a certain fixed time-headway in front of the simulator car. This would be difficult to
establish in on-road experiments.

3) Theresponses of drivers to maneuvers too dangerous to be tested in real world driving can easily be tested in
the simulator. Thisis especially important in the car-following and braking experiments discussed in the chapters
5t009.

4) Situations can be brought under experimental control. This is important for the comparability of the results
since al subjects have encountered precisely the same situations. In on-road experiments traffic density and
weather conditions are hard to control. In this respect a Smulator has important advantages compared to real
world experiments.

In the experiments performed in the context of this thesis, the time-based safety margins TLC and TTC play an
important role. The perception of TTC has been studied in alarge number of experiments (see chapter 6). These
studies have given strong support for the idea that TTC information is extracted from the optic flow field. The
expansion of the image on the retina gives sufficient information for the extraction of TTC information without
requiring the driver to assess speed or distance information. Since the graphical properties of optical perspective,
visual angle and optical expangon rate are the samein the TRC simulator asin real world driving, thereisreason
to assume that the driving simulator is suitable for the type of research discussed in the chapters 5 to 9. An
important prerequisite for a smooth optic expanson is a high graphical frame rate. In order to obtain a high
frame rate, the visual scenes in al experiments are limited to the essential components while substantial effort
has been invested in the design of fast algorithms for traffic handling and experimenta control.

43



Chapter 4

4. EXPERIMENT 1: Speed Choice and Steering Behaviour in Curve Driving
Accepted for publication by Human Factors, co-author Hans Godthe p

The relation between speed choice and steering performance during curve negotiation was sudied in
a driving smulator. The hypothesis was that curve radius and steering competence both affect
steering error during curve driving resulting in compensatory speed choice. In this, the contral of
safety margins was assumed to operate as a regulatory mechanism. Smaller curve radii resulted in a
larger required steering whed angle while steering error increased linearly with required steering
whed angle. This was compensated for by choosing a lower speed, such that the time-to-line
crossing to the inner-lane boundary was constant over al curve radii examined. Steering competence
was measured during straight road driving. Poorer steering competence also resulted in larger
steering errors that were compensated for by choosing a lower speed such that the safety margin to
the inner-lane boundary was unaffected by steering competence.

4.1 Introduction

Car driving behaviour in curves may be regarded as an interesting case where steering, as an example of operationa
performance, isintimatey related to behaviour on thetactical level, in this case the choice of speed as a function of
curve radius. The digtinction between the operational and the tactical level of car driving behaviour has been made
by severad authors (c.f. Michon, 1985) and might form a fruitful bads for the development of modern driver
behaviour theories (see c.f. Ranney, 1994). Until now, studies of car driving behaviour in curves have focused
either exclusively on speed choice or on gteering behaviour while no attempts have been made to integrate these
two lines of research.

A consgent finding in studies on speed choicein curvesisthat speed has a curvilinear relation with curve radius
(seecf. Kandlaidis et d., 1990) and an inverserelation with lateral acce eration. This meansthat with smaller radii
speed islower but lateral acceleration is higher compared to larger radii (c.f. McLean, 1981). Sometimes an inverse
linear reation is reported (Ritchie et a., 1968) while other studies have found an inverse non-linear relation
between speed and lateral acceleration (Herrin and Neuhardt,1974; Macura, 1984). These results have encouraged
theideathat lateral accderation is used by drivers asa cuein speed choice in which a smaller lateral accderation is
accepted as a safety margin at higher speeds (and thus larger radii).

In studies of steering behaviour during curve negotiation, speed is usualy held constant. Donges (1978) presented
atwo-level steering control mode that incorporated negotiating curves. Anticipatory open-loop control startswith a
steering action some time before the curve is entered followed by a steering-whed angle maximum, ds, in the
curve. Then aperiod of stationary curve driving begins during which the driver generates correcting steering actions
in a compensatory closed-loop mode. In a survey of models of steering behaviour Reid (1983) argued that driver
mode s should incorporate both lane tracking and speed contral. In Donges modd the parameters estimated to fit
the modd on experimental data were influenced by vehicde speed and confounded with road curvature. Curve
radius and speed during curve negotiation affect required operationa performance because both factors affect the
required geering-whed angle. Godthe p (1986) described this phenomenon as follows: the required steering-whed
angle for a particular curve can roughly be characterized as dy = GL(1+KW)/R,. In this, dy represents required
steering-whed angle, R, theroad radius in meters, G the steer-to-whed ratio, L the whed base, K avehiclerdated
stability factor and u represents longitudinal speed in m/s. For any given speed, required steering-whed angle then



increases with smaller radii, but for a given radius it increases with higher speed, if K islarger than zero, which is
the case for anormal understeered car.

If the steering-whed angle during curve negotiation matches the required steering-wheel angle perfectly, speed is
only redtricted by an upper limit where the vehicle starts skidding. The speed at which this occursis generally much
higher than actual speed in curves. The hypothesis of the present study isthat steering errors play an important role
in speed choice, such that speed is adapted to operationa performance. There is some evidence that steering errors
increase linearly with required steering-wheel angle, see c.f. Godthelp (1985, 1986). Since negotiating curves with a
smaller radius requires a larger steering-whed angle, the implication is that steering error is larger in curves with
smaller radii compared to wider curves. If geering error is a linear function of required steering-whed angle, the
fraction defined as steering error divided by required steering-whed angle should be congtant over radii.

There is also evidence that seering error is affected by steering competence. Cavallo et a. (1988) found that,
under visual occluson, experienced drivers estimated the correct required steering-wheel angle better than
inexperienced drivers. Also, experienced drivers exhibited less variation in seering-whed amplitude during closed-
loop control compared to inexperienced drivers. These results suggest that experienced drivers generate smaller
steering errors.

If the driver compensates for larger steering errors induced by smaller radii or poorer steering competence by
choosing a lower speed, some regulating mechanism or safety margin is required that determines how speed is
adapted. It is suggested here that the time-to-line crossing (TLC), developed by Godthelp et a. (1984), is such a
safety margin. TLC represents the time available for a driver until the moment at which any part of the vehicle
reaches one of the lane boundaries. In a study of Godthep (1988) drivers were instructed to generate correcting
steering actions when vehicle heading could ill comfortably be corrected to prevent a crossing of the lane
boundary. Drivers made a corrective Seering action at a constant TLC irrespective of vehicle speed.

The modd on the relation between speed choice and steering performance may then be summarized as follows.
Required steering-whed angle is determined by curve radius and speed, while steering error is determined by
required steering-whed angle and steering competence. It is assumed that the driver has learned the effect of curve
radius and speed on required steering-whed angle and on steering error from previous experiences. Also, it is
assumed that teering error is congstent and the driver is aware of his or her steering competence. When the driver
approaches a curve, both radius and steering competence cause an anticipatory adjusment of speed, much like the
anticipatory avoidance response in the threat avoidance modd of Fuller (1984), in which the effects of radius and
steering competence on steering error are traded off with speed such that the safety margin TLC remains constant
and independent of radius and steering competence. Although mathematically TLC is determined by steering error
as well as speed, the higher steering errors associated with smaller radii and poorer steering competence are
assumed to result in lower speeds because of the constancy of preferred TLC as a guiding principle. This principle
will then result in low or non-significant correlations of speed and steering error with TLC. The relation between
lateral acceleration and peed isthen assumed to be a by-product of this mechanism.

In the experiment steering competence was measured separatdy during straight road driving. Road radius was
manipulated within-subjects with radii of 40, 80, 120 and 160 meters. Originally, lane-width was manipul ated
within-subjects as well, since lane-width was expected to affect TLC. However, the effects of lane-width are not
reported since these are nat of crucial importance to the issue addressed here. Also, subjects used only a part of the
lane-width because they drove rdatively close to the inner lane boundary. This counteracted possible effects of
lane-width on TLC and speed choice. There is aso evidence in the literature that drivers use the inner lane
boundary as a reference for vehicle guidance, see c.f. Shinar et d. (1980), McDonad and Ellis (1975), Cohen and
Studach (1977). Therefore, only TLC and steering behaviour data towards the inner lane boundary are reported in
the present article

4.2 Method

Apparatus. The experiment was performed in the Traffic Research Centre (TRC) fixed-based driving smulator. It
conggts of a car (BMW 518) with a steering whed, clutch, gear, accelerator, brake and indicators connected to a

45



Silicon Graphics Skywriter 340V GXT computer. A car mode converts driver control actionsinto adisplacement in
space. On a2 x 2.5 meter projection screen, placed in front of the car mockup, an image of the outside world with a
horizontal angle of 50 degrees is projected by a graphical videoprojector, controlled by the 3D-graphics software.
Images are presented with arate of 15 to 20 frames per second, resulting in a suggestion of smooth movement. The
visual objects are buildings, roads, traffic Sgns, traffic lights and artificially intelligent traffic. The sound of the
engine, wind and tires is presented by means of a digitad soundsampler receving input from the smulator
computer. The smulator is described in more detail e sewhere (Van Wolffdlaar & Van Winsum, 1992 and Van
Winsum & Van Walffelaar, 1993).

Procedure. A circuit of two-lane roads with a lane-width of either 3.0, 3.5 or 4.0 meters was used. Roads had
delineation with broken center lines and continuous edge lines. Four |eft-turning curves with 90 degrees angle and
radii of 40, 80, 120 and 160 meters were separated by straight road segments. After completing a questionnaire on
driving experience and age, subjects practiced driving in the simulator for ten minutes. They were ingructed to
choose their own preferred speed but to adapt the speed for curves as they normally would and to stay in the right
lane. There were three trials, one for every lane-width. Each tria consisted of five roundtrips. This means that in
every trial all four curves were negotiated five times. Thethree trials are treated as multiple measurements here.

Data regigration and analyss. Sample measurements (10 Hz) were taken on speed (m/s), lateral position, steering-
whed angle (degrees), TLC (seconds), and steering error (degrees).

The steering integral (1ds) during straight road driving was used as a measure for steering competence. This was
computed as follows. The steering-whed signal was divided into periods where the steering whed was turned to
left and periods where it was turned to right (rdative to the zero angle). For every period the amplitude was
integrated over time and these integrals were averaged resulting in 1ds. Thus, this measure is affected by both
steering-whed amplitude and frequency. A smaller Seering integral represents better steering performance.
Steering error in curves, dg, Was defined as the difference between the actua steering-whed angle and required
steering-whed angle (ds - dy).

Figure 1 presents a time-history of steering error and TLC during curve negotiation. The curveis entered at time
0. Positive values of steering error and TLC represent steering to the inner lane boundary (left) while negative
values represent steering to the outer lane boundary (right). The steering error fluctuates around zero. If steering
error is zero then the geering-whed angle equals the required steering-whed angle. The open-loop phase ends
when the maximum steering-whed angle, ds, is reached. In Figure 1 thisisindicated by the first maximum for de.
This is followed by closed-loop steering control during which deviations from the required steering error are
minimized by thedriver.

Thefollowing variables were anal yzed:

- The geering error de on the moment ds, is reached. This represents the steering error during the
open-loop phase.

- The required steering-whed angle dy. This was measured as the steering-whed angle on the
moment that steering error was zero just before ds, was reached.

- The geering eror ratio, computed as d/ds. Thisratio isameasure for the relative steering error.

- The steering error integral, 1ds, during the closed-loop phase. This was computed as the average
integral of all periods wherethe steering error was directed toward the inner lane boundary.

- The minimum TLC's to the inner lane boundary, TL C,;, during the closed-loop phase. These were
determined and averaged for every radiug/trial combination.

- The minimum speed during curve negotiation. This was determined and averaged for every
radiug/trial combination.

The effects of radius were analyzed with repeated measurements analysis of variance. The effects of steering
competence were anayzed with correation and regression analyses. The confidence level for sgnificance was set
at p10.05.
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Figure 1. Steering error and TLC time-history during curve negotiation.

Subjects. 16 subjects, 8 mae and 8 female, participated in the experiment. The average age was 34 years (sd. 6.3,
range 22-47). They were licensed drivers for 12 years on average (sd. 6.3, range 2-27). The average annual
kilometrage was 10594 (sd. 8267, range 1500-30000).

4.3 Results

The corrdation between geering integral 1ds and drivers total kilometrage was -0.62 (p<0.01). This means that
more experienced drivers steered more accurately on straight road segments.

The minimum speed during curve negotiation was sgnificantly affected by radius (F(3,15)= 58.17, p<0.01).
Required steering-whed angle (dy) was significantly affected by radius (F(3,15)=188.24, p<0.01) as was the
steering error (dg) during the open-loop phase (F(3,15)=28.28, p<0.01) and the steering error integral (Ids) during
the cdosed-loop phase (F(3.15)=14.29, p<0.01). The effect of radius on deering eror ratio was not satigticaly
significant. Also, the effect of radius on the minimum TLC (TLCi,) during the cdosed-loop phase was not
significant. The averages of these dependent variables as a function of radius are presented in Table 1.
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Table 1. Averages of dependent variables asa function of radius

Radius (m)

Dependent variable 40 80 120 160
speed (MVs) 11.23 14.92 17.58 17.99
required angle (degrees)  121.44 74.64 56.56 4347
steering error:

-open loop (degrees) 14.20 7.47 554 4.75
-closed loop (integral) 14.02 6.55 5.26 4.67
steering error ratio 0.12 0.10 0.10 011
minimum TLC (9) 2.52 2.70 2.89 2.79

It can be seen that a smaller radius resulted in alarger required steering-wheel angle, larger steering errors and a
lower speed. However, TLC and the steering error ratio were constant over all radii. Both steering errors during the
open and closed-loop phases were affected by radiusin the same manner.

Table 2. Standardized a pha coefficients of dependent variables

Dependent variable standardized alpha
Speed 0.93

required angle 0.91

steering error:

-open loop 0.88

-closed loop 0.86

steering error ratio 0.91

minimum TLC 0.90

In order to test effects of individual differences in seering competence on dependent variables it is required that
these variables are consgigtent within the driver. In that case, it isjudtified to average over al measurements (4 radii
x 3 repetitions). In that way, the effect of radiusis canceled while the effect of individual differencesis preserved.
The rdiahility, or consstency, of the dependent variables was tested with the standardized alpha coefficient. This
represents the edtimated square of the correlation of scores on a collection of items, in this case the 12
measurements, with true scores (Nunnally, 1978). For basic research a rdiability of 0.80 is generally regarded as a
satisfactory level.

Table 2 presents the standardized a pha coefficients for al dependent variables. It can be seen that al variables
are reiable and most alpha's are higher than 0.90. The minimum speed, TLC, steering errors, required steering-
whed angle and steering error ratio were averaged over radii and repdtitions. Figure 2 presents the results of
multiple regression anayses. Only significant partia regression coefficients are displayed.
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Figure 2. Path diagram with partial regression coefficients.
*=p<0.05, **=p<0.01, ns=not significant.

It can be seen that the measures for steering errors in the open-loop and the closed-loop phase are strongly
intercorrelated, indicating that they measure the same phenomenon. Steering error is determined by required
steering-whed angle, while there is no direct path from speed to steering error. Required steering-whedl angle is
strongly determined by speed. In addition to this, steering error is strongly determined by steering competence (1d).
But while a higher steering competence results in lower steering error it aso results in higher speed. Because
steering competenceis an intermediary factor, thereisno effect of speed or steering error on TLC. Also, thereisno
path from steering competence to TLC. This suggests that subjects with poorer seering performance maintain the
same safety margin as subjects with better steering performance, and that they choose a lower speed in order to
maintain that safety margin. The corrdation between Ids and the steering error ratio was 0.74 (p<0.01).
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4.4 Discussion and conclusions

The effects of curve radius asaroad design factor and steering competence as an individua driver characteristic on
speed choice in curves were studied from the perspective that effects on operationa performance are compensated
for on the tactical level. The implied mechanism in the case of curve negotiation is that both curve radius and
steering competence affect steering errors on the operational level. In this, the preferred TLC was assumed to be a
regulating mechanism that determines how speed is controlled in order to compensate for larger steering errors.
Since TLC ismathematically determined by speed and steering error, higher Seering errors can be compensated for
by choosing a lower speed such that TLC is unaffected by radius or seering competence. The results supported this
modd. It was found that both required steering-whed angle and steering error during the open and closed-loop
phases increase with smaller radii, but that the relative steering error, defined as steering error divided by required
steering-whed angle, is constant over radii. This strongly suggests that steering error islinearly related to required
steering-whed angle and is cons stent with the results of Godthelp (1985, 1986). Smaller radii resulted in the choice
of alower speed, but the minimum TLC's during curve negotiation were not affected by radius. This suggests that
larger geering errors are compensated for by choosing a lower speed such that a congtant minimum TLC is
maintained. This finding confirms the ideas of Summala (1988) and Rumar (1988) that drivers control safety
margins that can be operationalized as distance or time rdated measures. The TLC as a safety margin then is
controlled by the drivers speed choice. The results suggest that speed choice and seering performance are both
intimately related in negotiating curves.

In this study, individua differences in steering competence strongly determined speed choice and steering
performancein curves. Steering competence was measured with the steering integral during straight road driving. A
larger seering integra is an indication of poorer steering performance. The quality of steering performance was
related to driving experience. Steering performance, speed choice and minimum TLC were consstent within
drivers during curve negotiation. Steering error was determined both by steering competence and by required
steering-whed angle while required seering-wheel angle was determined by speed. This confirms the model
discussed in the introduction. Because drivers with poorer steering performance drove dower, while their steering
errors were larger, no sgnificant relations of speed and steering errors with TLC were found. This suggests that
drivers with poorer steering competence compensated their larger steering errors, which decreased TLC, by
choosing a lower speed, which increased TLC. Since steering competence did not affect TLC, it can not be
concluded that drivers with poorer steering competence were less safe drivers. Steering error ratio correlated
significantly with steering-competence as measured by the steering integra. The drong effect of steering
competence on the steering errors during curve negotiation suggests that the steering integral isagood indicator for
the quality of steering performance and that seering performance is cond stent within the driver.

Based on the finding that steering error isalinear function of required steering-wheel angle and on the constancy
of the minimum TLC to the inner lane boundary, the speed in curves as a function of radius was calculated using a
mathematical modd. From this, lateral accderation was computed. Lateral acceeration proved to be an inverse
function of speed as a by-product of the presented driver Srategy.

Thus it appears that both radius as a road design dement and Seering competence as a driver characteristic
exercise their influence on driving behaviour in the same manner. Both affect operational performance resulting in
an adaptation of behaviour on the tactical leve in an attempt to control safety margins. This is of theoretical
significance for driving modeling in general since it suggests that effects of various factors related to the vehicle,
weather, road, traffic, temporary states and the driver on behaviour on the tactical level (c.f. speed choice) may
exercise ther influence via an effect on operationa performance. Mogt driver modds are exclusively directed at
either the operationa or the tactica levd. However, it is suggested that the relation between operational
performance and behaviour on thetactical level should be a fundamental dement in driver modding.
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Chapter 5

5. EXPERIMENT 2: Preferred time-headway in car-following and operational
skills in expected braking reactions

In a smulator experiment the relation between preferred time-headway in seady-state car-following
and operational competence in braking reactions was studied. The hypothesis that drivers with
smaller preferred time-headways are able to react faster or generate a faster motor response per se
was not confirmed. Also, no evidence was found for differencesin perceptual processesrdated to the
detection of braking by the lead vehicle between short followers and drivers with alarger preferred
time-headway. The results suggest that short foll owers generate a faster motor response when thereis
some uncertainty concerning the level and duration of deceleration of the lead vehicle in case it
brakes. The results suggest that short followers differ from long followers in the ahility to transform
visual feedback to a required motor response. However, the presence of brake lights is required for
the relation between operational performance and choice of time-headway to hold, possbly because
a change in feedback requirements, i.e. the absence of brake lights, is more detrimental for skilled
performers.

5.1 Introduction

Choice of time-headway (THW) in car-following has been associated with task-rdlated factors and with factors
related to temporary date in a number of studies. The results of these studies may be explained in terms of an
adaptation of choice of THW to perceived performance decrements in operationa skills rdated to braking. The
importance of task-rdated factors appears from the studies of Fuller (1981) and Brookhuis et al. (1991). Fuller
(1981) studied THW of truck drivers. During the late shift, conssting mainly of driving in the dark, time-headway
was significantly larger than during day time driving. Fuller explained this as an effect of visual conditions.
Brookhuis et a. (1991) reported an increase in THW when using a car teephone while driving. The effects on
THW may be explained as aresult of awareness of the effects of task demands on the ability to detect a decdera
tion of alead vehicle resulting in an adaptation of THW to compensate for this. A number of other sudies have
shown that choice of time-headway is sendtive to temporary states. Fuller (1984) reported a time-on-task effect on
THW for older truck driversin the late shift. After seven hours of driving, THW increased quite strongly, accompa-
nied by verba reports of performance decrements, drowsiness and exhaugtion. In an experiment reported by Smiley
et a. (1981) in an interactive driving Smulator, marijuana resulted in increased headway during car-following.
Smiley et al. (1986) again found that marijuana significantly increased headway in a car-following task. Smiley et
al. (1985) reported that marijuana increased headway while alcohol decreased headway. These results strongly sug-
gest effects of temporary states such as fatigue or states induced by marijuanaand a cohal on preferred THW; fatig-
ue and marijuana increase preferred THW, which may be a reflection of an adaptation of THW to perceved
adverse effects on the braking response, whereas acohol decreases preferred THW, possbly because drivers
overesimatetheir braking competence under alcohol.

The effects of task-rdated factors and transent states refer to intrarindividua differences. The results suggest a
process of adaptation of THW to changesin operational competence which is influenced by task-rdated and State-
related factors. From the same perspective, inter-individua differences in following behaviour, may be related to
inter-individual differences in operational level competence, such that preferred THW is adapted to limitations in
braking-rel ated competence. These limitations in braking competence may be determined by specific skillsrequired
for optimal braking performance. In that case drivers may adapt time-headway to their braking skills such that the
time available to reach the same level of decderation as the lead vehicle in case it brakes matches the time needed
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by the driver to reach this leve of deceleration. The former is equivaent to the momentary time-headway. The
latter may be related to braking related skills of the driver. Extrapolated to the more generd case, behaviour on the
tactical level is assumed to be adapted to operationa skills. The same reasoning was applied to speed choice in
curves by Van Winsum and Godthelp (1996). They found a strong relation between choice of speed in curves and
steering performance on straight roads, such that drivers adapt the speed in curvesto their seering competence. An
important research question then focuses on finding the reevant skills that discriminate drivers with different
preferred time-headways.

In the normal case of braking for a decelerating lead vehicle, the driver adjusts the timing and intensity of the bra-
king response to the criticality at the moment of detection of a dece eration of the lead vehicle and the devel opment
of criticality in time. In this, TTC information is assumed to plays an important role (e.g. Van der Horst, 1990;
Cavdlo et d., 1986; Cavallo and Laurent, 1988; Lee, 1976), athough it is not clear how TTC information affects
the braking response. However, when the driver isingructed to brake as fast as possible as soon as a decd eration of
the lead vehicle is detected, the timing and intensity of braking are expected to depend on the limits of perceptual
and motor skillsingtead of TTC information.

The dominant view in studies of braking has been that perceptual limitations, instead of response mechanisms, are
responsible for rear-end collisons. In the literature braking skill is generally studied asthe ability to brake as fast as
possibleingead of the ability to tune the timing and intensity of braking to the dynamic requirements of the situati-
on. Thisis somewhat surprising given the ecologica desirahility to brake with a ve ocity and intensity that matches
the requirements of the dtuation. In the literature, brake reaction time (BRT), or dternatively, perception-response
timeisused as an index for braking performance. Thisis defined as the interval between the onset of the stimulus,
usually the brake lights of the lead vehicle, and the moment the foot touches the brake. BRT differs from reaction
time (RT) asit is normally applied in experimental psychology. RT for a decderating lead vehice is measured as
the interval between the moment the lead vehicle darts to decelerate and the moment the foot is retracted from the
accderator pedal. Although BRT includes reaction time, it coversthe time to move the foot from the accel erator to
the brake pedal as well. A reduction of BRT has been proposed as a means to reduce the number of rear-end colli-
sions. Experiments that were aimed at finding factors that decrease BRT have been carried out for years (see for
example McKnight and Shinar, 1992). For this purpose, center high-mounted stop lamps (CHMSL) have become
standard equipment in passenger cars in the United States, although the evidence for actud reductionsin BRT by
these lamps is limited (McKnight and Shinar, 1992, Sivak et a., 1981). There is however some evidence that
CHMSL reduces the number of rear-end accidents (see for instance Rausch et al., 1982). Thus, the scientific answer
to the assumed perceptual limitations in braking has been to decrease the detection time by technical means. Other
factors have been found that affect BRT aswell. Johansson and Rumar (1971) found that BRT to anticipated events
is fagter than for unexpected events. Olson and Sivak (1986) reported an average BRT to expected stimuli of about
0.7 s. whileit was about 1.1 s. to unexpected stimuli. The expectancy effect was a so reported by Sivak (1987). The
nature of the stimulus affects BRT as well. In car-following situations BRT is faster compared to other Stuations
such asthe detection of a Sationary police car (Sivak, 1987). Furthermore, distance headway has a substantial effect
on BRT (seefor instance Brookhuis and De Waard, 1994, McKnight and Shinar, 1992 and Sivak et a., 1981).

From an adaptation perspective, perceptual skillsrelated to the detection of a deceeration of the lead vehicle may
be a determining factor for choice of time-headway. In that case arelation is expected between preferred THW and
reaction time. The reaction time interval conssts of a series of information-processing sages. The additive factor
method, introduced by Sternberg (1969), assumes that these processng stages are serial and that the duration of
these stages are independent. It is a method for studying the locus of effect of differences in RT. Severa task
variables are known to affect RT via effects on specific information-processing stages. According to the additive
factor method, if two task variables interact in their effect on RT a common processing stage is involved. Additive
effects of two task variables on RT areindicative of separate effects on different processng stages. In this chapter,
the additive factors method is used to determine whether differences in RT as a function of preferred THW are
caused by differences in the input sSde or the output side of the information-processng chain. Figure 1 shows the
success ve informati on-processing stages that are assumed to determine RT.
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Stimulus degradation is known to affect the stimulus encoding stage on the input or perception sde of
information-processing (Sanders, 1990, Frowein, 1981). In braking for a decderating lead vehicle, the absence of
brake lights (BL) may be regarded as a severe form of stimulus degradation. Alternatively, differencesin RT may
have a locus of effect on the output or response preparation sde of the information-processng chain. Time
uncertainty, manipulated by means of presentation of a warning signal (WS) in advance of simulus presentation is
known to affect the output or motor side of the information-processing chain. Sanders (1980a) and Frowein (1981)
reported additive effects of time uncertainty and stimulus degradation. This indicates that different information-
processing stages are affected by signa qudity and time uncertainty. Sanders (1980b) reported an interaction
between time uncertainty and instructed muscle tenson on RT. This suggest that the factor WS affects the motor-
adjusment stage.

preprocessing

encoding <«<— sfimulus degradation

identification

response
selection

motor
programming

motor
initiction

motor <«<— time uncertainty
adjustment

response
execution

Figure 1. Information-processing stages during the reaction timeinterval
asdiscussed by Frowein (1981)

Also, Spijkers (1989) reported an interaction between time uncertainty and response specificity suggesting an effect
of time uncertainty, or WS, on motor adjussment. Motor adjustment represents the stage where the state of motor
readinessis modulated by straining the muscles.

The additive factor method has nat only been applied to the study of information-processng sages, it has also
been used to study individual differences related to, for example, dementia (Jolles, 1985) and hyperactivity in
children (Spijkers and Curfs, 1986). This is important since the present study uses the additive factor method to
exploreinformation-processing factors underlying individual differencesin behaviour.

In summary, if short followers differ in RT from drivers who follow with a larger THW, the reasons for
differencesin RT may be located on the input and/or output side of the information-processing chain. It can then be
tested whether short followers differ from drivers with a larger preferred THW in the stimulus encoding stage with
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the BL manipulation. If drivers with a larger preferred THW are less efficient or dower in simulus encoding,
stimulus degradation is predicted to result in ardatively larger effect on RT for these drivers. Thus, differencesin
stimulus encoding as a function of preferred THW expresses itsdf as an interaction between preferred THW and
the BL manipulation on RT. Thiswould mean that differencesin RT asa function of preferred THW are caused by
faster detection by short followers of a decderation of the lead vehicle Alternativey, an interaction between
preferred THW and the WS manipulation on RT such that RT of short followers is less affected by the WS
manipulation than the RT of drivers with larger preferred THW, would suggest that short followers reach the sate
of required motor readiness faster. In that case, differences in RT are rdated to response mechanisms instead of
perceptua mechanisms.

Choice of time-headway may also be rdated to the speed at which the driver is able to move the foot. In that case
choice of time-headway may be an adaptation to individua differences in motor speed. However, the additive
factor method has never been successfully applied to the motor phases of response execution. This meansthat there
is not sufficient reason to apply this method to the examination of motor execution during the braking response.
Also, there are no theoretical predictions for the effects of WS and BL on the duration of the motor phases that
follow the RT interval when the subjects are required to brake as fast as possible.

In summary, the following questions are examined in the present experiment :

1) Is preferred time-headway related to differences in reaction speed to a decderation of the lead
vehicle, and if so, are the differences located on the perceptua or the response sde of the
informati on-processng chain.

2) Ispreferred time-headway related to skillsinvolved in motor execution.

The experiment was performed in an interactive simulator. This alows full control over the behaviour of the lead
vehicle and accurate on-line measurement of time-related variables.

5.2 Method

Apparatus. The experiment was performed in the driving smulator of the Traffic Research Centre (TRC). This
fixed-based smulator conssts of two integrated subsystems. The first subsystem is a conventional smulator
composed of a car (a BMW 518) with a steering whed, clutch, gear, accderator, brake and indicators connected to
a Slicon Graphics Skywriter 340V GXT computer. A car model converts driver control actions into a displacement
in gpace. On a projection screen, placed in front, to the left and to the right of the subject, an image of the outsde
world from the perspective of the driver with a horizontal angle of 150 degrees is projected by three graphica
videoprojectors, controlled by the graphics software of the smulator. Images are presented with arate of 15 to 20
frames per second, resulting in a suggestion of smooth movement. The visual objects are buildings, roads, traffic
signs, traffic lights and other vehicles. The sound of the engine, wind and tires is presented by means of a digital
soundsampl er receiving input from the smulator computer.

The second subsystem consigts of a dynamic traffic Smulation with interacting artificialy intdligent cars. For
experimental purposes different traffic Situations can be simulated. The smulator is described in more detail
elsawhere (Van Wolffelaar & Van Winsum, 1992 and Van Winsum & Van Wolffelaar, 1993).

Procedure. The experiment was preceded by another one in which the same subjects had been driving in the
simulator for about one hour. Instructions were ddivered in writing. Preferred time-headway was measured as fol-
lows. Subjects were instructed to drive 80 km/h where possible and to follow the lead vehicle at the distance they
would choosein redl traffic. A lead vehiclein front of the smulator car controlled its speed such that a THW of 1
second was maintained. After a while the lead vehicle started to maintain a congtant speed of 80 km/h and the
subject was required to choose the preferred THW. As soon as the preferred THW was reached the subject pressed
a button. Time-headway, calculated as distance headway divided by the speed of the smulator car in m/s, a the
moment the button was pressed was used as ameasure for preferred time-headway (THW ).



After this braking performance was measured. Four trials were executed successively. A trial conssted of
braking with the ingtruction to brake as fast as possible followed by braking with the ingruction to brake normally.
Only the results of braking responses with the ingtruction to brake as fast as possible are reported here. Subjects
were requested to drive with a constant speed of 80 km/h and not to exceed the lane boundaries. Speed (in km/h)
was continuously projected on the screen in front, allowing subjects to monitor the behaviour of the lead vehicle.
Thelead vehide maintained a congtant time-headway of 1 second. After awhile, i.e about 1 minute, it braked toa
full stop with a deceleration of 6 m/<. In two trids, a warning sgnal (WS) was presented 1 second before the lead
vehicle braked, while in the other two trials no WS was presented. A WS consisted of three stars projected on the
screen during 1 second. Subjects were told a WS indicated that the lead vehicle might brake after 1 s. They were
requested not to rel ease the right foot from the acce erator until they were sure that the lead vehicle actually braked.
Thelead vehicle only braked when the acceerator position was not more than 5% less than 1 second before. This
means that braking of the lead vehide never occurred while the S was releasing the foot from the accd erator pedal .
In two trials the lead vehicle carried brake lights during braking, while in the other two trials the brake lights were
switched off. This congitutes the BL manipulation. The trials were adminigtered in four different orders (see table
1). Subjects were randomly assigned to one of these orders with the restriction that the same number of subjects
wererepresented in each order of trials.

Table 1. Order of trids. ! means not

Order

WS-BL WSIBL WS- BL IWSIBL
WSIBL WS BL IWSIBL WS- BL
WS- BL 'WSIBL WS- BL WSIBL
IWSIBL WS- BL WSIBL WS BL

0O w>»

Data collection and analysis. Speed, distance-headway, time-headway, accderator- and brake position were
sampled with a frequency of 10 Hz. Reactions to braking of the lead vehicle were stored in an event file. These
events were monitored with a frequency of 50 Hz. The following events were stored:

- 1) time of presentation of WS

- 2) time of braking of lead vehidle (to)

- 3) time at which accderator position was decreased >= 5% since 2 (ta)

- 4) time at which brake pedal position was>= 5% (ty)

- 5) time at which a brake maximum was reached (tmaxor)

- 6) value of brake maximum (MAXBR)
Reaction time (RT) was calculated as 3-2. Movement time (MT) was calculated as 5-3. MT was recoded as a mis-
sing value when there was more than one brake pesk in a tria. The occurrence of more than one brake peak
indicates that the subject braked, retreated the foot, and pushed the brake again. Thisindicates that the ingtruction to
brake as fagt as possible was not followed and it occurred in two subjects.

The effects of WS and BL on RT and MT were tested with an analysis of variance repeated measurement design.

Preferred time-headway was treated as a between-subjects factor.

Subjects. 78 subjects participated in the experiment, 38 were male and 40 were female. 40 subjects were younger
than 25 years of age, and 38 were older, but not older than 40. The average number of years the subjects were
licensed to drive a car was 7.38 (sd. 4.87), total kilometrage was 88600 km (sd. 134355) on average, while the
average annual kilometrage was 11786 (sd. 14794).
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5.3 Results

Three groups (THW,« groups) of equa size were creasted from the distribution of preferred time-headway. The
group 'short’ followers includes the subjects with smallest preferred time-headway, the group 'medium’ followers
contains subjects in the middie range of preferred time-headway, while the group with highest preferred time-
headway arethe'long' followers. The average time-headways of these groups can be seen in table 2.

Table 2. Average time-headway

group THW n

short 1.58 26
medium 2.13 26
long 3.16 26

The effects of THW ¢ groups on RT and MT arelisted in table 3.

Table 3. Effects of THWy« groups on RT and MT, df between brackets.

variable F p
RT 0.25(75,2) 0.790
MT 0.75(722) 0477

Short followers did not exhibit a faster RT than drivers with a larger preferred time-headway. Also the duration of
the movement phase of braking (MT) was not significantly affected by THW,,« groups.

The effects of WS and BL on RT are shown in figure 2. There was a sgnificant main effect of WS on RT
(F(79,1)=45.91, p<0.001). The effect of BL on RT was Satigicaly significant aswell (F(79,1)= 290.41, p<0.001).
Theinteraction was not significant (F(79,1)=2.18, p=0.144). WS and BL had additive effects on RT in the expected
direction.

The effects of WS and BL on MT are presented in figure 3. WS had a significant main effect on MT
(F(76,1)=12.50, p<0.001). The effect of BL was not significant (F(76,1)=0.21, p<0.646). The interaction was not
significant (F(76,1)=0.49, p<0.487).

Theinteractions with THW . group are listed in table 4.

Table4. Interactions of THW,, group with WSand BL.

variable effect F p
RT THWeXxWS 0.00(75,2) 1.000
THW,exBL 0.02(752) 0.985
THW X WSXBL 0.35(75,2) 0.708
MT THWeXxWS 164 (722 0.200
THW,exBL 431(72,2) 0.017
THW X WSXBL 0.63(72,2) 0.537
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Theinteractions of WS and BL with THW,, groups on RT were not significant. Thus, no evidence was found for
differences between short followers and drivers with a larger preferred THW in the stimulus encoding and motor-
adjustment stages. The interaction between THW .« and BL on MT was significant. This interaction was analyzed
in more detail. MT of the two extreme THW ¢ groups (short and long followers) were compared for the BL and
non-BL trials separately. MT during BL trias was significantly faster for short followers compared to long
followers (F(49,1)=4.17, p<0.05). During non-BL trials MT was not significantly different for short and long
followers however (F(49,1)=0.72, p=0.401), see figure 4. This means that only in trials in which the brake lights
were switched on short followers moved their foot faster to the maximum level compared to long followers. Post-
hoc analyses revealed that the THW .« X BL interaction on MT was mainly caused by an effect of preferred THW
on MT for the first braking trids in which the lead vehide carried brake lights. The results of regresson analyses
with MT as a dependent variable and preferred THW as an independent variable are ligted in table 5, for BL and
non-BL trials separatdly. It can be seen that only for fird trials in which the brake lights on the lead vehicle were
switched on MT was a function of preferred THW, such that drivers with a smaller preferred THW moved their
foot fagter from the accelerator pedal to the brake maximum.

+ —TWS T no WS
o) |
3 ves no 3

brakelight

Figure 2. RT asafunction of WSand BL.
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Figure 3. MT asafunction of WSand BL.

Table 5. Effects of regression analyses of THW,, on MT for trial orders 1, 2, 3and 4
and for BL and non-BL trials separatdy (df between brackets).

Order Beta F

BL triads

1 0.50 12.67(38,1) **

2 0.02 0.02 (34,1)

3 0.29 3.59 (40,1)

4 -0.29 3.08(34,1)
non-BL trials

1 -0.18 1.06 (33,1)

2 0.18 1.41 (40,2)

3 -0.17 0.96 (34,1)

4 -0.11 0.49 (40,1)

** =p<00L* =p<0.05
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Figure 4. Average MT for short and long followers, for BL and non-BL trials.

It was tested whether this had caused the THW« x BL interaction to become significant. The THW,, & x BL
interaction was examined for the last two trials (3 and 4) only. This interaction was not significant (F(75,2)=2.18,
p=0.120), while the THW,, x BL interaction was significant for the first two trias (1 and 2) only (F(72,2)=4.52,
p<0.05).

5.4 Discussion and conclusions

The experiment was performed in an interactive driving Smulator. Drivers were subjected to anumber of scenarios
in which the lead vehicle braked sharply from 80 km/h until it came to a full stop. Thelead vehicle started to brake
at atime-headway of 1 second. Subjects were ingructed to brake as fagt as possible as soon as the decd eration of
the lead vehide was detected. Subjects knew in advance that the lead vehicle would brake. Presentation of a
warning signal (on/off) and application of brake lights on the lead vehide (on/off) were administered in a within-
subjects design, resulting in four braking conditions.

Thetheoretical perspective of the present study was that drivers adapt time-headway to their braking skillsin such
away that the time available to reach the samelevel of deceleration asthe lead vehiclein case it brakes matchesthe
time needed by the driver to reach this level of deceleration. Individual differencesin choice of time-headway are
then expected to be related to individual differencesin braking skills. Braking for alead vehicle requires a number
of skills varying from perceptual skills needed for a fast detection of decderations of thelead vehicle to perceptual -
motor skills involved in tuning the motor response to visua input. This study was aimed at finding the relevant
skillsrelated to choice of time-headway during car-following.

In the literature on braking perceptual mechanisms, such asthe estimation of time-to-collision and the detection of
deceleration of a lead vehicle, are emphasized as important skills. Also, the ability to initiate braking as fast as
possibleis seen as an important factor in rear-end collisons. Starting from the exigting literature, it was investigated
whether choice of time-headway isreated to the ahility to initiate braking as fast as possible. Using the logic of the
additive factor method the locus of effect for differences in reaction time was examined. The stimulus encoding
stage of the information-processng chain was manipulated by switching the brake lights of the lead vehicle on or
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off. Thisresembles amanipulation of the factor stimulus degradati on. The motor-adjustment stage was mani pul ated
by the presence or absence of a warning sgna 1 second in advance of stimulus presentation (decd eration of the
lead vehide). The presentation of a warning signa affects time uncertainty, a factor that is known to affect the
motor-adjustment stage. The manipulations both had statistically significant additive effects on reaction time. This
confirms the results reported in the experimental psychological literature that different stages are sdlectively
affected by these two manipulations. However, no sgnificant effect of preferred time-headway was found on
reaction time. Also, no significant interactions of preferred time-headway with either the brake lights or the warning
signa manipulations were found on reaction time. This indicates that choice of time-headway is not related to
reaction time. It also indicates that choice of time-headway is nat related to the speed at which a decderation is
detected or to the speed at which the state of motor-readinessis reached.

The results on movement time (MT) revealed a different pattern. The factor warning signal had a significant
effect on movement time; presentation of a warning signa resulted in a larger movement time. This result is
difficult to explain. Generally, in laboratory experiments no effects of time uncertainty on movement time are found
(seef.i. Frowein, 1981). A possible explanation isthat the absence of awarning signa resulted in alonger reaction
time and thus a higher criticality at the moment the motor response was initiated. This required the subjectsto speed
up the motor response. However, the absence of a sgnificant effect of the factor brake lights on movement time
makes this explanation highly unlikely because the brake lights manipulation had much stronger effects on reaction
time. If there are effects of criticality on movement, the manipulation of brake lightsis expected to have a greater
effect on movement time than the warning sgnal manipulation. This obvioudy was not the case. Also, since the
subjects were ingructed to brake as fast as possble, criticality effects were not expected. There was no significant
effect of preferred time-headway on movement time. This meansthat there is no evidence that short followers differ
from drivers with a larger preferred time-headway in the ability to generate a faster motor response per se
However, the interaction between preferred time-headway and the brake lights manipulation on movement time
was significant. Only when thelead vehicle carried brake lights, short followers moved ther foot fagter to the brake
maximum than drivers with a larger preferred time-headway. The rdation between preferred time-headway and
movement time was absent when the lead vehicle did not carry brakelights. Thisis partly consistent with theresults
reported by Marteniuk et d. (1988) in a study of motor learning. They found that asthe performer ismore skilled in
the execution of a motor task, changing the feedback conditions strongly interferes with motor execution. The
absence of brake lights may be regarded as a strong change in feedback conditions, snce the brake lights of the lead
vehicle are an important cue for the driver in braking. Post-hoc analysis revealed that the interaction of preferred
time-headway with the brake light manipulation on movement time was mainly caused by atrial order effect. In the
firgt braking maneuver there was a strong effect of preferred time-headway on movement time, only if brake lights
of the lead vehicle were switched on during braking. This effect was absent in later braking maneuvers. The firgt
braking maneuver differsin one important agpect from later braking trials. During later braking trials the subjects
knew thelevel of deceleration of the lead vehicle and the duration of its decel eration, while thisinformation was not
availableto the driver during the first braking trial. This suggests that preferred time-headway is related to the skill
to transfer visual feedback to a required motor response. During the first trial visual feedback had to be interpreted
during the course of braking, while during later trials the required motor response was known even before the
response was generated. Thismeansthat for later trials a standard |earned fast response could be generated whilein
thefirg tria the transformation of visual feedback to the motor-response may have played someradle. This suggests
that the differences in response execution speed as a function of preferred time-headway are restricted to braking
situations characterized by uncertainty concerning the braking by the lead vehicle, the required decel eration and the
duration of braking, asisthe casein normal car-following situations.
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Chapter 6

6. EXPERIMENT 3: Choice of time-headway in car-following and the role of time-
to-collision information in braking

published in Ergonomics, 1996, 39(4), 579-592, co-author Adriaan Heino

Time-headway (THW) during car-following and braking response were studied in a driving
simulator from the perspective that behaviour on the tactical level (e.g. choice of THW) may be
linked to operational competence of vehicle contral (eg. braking) via a process of adaptation. Time-
headway was consigent within drivers and constant over a range of speeds. Since time-headway
represents the time availabl e to the driver to reach the same level of deceleration as the lead vehicle
in caseit brakes, it was studied whether choice of time-headway was related to skills underlying bra-
king performance. The initiation and control of braking were both affected by time-to-collison
(TTC) at the moment the lead vehicle Sarted to brake. This strongly supported the idea that time-to-
collison information is used for judging the moment to start braking and in the contral of braking.
No evidence was found that short followers differ from long followersin the ahility to accuratdy per-
ceive TTC. There was however evidence that short followers are better able to program the intensity
of braking to required levels. Also, short followers tuned the control of braking better to the
development of criticality in time during the braking process. It was concluded that short followers
may differ from long followersin programming and execution of the braking response.

6.1 Introduction

Close car-following has been associated with traffic accident involvement. Rear-end collisions accounted for about
24% of al accidents involving two or more vehiclesin the U.S.A in 1990 (McGehee et d., 1992). These accidents
are usualy attributed to maintaining insufficiently long headways and/or to inattentive driving resulting in respon-
ding too late to a decderation of a vehicle in front. In the literature, headway is expressed either as distance
headway (DHW) or astime headway (THW) (Fuller, 1981). DHW isthe bumper to bumper distance between the
lead vehicle and the following vehicle. THW is the time interval between two vehiclesin car-following, calculated
as DHW divided by the speed (in m/s) of the following vehicle. When the following and the lead vehicle drive at
the same speed (steady-state following), THW represents the time availabl e to the driver of the following vehicleto
reach the same levd of decderation as the lead vehicle in case it brakes. This available time is independent of
speed. A faster braking response is then required with a smaller THW. Also, the control of braking is more critical
inthat case. In thisartide, the THW during steady-state car-following will be referred to as THW, (preferred time
headway).

Evans and Wasidewski (1982) found that drivers with a larger THW .« had a history of fewer traffic violations
and traffic accidents. However, the same authors also argued that accident involvement did not have a rdiable
reation with THW,« by itsdf (Evans and Wasdewski, 1983). Especialy younger drivers employed smaller
THW's, asdid drivers of newer carsand of vehiceswith medium mass.

Several factors have been identified that influence choice of THW. Choice of THW has been associated with
personadity factors by some authors. Sensation seeking as a personadity trait is assumed to be related to risky
behaviour (Zuckerman, 1979). For example, Zuckerman and Neeb (1980) found a positive correlation between the
sensation seeking score and reported driving speed, whereas Heino et al. (1992), using aredigtic car-following task,
reported a smaller THW .« for sensation seekers than for sensation avoiders. Ota (1994) studied car-following
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behaviour in reation to personality traits. He suggested social maladjusment as an important factor in choice of
THW, athough corrdations between THW and personality test scores were not significant.

Other authors have stressed the importance of task-reated factors with regard to THW . Fuller (1981) studied
THW of truck drivers in convoy situations. During the late shift, covering a large period of driving in the dark,
THW,« was significantly larger than during daytime driving. This was explained as an effect of visua conditions.
Brookhuis e a. (1991) reported an increase in THW when using a car telephone while driving, which can be
regarded as an additiona task competing for attention. This suggests the driver is aware of effects of task demands
on the ahility to detect a decd eration of alead vehide and adapts THW accordingly.

Choice of THW also has been associated with temporary state-related factors. Fuller (1984) reported a time-on-
task effect on THW for older truck drivers in the late shift. After seven hours of driving, THW increased quite
strongly, accompanied by verbal reports of performance decrements, drowsiness and exhaugtion. In an experiment
reported by Smiley et al. (1981) in an interactive driving Smulator, marijuana resulted in increased headways
during car-following. Smiley et a. (1986) studied the effect of marijuana on several car-driving tasks on the road.
Again marijuana significantly increased headway in a car-following task. In another smulator study, Smiley et al.
(1985) found that marijuana increased headway while a cohol decreased headway. These results strongly suggest
effects of temporary states such as fatigue or states induced by marijuana and acohol on THW,,; fatigue and
marijuana increase THW & which may be a reflection of an adaptation of THW to adverse effects on the brake
reaction, whereas a cohol decreases THW ¢, possibly because drivers overestimate their braking competence under
alcohal.

The effects of task-related factors and transent dates refer to intrarindividual differences. The results strongly
suggest a process of adaptation of THW to changes in operational level competence which is influenced by task-
reated and date-rdated factors. From the same perspective, inter-individual differences in following behaviour,
may be related to inter-individual differences in operational level competence, such that THW,, is adapted to
limitations in braking-related competence. These limitations in braking competence may then be determined by
specific skills required for optimal braking performance. For this to be the case, THW,,« must be consistent within
theindividual driver, whileit differs between drivers asafunction of operational skill. Since THW,,« representsthe
ultimate reaction timein case of a dece eration by the lead vehicle, THW .« must be invariant over speed. However,
in spite of years of research into car-following it is still not clear whether this time headway constancy holds over
speed and whether it is cond stent within drivers.

Fuller (1986) reandyzed the results of previous car-following experiments and found negative corrdations
between speed and THW. Following distance increased with speed but not enough to maintain THW at a constant
level. However, the conditions resulting in different speeds varied widely. High speeds were associated with rura
open-road conditions with low traffic dendty and the absence of junctions, pededtrians and cother hazards. Low
speeds, on the other hand were associated with opposite conditions. Conditionsthat resulted in lower speeds, and an
accompanying larger THW ., were characterized by multiple tasks competing for attention, possibly resulting in
performance decrements in braking. Ota (1994) studied THW while drivers were required to drive with a speed of
50, 60 or 80 km/h and follow under different instructions such as 'follow at a comfortable distance and 'follow at a
minimum safe distance. No effects of speed on THW were found while ingruction significantly affected choice of
THW. This suggeststhat THW,,.« is constant over different speeds.

In the present study, an important hypothesis is that THW . IS constant over speed and consistent within the
driver. In order to test consistency of THW .+ and constancy over speed, it isrequired that, besides speed, &l other
factors that might affect braking performance are constant.

According to Lee (1976) drivers are able to control braking based on time-to-collison (TTC) information from
the optic flow fied (visual angle divided by the angular velocity). This would enable the driver to judge the mo-
ment to start braking and to contral the braking process. Theinitiation of braking includes the timing of releasng
the accelerator pedal after a decderation of the lead vehicle has been detected as well as the interval between
release of the accelerator pedal and the moment the foot touches the brake pedal. The control of braking indudes
braking intensity and the interval between the moment the brake is touched and the moment the maximum brake
pressure is reached. Brake reaction time (BRT) is usually measured as the interval between the onset of the
stimulus, such as the brake lights of the lead vehicle, and the moment the brake is touched. Therefore, BRT is an
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important measure for the initiation of braking. BRT to anticipated events is fagter than to unexpected events
(Johansson and Rumar, 1971) and the DHW at the moment the lead vehicle brakes has a strong effect on BRT
(Brookhuis and De Waard, 1994; McKnight and Shinar, 1992;, Sivak et al., 1981). An important skill that has been
associated with the initiation of braking reates to the perception of time-to-collison (TTC). TTC is defined asthe
time required for two vehicles to collide if they continue at their present speed and on the same path (see Van der
Horgt, 1990). TTC is computed as DHW/V,, where V. is the relative velocity or speed difference which must be
larger than zero. While the ability to accurately perceive TTC is often mentioned as an important factor for judging
the moment to gart braking, studies that related TTC to actua braking are scarce. However, Van der Horst (1990)
reported evidence that both the decision to gart braking and the contral of braking are based on TTC information
available from the optic flow field. If TTC isan important factor in theinitiation of braking, ardation is expected
between the TTC at the moment the lead vehicles startsto brake (TTCy) and BRT. Since TTCyg isan index for criti-
cality, it is expected that BRT isfagter if criticality is higher, i.e when TTCy issmaler. A consistent finding in the
literature is an underestimation of TTC, especialy at higher TTC's. Schiff and Detwiler (1979) found substantia
individua differencesin the ability to give accurate judgments of TTC and an average underestimation of TTC of
39%. McLeod and Ross (1983) found that men gave higher and more accurate judgments than women. They
reported an underestimation of TTC of 42%. Cavallo et al. (1986) found that experienced drivers produced better
estimates of TTC than inexperienced drivers. They reported a general underestimation of 35%. Hoffmann and
Mortimer (1994) found that both estimated TTC and standard deviation of estimated TTC were linearly related to
actual TTC. They reported an underestimation of TTC of 20% on average, while other studies typically report an
underestimation of around 40%. This better performance in TTC edtimation was attributed by Hoffmann and
Mortimer to the fact that in their experiment both vehicles were in motion, while other experiments typically
measured estimated TTC to a gatic object. The studies on TTC egtimation give substantive evidence for underesti-
mation of TTC and for individua differences in the ability to accuratdy estimate TTC. Differences in ability to
accurately estimate TTC are assumed to be expressed in the initiation of braking. BRT of drivers with better TTC
estimation skills is assumed to covary more with TTC than BRT of less skilled drivers. This is because better
skilled drivers are more sensitive to variationsin TTCy. A hypothesisin the present study is that THW,,« isrelated
to sendgitivity of theinitiation of braking to TTC information. Drivers who are more senditive to TTC arethen better
ableto judge the moment to start braking, while driverswho areless senstiveto TTC information run a higher risk
of starting to brake too late. Thismight result in alarger safety margin and thus a higher THW ;. for these drivers.

Drivers may not only differ in theinitiation of the braking response but also in the control of braking. Van der
Horst (1990) studied the control of braking by the maximum decel eration reached by the driver (DEC,), the mini-
mum TTC reached during braking (TTC,), and the time difference between the moment of TTCy,, (trremin) and
the moment of DEC .o (tbecmax)- T T Crin describes how imminent a collision has been during the braking process.
According to Van der Hors, thecmax 0ivVes an indication of the moment the driver knows a collison will be avoided.
During the time before trrcmin isreached, TTC is dill decreasing resulting in increasing criticality. If tpecmax OCCUrS
some time before trremin, Criticality is still increasing at the moment the driver aready relaxes the deceleration. If
toecmax OCCUrS some time after trremin 1S reached the driver keeps increasing the dece eration when it is no longer
necessary. A close rdation in time between tpecmax and trremin then suggests a more efficient control of braking,
where the control of braking is better tuned to the development of criticality in time. In the present experiment it
will be examined whether THW .« is related to braking control as indicated by these measures. In addition to this,
the maximum percentage brake pressed (MAXBR), and the interval between touching the brakepeda and the
moment the brake pedal is pressed to the maximum value are measured. Furthermore, it will be examined whether
the intensity of the braking reaction, measured by MAXBR, is more sendtive to TTC at the moment the lead
vehicle starts to brake for short followers compared to long followers. A higher senstivity of the intensity of
braking to TTC, suggests that the braking response is more adapted to criticality at the moment the driver detects
the braking of the lead vehide.

In summary, the following hypotheses will be tested in the present experiment.

1) Preferred time-headway is congtant over different speeds.
2) Preferred time-headway is consistent within individual drivers, but differs between drivers.
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3) Theinitiation of braking, measured by BRT, is more strongly related to TTC at the moment the
lead vehide garts to brake for short followers compared to long followers. This is assumed to be
related to differencesin the ahility to perceive TTC information.

4) Preferred time-headway is related to the intendity of braking and quality of braking control. The
intensity of braking is measured by MAXBR while the quality of braking control is measured by the
sendtivity of the braking intendty to criticality (as measured by TTC) and by the time difference
between trrcmin 8d thecmax-

6.2 Method

Apparatus. The driving smulator of the Traffic Research Centre (TRC) was used for the present experiment.
This fixed-based simulator consgts of two integrated subsystems. The firgt subsystem is a conventional smulator
composed of a car (a BMW 518) with a steering whedl, clutch, gear, acce erator, brake and indicators connected to
a Silicon Graphics Skywriter 340V GXT computer. A car model converts driver control actions into a displacement
isspace. On a2 x 2.5 meter projectionscreen, placed in front of the car mockup, an image of the outside world with
a horizontal angle of 50 degrees is projected by a graphica videoprojector, controlled by the graphics software.
Images are presented with arate of 15 to 20 frames per second, resulting in a suggestion of smooth movement. The
visual objects are buildings, roads, traffic sgns, traffic lights and other vehicles. The sound of the engine, wind and
tiresis presented by means of adigital soundsampler receiving input from the Smulator computer.

The second subsystem condists of a dynamic traffic simulation with interacting artificially inteligent cars. For
experimental purposes different traffic situations can be simulated. The smulator is described in more detal
elsawhere (Van Wolffdaar & Van Winsum, 1992 and Van Winsum & Van Wolffelaar, 1993). De Waard et d.
(1994) reported a significant corrdation (r=0.67) between THW measured in this smulator and ratings of preferred
headway on a photo-preference tedt. In this test subjects rated preferred headway from a series of photographs with
a view of alead vehicde through the windscreen on a motorway. This supports the validity of this smulator for
measuring car-following behaviour. Also, TTC has been reported to be directly available from the optic flow field
without requiring speed and distance estimation. Since visual angle and angular velocity areidentical in the smula-
tor and in real world driving, this smulator was assumed to be a valid instrument for estimation of TTC.

Procedure. The dircuit was made of two-lane roads with alane-width of 3 meters. All roads had ddlinestion with
broken center lines and closed edge lines. Sideroads connected with an angle of 45 degrees to the main road,
alowing other vehicle to mergein front of the smulator car and leave the main road. The length of the circuit was
7600 meter.

Before the experiment started, subjects completed a questionnaire on driving experience and age. After this
subjects were ingructed to drive as if they had to reach their destination as soon as possible, without overtaking
other vehicdles, to drive safely and to respect the speed limit of 80 km/h. The experiment started after aten minutes
practice drive.

The experiment conssted of two parts, separated by a 15 minutes break. During the firgt part choice of head-
way was measured as a function of speed. Lead vehicles drove with a constant velocity of either 40, 50, 60 or 70
km/h. These different speeds are referred to as 'speed conditions. Subjects were required to drive around the circuit
twice. Thefirst drive around the circuit was used to familiarize subjects with other traffic. Vehicles merged in front
of the smulator car, controlling their speed such that when the simulator car was 50 meter from the intersection, the
lead vehicle was 100 metersin front of the smulator car.

During the second part of the experiment braking behaviour was measured. Vehides merged in front of the
simulator car in the same way as described above. Lead vehicles drove with a constant speed of either 60 or 50
km/h, resulting in two "braking conditions. As soon as the lead vehicle was 50 meter in front of the Smulator car
(to), it decelerated with -2 m/<, with its brakeights on, to a gpeed 20 kmvh below the initial cruise speed. Assoon
asthe smulator car reached this speed (40 of 30 km/h) the lead vehide pulled up again. The two braking conditions
(50 vs 60 km/h) were used to Sudy within-subjects differencesin braking as a function of TTC.



Data regidration and analysis Speed of the smulator car (V) and lead vehide (Vi) in m/s, distance head-
way (DHW) in meters, accderation in m/s? and brake peda signal expressed as percentage pressed were sampled
with a frequency of 10 Hz. THW was calculated as DHW/V. TTC was caculated as DHW/Vr, with Vr being the
relative speed (V-Viex). Average THW was computed from the moment the smulator car and the lead vehicle
drove with the same speed until the lead vehicle |eft the main road. THW,« was computed as the average THW
over the four speed conditions.

In the second part of the experiment t, represents the moment a DHW of 50 meters was reached. On t, the
lead vehicle Sarted to brake. TTCy representsthe TTC on to. BRT was computed as ty, - to, where t,, refersto the
moment the brake pedal was pressed more than 5%. TTCy, represents TTC on ty. ON g the maximum brake
pressure, MAXBR, was reached. TTCaxr represents TTC on trax. Brake control movement time, (BCMT) was
calculated as traor-tor. The moment the maximum dece eration, DEC., Was reached is indicated as tpecmax. The
moment the minimum TTC, TTC,,,, was reached is indicated as trrcmin. The absolute time difference between the
moment of maximum dece eration and the moment of minimum TTC was computed as ABS(tpecmax-trremin) @nd is
referred to astyr. Figure 1 shows atime history of braking, together with a number of dependent variables.

Analysis of covariance was applied to test differences in sengtivity to TTC as a function of THW . For this,
differences between the two braking conditions were studied to test whether braking-related variables covaried with
TTC. Thedifferencein TTCy between braking condition 60 (lead vehicle braked from 60 to 40 km/h) and braking
condition 50 (lead vehicle braked from 50 to 30 knvh) is expressed as dTTCy. The differences in MAXBR and
BRT between these two conditions are expressed as dMAXBR and dBRT. Theregression coefficient of dBRT and
dMAXBR on dTTCtyisanindicator for the sendtivity of BRT and MAXBR to TTCt,. Higher sensitivity is expres-
sed as a steeper dope (larger coefficient of regression). Analysis of covariance was used to test differencesin dope
asafunction of THW ;.
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Viead
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TTCbr TTCmaxbr
Figure 1. Time-higtory of braking and dependent variables.
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Effects of THW,, and braking conditions on dependent variables were tested with repested measurements multi-
variate analysis of variance (MANOVA) with braking condition as a within-subjects factor.

Subjects Fifty-four male subjects participated in the experiment. The average age was 29 years (sd. 8.12, range
19-48) with 65% of the subjects being younger than 30 years of ages. They had held adriving license for 9 years on
average (range 1-29).

6.3 Results

Sability of THWyer. THW was not significantly affected by speed of the lead vehicle (F(135,3)= 1.27, p>=0.2-
5), see figure 2. This supported the hypothesisthat THW is constant over speed.

THW (s)
2
1.5 —
1‘ B n\m
0.5
0 | | | |
30 40 50 680 70 80

velocity lead vehicle (km/h)

Figure 2. THW asafunction of speed.

A high corrdation between THW's in the four speed conditions suggests cond stent following behaviour. THW'sin
all speed conditions were significantly correlated (p < 0.001), as shown in table 1. Additional evidence for conss-
tency in following behaviour was obtained by considering each THW as an "item" in a (4-item) "following
behaviour”" test (Hendrickx, 1991). The test's rdiability index (Cronbach's apha) was found to be as high as 0.91.
Thiswas taken as evidence that al THW's were an expression of a subjects general THW .

66



Table 1. Corrdation matrix for THW'sin the four speed conditions

THWS0  THW60 THW70

THWS0 0.69**
THW60 0.76** 0.63**
THW70 0.67** 0.69** 0.60**

(** indicatesp < 0.001).
THWxx : THW = time headway, xx = speed (kmv/h) of lead vehicle

These results supported the hypothesis that THW is consistent within drivers, but differs between drivers. For
further analysis, the average THW over the four speed conditions was computed as THW,. Based on the
frequency distribution of THW ., three groups of equal size were created. These groups are referred to as THW e
groups. These groups served as a between-subjects factor in subsequent analyses. Four subjects were not included
because they failed to reach a stable THW in the 70 km/h condition. Table 2 shows number of subjects, average
THW and standard deviation of THW for the THW . groups.

Table 2. Size, mean THW and sd of THW for THW ¢ groups

THW e 0roup N mean THW(s) sd of THW
short 17 0.67 0.19
medium 16 1.08 0.09
long 17 152 0.27

Braking responses Two additional subjects failed to display a clear brake response in one of the two braking
conditions. Therefore, the tatal number of subjectsin the analyses was 48.

Figure 3 shows the time history of TTC for the three THW .« groups in both braking conditions. Four datapoints
are displayed. The firgt point represents TTCy, the second TTC,, the third TTC, and the fourth TTCpgqr. The
timeinterval between TTCy and TTC,, represents BRT, whilethetimeinterval between TTC,, and TTCpyaq repre
sents brake control movement time (BCMT).

Theinitiation of braking. Table 3 givesthe MANOVA effects of THW . group and braking condition on variables
related to theinitiation of braking.

TTCy and TTC,, were significantly smaller, while the rdative speed (Vr) at t, and ty,, was sgnificantly larger for
subjects with a smaller THW . At t long followers aready had lowered their speed to a greater extent than short
followers. BRT was not sgnificantly different for short foll owers compared to long followers.

Table 3. Effects of THWy« group and braking condition on variables related to the
initiation of braking (F-dtatigtics)

Effect
Dependent THW et Qroup Braking con. interaction
TTCy 8.57** 0.16 0.52
TTCy 18.05** 0.59 114
Vry 15.83** 6.79** 1.90
Vg 24.72%* 8.07** 1.26
BRT 0.62 20.57** 101
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THW, group effect : df = 45,2;
Braking condition effect : df = 45,1,
Interaction effect: df= 45,2

** =p<0.01
braking cond 50 braking cond 80
ftc (s) itc (s)
20 20
i THWopref groups i THWopref groups
—short — medium ~ long 1 —-short — medium ~ long
15 15
10 10
5 5F
07 | | | | | | | | | Qi | | | | | | | | |
1050 05 1 15 2 25 3 35 4 41050 05 1 15 2 25 3 35 4
time time

Figure 3. Time history of TTC asafunction of THW .« groups for braking
condition 50 (left) and braking condition 60 (right).

Braking condition had a significant effect on BRT. BRT wasfaster in the condition wherethe lead vehicle decde-

rated from 50 to 30 km/h. This was accompanied by alarger relative vel ocity on ty and t,,, in this condition. None of
the interactions were sgnificant.

Table 4 presentsthe correlations of BRT with TTCo and TTC,,.

Table 4. Corrdation of BRT with TTC in braking condition 50 and 60

Condition 50  Condition 60

TTCo 0.66%* 0.61**
TTCy 0.01 -0.21
** =p< 001

The corrdations of BRT with TTC, were highly significant. The corrdations of BRT with TTC,,, were not signi-
ficant. Thus, BRT decreased as TTCy, decreased for both braking conditions. This was taken as evidence that the
initiation of braking, indicated by BRT, was sensitiveto TTC information as an index for criticality. The sgnificant
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effect of THW e group on TTCy, and the absence of a significant effect of THW«+ on BRT suggests the TTC
criterion for initiating the braking response islower for short followers.

One of the hypotheses was that the initiation of braking was more sengtive to TTC for short followers
compared to long followers. Senditivity was expressed as the extent to which BRT covaries with TTC,,. Analysis of
covariance reveal ed that dBRT was dependent on dTTCyy (F(42,1) = 14.77, p<0.001). This meansthat, within Ss, a
smaler TTCy resulted in a faster BRT. Since dBRT was computed as the difference between BRT's in the two
braking conditions, the effect of braking condition on BRT is partly explained by within-subjects differences in
TTCy. Thus, theinitiation of the braking response was very sendtive to between-subjects as well as within-subjects
variations of TTC at to. The dope of the regression of dBRT on dTTCy represents the sengtivity of BRT for TTC.
The magnitude of the dope as well asthe correation coefficients are shown in table 5 for the three THW ;. groups.
Although the correlation and regression coefficients suggest a stronger reation between dBRT and dTTCtO for
short followers, this was not confirmed by analysis of covariance because the interaction with THW & groups was
not sgnificant (F(42,2)=1.62, p=0.210). Thus, the hypothesis that short followers are more sengtive to TTC
information in theinitiation of the braking response was not confirmed.

Table5. Corrdation and sendtivity of BRT to TTCtO

THW,,.« group R coefficient of regression
short 0.72**  0.19
medium 0.63** 0.12
long 0.51* 0.06

** =p<00L* =p<0.05

The control of braking. Table 6 shows the effects of THW & group and braking condition on variables related to
the control of braking.

Table 6. Effects of THW & group and braking condition on variables related to
the contral of braking (F-statistics)

Effect

Dependent THW et Qroup Braking con. interaction
TTChin 18.78** 0.30 123
TTCraxor 16.13** 0.01 0.51
BCMT 0.86 201 219
MAXBR 6.24** 7.12%* 0.33

DEC, 4.54* 2.49 0.02

tai 3.88* 0.75 0.09

THW, group effect s df =45,2
Braking con. effect rdf=451
interaction effect :df =452
** =p<001*=p<0.05

The minimum TTC during braking (TTCrin) was significantly smaller for short followers, as wasthe TTC at the

moment the brake was pressed to the maximum (TT Caxr). Short foll owers generated a moreintense brake reaction
than long followers : MAXBR was significantly larger for short followers. Also DEC. Was larger for short follo-
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wers. This supported the hypothesis that short followers differ from long followers in the intensity of the braking
response. BCMT, the time within which the brake maximum was reached, was not affected by THW . groups.

The absolute time difference between toecmax 81d trremin, tair, Was Seen as an indicator for the efficiency of bra-
king contral. There was a significant effect of THW & group on this measure. Ty was smaller for short followers
compared to long followers, see figure 4. This supported the hypothesis that short followers differ from long
followersin the quality of braking contral.

In order to test the sengtivity of the intengity of braking to criticality, an analysis of covariance was performed on
dMAXBR (differences in MAXBR between the two braking conditions) as a function of dTTCy, (differences in
TTCy between the two braking conditions), with THW,, group as a between-subjects factor. A smaller TTCy
genedly resulted in a larger MAXBR (F(42,1)=22.37, p=0.000). This means that the intensity of the braking
reaction strongly depended on TTCy,. The interaction with THW .« group was significant as well (F(42,2) = 4.63,
p=0.015). In table 7 it can be seen that MAXBR decreases more as a function of TTCy for short followers
compared to long followers. The differences in dopeindicate that the intensity of the braking responseis more sen-
sitive to TTCy, for drivers with a smaller THW,,«, athough the correlations between dMAXBR and dTTCtO are
comparable for the three groups.

This again supported the hypothesis that short followers differ from long followers in the quality of braking
contral.

tdif
91,4
1,2 L /
1 : /
0,8; )
0,6;
0,4]-;
0.2 braking condition
i | — 80 —— 60
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(0] short medium long o]

THWpPref groups

Figure 4. Difference between trrcmin 8nd toecmax @ afunction of THW .« groups
and braking condition.
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Table 7. Corrdation and sengtivity of MAXBR to TTCtO

THW,,.« group R coefficient of regression
short -0.69** -6.52
medium -0.57* -3.13
long -0.58* -1.13

** =p< 001 * =p<0.05

6.4 Discussion and conclusions

The hypothesis that THW . is consistent within the driver and the hypothes's of constancy of THW,,« over speed
during steady-state car-following were confirmed for the range of speeds examined in the present experiment. The
brake reaction of drivers was anadyzed in order to investigate whether differences in THW,, during steady-state
car-following are related to differences in braking performance and underlying skills. Since THW during steady-
state following represents the time available to the driver to give an appropriate braking response in case the lead
vehicle decderates, THW may be the result of an adaptation of the driver to individual differences in braking
competence. Braking performance was assumed to be related to the ahility to perceive time-to-collison (TTC) and
the ability to generate an efficient braking response, depending on the criticality of the stuation. The initiation of
braking, as measured by brake-reaction time (BRT) was strongly related to TTC at the moment the lead vehicle
started to brake (TTCy) and thusto criticality. This strong relation was apparent between subjects as well as within
subjects. This conforms with the suggestion in the literature that TTC information is used by the driver to judge the
moment to start braking. However, drivers with a smaller THW,, during steady-state following start to brake at a
lower TTC, i.e. when the criticdlity is higher. This suggests a different TTC criterion for the initiation of braking,
depending on preferred time-headway. Although the initiation of braking was very sendtive to TTC information,
there were no differences between short followers and long followers in sengtivity of BRT to TTCy. Thus, the
hypothesis that differencesin THW,,« during steady-state following are related to the ability to accurately perceive
TTC wasnot confirmed since adifferential ability related to TTC perception was assumed to be expressed in BRT.

The minimum TTC during braking was smaller for short followers. This indicates that a collison was more
imminent for short followers than for long followers. There were however differences in the control of braking.
Firgly, short followers pressed the brake peda to a higher maximum, resulting in a larger decd eration. Secondly,
for short followers the intensty of the braking response was more strongly dependent on the criticality at the
moment the lead vehicle started to brake. This suggedts that the intensity of braking is at least partly programmed
before response execution and confirms the suggestion in the literature that TTC information is used in the control
of braking. Short followers are then better able to program this response to the appropriate level, depending on
criticality. However, at the moment the lead vehicle Sartsto decelerate, the driver does not know how strong it will
decderate and for how long. Therefore, visual feedback during the braking maneuver isimportant for continuoudy
adapting the braking response to the required level. The programmed braking intensty may then have to be
adjusted to ancther level depending on the development of criticality in time. The moment of maximum
deceleration (tpecmax) Was assumed to indicate when the driver knows a collison will be avoided. A closer corres-
pondence in time with the moment of minimal TTC (trrcmin) SUggests a better ability to adjust the control of braking
to requirements. In this respect, the third difference was found between short en long followers. For short followers
the absolute difference between tpecmax @nd trremin Was smaller, indicating a more efficient braking control where
the timing and intensgity of braking is better tuned to the development of criticality in time during the braking
process.

These results suggest differences in skills related to the response programming and response execution of
braking between short and long followers. On the other hand, the absolute levels of TTCy, were different between
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THW, groups. An aternative explanation may then be that short followers had to generate more efficient braking
responses that were better tuned to criticality because criticality was higher for them to begin with. In other words,
they may have been forced to perform better. Also, since TTC during the braking process was lower for short
followers, and, as discussed in the introduction, the estimation of TTC is more accurate for smaller TTC's, the
differences between short and long followersin braking control may have been caused by a more accurate estima-
tion of TTC by short followers. In both cases, however, the sengtivity of BRT to TTCy i's expected to be higher too
for short followers. Since this was not the case, the evidence presented suggests differences in skills related to the
programming of theintensty of braking and the control of braking between short and long followers.
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Chapter 7

7. EXPERIMENT 4: Time-headway in car-following and operational performance
during unexpected braking

Submitted for publication to Perceptual and Motor Skills
co-author Wiebo Brouwer

The relation between choice of time-headway during car-following and the qudlity of braking skills
was sudied in a driving Smulator. The theoretical perspective was that individua differences in
behaviour on the tactical level may be related to skills on the operational level of the driving task via
a process of adaptation. In a sample of 16 young and middle-aged experienced drivers independent
assessments were made of preferred time-headway and braking skill. Starting from modern theories
of visua-motor learning, braking skill was analyzed in terms of a reaction time component, an open-
loop visual-motor component, and a closed-loop visual-motor component involving the precise
adjusment of braking (timing and force) to the Stuation. The efficiency of the visua-motor
component of braking was a srong and significant predictor of time-headway in such a way that
more efficient braking indicated a shorter preferred time-headway. This result appears to support the
adaptation theory on an individual level.

7.1 Introduction

For many yearsit has been redlized that individua s who have very good driving skills in the sense of great fluency
and agility in performing the basic driving tasks of visual orientation and vehicular control, are not necessarily safe
drivers (Williams and O'Neill, 1974; Evans, 1991). Traffic safety depends on what the driver will do in a given
situation and not on the maximum level of performance (Né&tanen and Summala, 1976) or, as Evans (1991) putsit,
what is crucia is not how the driver can drive but how the driver does drive. The failure of driver skill modelsin
explaining accident involvement has been attributed to various adaptive mechanisms. For example, drivers with
poor skills might compensate by driving dower, or, the other way around, very skilled drivers might tend to drive
very fast. Because traditional skill modd s do not incorporate such compensatory mechanisms they are not suitable
for assessng and undergtanding individua differencesin the safety of traffic behaviour.

A solution to this problem may be the application of the hierarchical framework discussed by Michon (1985) to
driving behaviour (Ranney, 1994). In this framework driving is viewed as a hierarchically organized set of tasks on
the drategic, tactical and operationa level. On the drategic level trip planning and the sdection of trip goals and
route occur. Thetactical level includes, for instance, choice of speed on straight roads and in curves and chaice of
headway in car-following. Steering and contralling the timing and intensty of braking are activities on the
operationa level. Traditionally the study of driving skill was aimed as the efficiency of performance on the
operational level. However, in this article the importance of the interrd ation between behaviour on the operational
and the tactical level is gtressed. In this framework the adaptation problem may be understood as a compensation
on the tactical and drategic levels of the driving task for individua differences in skills on the operational level
(Brouwer et a., 1988). This adaptation theory has been used as an explanation for the relatively safe driving records
of functionally impaired drivers. The link with driver safety now becomes clear. Driver safety may be defined in
terms of the relationship between operational level skillsand choices and preferences on thetactical leve.
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Recently, Van Winsum and Heino (1996) found some evidence with regard to the relationship between individua
differences in operational level skills and tactical behaviour which appears to fit an adaptation theory on the
individual level. In a gudy on time-headway in car-following, they found evidence for a relationship between
braking skill and choice of time-headway. Since time-headway (THW), defined as the time interval between two
vehicesin car-following, represents the time available to reach the same leve of decel eration asthelead vehiclein
case it brakes they studied whether choice of THW is related to time-critical skills underlying braking
performance. THW was constant over the range of speeds studied. Drivers were consigtent in their choice of THW,
evidencing systematic individual differences in choice of THW during car-following. The results suggested
differences in skills related to the motor control of braking as a function of preferred time-headway. What was
lacking in this study was a specific modd of the braking skills so that it was difficult to pinpoint in which respect
drivers with short THW differed from those with long THW. In the present study a modd for the decomposition of
perceptual-motor processesin braking is proposed and individual differencesin the efficiency of such processesare
related to the choice of time-headway in afreefidd situation.

Braking for a decderating lead vehice requires subgtantial perceptual-motor skills because of the dynamic task
environment. Lee and his co-workers have shown in anumber of publications that a perceptual variable, named tau,
which isthe inverse of the expansion of theretinal image, is used in action. This variable directly specifiestime-to-
contact in dynamic Stuations. Thus, perception is assumed to guide action and this relation between tau and action
has been established in a number of different tasks such aslong jumpers running up to a take-off board (Lee et d.,
1982) and jumping up to hit afalling ball (Lee et a., 1983). Also, Bootsma and Van Wieringen (1988) found that
time-to-contact plays an important role in the guidance of actions of an experienced table tennis player. In car
driving and braking the equivalent of time-to-contact is time-to-collison (TTC). Lee (1976) suggested that TTC
information is used by the driver in the initiation and contral of braking. Van Winsum and Heino found that the
initiation and control of braking for a decderating lead vehicle was very sendtive to TTC information. The timing
of the initiation of the braking response was equally sendtive to TTC for short followers and long followers.
However, short followers were more efficient in the control of braking, braked harder and adjusted the intensity of
braking better to the criticality (as measured by TTC) at the moment the lead vehicle darted to decelerate,
compared to long followers. So, it appeared that the difference between the short and long followers was in the
execution of the motor response.

Substantia individua differencesin the ability to accurately estimate TTC have been reported in the literature (for
instance see Schiff and Detwiler, 1979). A generd finding isthat TTC is underestimated with a congtant proportion.
TTC edimation is more accurate for smaler TTC's, see for instance, McLeod and Ross (1983), Cavallo €. a
(1986), Hoffmann and Mortimer (1994). Given this evidence, the results of Van Winsum and Heino could have
been affected by the fact that the TTC at the moment the lead vehicle started to brake (to) was smaller for short
followers although the distance at t, was the samefor al subjects. Thiswas caused by ahigher speed on average for
short followers on ty. Theoreticaly, short followers were thus in a position to estimate TTC more accurately. In
addition, snce TTC was smaller for short followers they may have been forced to brake harder and more accura-
tdy. In order to contral for effects of differential criticality and accuracy of TTC egtimation, all drivers will be
subjected to the same high level of criticality in the present studly.

In dynamic Stuations such as braking for a dece erating lead vehicle, following the initial reaction of rdeasing the
accd erator, the motor response is assumed to cons g of two phases, i.e. an open-loop and a d osed-loop phase. We
attempt to separatdy assess these three processes by anayzing the braking responsein terms of Reaction time (RT),
the Brake Initiation Movement Time (BIMT) and the Brake Control Movement Time (BCMT) (see Figure 1).
Starting from the adaptation theory we expect that the quality of these processes is rdated to preferred time-
headway: specifically we hypothesize that preferred time-headway (behaviour on thetactical level) can be predicted
from the BIMT and the BCMT (performance on the operational level). To be able to assess the reliability of
preferred THW as an indicator of a gable individual characterigtic, it is measured at four different speeds. It is
expected that the results of Van Winsum and Heino concerning the consisency of THW and the constancy of THW
over speed will be replicated.
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Reaction time (RT) represents the interval between stimulus presentation and movement initiation. Several
information processing stages incduding response selection and response preparation, together called motor
programming, occur within this interval. Motor programming time, as a part of RT, is assumed to be rdated to
temporal complexity and organization of the movement to be executed, but not with physical task dimensions such
as digance (Kerr, 1978). This suggests that the time associated with parameter setting for a generalized motor
program does not vary for different parameter values. Thus, TTC is not expected to affect RT because TTC is
assumed to determine the speed parameter value for the generalized motor program.

The Brake Initiation Movement Time (BIMT) is used to operationaly define the open-loop phase under the
control of the generalized motor program for braking of which the speed parameter is set by TTC information.
During this phase the influence of feedback is absent. Because of the time characterigtics of the braking response
the open-loop phase is defined here as the interval between the moment the driver withdraws the foot from the
accderator peda and the moment the brake peda is touched. The duration of this phase is then assumed to be
dependent on TTC at the moment the driver detects the decd eration of the lead vehicle or at the moment the driver
decidesto brake

Error detection and error correction are assumed to take place during the cl osed-loop phase, operationally defined
here as the Brake Control Movement Time (BCMT). This is the interval between the moment the brake pedd is
touched and the moment the brake maximum is reached. Since the environmental goal of the movement isto avoid
acollision and to keep sufficient distanceto the lead vehicle, TTC information is possibly used during this feedback
process. According to Hayes and Marteniuk (1976) movement control complexity can be viewed as the information
load imposed on the performer by the necessity to detect and correct movement errors. For more skilled operators
movement time decreases because of a decrease in the number of movement corrections (Kede, 1968). During the
closed-loop phase of the braking response, movement time is then expected to be related to the number of
movement corrections.

7.2 Method

Subjects. Sixteen (8 male, 8 female) subjects participated in the experiment. The average age was 33.6 years (sd.
6.1, range 22-47). They had hdld a driving license on average for 11.6 years (range 2-27). The average annual
kilometrage was approximately 10083 kilometers (range 1500-30000).

Apparatus. The experiment was performed in the Traffic Research Centre (TRC) fixed-based driving smulator. It
conggts of a car (BMW 518) with a steering whed, clutch, gear, accelerator, brake and indicators connected to a
Silicon Graphics Skywriter 340V GXT computer. A car model converts driver control actionsinto adisplacement in
space. On a2 x 2.5 meter projection screen, placed in front of the car mockup, an image of the outside world with a
horizontal angle of 50 degrees is projected by a graphical videoprojector, controlled by the 3D-graphics software.
Images are presented with arate of 15 to 20 frames per second, resulting in a suggestion of smooth movement. The
visual objects are buildings, roads, traffic Sgns, traffic lights and artificially intelligent traffic. The sound of the
engine, wind and tires is presented by means of a digitad soundsampler receving input from the smulator
computer. The smulator is described in more detail e sewhere (Van Wolffdlaar & Van Winsum, 1992 and Van
Winsum & Van Walffelaar, 1993).

Procedure. A circuit of two-lane roads (lane-width 3 meters) with broken center lines and continuous edge lines
was used. Since the subjects had participated in another smulator experiment not involving car-following prior to
the present experiment, they were aready sufficiently practiced. First, preferred time-headway was measured as a
function of different speeds. Subjects were ingructed not to overtake other vehicles, to respect the speed limit of 80
km/h and to follow other vehicles at a safe disance. While driving, the subjects approached vehicles that were
parked on the right shoulder. At a distance of 200 meter these vehicles accelerated to a fixed cruisng speed and
merged in front of the Smulator car. There were four of these trials that differed in the cruisng speed of the lead
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vehicles. The order of speeds was 60, 40, 70 and 50 km/h for all subjects (speed condition). In every trid, time-
headway was measured during 5 minutes.

After this, avehide, driving with a speed of 60 km/h, was approached. Prompted by the experimenter the subjects
were asked to rate the danger of the present headway on a scale from 1 to 5. Then they were requested to drive a bit
closer and again asked to give arating. This continued until a time-headway of 0.6 seconds was reached. At that
moment the lead vehicle suddenly decelerated unexpectedly from 60 km/h to 30 km/h with a dece eration of 6 m/s.
This congtitutes the braking condition. The aim of this procedure was to ascertain a fixed time headway at the
moment thelead vehicle Sarted to brake for al subjects.

Data regigration and analysis. Speed, brake and acceerator pedal sgna (percentage pressed), distance-headway,
time-headway and time-to-collis on were sampled with a frequency of 10 Hz. Average THW was computed, for the
four trialsin the gpeed condition, from the moment the smulator car reached the same velocity as the lead vehicle
until the lead vehicle left the road. THW's were averaged over the four speed trials to compute preferred time-
headway (THW«). The effect of speed on THW was tested with multivariate analysis of variance with repested
measurements.

Figure 1 shows the time-higtory of braking together with a number of dependent variables. In the braking
condition, to represents the moment a THW of 0.6 wasreached. On t, the lead vehicle started to brake. The moment
the accderator peda was 5% |ess than the position on t, represents t,.. Reaction time (RT) was calculated as the
interval between t, and t,.. The moment the brake pedal was pressed more than 5% isindicated asty,,. Theinterval
between t,.. and t,, represents the open-loop phase of the movement and is referred to as brake initiation movement
time (BIMT). The moment the maximum brake position was reached is indicated by tmar. The duration of the
closed-loop phase, brake control movement time (BCMT), was computed as the interval between t,, and taor-
Movement time (MT) was computed as the sum of BIMT and BCMT. TTC on tc isreferredto as TTCy.

During the dosed-loop phase the brake pedal is pressed. A typical time-higtory of thisis presented in figure 2. It
shows the percentage at which the brake pedal is pressed together with the vel ocity of pressing the brake pedal and
accderation of brake peda signa as a function of time. The number of decderations in this sgna reflect the
number of movement (speed) corrections. The effect of driver reactions to braking by the lead vehicle on THW
weretested with multiple regression analysis.
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7.3 Results
Before testing the main hypothesis a preliminary assessment is made of the rdiability of THW .

Reliability of preferred THW. THW was not significantly affected by the speed of the lead vehicle (F(3,15)=1.20,
p>=0.352), whereas distance headway significantly increased with speed (F(3,15)=20.20, p<0.0001). This means
that THW was congtant over speed. The test's rdiability index (Cronbach's apha) for the four measurements of
THW over different speeds was 0.89, while the standardized alpha was 0.90. This was taken as evidence that all
THW's are an expresson of a subjects general preferred THW. THW,,« was computed as the average THW over
the four speed trids.

The corrdlations of THWy with annual kilometrage and number of years licensed were not datistically
significant (R=0.13 resp. -0.02). This means that preferred time-headway was not reated to driving experience
Also, none of the braking-rdated variables corrdated significantly with driving experience.

The relationship between preferred THW and braking skill. It isfirgt tested whether the duration of the open-loop
phaseis determined by TTC after the RT interval and whether the duration of the dosed-loop phaseis affected by
the number of movement corrections as predicted by the braking model presented in the introduction. The
regresson coefficients (Beta weights) are presented in table 1.

Table 1. Effects of regression analyses of TTCx, and movement corrections on
the duration of the open-loop (BIMT) and dosed-loop (BCMT) phases.

Dependent  Independent R(=Beta) F

BIMT TTCox 0.81 27.11**
BCMT nr corr 0.83 30.09 **

nr corr = number of movement corrections
** = p<0.01;

From ingpection of table 1 it appears that the duration of the open-loop phase was strongly determined by TTC at
the moment the accderator was released. The duration of the closed-loop phase was srongly determined by the
number of movement corrections. This confirmsthe modd of braking discussed in the introduction.

It was then tested whether operational braking performance affected choice of time-headway. For this the
regressons of RT, BIMT and BCMT on THW,,« were analyzed, controlling for the effects of TTC, and number
of movement corrections. In this way the direct effects the independent variables on THW,,« could be established.
Table 2 ligs the effects of RT, BIMT and BCMT on THW,,¢. This table should be read as follows. The first
column ligs the dependent variable. The second column lists the independent variablesin order of incluson in the
regresson equation. R represents multiple corrdation after addition of the independent variable, and F represents
the accompanying F gsatigic for the whole regression eguation. Beta and T represent the Beta weight and t value
when all dependent variables areincluded in the equation.

Table 2. Effects of multiple regression analyses of brake-reated times on THW .

Dep Indep R F Beta T
THW et RT 0.31 1.50 -0.31 -1.23N.S.
THW et BIMT 0.53 5.37 1.12 3.25%*
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TTCx: 0.68 5.64 -0.74 -2.13*

THW et BCMT 0.49 4,39 0.49 2.09*
nrcorr  additional contribution too small
for incluson
THW et MT 0.67 11.24 0.67 3.35%*

* =p<0.05; ** = p<0.01; N.S. = not significant

TmCacc | Nr Corr
-0.74% 0.81** 0.83**
Y n.s
RT BIMT BCMT
1.13% 0.49*
n.s.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, THWpref

Figure 3. Path diagram with partial regression coefficients.
*=p< 0.05, **=p< 0.01, ns=not significant.

There was no significant effect of RT on THW,,. The effect of BIMT on THW &, With TTCy controlled for, was
gatigically significant. This means that subjects with a faster open-loop motor reaction preferred a smaller THW.
This was not simply caused by a smaler TTC, for subjects with a smaler THW,,«, since there also was a
significant direct effect of TTCy 0n THW,, indicating that drivers with a larger TTCy tended to have a smaller
preferred time-headway. The effect of BCMT on THW ¢ also was statistically significant. There was no significant
direct effect of number of movement corrections on preferred time-headway. This meansthat the faster closed-loop
motor response of drivers with a smaller preferred time-headway was caused by a smaller number of movement
corrections. The effects of total movement time (MT) on THW,« also was datistically significant. The path
diagram of dependent variables on preferred time-headway is presented in figure 3.

7.4 Discussion and conclusions

The hypothesisthat preferred time-headway is cong stent within the driver and constant over different speeds during
steady-date car-following was confirmed for the range of speeds (40, 50, 60, 70 km/h) examined in the present
experiment. Thisreplicatesthe results of Van Winsum and Heino (1996).

Reaction time, i.e the difference between the moment the lead vehide started braking and the moment the
accd erator was released, was not related to preferred time-headway. This confirms the results of Van Winsum and
Heino that short followers do not differ from long followers in perceptua mechanisms related to time-to-collison
(TTC) detection. The open-loop phase of the motor response was very sendtive to TTC, and especialy to TTC at
the moment the foot was released from the accelerator pedal. This suggests that as soon as the driver detects the
deceleration of the lead vehicle, the speed parameter of the generalized motor programis set asa function of TTC.
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Drivers who moved their foot faster to the brake pedal had a smaller preferred time-headway. The direct effect of
TTC at the moment the accelerator was reeased on preferred time-headway indicates that the effect of the duration
of the open-loop phase on preferred time-headway was not caused by a smaller TTC for short followers. This
suggests that drivers with a smaller preferred time-headway program the movement speed of the foot to a higher
level than drivers with a longer preferred time-headway. This suggests differences in the transformation of
perceptua information into the adjustment of the speed parameter.

The duration of the cosed-loop phase of the motor response was strongly related to the number of movement
corrections. This confirms the expectations, discussed in the introduction, of separate influences on the duration of
the open-loop and the dosed-1oop phases. Subjects who moved their foot faster to the maximum during the cl osed-
loop phase and who exhibited fewer movement corrections had a smaller preferred time-headway. This suggests a
higher skill level in these subjects. Subjects with alarger preferred time-headway appear to be more uncertain about
the required braking response.

An important result in the present experiment was the strong effect of total movement time on preferred time-
headway. This strengthens the conclusion that short and long followers differ in both the open- and dosed-loop
phases of movement. Short followers may be more sengtive to the task requirements in emergency braking
situations. Short and long followers differ in the efficiency of the contral of braking. This was also found in Van
Winsum and Heino, but there results could have been affected by differences in absolute levels of TTC between
drivers with different preferred time-headway.

Together, the results suggest that individual differences in choice of time-headway are related to individua
difference in braking performance. This supports the hypothesis that drivers adapt their tactical level behaviour to
their operationa skill level. However, the mechanism could also be the other way around: Short followers may
have had more opportunities to acquire emergency braking skills, simply because they had to brake hard more
often. It can be argued that this would be particularly the case in rdatively inexperienced drivers. A very experien-
ced driver, even when being a long follower, will probably have experienced a substantial number of emergency
stops anyway. Also experience in other stuations may count, e.g. for dationary objects such as traffic lights.
Braking for dtationary objects also requires a tuning of the braking response to perceptua information. In the
present study, none of the braking related variables were affected by driving experience. This does not support the
ideathat short followers have learned to brake more efficiently because they have been exposed to critical encoun-
ters more often. However, thisis not enough evidence to rule out the alternative hypothesis and thisissue will have
to return in future research.
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Chapter 8

8. EXPERIMENT 5: The effects of deceleration on braking reactions as a function
of preferred time-headway

The manoeuvre of braking for a decderating lead vehicle was separated into three sequential
processes that were manipulated independently. The initial time-headway to the lead vehicle at the
moment it dtarted to decelerate affected reaction time. Primary deceleration of the lead vehicle
manipulated the duration of the open-loop phase. From the moment the driver touched the brake
pedal, the dece eration of the lead vehide was changed. This secondary decel eration was assumed to
affect the dosed-loop phase of braking. The hypothess was that drivers who prefer a amall time-
headway during car-following (short followers) differ from drivers who prefer to follow at a large
time-headway (long followers) in both the open- and closed-loop phases. In that case an interaction is
expected between following group (short vs long followers) and primary decderation on the
duration of the open-loop phase and between following group and secondary decderation on the
duration of the closed-loop phase, the maximum brake force exerted and the number of movement
corrections. In general terms, these predictions could not be confirmed. The lack of confirmation of
the hypothesis is explained in terms of task characterigtics that resulted in startle reactions and
vigilance effects.

8.1 Introduction

A number of studies of car driving have shown that behaviour on the tactical level such as speed choice and choice
of time-headway in car-following is sendtive to a variety of factors that affect operationa performance. For
example, marijuana affects operationa car driving performance while it also results in driving with a lower speed
and in choosing a larger time-headway (THW) during car-following (Smiley, et al., 1981; Smiley et al., 1985;
Smiley et a., 1987). Timeon-tak results in the choice of a larger time-headway during car-following,
accompanied by verbal reports of performance decrements, drowsiness and exhaustion (Fuller, 1981). Brookhuis et
al. (1991) reported an increase in THW when using a car telephone while driving. These findings suggest that
behaviour on the tactical leve is used by the driver to compensate for effects on operational performance. For the
case of car-following this means that any factor that may lead to performance decrements in braking for lead
vehicles may result in a compensatory increase of time-headway. From the same perspective it was studied whether
individual differencesin preferred THW arerdated to individual differencesin braking performancein anumber of
experiments (Van Winsum, 1996; Van Winsum and Heino, 1996; Van Winsum and Brouwer, 1996). In Van
Winsum and Heino (1996) and Van Winsum and Brouwer (1996) preferred THW proved to be consistent within
the driver. This means that drivers are condgtently short or long followers and, thus, that individual differencesin
THW are cong sent.

In Van Winsum (1996) it was found that, under the ingtruction to brake as fast as possible as soon as a
deceeration of the lead vehicle was detected, reaction time and motor-response times are not different between
short and long followers. Also, no evidence was found for differences in the information processing stages of
stimulus encoding of a braking lead vehicle and motor adjustment. However, when the driver did not know the
deceleration of the lead vehicle in advance, short followers generated a faster motor response, i.e. they moved the
foot faster from the accelerator pedal to the maximum brake position when the lead vehicle decderated. This
suggests that short followers differ from drivers with a larger preferred THW in the transformation of visual
feedback to arequired motor response.

In Van Winsum and Heino (1996) it was found that the initiation and contral of braking are both affected by time-
to-collison (TTC) a the moment the lead vehicle garts to brake. This suggests that TTC information is used for
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judging the moment to start braking and in the control of braking. No evidence was found for differences between
short followers and long followersin the ability to accuratdy perceive TTC. However, short followers were better
able to program the intensity of braking to required levels and tuned the control of braking better to the
development of criticality in time during the braking process. It was concluded that short followers may differ from
long followersin programming and execution of the braking response as a function of TTC information.

Van Winsum and Brouwer (1996) analyzed the braking response in terms of three sequentia phases in the
braking process. The first phase consigts of the interval between the moment the lead vehide starts braking and the
moment the driver releases the accelerator pedal. This is measured by the reaction time (RT). The second phase
cong sts of the open-loop ballistic motor response. It ismeasured as theinterval between the moment the accd erator
peda is rdeased and the moment the brake peda is touched and referred to as Brake Initiation Movement Time
(BIMT). The third phase is a closed-loop motor response during which visua feedback is used to contral the
braking response while braking. The duration of the open-loop phase was strongly determined by the TTC at the
moment the acce erator pedal was rel eased, while the duration of the closed-loop phase was strongly determined by
the number of movement correctionsin the brake pedal signa. It was found that short followers exhibited a faster
open-loop motor response which was not caused by a smaler TTC at detection time Also, short followers
generated a fagter closed-loop response which was caused by fewer movement corrections. These results again
supported the hypothesis that short followers differ from long followers in the efficiency of programming and
execution of the braking response.

According to Van Winsum and Brouwer (1996), the duration of the three phases is affected by different factors.
The RT interva is assumed to be affected by the THW at the moment the lead vehicle starts braking. This means
that RT is expected to be faster if the momentary time-headway at the moment the lead vehide startsto decderate
issmaller. The open-loop interval (BIMT) isassumed to be affected by the primary decel eration of thelead vehicle.
If the lead vehicle decelerates more grongly, TTC at detection time is smaller resulting in a faster open-loop
response. The closed-loop interval (BCMT) is affected by the number of movement corrections. If the decd eration
of the lead vehicle changes after the subject's braking response has started, the speed and intensity of the braking
response has to be changed, based on visual feedback. This means that a changein theleve of deceleration after the
braking response has started (secondary deceleration) is assumed to result in more movement corrections and thus
affects the duration of the closed-loop phase. If short followers differ from long followers in both the open- and
closed loop phases, then an interaction is expected between following group (short vs. long followers) and primary
deceleration on BIMT and between following group and secondary deceleration on BCMT, the maximum brake
force exerted and the number of movement corrections. These hypotheses are tested in the present experiment.

8.2 Method

Subjects. Twenty-two subjects participated in the experiment. The subjects were sdected from the TRC database
by the following procedure. Firgt a presd ection was made on the basis of age and driving experience. Only subjects
between 25 and 40 years of age with a minimum driving experience of 10000 km that were known not to be
susceptible to smulator sickness were preselected from the database, resulting in 150 persons. These were send a
small photo-preference test that measures preferred THW. This test consisted of 6 numbered photographs with
scenes of a lead vehice on a highway at different distances in front of the car. The presdected subjects were
required to fill out on a form the number of the photograph that best matched the THW chosen by the subject while
driving with a speed of 110 km/h on a highway and to return the form if they were interested in participating in the
experiment. This test procedure has been shown to result in a reliable estimate of preferred time-headway during
car-following on the road (Heino et a., 1992). From the returned forms, 11 subjects with a small preferred THW
and 11 subjects with a larger preferred THW were invited for participation in the experiment. Subjects with a
preferred photo number of less than or equal to 3 were assgned to the group of 'short followers. Subjects who
preferred photo number 5 or 6 were assigned to the group of 'long followers, see table 1. These two groups are
referred to as THW . groups.
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Table 1. Relation between photo number and headway on the photo preference test and number of subjects.
DHW=distance-headway in meters, THW=time-headway in seconds.

Photo number DHW THW number of subjects
1 6 0.20 0
2 11 0.36 2
3 25 0.81 9
4 33 1.08 0
5 45 1.47 4
6 65 213 7

Apparatus The experiment was performed in the driving smulator of the Traffic Research Centre (TRC). This
fixed-based smulator conssts of two integrated subsystems. The first subsystem is a conventional smulator
composed of a car (a BMW 518) with a steering whedl, clutch, gear, accderator, brake and indicators connected to
a Silicon Graphics Skywriter 340V GXT computer. A car model converts driver control actions into a displacement
in gpace. On a projection screen, placed in front, to the left and to the right of the subject, an image of the outsde
world from the perspective of the driver with a horizontal angle of 150 degrees is projected by three graphical
videoprojectors, controlled by the graphics software of the smulator. Images are presented with arate of 15 to 20
frames per second, resulting in a suggestion of smooth movement. The visual objects are buildings, roads, traffic
signs, traffic lights and other vehicles. The sound of the engine, wind and tires is presented by means of a digital
soundsampl er receiving input from the smulator computer.

The second subsystem condists of a dynamic traffic simulation with interacting artificially inteligent cars. For
experimental purposes different traffic situations can be simulated. The smulator is described in more detail
elsawhere (Van Wolffelaar & Van Winsum, 1992 and Van Winsum & Van Wolffelaar, 1993).

Procedure. The dircuit was made of two-lane roads with a lane-width of 3 m., and sraight road sections
alternated with | eft-turning curved road sections. All roads had delineation with broken center lines and closed edge
lines. Before the experiment gtarted subjects practiced braking several times by approaching a traffic light that
turned on red after a certain time-to-intersection was exceeded. This required the subjects to come to a full stop.
After this, preferred time-headway was measured by the following procedure. The subject was ingtructed to drive
with a fixed speed of 100 km/h, while continuoudy being overtaken by other cars. One of these cars merged in
front of the subject and adopted a time-headway of 2 s. The subject was asked to rate on a scale from 1 to 10 how
well the present THW resembled the THW normally adopted by the subject in amilar Stuations on the road. If
THW was too small it was increased with 0.5 s If THW was too large it was decreased by 0.5 s. After this the
subject was again asked for arating. This continued until a definite peak was found in the subject'srated THW, i.e
until the preferred THW was found. After this the braking trials garted. The subject was ingtructed to drive with a
congant speed of 100 km/h, to gtay in the right lane and to avoid a collison with a lead vehiclein case it braked.
While driving, the subject was overtaken by another vehicle every 5 seconds on average. The lead vehicle merged
in front of the lead vehicle and garted to drive a a fixed THW of either 0.8 or 1.2 seconds (THW condition). After
a stable THW was reached it either pulled up again or it braked from 100 to 60 knvh. Braking occurred on average
oncein every 5 minutes. The lead vehicle applied either a decel eration of 3 or 6 m/<? (initial decderation). After the
subject touched the brake in response to the lead vehicle, the deceleration of the lead vehicde changed either to 3 or
6 m/< (secondary deceleration), resulting in the following deceleration patterns for both THW conditions (0.8 vs.
1.2s): 3to 3m/s?, 3to 6 M/, 6 to 3 M/ and 6 to 6 M/ Thus, the driver was subjected to a total of 8 braking
trails, that were counterbalanced.



Data collection and analysis During the braking trials the following data were sampled with a frequency of
50 Hz.: speed of the smulator car and the lead vehidle in m/s, accelerator pedal position, brake peda position and
force excerted in Nm, acceleration in m/s, time-to-collision (TTC) and bumper to bumper distance from the lead
vehicle At ty thelead vehicle Sarted to brake.
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Figure 1. Time higtory of braking and dependent variables.

The moment the accel erator pedal position was less then 4% after t, was registered ast,., and RT was computed as
«c-lo- The moment after t,. a which the brake pedal force was more than 3 Nm, was regisered astbr (the moment
the brake pedal was touched). BIMT (Brake Initiation Movement Time, or the open-loop balligtic response) was
computed as ty-tye. The maximum brake force was detected on-line and the moment this was reached was
registered as tao. BCMT (Brake Control Movement Time, or the closed-loop braking response) was computed as
traxor-tor. The maximum brake force excerted, MAXBRFO, was stored as well. During the dosed-loop phase a
number of decelerations typically occur in the brake peda sgna. These decelerations reflect movement ve ocity
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corrections. The number of decelerations in the brake peda sgnal (NRCOR) was andyzed, together with the
maximum decel eration (DEC5) of the simulator car, the minimum TTC (TTC,,) and the minimum diganceto the
lead vehicle (D1Snyin) during the braking maneuver. In previous sudies, the TTC on the moment the driver initiates
braking, that is, TTC on t4 (TTCi) has proven to be an important variable controlling subsequent phases in the
braking process. For thisreason TTCix Was analyzed as well. Thetime-history of braking can be seenin figure 1.
The dependent variables were analyzed with repeated measures analysis of variance with THW, initia
decel eration and secondary dece eration as within-subjects factors, and THW-group as a between-subjects factor.

8.3 Results

Characteristics of THWyer groups Table 2 presents the results of analysis of variance and the averages of
THW as measured in the smulator, age, number of years licensed and kilometrage per year as a function of
THW /& groups.

Table2. Satigticd effects and averages of THW as measured in the smulator, age, number of yearslicensed and
kilometrage per year asa function of THW,, groups.

Dependent variable F(22,1) short long
THW simulator 34.24** 15 29
Age 0.03 316 313
Y earslicensed 0.65 12.8 11.3
Annual kilometrage 5.30* 28084 13227

** = p<0,01; * = p< 0.05.

There was a strongly significant difference between THW,« groups on the preferred THW as measured in the
simulator. This supportsthe validity of the smulator for measuring car-following behaviour. There were no signifi-
cant differences in age or number of years licensed to drive a car between short and long followers, but short
followers drove s gnificantly more kilometers per year.

Effects of manipulations Table 3 lists the main effects of the manipulations on the dependent variables The
averages of RT, BIMT, BCMT, MAXBRFO and NRCOR as a function of the manipulations are shown in table 4.
RT was significantly affected by the factor THW (0.8 vs. 1.2 5): a smaller THW at which the lead vehicle sarted to
brakeresulted in asmaller RT. BIMT was both affected by THW and by initial decderation: a smaler THW and a
larger initial deceeration both resulted in a smaller BIMT. These effects match the significant effects of THW and
initial deceleration on TTCae.

Table 3. Main effects of manipulations on dependent variables. ** = p<0.01; * = p< 0.05,
dec-1 represents primary decd eration and dec-2 secondary decel eration.

Dependent Independent ~ F(21,2)

RT THW 8.44 **
dec-1 0.57
dec-2 3.63

BIMT THW 20.06 **
dec-1 17.68 **
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dec-2 0.19
BCMT THW 0.11
dec-1 19.23**
dec-2 0.73
MAXBRFO THW 26.83 **
dec-1 41.68 **
dec-2 71.64**
NRCOR THW 0.04
dec-1 7.65*
dec-2 7.65*
TTCrin THW 14.89**
dec-1 77.23**
dec-2 35.13**
DEC ax THW 17.43**
dec-1 65.31**
dec-2 57.20**
DI Sqin THW 81.40 **
dec-1 80.23 **
dec-2 9.02 **
TTCra THW 15.69 **
dec-1 160.42 **
dec-2 0.86

Thus, if criticality, measured by TTC., is higher the open-loop ballistic motor responseis faster. The duration of
the closed-loop phase, BCMT, was only significantly affected by initial decderation, but not by THW or secondary
deceleration: a larger initial deceleration resulted in a smaller BCMT. The maximum force, MAXBRFO, excerted
on the brake pedal was sgnificantly affected by all independent factors. Thus, ahigher secondary deceleration, after
the brake pedal was touched, resulted in a higher maximum brake force ingead of a fager BCMT. The number of
decderations in the brake pedal sgna (NRCOR) was both affected by initial and secondary deceleration. A larger
initial and secondary decd eration both resulted in fewer decelerationsin the brake pedal sgnal.

Table4. Averagesasa function of the manipulated factorstime-headway on which lead vehicle Sartsto decd erate,
initial decd eration and secondary deceleration. RT, BIMT and BCMT in seconds, MAXBRFO in Nm. dec-1
represents primary decd eration and dec-2 secondary deced eration.

THW 0.8 12

dec 1 3 6 3 6

dec 2 3 6 3 6 3 6 3 6
RT 0.73 0.79 0.74 0.88 0.91 1.05 0.91 0.83
BIMT 0.63 0.73 0.49 0.50 0.98 0.89 0.66 0.58
BMCT 164 150 113 116 143 1.69 1.09 1.30
MAXBRFO  51.68 11324 10391 21822 | 4826 87.21 80.24 98.21
NRCOR 3.68 277 3.09 2.32 3.73 3.05 2.73 2.55

Thisindicatesthat this variable bas cally measures the necessity to move the pedd sraight to the maximum without
hestation. Finally, a smaller initial THW resulted in a smaller minimum TTC, alarger deceleration and a smaller
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minimum distance to the lead vehide. Similar effects were found for alarger initial deceleration by thelead vehicle
and alarger secondary decel eration by the lead vehicle.

Effects of THWyer group. Table 5 lists the effects of THW . group and interactions between THW e group
and the independent factors on the dependent variables.

Table 5. Main effects of THW,, and interactions on dependent variables. ** = p<0.01;
* = p< 0.05, dec-1 represents primary dece eration and dec-2 secondary decd eration.

Dependent Independent F(21,2)

RT THW et 0.10
THW X THW 0.08
THW gxdec-1 0.60
THW ¢xdec-2 0.25
BIMT THW et 0.36
THW X THW 0.09
THW gxdec-1 0.11
THW ¢xdec-2 0.01
BCMT THW et 2.04
THW X THW 0.13
THW,exdec-1 0.30
THW ¢xdec-2 0.67
MAXBRFO THW 0.76
THWgxTHW 115
THW gxdec-1 0.02
THW ¢xdec-2 0.10
NRCOR THW et 4.47*
THW X THW 0.45
THW gxdec-1 8.18 **
THW ¢xdec-2 4.03*

There were no significant main effects of THW,,« group on RT, BIMT, BCMT and MAXBRFO. Also none of the
interactions of THW,, with the independent factors reached significance on any of these dependent variables. This
means that these results do not support the hypotheses mentioned in the introduction. However, NRCOR, the
number of movement corrections during the closed-loop phase, was significantly affected by THW,,« group and
reveded significant interactions of THW . group with initial and secondary deceleration, see figure 2. The effects
on NRCOR were as follows: only for the group of short followers was NRCOR affected by dec-1 (F(10,1)=20.65,
p<0.001) and by dec-2 (F(10,1)=12.08, <0.006). For the group of long followers, the effects of both dec-1 and dec-
2 on NRCOR were nat sgnificant (F(10,1)=0.05, p<0.822 for dec-1 and F(10,1)=0.46, p<0.512 for dec-2).

These effects strongly indicate that long followers moved their foot directly to the maximum brake position,

irrepective of the development of criticality in time, while short followers were more sengtive to the manipulations
of initial and secondary decd eration on this measure.
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Figure 2. NRCOR as a function of THW . group, initial deceleration (dec-1)
and secondary decel eration (dec-2).

8.4 Discussion and conclusions

Based on anumber of previous experimentsit was tested whether short followers differ from long followersin both
the open-loop and dosed-1oop phases of the braking process. This was tested by manipulating these phases. The
open-loop phase was manipulated with two levels of initial deceleration of the lead vehicle. After the brake was
touched by the subject, the deceeration of the lead vehicle changed. This secondary decd eration manipulated the
closed-1oop phase of the braking response. The hypotheses were:

1) there isan interaction between following group and primary decel eration on the duration of the open-loop phase
(BIMT), defined astheinterval between the moment the foot is rel eased from the accd erator pedal and the moment
the foot touches the brake pedal. This would support the idea that short followers differ from long followersin the
open-loop phase.

2) there is an interaction between following group and secondary deceleration on the maximum brake force
excerted, the number of movement corrections during the closed-loop phase and the duration of the closed-loop
phase (BCMT), defined as the interval between the moment the foot touches the brake peda and the moment the
maximum brake force is excerted. Thiswould support theideathat short followers differ from long followersin the
closed-loop phase.

In general, these hypotheses were not supported. There was no significant interaction between following group
and any of the independent factors, initid THW, primary and secondary deceleration, on RT, BIMT, BCMT and
the maximum brake force. However, the interaction between following group and initial dece eration on the number
of movement corrections was dgnificant as was the interaction between following group and secondary
deceleration on this variable. The number of movement corrections (NRCOR) during the closed-loop phase were
concelved as an expresson of uncertainty induced by a change in dece eration after the braking response was initia-
ted. Although NRCOR was affected by secondary deceleration, it was aso affected by primary deceleration. The
pattern of effects suggests that NRCOR expresses the necessity to move the pedal straight to the maximum without
hesitation. The results showed that only the group of short followers was sensitive to the effects of initial and
secondary deceleration on NRCOR, while the long followers moved their foot to the maximum with the same
number of movement corrections independent of primary and secondary deceeration. In a previous udy it was
found that NRCOR grongly determines the duration of the closed-loop phase. From this perspective, it would be
expected that NRCOR and BCMT are affected by following group and the independent factors in a Smilar way.
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However, as was already apparent, there were no significant effects of following group on BCMT. Closer
inspection of the data revealed that only in the trials where the secondary dece eration was high, the correations
between NRCOR and BCMT were sgnificant, seetable 6.

Table 6. Correlation between NRCOR and BCMT, depending on THW ¢
group and secondary dece eration (dec-2).

dec-2
3 6
short 0.30 0.68 **
long 0.30 0.59 **

This suggeststhat a causal rdation between NRCOR and BCMT only exists if criticality ishigh enough.

The lack of support for the hypotheses may have been caused by specific task related factors. The subjects
generdly described the task as boring, mainly because of the long task duration and the low event-rate. There were
only 8 braking trials over a duration of 45 minutes. This may have resulted in a vigilance task with two separate
effects. On the one hand, the braking tridls may have generated dartle reactions, resulting in fast responses
irrepective of the manipulations. On the other hand some responses may have been dow because of Sate-rdated
factors. Thiswould have resulted in a high variance in the data that was not caused by the manipulations of THW,
initial and secondary deceleration. Figure 4 illudrates the digribution of RT as a function of the THW
manipulation. It can be seen that the didributions are skewed on the right sde, especidly for the THW=1.2
condition, suggesting |ow-vigilance effects, although there are two digtinctive pesksin the distributions.
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Figure 4. Digributions of RT asa function of the THW manipulation.

Figure 5 and 6 show the digributions of BIMT as a function of initial decderation for THW=0.8 and THW=1.2
respectively. These figures show that the distributions of BIMT are skewed on the right side and that the effects of
initial deceleration are mainly caused by ‘outliers on theright side of the digtribution. Especially for the THW=0.8
condition, the primary peak of the low deceleration condition occurs before the primary peak of the high
decdleration condition, which obvioudy is not in the expected direction and opposite to the effects of the analyses
of variance, which are based on the means. The distributions of BIMT in the THW=0.8 condition are visudized
separately for the short followers and long followersin figure 7.
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It can be seen that for the short followers there are two digtinctive peaks as a function of initial decderation in the
expected direction, while for the long followers the primary peaks overlap. Moreover, it can be seen, that the
primary peak in the BIMT of long followers occurs before the peaks of the short followers. This suggests that
BIMT of long foll owers has suffered more from startle reactions resulting in BIMTs that were fast and not tuned to
differencesin initial decderation, whilethe BIMTs of short followers were more sengitive to initial dece eration.
Thus, the digributions of the data and task-induced gtartle responses and low-vigilance effects may have given
results that failed to support the hypotheses. Thiswill be tested in the next experiment, with multi ple measurements
per manipulation, a higher event-rate and shorter task duration in order to prevent undesirable state-rdated effects.
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Figure 5. Digribution of BIMT asafunction of initial deceleration for the THW=0.8 condition.
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Chapter 9

9. EXPERIMENT 6: Perceptual-motor skills and sensitivity to TTC as a function of
preferred time-headway in car-following

Submitted for publication in Ergonomics

Based on the results of previous experiments it was tested whether the sendtivity of the braking
response to time-to-collision information differs as a function of preferred time-headway in car-
following. In an experiment performed in a smulator time-to-collision was manipulated by varying
thelevel of decderation of the lead vehicle with a pre-sd ected group of short and long followers. In
addition, it was tested whether choice of time-headway is related to more general differences in
perceptua-motor skills. It was found that short followers perform better at both latera- and
longitudinal tracking tasks and that the braking response of short followers is more sendtive to
differences in time-to-collision. The results support the hypothesis that preferred time-headway is at
least to some extent an adaptation to individual differences in operational braking performance and
perceptua -motor skills.

9.1 Introduction

The hierarchical control structure of car driving behaviour has been presented as a framework for driver modding
(Michon, 1985; Ranney, 1994) in which driving is regarded as concurrent activity on strategic, tactical and operati-
ona levels. Thetactical leve indudes, for example, chaice of speed on straight roads and in curves and choice of
headway in car-following. Steering and braking are on the operational level. Adaptation may be understood as a
compensation of behaviour on the strategic and tactical levels of the driving task for individual differencesin skills
at the operational levd. Thus, the process of adaptation connectsthe different levels of the driving task. It has been
used as an explanation for therelatively safe driving records of functionally impaired drivers (Brouwer et al., 1988).

Adaptive processes involving interaction between different control levels has been demonstrated for the case of
trangent changes in operational level performance, through environmental manipulations (reducing sight distance)
or changes of interna state (marijuana). Tenkink (1988) demondrated that a reduction of sight distance affects
operationa performance of the lane-keeping task and results in a speed reduction to compensate for these effects.
He found that under sdf-paced conditions where drivers were free to choose their speed, a reduction of sight
distance resulted in the choice of a lower speed while the sandard deviation of lateral position was not affected.
Under non self-paced conditions, however, reductions of sight distance resulted in a higher standard deviation of
lateral postion. Also, variations in internal State-related factors have been shown to result in adaptations of
behaviour on the tactical leve. For ingance, in a sudy of Casswell (1977) drivers under marijuana appeared to
compensate for what they perceived as adverse effects on driving ability by driving more dowly. Marijuana affects
operational car driving performance while it also results in increased time headway (THW) during car-following
and in choosing alower speed (Smiley et a., 1981; Smiley et d., 1985; Smiley et d., 1986). Time-on-task has been
shown to increase time-headway during car-following, accompanied by verbal reports of performance decrements,
drowsiness and exhaustion (Fuller, 1981). These findings suggest that the driver compensates for effects of various
factors on operationa performance by adapting behaviour on the tactical leve.

Recently, Van Winsum and colleagues found some evidence that supports the adaptati on theory on the individual
level. In a study on speed choice in curves as a function of curve radius a clear relation was established between
steering competence and speed choice in curves: drivers with larger steering errors during straight road driving,
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indicating poorer steering competence, choose lower speedsin curves (Van Winsum and Godthelp, 1996). Also, in
anumber of experiments it was investigated whether drivers who follow at a larger THW can be characterized by
poorer braking performance compared to drivers who follow at a smaller THW. In Van Winsum and Heino (1996)
and Van Winsum and Brouwer (1996) preferred THW during car-following proved to be consistent within the
driver. This means that drivers can be characterized as conggtent short or long followers and, thus, that individual
differencesin choice of THW are consistent. Van Winsum and Heino (1996) found that theinitiation and control of
braking are both affected by time-to-collison (TTC) at the moment the lead vehicle darts to brake. This strongly
suggests that TTC information is used for judging the moment to start braking and during the control of braking.
Drivers with a smaller preferred THW were better able to program the intendty of braking to required levels,
depending on TTC, and tuned the control of braking better to the development of criticality in time during the
braking process. Short followers appeared to be more sensitive to TTC information and may differ from long
followersin programming and execution of the braking response asa function of TTC information.

Van Winsum and Brouwer (1996) analyzed the braking response in terms of three sequentia phases in the
braking process. The first phase covers the interval between the moment the lead vehicle darts to brake and the
moment the driver releases the accelerator pedal. This is measured by the reaction time (RT). The second phase
condgts of the open-loop ballistic motor response and is measured as the interval between the moment the
accderator peda is released and the moment the brake pedd is touched and referred to as Brake Initiation
Movement Time (BIMT). The third phase is a d osed-loop motor response during which visua feedback is used to
control the braking response. The duration of the open-loop phase was strongly determined by TTC at the moment
the accelerator pedal was released. It was found that drivers who prefer a smaller THW during car-following (short
followers) exhibited a faster open-loop motor response that was not caused by asmaller TTC at detection time.

The results of both experiments support the hypothes's that the motor response of short followers is more
sengtive to TTC information compared to drivers who prefer a larger THW (long followers). This hypothesis is
tested explicitly in the present experiment.

The results of Van Winsum and Brouwer (1996) have indicated that the duration of the open-loop phase is
strongly affected by the TTC at the moment the driver detects the dece eration of the lead vehicle. Manipulation of
this TTC then is expected to affect the duration of the open-loop response, but more so for short followers
compared to long followers. TTC at the moment of detection has been operationalized as TTC at the moment the
acceerator pedal is released (fa by Van Winsum and Brouwer. TTCix. is affected by the level of deceleration of
the lead vehicle If the lead vehicle decderates ronger, the TTC at the moment the driver initiates the motor
response will be smaller if al driversare subjected to an equally small initial time-headway to thelead vehicle.

In summary, in the present experiment the level of decderation of the lead vehicle is manipulated and this
manipulation is expected to affect TTCie. Since TTC affects the duration of the open-loop phase of the motor
response (BIMT), an effect of level of deceleration of the lead vehicle on BIMT is expected. The main hypothesisis
that short followers differ from long followers in the sengtivity of the motor response to differencesin TTC. From
this it is predicted that there is a Sgnificant interaction between following group (short vs. long) and level of
deceleration of thelead vehicle on BIMT.

In addition to this, the aim of the present study is to acquire more indght in the basic skills underlying these
performance differences. Differencesin sensitivity of the motor response to visua information may be the result of
a more general ill involved in the transformation of dynamic visud information into an appropriate motor
response. Tracking tasks require the subject to continuoudy use visual feedback to control a motor response and as
such these tasks differ from braking for a lead vehicle where discrete responses are required. In the present
experiment a longitudinal and a lateral tracking task are used to test whether short followers differ from long
followers in basic Kkills rdated to the transformation of visual input to a motor response. The experiment was
performed in the TRC driving Smulator.
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9.2 Method

Subjects. Eighteen subjects participated in the experiment. The subjects were selected from the TRC database by
the following procedure. First a presdection was made on the basis of age and driving experience. Only subjects
between 25 and 40 years of age with a minimum driving experience of 10000 km that were known not to be
susceptible to simulator sickness were preseected from the database, resulting in 150 cases. These were send a
photo-preference test that measures preferred THW. Thistest cons sted of 6 numbered photographs with scenes of a
lead vehicle at different distances in front of the car on a highway. The pre-sdected subjects were required to
choose the number of the photograph that best matched the preferred time-headway while driving with a speed of
110 km/h on a highway. This test procedure has been shown to result in a rdiable estimation of preferred time-
headway during car-following on theroad (Heino et al., 1992). Table 1 shows distance and time-headways, as well
asthe number of subjectsthat participated in the experiment for each photo number.

Table 1. Relation between photo number and headway on the photo
preference test and number of subjects.

Photo number DHW THW number of subjects
1 6 0.20 0
2 11 0.36 0
3 25 0.81 5
4 33 1.08 5
5 45 1.47 3
6 65 2.13 5

DHW=distance headway in meters, THW=time headway in seconds.
Subjects with a preferred headway of lessthan or equal to 4 were categorized as short followers (10 subjects) while
ascore of larger than or equa to 5 resulted in assignment to the group of long followers (8 subjects). These groups
arereferred to as THW & groups.

The average age was 31 years. The subjects had held a driving license for 11 years on average and the average
annual kilometrage was 26000. Sixteen subjects were mae and two were female Table 2 gives the results of
analyses of variance for age and driving experience as a function of THW,« groups. The short followers who
participated in this experiment had more driving experience, expressed as annual kilometrage, compared to the long
followers.

Table 2. Age and driving experience: effects of THW . group, df between brackets.

dependent F(17,1) short long
age 1.86 29.50 32.50
yearslicensed 0.40 10.55 12.06

annual kilometrage  5.48* 38000 11625

*=p<0.05; **=p<0.0L.

Apparatus. The experiment was performed in the driving smulator of the Traffic Research Centre (TRC). This
fixed-based smulator conssts of two integrated subsystems. The first subsystem is a conventional smulator
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composed of a car (a BMW 518) with a steering whedl, clutch, gear, accderator, brake and indicators connected to
a Slicon Graphics Skywriter 340V GXT computer. A car model converts driver control actions into a displacement
in gpace. On a projection screen, placed in front, to the left and to the right of the subject, an image of the outsde
world from the perspective of the driver with a horizontal angle of 150 degrees is projected by three graphical
videoprojectors, controlled by the graphics software of the smulator. Images are presented with arate of 15 to 20
frames per second, resulting in a suggestion of smooth movement. The visual objects are buildings, roads, traffic
signs, traffic lights and other vehicles. The sound of the engine, wind and tires is presented by means of a digital
soundsampl er receiving input from the smulator computer.

The second subsystem consists of a dynamic traffic Smulation with interacting artificialy inteligent cars. For
experimental purposes different traffic Situations can be simulated. The smulator is described in more detail
elsawhere (Van Wolffelaar & Van Winsum, 1992 and Van Winsum & Van Wolffelaar, 1993).

Tasks and procedure. The circuit was made of two-lane roads with a lane-width of 3 m. and alternating Ieft-
and right turning curved road sections (radii 1000 m.). All roads had delineation with broken center lines and closed
edgelines.

Lateral tracking task. After a practice run in the simulator for about 8 minutes, the subject was instructed to drive
with a fixed speed of 100 km/h on a winding road while steering as accurately as possible. Steering performance
was measured on 2 left- and 2 right-turning curves. The speed (in km/h) was shown in front of the subject in the
same place as during the longitudinal tracking task.

Longitudinal tracking task. During this task a lead vehicle pulled up to 100 km/h. Then it alternated its speed
continuoudy between 100 and 80 km/h, while it dece erated and acce erated smoothly with a frequency of 0.07 Hz.
In front of the subject a text with the speed of the smulator car was shown. If the bumper to bumper distance was
precisdy 5.7 m., the text fell on the line between the rearlights of the lead vehicle The subject was required to
maintain the text precisdy on that line by following the speed of the lead vehicle as accurately as possble. In order
to do this, the subject was alowed to only use the accelerator pedal and to drive in third gear. After a practice
period, behaviour was measured on the same 2 left and 2 right turning curves as during the latera tracking task.
During the longitudinal tracking task steering performance was measured as well since this conditutes a more
difficult (doubletask) lateral tracking task.

Braking task. After this, braking behaviour was measured by the following procedure. The subject wasinstructed to
drive with a congtant speed of 100 km/h, to stay in the right lane and to avoid a collision with alead vehiclein case
it braked. While driving, the subject was overtaken by ancther vehicle every 5 seconds on average. Thelead vehicle
merged in front of the lead vehicle and Started to drive at a fixed THW of 0.8 seconds. After a sable THW was
reached it braked from 100 to 60 km/h. After a while the lead vehicle pulled up to 120 km/h, while the subject
pulled up to 100 km/h. The ancther vehicle merged in front of the smulator car and the cycle repeated itself.
Braking occurred twice per minute on average. The lead vehicle applied either a decderation of 3 or 6 M/ in
random order. The driver was subjected to a total of 30 braking trials, with 15 trials for each level of deceleration.
Thetask took 15 minutesto complete.

Data collection and analysis Latera tracking performance was measured with the steering error, de (See Van
Winsum and Godthelp, 1996), computed on-line and sampled with a frequency of 10 Hz, together with latera
position. Steering error was computed as the difference between the actua steering-whed angle and the required
steering-whed angle (ds - dy), whereas required steering-wheel angle was computed as dg=GL(1+KW)/R (see
Godthdp, 1986). In this R, represent the road radius in meters, G the steer-to-whed ratio, L the whed base, K a
vehiclerdated stahility factor and u thelongitudina speed in m/s. From dg the following measures were derived :

- gdandard deviation of ds, SDge

- theaverage of all geering error maxima, MAX ge
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- the average duration of the period where steering error waslarger than zero, Tye

A larger MAX 4 Mmeansalarger seering error, while a smaller T g indicates more frequent steering corrections, see
figure 1. In addition to this the standard deviation of thelatera position (SDxpes) Was andyzed. Only those samples
were analyzed where the subject had traversed more than 100 meters from the gart of a curved segment until the
subject was 100 meters to the next curved segment. This procedure ensured that only closed-loop steering in the
curve was andyzed. Latera tracking performance was measured during the lateral tracking task and the
longitudina tracking task. This congitutes the within-subjects manipulation TASK. The dependent variables were
analyzed with repested measures analysis of variance with TASK as a within-subjects factor and THW . group as
a between-subjects factor.

During the longitudinal tracking task the speed of the lead vehide and the smulator car and the bumper to
bumper digtance between the two vehides were sampled with a frequency of 10 Hz. The subject was instructed to
keep the distance to the lead vehicle constant. The standard deviation of distance headway, SDpnw, then measures
the quality of longitudinal tracking performance. In order to keep the distance headway as congtant as possible, the
subject had to vary the speed in the same manner as the lead vehicle. This was analyzed with a coherence analysis
of the two speed signals (see Brookhuis and De Waard, 1994, for an explanation of the method). From this analysis
three measures expressthe quality of tracking performance: coherence, phase shift and modulus. The coherenceisa
measure of the accuracy of the subject's speed adaptations. The phase shift measures the dday of the subjects speed
variations with respect to the speed variation of the lead vehicle. The delay can be computed from the phase shift
viaa dmple transformation. The modulus is a gain factor that expresses the extent to which the subject overreacts
to decd erations and accd erations of thelead vehicdle

During the braking task the following variables were anadyzed. At t, the lead vehicle darted to brake. The
moment the accd erator pedal position was less then 4% after t, was registered as t,, and RT was computed as t-
to. The moment after t,. a which the brake pedal force was more than 3 Nm, was registered asty, (the moment the
brake peda was touched). BIMT (Brake Initiation Movement Time, or the open-loop bdlistic response) was
computed as ty-tye. The maximum brake force was detected on-line and the moment this was reached was
registered as tao. BCMT (Brake Control Movement Time, or the closed-loop braking response) was computed as
traxor-tor. The maximum brake force excerted, MAXBRFO, was stored as well. During the dosed-loop phase a
number of decelerations typically occur in the brake peda sgna. These decelerations reflect movement ve ocity
corrections of the right foot. The number of deceerations in the brake pedal signal (NRCOR) was analyzed as well.
Thetime-history of braking can be seenin figure 2.

The dependent variables were analyzed with repeated measures analysis of variance with THW,, group as a
between-subjects factor and decel eration of thelead vehicle as a within-subjects factors.
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Figure 1. Time higtory of steering errors during curve negotiation.
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9.3 Results

Lateral tracking performance Table 3 lists the results of analysis of variance and table 4 gives the average
values.

Table 3. Latera tracking performance: effects of TASK and THW .« group, df between brackets.

dependent effect F(16,1)
SDyee THW et 6.44*
TASK 89.22x*
THW,XTASK 6.66*
SD\tpos THW et 1.19
TASK 0.14
THW,XTASK 6.61*
MAX gee THW et 6.85*
TASK 80.01**
THW,XTASK 3.84
T THW et 2.62
TASK 167.88**
THW,XTASK 0.02

*=p<0.05; **=p<0.0L.

Table4. Averages of lateral tracking performance measures by TASK and THW .« group.

dependent lateral task longitudinal task
short long short long
SDgee 1.468 1.986 2.919 4.528
SD\tpos 0.157 0.162 0.143 0.172
MAX gee 1.969 2.848 4117 6.201
Tose 2.749 2.437 1.319 0.978

SD s 8Nd MAX g in degrees, SDjapos iN metersand T e in Seconds.

Standard deviation of steering errors was significantly affected by TASK. During the longitudinal tracking task,
which isa doubletask situation, SDye Was larger compared to the Smple lateral tracking task. This suggeststhat the
double task stuation deteriorated lateral tracking performance. The effect of THWpe group on SDge Was
significant as well. This means that short followers steered more accuratdy compared to long followers.
Performance in the doubl e task Stuation deteriorated for both groups, but much stronger for the long followers, see
figure 3. Latera tracking performance during the more difficult longitudina tracking task was characterized by
larger steering errors (effect of TASK on MAX ge) and more frequent steering corrections (effect of TASK on Tyg).
Close followers made smaller steering errors compared to long followers, but the interaction between THW,,« and
TASK was only marginaly significant (p<0.068). The results indicate that the effects of THW, group on the
standard deviation of the steering errors was mainly caused by the fact that close followers committed smaller
steering errors. The effects of TASK on MAXge Were counterbalanced by faster steering corrections. This is
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supported by the large negative correlation between MAXge and Ty (R=-0.88, p<0.01, in the longitudina tracking
task). This possbly prevented a significant TASK effect on SDjapes, 8lthough the interaction between THW o
group and TASK on SDj4p0s Was significant.

SDdse (degrees)

5

al-

3 —

2 —

1 -
THWpref group
— short —+ long

o |

0 lateral longitudinal (o]

TASK
Figure 3. Standard deviation of steering errors as a function of THW & group and TASK.
The reaults indicate that long followers steer less accurately. Steering behaviour deteriorates when the task

becomes more demanding, but it deteriorates stronger for long followers compared to short followers. Short
followersthen differ from long followersin lateral tracking performance.

Longitudinal tracking performance. Table5 givestheresults from the analyses of variance on the dependent
variables.

Table5. Longitudinal tracking performance: effects of THW .« group,

df between brackets and averages.
dependent F(16,1) short long
SDphw 9.79**  1.049 1.489
Coherence 5.69* 0.998 0.991
Dday 4.22* 0.458 0.625
Modulus (gain) 5.63* 1.134 1.182

*=p<0.05; **=p<0.0L.

Short followers performed sgnificantly better on the longitudina tracking task on all dependent variables. For both
groups the coherence was extremely high, indicating that the task was performed quite well by both groups. Close
followers maintained a more congtant distance to the lead vehicle (effect on SDpww), controlled their speed morein
accordance with the speed of the lead vehicle (effect on coherence), responded faster to speed variations of the lead
vehicle (effect on delay) and overreacted less strongly (effect on modulus) compared to long foll owers.
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Table 6. Correations between lateral and longitudinal tracking performance measures.

SDpuw__ CoherenceModulus Delay
Latera
task:
SDdse 0.40* -0.70** -0.17 0.39*
MAXdse 0.43* -0.76** -0.18 0.39*
Tdse -0.28 0.21 0.10 -0.34
longitudinal
task:
SDdse 0.44* -0.62** 0.24 0.26
MAXdse 0.38 -0.53* 0.25 0.20
Tdse -0.44* 0.49* -0.21 -0.31

*=p<0.05, **=p<0.0L.

Table 6 shows the correations between the performance measures of the lateral and longitudinal tracking tasks. It
can be seen that the correlations of SDdse and MAXdse with especially coherence are subgtantial. This suggests
that, to some extent, the quality of performance on both lateral and longitudina tracking depend on the same basic
skills.

Braking performance. As expected, there was a significant main effect of level of deceeration of the lead
vehicle (DEC) on TTC (F(16,1)=293.24, p<0.0001). The effect of THW, group on TTCioee Was not significant
(F(16,1)=0.75, p<0.40), and neither was the interaction between THW ;. group and DEC on TT Ci.c (F(16,1)=0.88,
p<0.363). This indicates that the manipulation of the deceeration of the lead vehicle was successful in affecting
TTCia, and that differences between short and long foll owers cannot be attributed to differencesin TTCiqe.

Table 7 ligs the effects of THW,,« group and deceleration of the lead vehicle on braking performance measures
and table 8 ligsthe average values.

Table 7. Braking task: effects of THW . group and deceleration (DEC), df between brackets.

dependent effect F(16,1)
RT THW et 0.19
DEC 2.67
THW,«XDEC 0.66
BIMT THW et 7.16*
DEC 20.58**
THW,«XDEC 8.33**
BCMT THW et 212
DEC 0.23
THW,«xDEC 0.13
MAXBRFO THW et 0.00
DEC 72.79**
THW,«XDEC 0.04
NRCOR THW et 0.24
DEC 18.38**
THW,«xDEC 0.14

*=p<0.05, **=p<0.0L.
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There were no significant effects of deceleration of the lead vehice and THW,« group on RT. A larger
decdleration of thelead vehicleresulted in afaster open-loop motor response (BIMT), as expected. Also, in support
of the hypothesis, the interaction between THW . group and level of decel eration of the lead vehicle on BIMT was
statistically significant, see figure 4. The deceleration of the lead vehicle did not affect the duration of the closed-
loop phase (BCMT). A larger decderation of the lead vehicle resulted in a higher maximum brake pressure and
fewer movement corrections during the closed-loop response. There were no datistically significant effects of
THW, group on the closed-loop response related variabl es.

Table 8. Averages of braking performance measures by dece eration (DEC) and THW .« group.

dependent DEC =3 m/s? DEC =6 m/s?
short long short long

RT 0.600 0.598 0.589 0.546

BIMT 0.981 0.580 0.598 0.495

BCMT 1.276 1114 1.210 1.104

MAXBRFO50.185 51982 156.945 153.677

NRCOR 3.280 3.094 2.443 2.392

RT, BIMT and BCMT in seconds, MAXBRFO in Nm.

BIMT (s)

\

THWpref group

— short —+ long

Figure 4. Duration of the open-loop motor response (BIMT) asa function of
deceleration of thelead vehicle (DEC) and THW .« group.

3 6
DEC
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9.4 Discussion and conclusions

The theoretical perspective of the present sudy is that choice of time-headway during car-following is an
adaptation to skills involved in operational braking performance. Drivers with poorer operational performance
adapt their behaviour on thetactical levd accordingly asaform of self-regulation. In the introduction evidence was
presented that adaptation of behaviour on the tactical level occurs for transent degradations in operational
performance. Hereit is suggested that this phenomenon is more general and aso occurs on the level of individual
differences in tactical behaviour. In Van Winsum and Heino (1996) and Van Winsum and Brouwer (1996) it was
demongdrated that there are consistent individual differences in choice of THW during car-following. The main
hypothes's of the present study was that drivers who prefer a smaller time-headway during car-following differ
from driver who prefer to follow at a larger time-headway in the sendtivity of the motor response of braking to
differences in time-to-collison (TTC). This hypothesis was inferred from the results of two previous experiments
(Van Winsum and Heino, 1996; Van Winsum and Brouwer, 1996). TTC was manipulated by the level of
deceleration of thelead vehicle. The resultsindicate that the open-loop response of short followersis more sendtive
to differencesin TTC compared to long followers. Long followers generate a Smilar mator response irrespective of
the task demands or visual input characterigtics, while close followers adjust the open-loop motor response to what
they perceived visudly.

The assumed causal chain in thisreasoning is that individua differencesin some basic psycho-motor skill affect
the quality of the braking response. It is assumed that drivers are aware of this and adapt the choice of time-
headway during car-following accordingly. In this way drivers protect themsdves against poorer operational
performance. However, it may be argued that short followers have had more practice in braking resulting in
increased operational performance because of learning effects. To rule out this explanation it was examined
whether short followers differ from long followersin psycho-motor performancein tasks unrdated to braking. It is
demongrated that short followers perform better on latera tracking tasks as well as on a continuous longitudinal
tracking task. In addition to this, performance on both types of tracking tasks corrdates sgnificantly. The results
indicate that:

1) Short followers differ from long followers in perceptual-motor skills related to the transformation
of visua information to amotor response,

2) these differencesin skill are not acquired as a function of differencesin following behaviour,

3) these differencesin skill affect the quality of braking performancein the sense that short followers
tune the braking response better to the requirements of the Stuation, giving them a higher sense of
control,

4) resulting in the choice of a larger time-headway for drivers with poorer operational performance
and a smaller time-headway for drivers with better operationa performance.

The short followers in the present experiment were more experienced drivers compared to the long followersin
the sense that annual kilometrage was higher. This factor may have contributed to the higher kill level and better
operational performance of short followers. Van Winsum and Godthelp (1996) found a relation between annual
kilometrage and steering performance. On the other hand, it is somewhat hard to image how the skillsinvolved in
the longitudina tracking task could improve as a function of driving experience.

The results suggest that adaptation of behaviour on the tactical level, such as the choice of speed in curves and
straight road sections and choice of headway during car-following, to operational performance may be a general
phenomenon that applies to both transient and situational determined changesin operational performance aswell as
toindividual differencesin operational performance.
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Chapter 10

10. General discussion and conclusions

10.1 Testing the adaptation model for the case of individual differences:
discussion of results from the experiments

The adaptation model predicts that factors that affect operational performance will normally result in an
adaptation of behaviour on the tactica level, such that constant safety margins are maintained. Individua
differences in operational performance are then predicted to be reflected in individual differences in behaviour
on thetactical level. The results of the experiments support the adaptation model applied to the reation between
individual differencesin behaviour on the tactical level and the operational level for both the car-following task
and the curve negotiation task. The generd results from these experiments and the relevance for the adaptation
model are discussed in this chapter.

If individua differencesin skills and operationa performance result in adaptation of behaviour on the tactica
level then this behaviour must be consistent and characterized by individual differences. This implies that, in
addition to the trandent effects on tactical behaviour discussed in previous paragraphs, some level of consistency
and constancy must exist in, for example, speed choice and choice of headway during car-following. If the
adaptation model also applies to individua differences then at least some part of the between-subjects variance
in behaviour on the tactical level must be explained in terms of the between-subjects variance in operational
performance. The tasks of curve negotiation and car-following were selected for closer examination. Speed
choice during curve negotiation is considered as an example of the effect of lateral control performance on
behaviour on the tactical level. Choice of time-headway in car-following is described as an example of the effect
of longitudinal control performance on tactical behaviour.

Experiment 1 deviates from the other five in that it not only examines the effect of individual differencesin
operationa performance but also the effect of a situational factor, i.e. curve radius. Explaining speed choice asa
function of curve radius has been along lasting problem that has been investigated in a large number of studies.
The problem is usually described in terms of a relation between lateral acceleration and choice of speed. The
underlying process has never become clear. However, the results of experiment 1 clearly suggest that the inverse
relation between lateral acceleration and speed, often referred to in the literature, is the result of a process of
adaptation of speed choice together with a strategy of maintaining constant safety margins. Speed choice in
Curves proves to be a consistent measure of tactical behaviour. Also measures of operationa performance prove
to be stable and consistent within the driver. This indicates that the important prerequisite for the validity of the
adaptation model that both operational performance and behaviour on the tactical level are consistent and
characterized by clear individua differences is fulfilled for the case of lateral control performance and speed
choicein curves. Steering is discussed as the factor that affects choice of speed in curves. A model of steering is
presented that suggests that steering errors are affected by individua differences in seering competence and by
required steering-wheel angle. A larger required steering-whed angle then results in larger steering errors. The
situational factor road radius, together with speed, affects required steering-whed angle A smaler radius
increases required steering-wheed angle and thus steering error, which is compensated or adapted for by choosing
a lower speed. The same reasoning applies to individual differences in steering performance. This is measured
independently during straight road driving. Drivers with poorer steering competence are characterized by larger
steering errors which is compensated for by choosing alower speed in curves according to the adaptation model.
Summarizing, in experiment 1 the adaptation model is tested in two different manners for the case of speed
choicein curves:

- curve radius affects operationa performance which affects speed choice, and
- steering competence affects operational performance which affects speed choice.
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These hypotheses are supported by the results of experiment 1. The results indicate that a smaller curve radius
and poorer steering competence increase steering errors and result in such speed reductionsthat TLC iskept on a
constant minimum value. These results then strongly support the adaptation model discussed in paragraph 2.5
and the val ue of the concept of atime-based safety margin that is controlled during driving.

Experiments 2 to 6 consider the task of car-following. During car-following the driver never knows whether
the lead vehicle will brake, and if it does, how hard it will brake and for how long. It is then assumed that the
driver has learned the quality of his or her braking performance from previous experiences and that thisresultsin
the choice of a preferred time-headway (THW). THW is the time available to the driver to reach the same level
of deceleration as the lead vehicle in case it brakes, without becoming involved in a collision. Braking
performance is assumed to affect the time required to reach the same level of deceleration as the lead vehicle.
Adaptation of THW may then be regarded as a compensation strategy for drivers with poorer braking
performance.

The detailed examination of the car-following task introduces some specific problems. First of all, it is not
immediately clear which aspects of operational performance play a role in choice of time-headway. This is
examined in the experiments 2 to 6.

Secondly, the literature on choice of THW during car-following is not very extensive. The literature on braking
is limited as well and mainly restricted to emergency braking (braking as fast as possible), see chapter 5. This
implies that the theoretical perspective on braking and car-following had to be devel oped during the course of
experimentation and that the number of experimentsrequired to test the theoretical model islarger for the case of
car-following than for speed choicein curves.

Thirdly, an important limitation in the study of car-following is that the details of operational braking
performance can only be compared between different driversif they start braking at the same distance- or time-
headway. This means that, in studying braking performance, drivers will have to be forced into time-headway
conditions they would not choose themselves, which may result in differential effort allocations as a function of
the discrepancy between preferred THW and actual THW. Thiswasiillustrated by the results of an experiment by
Heino et a. (1992). They found that particularly drivers who normally follow at a larger THW increase their
mentd effort, as measured by heart rate variability, when they are forced to follow at a smaller THW. This
means that the methodol ogical prerequisite of measuring braking performance in forced-paced situations may, to
some degree, obscure individual differences in braking performance because of between-subjects differencesin
effort alocation. Nevertheless in the present studies, this method is preferred to the aternative where braking
performance is measured while drivers follow at their preferred THW. Drivers who follow at a smaler THW
would be forced to brake faster compared to drivers who follow at a larger THW, and this would damage the
comparability of braking performance between drivers.

The results of experiments 3 and 4 demonstrate that choice of THW is consistent and constant over different
speeds. In experiment 3 preferred THW is measured at speeds of 40, 50, 60 and 70 km/h. Speed has no
significant effect on preferred THW and the within-subjects reliability of the THW's is high. Thisis confirmed
by the results of experiment 4. The high consigency in choice of THW has been confirmed in an on-road
experiment by Heino et al. (1992). They reported a correlation of 0.85 between time-headways measured on two
different stretches of road. Other sudies on the consistency of THW are discussed in chapter 6. The results
indicate that choice of THW is independent of speed and consistent within the individual driver and that clear
and reliable individual differences exist in choice of THW. This is an important prerequisite for the application
of the adaptation modd to individual differences.

Experiment 2 examines the relation between preferred THW and the ability to brake as fast as possible, the
speed of stimulus encoding and response preparation. The additive factor logic (see Sternberg, 1969) is applied
to examine the locus of effect of operationa performance differences. The search for differencesin the ability to
brake as fast as possible stems from the tradition in the literature on braking where the quality of braking is
generally examined in terms of the ability to brake as fast as possible. Experiment 2 may therefore be regarded
asasearch for individual differencesin the limits of performance. The braking parameter that is studied in detail
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is reaction time (RT), defined as the interval between the moment the lead vehicle starts to brake and the
moment the subject startsto release the foot from the accelerator. Again, this approach stems from the dominant
view in the literature on braking, i.e. that differences in braking performance originate from perceptual factors
measured by RT. Differencesin the speed of stimulus encoding regarding the braking action of the lead vehicle
would suggest that drivers with a smaller preferred THW (short followers) perceive the braking of the lead
vehicle earlier. Differences in response preparation would suggest that the state of motor readiness is reached
earlier by short followers compared to long followers. The results indicate that choice of THW is not related to
individual differencesin RT for a decelerating lead vehicle, to differencesin stimulus encoding or to differences
in response preparation. From this it is concluded that differences between short and long followers cannot be
explained in terms of "limits of perceptual and motor skills'. However, differences in preferred THW appear to
be related to braking performance in quite another way. Differences in response execution speed as a function of
preferred THW are restricted to braking situations characterized by uncertainties concerning the braking of the
lead vehicle, the required deceleration and the duration of braking, as is always the case in real world car-
following situations. The results suggest that individual differences in the transformation of visual feedback to
the motor response may be related to choice of THW.

Experiment 3 considers these aspects in more detail and examines the use of time-to-collision (TTC) during
braking and the way the braking response is executed. The process of braking is connected explicitly to the
literature on time-to-collision (TTC). TTC is defined as the time required for two vehicles to collide if they
continue at their present speed and on the same path (see for example Van der Horst, 1990). In theliteratureit is
often suggested that the perception of TTC from the optic flow field is an important skill related to the initiation
of braking. But curioudly, only a few experimenta studies have connected the concept of TTC to the braking
response. The general conclusion from the literature is that TTC is underestimated and that there are large
individual differences in the ability to accurately estimate TTC. In experiment 3 the hypothesis is tested that
preferred THW is related to the sensitivity to TTC information. According to this reasoning, drivers who are
more sensitive to TTC information are better able to judge the moment to start braking while driverswho areless
sensitive to TTC information run therisk of starting to brake too late. This may result in a compensatory larger
preferred time-headway for these drivers. The results indicate that both the initiation and the control of braking
are strongly determined by TTC on the moment the lead vehicle startsto brake. Short followers differ from long
followersin the control of braking: short followers brake harder and more efficiently, and, most importantly, the
intensity of braking is more sensitive to TTC differences, compared to long followers. Y et, a confounding factor
may have affected the results. Because the absolute levels of TTC differ between short and long followersin this
experiment, short followers may have been forced to brake more efficiently.

Experiment 4 explicitly controls this confounding factor. Braking performance is measured with identical
initia time-headway for all subjects. The subjects are unaware of the fact that the lead vehicle will brake and of
the required deceleration and the duration of braking. A mode of braking is discussed in which the process of
braking is divided into three separate phases: the RT phase, the open-loop ballistic phase and the closed-loop
phase. The RT phase is defined as the interval between the moment the lead vehicle starts to brake and the
moment the foot startsto be retracted from the accel erator pedal. The open-loop phase is operationally defined as
the period that starts when the subject retracts the foot from the accelerator after the lead vehicle has started to
decelerate and ends when the brake pedal is touched. During the closed-loop phase visual feedback is used to
control the process of braking. It is defined operationally as the period between the moment the brake pedal is
touched by the foot and the moment the maximum brake position is reached. It is hypothesized that the speed of
the open-loop ballistic response is determined by TTC on the moment the driver detects the deceleration of the
lead vehicle, while the duration of the closed-loop phase is determined by the number of decelerations in the
brake pedal signal (movement corrections). The results show that reaction time is not related to preferred time-
headway. This confirms the results of the experiment 2. The open-loop phase of the motor response appears to
be very sensitive to TTC, and especially to TTC on the moment the foot is retracted from the accelerator pedal.
This supports the hypothesis. Also, the results indicate that short followers are characterized by a faster open-
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loop response that is not caused by a smaller TTC. This suggests that short followers program their movement
speed to a higher level compared to long followers. The duration of the closed-loop phase of the motor response
is, in accordance with the hypothesis, strongly related to the number of movement corrections. Short followers
exhibit a faster closed-loop response with fewer movement corrections. The results also indicate a strong effect
of total movement time on preferred THW, strengthening the conclusion that short and long followers differ in
both the open- and closed-1oop phases of movement. This suggests that short followers are more sendtive to the
task requirementsin braking situations, confirming the results of experiment 3.

Experiments 5 and 6 test the hypothesis that short followers differ from long followers in the sengitivity of the
braking response execution to TTC information. Both experiments apply the model of braking discussed in
chapter 7. In experiment 5, the RT phase, the open-loop and the closed-loop phases of the braking process are
manipulated independently. If short followers differ from long followersin either of these phases then the factor
"preferred THW" should interact with any factor that manipulates these phases. The RT phase is manipulated
with the factor initial THW on the moment the lead vehicle starts to brake. The duration of the open-loop phase
is manipulated by the factor initial deceleration. The level of deceleration (3 vs. 6 m/<) of the lead vehicle is
expected to affect the TTC on the moment the subject detects the braking of the lead vehicle and thereby the
duration of the open-loop phase. The closed-loop phase is manipulated by the factor secondary deceleration: as
soon as the foot touches the brake pedal (this is the moment the closed-loop phase starts) the deceleration of the
lead vehicle changes. This requires the use of visual feedback in order to change the programmed motor
response. Although the results show that the respective phases of the braking response are affected by the
manipulations, the predicted interactions of preferred THW with the factors that manipulate the open- and the
closed-loop phases are not statitically significant. The pattern of results suggests that task-specific factors
resulted in undesirabl e startle reactions and vigilance effects.

Because of this the fina experiment 6 applies multiple measurements per manipulated factor, a higher frame-
rate and shorter task duration, in order to prevent startle reactions and vigilance effects. The main hypothesisis
that short followers differ from long followers in the sensitivity of the motor response to TTC. TTC is
mani pulated with two levels of initid deceleration of the lead vehicle (3 vs. 6 m/<?), in random order. The results
indicate, in support of the main hypothesis, that the open-loop response of short followers is more sensitive to
differencesin TTC compared to long followers. The assumed causal chain isthat individual differencesin some
basic perceptual-motor skill affect the quality of the braking response. The driver is assumed to adapt the choice
of THW during car-following accordingly. In this way drivers protect themselves against poorer operational
performance. However, it may be argued that short followers have had more practice in braking resulting in
improved operational performance because of learning effects. To rule out this explanation it is examined
whether short followers differ from long followers in perceptua-motor performance in tasks unrelated to
braking. In order to test whether choice of THW is related to more general perceptual-motor skills that require
the transformation of visual information to a motor response, performance on a lateral tracking task and a
longitudina tracking task is tested. The results clearly indicate that short followers perform better on both the
lateral tracking tasks and the longitudina tracking task. In addition to this, performance on both types of tracking
tasksis significantly correlated. This strongly suggests that:

1) Short followers differ from long followers in perceptual-motor skills related to the transformation of visual
information to a motor response,

2) these differences in skill are not acquired as a function of differences in following behaviour,

3) these differences in skill affect the quality of braking performance in the sense that short followers tune the
braking response better to the requirements of the situation, giving them a higher sense of control,

4) resulting in the choice of alarger time-headway for drivers with poorer operational performance and a smaller
time-headway for driverswith better operational performance.
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10.2 General conclusions and next steps

The impact of vehicle factors and stuationa factors related to road, weather and temporary state on driver
behaviour and the underlying mechanisms of behavioural effects have been addressed in this study. Mechanisms
related to individual differences in driver behaviour have been tested from the perspective of the adaptation
model. It is clear that the system components vehicle and environment have an important effect on driver
behaviour, mediating the effects on accident involvement and traffic safety in general. Adaptation mechanisms
are best studied by measuring driver behaviour as a function of vehicle factors, individual differencesin skills,
situational factors and temporary states instead of accidents, because these factors affect behaviour directly while
they affect accident involvement indirectly. One of the reasons for the lack of progress in driver modeling,
referred to in chapter 1, is the abundance of determinants and factors that operate simultaneously. This has
resulted in several theories that apply only to a limited problem domain. The adaptation model integrates the
operational and the tactical level of driver behaviour into one framework. As discussed in chapter 2, driver
models and studies in traffic psychology usually examine only one of these levels. It is suggested that these
levels should always be studied in their mutual relationship. For example, if the effect of a roadmeasure on speed
is examined it should aso examine the effects on operationa performance at the same time. Of course practica
problems may prevent this and this is one of the reasons why simulators may be useful. However, the results
suggest that measurement of behaviour on one level may be meaningless when behaviour on another level is
excluded from examination. Several other driving tasks such as speed choice on straight roads, gap acceptance at
intersections, stopping for traffic lights, overtaking and so on need to be examined within this framework.

According to the adaptation model, drivers with poorer operational performance protect themselves by
adapting behaviour on the tactical level, resulting in alower speed or larger time-headway. The other sde of this
reasoning is that drivers with better perceptual-motor skills and good operational performance drive at higher
speeds or follow at smaller time-headways. However, it isnot by any means intended to suggest that drivers with
higher speeds are not dangerous because they have a highly developed skill level. Undoubtedly, some drivers
who follow other vehicles a a close distance or who drive faster than average are not characterized by better
operational performance. The suggested relation is a probabilistic one, and not mechanistic. However, the line of
reasoning makes clear that the concept of risk becomes more meaningful if skills and level of performance are
added to the equation. Thisis to say that a certain speed may not be as risky for one person as for the other if
they differ in certain required perceptua-motor skills, from the same perspective as the fact that flying an F16
fighter plane is considerably more risky for the author of thisthesisthan for an experienced pilot.

Also, it is often assumed that higher speeds and shorter following distances are associated with a high accident
risk although a number of studies do not confirm this simple relation. The effect of variability within the traffic
system on accidents is one of the reasons why Summala (1985) promoted the introduction of speed limits. This
has greatly reduced the accident risk in anumber of countries. Speed limits reduce the variability of speed in the
system and this reduces accident risk. Brehmer (1990) predicted that accident probability is lowest for cars
driving with the average speed, but increases for drivers who deviate more from the average speed, ether to
lower or higher speeds. Hereferred to a study of Solomon (1964) on therelation between speed and accident rate
on US highways, that supported this hypothesis. Munden (1967), referred to in Rooyers et a. (1992), reported a
U-shaped relation between speed and accident rate as well. Brehnmer aso predicted that accident rates are higher
in environments where the variance of the speed distribution is highest. A study of Greenberg (1964) was
referred to which demonstrated a positive correlation between accident rate and speed distribution for a sample
of US roads. Numerous authors have mentioned that it is an established fact that accident risk isrelated to driver
speed, and that speeding therefore can be regarded as a form of driver error, reated to poor speed perception
skills or poor hazard perception. However, whether a higher speed is riskier compared to a lower speed with
identical speed distributions is an unresolved matter. A similar point can be raised with regards to headways
during car-following. Shorter time-headways are usually associated with a higher risk of rear-end collisions. In a
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large-scale study on the relation between time-headway and accident risk in several countries a relation was
found between rear-end accident rates per 100 million vehicle kilometers and time-headway (Benjamin, 1980).
Thisrelation was however strongly affected by the flow of traffic or traffic density. Traffic volume affected both
time-headway and the number of rear-end collisions so that a causal relationship between close following
behaviour and rear-end accidents could not be established. It was aready demonstrated in the fifties by the
studies of Herman (referred to in Forbes, 1972) that, even in car-following Stuations with conservative
headways, normal speeds and short response times of drivers, flow disturbances by the platoon leader (the first
car in the chain) may cause a chain reaction that makesit impossible for drivers downstream to avoid a collision.
This indicates that the relation between speed choice, choice of time-headway and accident risk is not as
straightforward as often suggested.

The general principle of behavioural adaptation demonstrates the inherent flexibility of human behaviour. This
flexibility resembles the issue of 'human behaviour feedback’, discussed in chapter 1, which has puzzled many
traffic safety researchers and triggered fierce discussions about the effects of safety measures. The adaptation
model may offer the concepts and methodology to clarify the issue of this'human behaviour feedback’ in more
coherent terms. Driver adaptation of tactical behaviour to effects of safety measures on operational performance
may be an important determinant for the success or failure of intended safety changes in the road-vehicle-driver
system.

Although the process of adaptation appears to be 'normal behaviour', it also seems clear that certain factors
prevent adaptation resulting in increased accident involvement. Examples of this are the consumption of alcohol
and the case of the young male driver. Citing from paragraph 2.3.4: "The interaction of BAC level and age on
accident involvement suggests that both factors share a common locus of effect, in the sense that the factor that
causes the higher accident rate of young drivers is aggravated by alcohal. In the discussion of the effects of
alcohal it was suggested that the lack of compensation for impaired performance may be the cause for the large
role of alcohol in accident causation. Evidence was presented that drivers are unaware of performance
decrements under alcohol which is possibly the cause for the absence of compensatory speed changes and effort.
From the same perspective it may be suggested that young and inexperienced drivers have not yet learned to
recognize the effects of situationa factors on their performance and thus fail to compensate for these effects
resulting in speeds that are too high for the circumatances'. Clearly thisis an issue that needs to be investigated
further. There are some indications that alcohol inhibits the perception of feedback from the driving task. The
assumed lack of adaptation in young (male) drivers also needs to be explored further. The theory presented in
this sudy offers a framework to examine these issues.

An important next step is the further validation and testing of the adaptation moddl. In the present study only a
limited part of the modd was tested. For example, the principle of effort alocation under forced paced
conditions and the effects of this on operationa performance need to be tested in further studies. The six
experiments described in this study are only a first step in the direction of testing the limits and scope of the
model of adaptation.
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Summary

From adaptive control to adaptive driver behaviour

Progress in the field of driver behaviour modeling has been limited during the last ten years. One of the main
problems arises from the emphasis on traffic accidents and accident causation instead of everyday driving. Also,
the partiality of the various approaches involved in driver modeling has impeded progress. Existing models are
exclusively directed at either the operational level or the tactical level of the driving task. Moreover, existing
models focus either on individua differences or on situational factors. In contrast, the approach advocated in this
thesis emphasizes the integration of behaviour on the operational and the tactical level together with a relation
between individual differences, vehicular and situational factors on the one hand, and operational performance
on the other hand in a systems approach that stresses the interaction between man, machine and environment.
Starting from a discussion of a number of important models and approaches in traffic psychol ogy, the adaptation
model is developed in chapter 2. In this model, several factors are assumed to affect performance on the
operational level. For example, drugs and alcohal affect skills involved in vehicle handling. These skills are
affected by the process of aging as well. Yet, there islittle evidence for a relation between skill level and traffic
safety. It is suggested that this is caused by a compensation or adaptation of behaviour on the tactica level for
deteriorations of skill level and operational performance. This means, for example, that when steering
performance is negatively affected by whatever reason, drivers take account of this by lowering their speed.
Operational performance is not only affected by skills. Vehicular factors and situational factors related to the
road, sight distance and weather affect operational performance as well. In chapter 2 a number of experimental
results are discussed that suggest the existence of a process of adaptation of behaviour on the tactical level under
these circumstances. Behavioura adaptation then appears to be a genera phenomenon that normally occurs
when operational performance is affected and when this is perceived by the driver. However, this process of
adaptation appears to be prevented in some conditions, for example after acohol ingestion or in the case of
young male drivers. Thisresultsin a dramatic increase of accident risk. Motivational models play an important
role in contemporary traffic psychology. Some elements of the ‘Zero Risk Theory' and the * Threat Avoidance
Moddl’ areintegrated with the adaptation modd.

An important starting point of the adaptation model isthat car driving is essentially a self-paced task. The driver
determines how to drive and makes decisions on thetactical level of driving behaviour. When the driver haslittle
choice, the task is forced paced. Deteriorations of operational performance have to be handled differently in that
case, asdiscussed in chapter 2.

Paragraph 2.5 discusses time-related safety margins such as the time-to-collision (TTC) and time-to-line-
crossing (TLC) as control mechanisms for the extent to which behaviour on the tactical level is adapted to
operationa performance.

In paragraph 2.6. the research questions are discussed for six experiments that examine an important aspect of
the adaptation modd: the extent to which individua differences in operational performance result in individual
differences in behaviour on the tactica level. The two different driver tasks of curve negotiation and car-
following are examined in detail. Curve negotiation was sel ected because the latera control task, and especially
the quality of steering performance, affects the choice of speed in curves. Car-following was selected because it
was expected that the longitudinal control task, and more specifically braking performance, determines choice of
time-headway. This research then tries to answer the questions why some negotiate curves at higher speeds than
others, and why some drivers follow at a small time-headway while othersfollow at larger headways.

The experiments discussed in this thesis were performed in the TRC driving simulator. The author has, together
with a collegue, developed the software for this research insrument. Because the design and implementation of
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components of the simulator congtitutes an important element in the preparation of this thesis, the functionality
of the ssimulator is discussed in some detail in chapter 3.

Chapter 4 discusses an experiment in which the relation between speed choice in curves on the one hand and
steering competence and road radius on the other hand is examined. Road radius affects required steering angle
and, thus, required performance. The magnitude of the steering error is determined by both required steering
wheel angle and steering competence. It was found that both factors determined both operational performance
and speed choice in curves such that the minimum TLC to the inner lane boundary is constant. This confirmsthe
hypothesis that several factors affect operational performance and that behaviour on the tactical level is adapted
to this. It also confirmsthat, in lateral control tasks, adaptation is controlled by safety margins.

In the chapters 5 to 9 five experiments are discussed that examine the relation between choice of time-headway
(THW) during car-following and operational performance in braking. Chapter 5 studies the relation between
choice of THW and the ability to brae as fast as possible. No differences are found between short and long
followersin this ability, in the speed at which they perceive the lead vehicle brakes, or in the speed of response
preparation. However, there appear to be differences in the response execution of braking. These differences are
restricted to situations where the driver does not know in advance that the lead vehcle will brake or how hard it
will brake.

Chapter 6 examines the relation between the use of time-to-collison (TTC) information during braking and
choice of THW. Both theinitiation and the control of braking appear to be determined by the TTC at the moment
the lead vehicle starts to brake. It was found that the intensity of braking is more sensitive to TTC information
for short followers compared to long followers. This suggests differences between short and long followersin
perceptual -motor skills involved in the response execution of braking. However, a confounding factor may have
affected the results: absolute differencesin TTC may have forced the short followers to brake more efficiently.

In the experiment discussed in chapter 7, this confounding factor was controlled for. Three sequential phases of
braking are distinguished: the reaction time (RT) phase, the open-loop ballistic phase and the closed loop phase.
It appears that the duration of the open-loop phase is strongly determined by the TTC at the moment the driver
detects the deceleration of the lead vehicle. The duration of the closed-loop phase is related to the number of
movement corrections during the process of braking. Short followers exhibit a faster open-loop and a faster
closed-loop response compared to long followers. The results suggest that drivers with a smaller preferred THW
are more sensitive to task requirements than drivers who prefer to follow at alarger THW.

In the chapters 8 and 9, two experiments are discussed in which the hypothesis is tested that short followers
differ in the senditivity of the braking response to TTC. In the experiment in chapter 8 the RT, open-loop and
closed-loop phases are manipulated separately. Although the different manipulations specifically affect the
different phases of the braking response, the predicted interactions between following group (short vs long
followers) and the manipulations of the open- and closed-loop phases are not statistically significant. The results
suggested that task-specific factors evoked undesirable startle and vigilance effects that preclude confirmation of
the hypotheses. Therefore, the final experiment, discussed in chapter 9, was designed such that these task-
specific effects were prevented. The open-loop phase was manipulated by the level of deceleration of the lead
vehicle. A larger deceleration of the lead vehicle resultsin a smaller TTC at the moment the driver detects the
decderation. This effect speeds up the open-loop phase. If response execution of short followers is more
sensitive to TTC information compared to long followers, a statistical interaction is expected between following
group and level of deceleration of the lead vehicle on the duration of the open-loop phase. The results confirmed
this hypothesis. It was also investigated whether short followers differ from long followers in other tasks
requiring a dynamic perceptual -response coupling by measuring performance on a lateral tracking task and a
longitudina tracking task. It was found that performance on both tasks was significantly correlated and short
followers perform better on both tasks compared to long followers. These results support the hypothesisthat long
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followers choose a larger THW during car-following because they are less skilled in dynamic tasks requiring a
perception-response coupling.

Chapter 10 discusses the extent to which the results of the experiments support the adaptation modd together
with anumber of general conclusions.
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