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Abstract

Taylor [Taylor, D.H., 1964. Drivers’ galvanic skin response and the risk of accident. Ergonomics 7, 439–451] argued that drivers attempt
to maintain a constant level of anxiety when driving which Wilde [Wilde, G.J.S., 1982. The theory of risk homeostasis: implications for
safety and health. Risk Anal. 2, 209–225] interpreted to be coupled to subjective estimates of the probability of collision. This theoretical
paper argues that what drivers attempt to maintain is a level of task difficulty. Nääẗanen and Summala [N̈aäẗanen, R., Summala, H., 1976.
Road User Behaviour and Traffic Accidents. North Holland/Elsevier, Amsterdam, New York] similarly rejected the concept of statistical
risk as a determinant of driver behaviour, but in so doing fell back on the learning process to generate a largely automatised selection of
appropriate safety margins. However it is argued here that driver behaviour cannot be acquired and executed principally in such S-R terms.
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he concept of task difficulty is elaborated within the framework of the task–capability interface (TCI) model, which describes the
nteraction between the determinants of task demand and driver capability. It is this interaction which produces different leve
ifficulty. Implications of the model are discussed regarding variation in performance, resource allocation, hierarchical decision-m

he interdependence of demand and capability. Task difficulty homeostasis is proposed as a key sub-goal in driving and speed cho
o be the primary solution to the problem of keeping task difficulty within selected boundaries. The relationship between task diffi
ental workload and calibration is clarified. Evidence is cited in support of the TCI model, which clearly distinguishes task difficu
stimates of statistical risk. However, contrary to expectation, ratings of perceived risk depart from ratings of statistical risk but tracklty
atings almost perfectly. It now appears that feelings of risk may inform driver decision making, as Taylor originally suggested, but no
f risk of collision, but rather in terms of task difficulty. Finally risk homeostasis is presented as a special case of task difficulty hom
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Reaching a destination is usually the main goal of driving.
n the decision-making process to achieve this goal, feedback
s usually self-evident as the driver navigates towards and
pproaches her or his destination. Subsumed under this goal
re a variety of secondary goals among which there has been
lasting controversy regarding the role played by risk of

ollision. In several formulations (e.g.,Nääẗanen and Sum
ala, 1976) this risk has been assumed to be predominantly
zero risk of collision, in others (e.g.,Gibson and Crooks,

938; Wilde, 1982; Adams, 1985) a target level of risk has
een proposed. This paper will argue that risk of collision

s generally not relevant in the decision-making loop. What

E-mail address:rfuller@tcd.ie.

is relevant is feedback regarding the difficulty of the driv
task.

From the outset, however, it is important to distingu
between three basic uses of the term risk: objective risk,
jective risk estimate and the feeling of risk. In the first us
objective risk may be defined as the objective probabilit
being involved in an accident. This is usually determine
a post hoc way from analysis of accident data. This
cept of risk has been referred to elsewhere as ‘statistica
(Grayson et al., 2003). Subjective risk estimate refers to
driver’s own estimate of the (objective) probability of co
sion. Such estimates of risk represent the output of a c
tive process, while the feeling of risk represents an emot
response to a threat, a distinction previously clarified, fo
ample, byHaight (1986)andSummala (1986). Under certain
conditions, subjective estimate of risk and feelings of

001-4575/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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462 R. Fuller / Accident Analysis and Prevention 37 (2005) 461–472

may be closely associated, such as when a driver has lost
control of a vehicle on an icy road and is about to collide
with another road user. However, this association may apply
only after subjective estimates of risk have exceeded some
critical value.

Once a motor vehicle begins to move, collision (or veer-
ing off the roadway) is not a matter of some refined esti-
mate of a very low probability: it is inevitable. The proba-
bility of crashing is one, unless, of course, the driver more-
or-less continuously makes direction and speed adjustments
to avoid this otherwise certain outcome. For this reason, an
earlier conceptualization of key elements of the driving task
focused on avoidance of potential aversive consequences and
the conditions for delaying an avoidance response, which had
implications for safety (seeFuller, 1984). In that conceptu-
alization, objective risk of collision was assumed to be re-
lated to the extent of delay of an avoidance response, once
a critical threshold had been passed. An example of a de-
layed avoidance response might be not slowing down when
approaching a turning vehicle, which was expected to be out
of the driver’s path by the time it was reached. This perspec-
tive on driver behaviour was subsequently elaborated into a
comprehensive behaviour-analytic model, enabling detailed
consideration of the role of antecedent events and conse-
quences in the determination of driver behaviour (seeFuller,
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and choice of speed. Thus, all three ‘risk’ elements covaried
in the theory.

There are a number of problems with this interpretation of
Taylor’s results, however. The first is to assume that GSR is
a measure of fear or of feelings of risk. As mentioned above,
and admitted also byWilde (1994), GSR is also a general-
ized measure of arousal (specifically as expressed through
the sympathetic ANS). Consistent with this is the later find-
ing byHeino et al. (1994)that electrodermal activity was not
very specific to changes in perceived level of risk.

Furthermore, GSR reflects both orientation responses and
adjustments to temperature fluctuations. Thus, it will covary
with attentional demands of a situation as well as motor activ-
ity (see, for example,Heino et al., 1994). A related problem
has to do with the suggestion that GSR responses provide
feedback information since, except in extreme situations, we
are typically unaware of the level of activity of our sweat
glands. What Taylor showed was that at certain locations his-
torically associated with a higher probability of accident and
also associated in his study with observable ‘traffic events’
(by which I presume he means potential conflicts), drivers
showed increased electrodermal activity (EDA) and slowed
down. By slowing down they spread the EDA over a longer
time-base and therefore lowered its level per unit time. Tay-
lor concluded that ‘drivers adopt a level of anxiety that they
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In that model, subjective risk estimates were not a

erminant of driver decision making, except in the profo
ense of motivating the continuous avoidance of certain c
rophe, and this distinguished the approach in a fundam
ay from that of the Risk Homeostasis theory ofWilde (1994
001). As is well known, Wilde argued that through weig

ng up the costs and benefits of alternative actions, dr
rrive at an accepted level of risk which they actively ta
target risk), ultimately yielding the road accident toll in
rivers’ jurisdiction over a period of time. Thus, subjec
isk estimates and objective risk are coupled in Wilde’s
ry. But further than this, Wilde also coupled subjective
stimates and feelings of risk (fear). The experience of
n the roadway informs estimates of subjective risk and
aviour adjustments are made so as to match these est
ith target risk.
Wilde’s coupling of objective risk, subjective risk estim

nd feelings of risk is clearly illustrated in his interpretat
f a finding reported byTaylor (1964). Taylor found tha
easures of driver arousal (GSR), associated with parti

oadway segments, were correlated with accident prob
ies and inversely related to driver speed in those segm
e suggested that drivers were able to maintain GSR l
er unit timeapproximately constant by adjusting speed o
ifferent road segments. GSR rate, he proposed, was the
ack information drivers used to regulate speed. Wilde i
reted this to mean that drivers’ assessments of subjectiv
ere accurately reflecting objective risk in those segm
nd were determining their fear response (i.e., GSR) an
avioural adjustment, as represented in heightened ar
s
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ish to experience when driving, and then drive so as to m
ain it’. Wilde interpreted ‘level of anxiety’ here to mean
ear state coupled to subjective estimates of the probabil
ollision estimates, which are in turn linked to the objec
robability.

An equally plausible explanation of Taylor’s observati
s that of risk-homeostasis, however, is the proposition
rivers respond to variations intask difficultyrather than fee

ngs of risk and that they respond to these variations bo
erms of autonomic arousal and adjustments in speed.
hen becomes a correlate of task difficulty, an epiphenom
hat may play only an indirect role in mediating driver
aviour. If we replace ‘anxiety’ in Taylor’s conclusion w

task difficulty’, then we get: ‘drivers adopt a level oftask
ifficulty that they wish to experience when driving, and t
rive so as to maintain it’. Taylor indeed found strong
ence in support of this revised conclusion. He showed

he GSR, expressed as a rate per unit time, was nega
orrelated with driving experience, providing quite a goo
o a negative exponential function. Taylor tried to argue
ver the same route the less experienced drivers must
erceived more risk than the more experienced drivers
ot only is there accumulating evidence to show that ine
ienced drivers typically underestimate risk compared
ore experienced drivers (e.g.,Finn and Bragg, 1986; D
omme and Meyer, 1998), but surely it is just as likely, if no
uch more so, that the less experienced drivers would
ly have found the task of driving under the same condit
ore difficult.
Given that crashing is more-or-less continuously

vitable unless a driver does something about it, it is
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surprising that Taylor and subsequently Wilde should have
made subjective risk estimate and fear so central to their the-
sis. However, what I want to propose here is that drivers adjust
their speed to dealmore easilywith some hazard or potential
difficulty. Thus, risk estimates linked to risk feelings are not
ongoing determinants of driver decision making.

This view is largely concordant with that proposed
by Nääẗanen and Summala (1976), McKenna (1988), and
Wagenaar (1992), summarized bySummala (1986), who re-
jects the concept of risk as a determinant of driver behaviour.
Summala argues that in most situations drivers know what
they should do or not do to avoid a certain or almost certain
accident. Driver behaviour is determined by the maintenance
of safety margins, operationalized in his terms as the dis-
tance of the driver from a hazard. In a more recent formula-
tion, Summala (1996, 1997)describes a ‘lane-tube’, formed
by the roadway and lane markings painted on it. If a driver
maintains speed and direction, it is the time to crossing the
boundaries of the tube (time-to-line-crossing) which provides
the control measure for lane-keeping and similarly time-to-
collision provides the control measure for headway selection
and approach to stationary obstructions. No concern is nor-
mally given to risks. AsWagenaar (1992)succinctly states:
“ . . . people. . . run risks, but they do not take them”. What
undermines the maintenance of safety margins, however, are
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2. The task–capability interface model

A recent conceptualization of what determines driving
task difficulty has been presented in the task–capability in-
terface (TCI) model (seeFuller, 2000for the initial version
of this model andFuller and Santos, 2002for a more devel-
oped version). In this model, task difficulty arises out of the
dynamic interface between the demands of the driving task
and the capability of the driver. Where capability exceeds de-
mand, the task is easy; where capability equals demand the
driver is operating at the limits of his/her capability and the
task is very difficult. Where demand exceeds capability, then
the task is by definition just too difficult and the driver fails
at the task, loss of control occurs, and this perhaps leads to
a collision or the vehicle careering off the roadway. Thus in
essence, task difficulty is inversely proportional to the dif-
ference between task demand and driver capability. With a
static level of capability, any event that pushes up task de-
mand will therefore reduce this critical difference, increase
task difficulty and potentially challenge safety. For instance,
the use of a mobile phone can be an additional task, which
pushes demand beyond driver capability.Violanti and Mar
shall (1996)report that cellular phone use while driving in-
creases the probability of collision by 500%. Note that in this
formulation task difficulty is independent of task complexity.
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n insensitivity to low probability events on the roadway
growing desensitization to potential threats (becaus

hreats are not realized). Given Summala’s position on
etermination of driver behaviour, the question then aris

o how drivers determine what is a safe margin in any g
riving situation. Summala suggests that estimate of tim
ollision, for example, is a very basic human skill, for wh
omputations can be carried out without cognitive comp
ional processes (by which I presume is meant conscious
essing). Safe margins are learned through experience a
ost of driving ‘becomes a habitual activity which is ba
n largely automatized control of safety margins in pa

asks’ (Summala, 1986, p. 10).
Attractive as this model is, being situated firmly in a w

stablished behavioural paradigm, it is nevertheless vu
ble to the implausible requirement to recognize, and
ow to respond safely to, what is a virtually infinite num
f roads and traffic scenarios. A learning model can
ide a powerful explanation for which behaviours beco
stablished, once emitted. But it is unable to specify
ny degree of precision which behaviour will be emitte

he first instance. What is needed is a heuristic, which
eyond avoidance learning as a means of determining d
ecision-making and therefore behaviour. One such heu

s perceived task difficulty. If we agree that the driver’s ta
s to attain mobility goals while avoiding collision, then m
elevant to driver decision-making is the driver’s percep
f the difficulty of meeting those demands. Given this pro
ition, the question then arises as to what determines dr
ask difficulty.
f the driver’s capability far exceeds the demands of a c
lex task, the task is perceived as relatively easy. Simi
simple task will be challenging if the demands exceed
river’s available capability.

Sometimes the actions of another road user can resc
ituation from imminent catastrophe, such as a pedes
eaping out of the path of an out-of-control vehicle. In s
n instance the pedestrian effectively changes task de
t the very last moment (seeFig. 1). Alternatively, the drive
ay be able to recover from the loss-of-control situation

void an impending collision or road run-off.
At the threshold where task demand begins to excee

ability, we need not necessarily expect a sudden and c
rophic breakdown of control but rather a more fragme
egradation. As suggested byWickens and Hollands (2000,
uality of performance may deteriorate (such as the d

osing tight control of lane positioning or situation awa
ess; see, for example, the simulator study byvan der Huls
t al., 2001), or low priority task elements may be dump
such as mirror checking). In more extreme cases, high
rity tasks may suffer a similar fate (such as looking ahe
owever, in many instances where demand exceeds ca

ty, the increased demands are such that the driver is s
nable to maintain the desired trajectory, avoid an obs
r stop in time.

.1. Elements of driver capability and task demand

Let us explore this model further by unpacking the
ents of driver capability on the one hand and task dem
n the other. Driver capability is initially constrained by b
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Fig. 1. Outcomes of the dynamic interface between task demand and capability.

logical characteristics of the driver, such as information pro-
cessing capacity and speed, reaction time, physical reach,
motor coordination and perhaps flexibility and strength. Built
on top of these characteristics are knowledge and skills aris-
ing out of training and experience. Such knowledge includes
formal elements such as rules of the road, procedural knowl-
edge defining what to do under what circumstances (condi-
tional rules) and a representation of the dynamics of road and
traffic scenarios which enable prediction of how those sce-
narios will develop, like an internalized mental video which
runs on ahead of the immediately observed situation (Kaempf
and Klein, 1994). Skills include control skills associated with
basic vehicle control as well as handling skills in challeng-
ing circumstances (such as a skid). Together these biological
characteristics and acquired characteristics through training
and experience determine the upper limit of competence of
the driver. However, this competence is not necessarily what
is delivered at any moment of time because capability is vul-
nerable to a host of human factor variables. These include
factors of attitude, motivation, effort, fatigue, drowsiness,
time-of-day, drugs, distraction, emotion and stress. Any of
these can detract from driver competence to yield a some-
what lower level of capability.

Part of the motivational variable contributing to the de-
termination of driver capability is resource allocation—the
e re-
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t mand
b ental

(and physical) effort may correspondingly increase available
capability.

Mulder (1986)distinguishes this ‘computational’ effort
from that arising when fatigued or bored (such as the effort
to stay alert), which he calls ‘compensatory’ effort. Since
there is a utility associated with high capability and also a
utility of effort conservation (Wickens and Hollands, 2000),
some trade-off between capability and effort may emerge.
This is presumably related both to the driver’s attitude to-
wards maintaining a wide safety margin between demand and
capability (Delhomme and Meyer, 1998) and to the driver’s
competence in determining what the task demand actually
is. Thus, at risk in the traffic environment is not just the in-
tentionally risky driver, but also the incompetent one and the
lazy one.

Driving task demands are determined by a plethora of in-
teracting elements. There are environmental factors such as
visibility, road alignment, road marking, road signs and sig-
nals, road surfaces and curve radii, camber angles and so on.
There are other road users with various properties occupying
or with the potential to occupy critical areas in the projected
path of the driver. There are the operational features of the ve-
hicle being driven, such as its information display and control
characteristics and its capability to provide roadway illumi-
nation in dark conditions. And then added to all of this are
e me-
d and
s tor: it
i e is
a to it.
B k de-
m ntrol
o e of
xtent to which the driver is motivated to allocate the
ources needed to carry out the task so that capability is
ained well above task demand.Brookhuis and De Waar
2001)recognize that driver capability can vary both betw
rivers and within the same driver at different times, pa
s a result of the energetic state of the operator. Thu

hough stepping on the accelerator may increase task de
y increasing speed, stepping on the accelerator of m
lements of task demand over which the driver has im
iate and direct control, namely the vehicle’s trajectory
peed. Of these speed is clearly the most significant fac
s self-evident that the faster a driver travels, the less tim
vailable to take information in, process it and respond
ecause the driving task is a self-paced task, driving tas
and is in a very real and fundamental way under the co
f the driver through speed selection. Importantly, choic
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speed, like driver competence, is subject to the influence of
human factor variables.

2.2. Hierarchical nature of driver decision making

Some authors (such asAllen et al., 1971; Michon, 1985;
van der Molen and Botticher, 1988; Hollnagel et al., 2004)
have emphasized the hierarchical nature of driver decision-
making, pointing out the distinctions between strategic de-
cisions (route and timing of journey), tactical decisions
(manouvering) and operational decisions (executive acts).
More recently,Laapotti et al. (2001)have added an even
higher level, which pertains to ‘goals for life and skills for liv-
ing’. These distinctions are retained in the TCI model where
drivers can influence task demand by making choices in rela-
tion to each of the factors, which influence it as well as their
own speed. Thus, they can make purchase or hire decisions so
as to drive a vehicle with particular features (such as ABS),
they can select a particular route to a destination (avoiding
high density or high speed motorways, for example) and a par-
ticular time-of-day (avoiding periods of congestion or driv-
ing in darkness—see, for example,Rimmo and Hakamies-
Blomqvist, 2002). They can shift towards serial as opposed
to parallel use of vehicle controls (Hakamies-Blomqvist et al.,
1999) and they can also influence task demand by using di-
r iour

of other road users. Drivers also have some control over their
capability, and decisions here also have a hierarchical struc-
ture. Remotest from real-time decisions on the roadway are
decisions regarding type, amount and level of training and
about the kinds of driving experienced. Closer to real-time
driving are decisions about exposure to a range of human fac-
tor variables such as fatigue, stress and the effects of alcohol
and of other drugs. And on an ongoing basis, drivers can vary
their level of effort.

Putting all of these general features of the determinants of
driver capability and task demand together, we arrive at the
model presented inFig. 2. The elements of the model interact
to determine task difficulty and the outcome for the driver in
terms of whether or not control is maintained or lost.

2.3. The interaction between task demand and capability

The TCI model as presented inFig. 2gives the impression
that task demand and capability are independent elements.
However, it must be recognized that this is not necessarily,
or even usually, the case. Capability is determined by many
variables and one of these is the driver’s level of arousal or
activation. The relationship between these two is tradition-
ally described by an inverted U curve, with relatively lower
levels of capability associated with both very low and very
h en-
ectional indicators (and other signals) to affect the behav
Fig. 2. The task–capabi
igh levels of arousal. Arousal is partly determined by
lity interface model.
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dogenous factors such as the individual’s circadian rhythm,
but it can also be affected by external stimulation. Indeed
extraverted individuals, who are characterized as having rel-
atively low levels of endogenous arousal, actively seek ex-
ternal stimulation in order to drive their arousal levels up.
The important point here is that driving-task demand pro-
vides an external stimulus, which can affect level of arousal,
which in turn can affect capability. This relationship has ear-
lier been recognized byBrown (1994), who pointed out that
a drowsy driver may increase speed (and therefore task de-
mand) in order to be shaken out of the drowsy state. This is
precisely the interpretation given byBrookhuis et al. (1991)
who found that the standard deviation of lateral position de-
creased under conditions of dual task performance, when the
opposite effect might have been expected. However, this in-
terdependence of task demand and capability raises further
issues.

It is generally accepted that there is an arousal level or
range that is optimal, both for sustaining performance and as
being rewarding to the individual. This implies that drivers
may modify task demand in order to reach and sustain this
level, making level of arousal a criterion that feeds into the
determination of their target task difficulty. And given that ex-
traverted individuals are more likely to seek enhanced exter-
nal stimulation, they may be more likely to accept higher lev-
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Fig. 3. Reactive and anticipated changes in task demand.

mediate future state of the unfolding road and road user sce-
nario ahead, an ability sometimes referred to as ‘reading the
road’. Individuals differ in this ability as a function of experi-
ence (Quimby and Watts, 1981; Brown and Groeger, 1988),
inexperienced drivers being more confined to a ‘reactive’
mode of dealing with hazards, producing the saw-toothed
pattern of variations in task difficulty shown inFig. 3 (reac-
tive control). Experienced drivers, on the other hand, are more
likely to show anticipatory avoidance of a hazard (by chang-
ing speed, direction, level of vigilance, focus of attention,
information transmitted to other road users—see, for exam-
ple,Saad et al., 1990) producing a relatively smooth pattern
of task difficulty variation over time (Fig. 3—anticipatory
control). This anticipatory responding alters the state of
the system in such a way that potential threats are es-
sentially neutralised before they are encountered (Fuller,
1984).

On the other side of the task–capability interface, a fea-
ture of task demand is the variable predictability of unfold-
ing events, making some scenarios difficult to anticipate. A
particular advantage of anticipatory responding is that if the
driver makes an error or mistake, there is still the possibility
of error correction (e.g., if the driver brakes and begins to
slide). However if the driver is in ‘reactive’ mode, opportu-
nities for error correction will be relatively limited (Brown,
1

If it
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s e key
d

ls of task demand and, OTRE, because of this be more
o be involved in loss of control and collisions. Researc
ndividual differences and accident involvement tends to
ort this prediction (Loo, 1979). Related to this is the dime
ion of sensation-seeking which is also argued to be a c
utional characteristic of individuals (Zuckerman, 1979) and
gain the evidence supports the prediction that individ
igh in sensation-seeking are more likely to speed, ove
ore and adopt shorter headways and are over-repres

n traffic crashes (Jonah, 1997). They are also more like
o report an intention to compensate for active safety i
entions such as ABS by driving faster (Jonah et al., 2001).
inally in this context it should be recognized that so
rivers may elect for a high task difficulty in order to indu
related arousal boost: the phenomenon of getting ‘hig

peed.
Thus, a preferred level of arousal may play a role in

etermination of task demand. But apart from this, the
ationship between task demand and capability implies
t very high and very low levels of task demand, capa

ty (to the extent that it is influenced by task demand) m
egin to decline and approach or even fall below the l
f task demand. An example under low task demand
itions would be the driver becoming drowsy and fall
sleep at the wheel. As described earlier,de Waard (2002
ndMulder (1986)argue that under these conditions peo
an actively counteract their state for some time by inve
ffort.

Capability and task demand interact in a further and
entially very important way for safety. One obvious cha
eristic of capability is the ability to predict correctly the i
990).
So much, then, for the determinants of task difficulty.

s the ongoing perception of this which determines drive
aviour, however, then we need to represent how this dyn
ight work, to reassure ourselves that drivers are sen

o task difficulty and to show that it is task difficulty and n
ome other variable, such as risk assessment, that is th
eterminant of driver behaviour.
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3. Task difficulty homeostasis

How might the perception of task difficulty determine
driver behaviour? The proposition I want to suggest is that
at the outset of a journey, and sometimes also during it, a
driver will determine a range of task difficulty that she/he
is prepared to accept, a kind of target margin or envelope
of task difficulty. A key element of this is the upper bound-
ary of difficulty beyond which the driver prefers not to go.
That preference may influence in the first place both choice
of route and time of journey and, on an ongoing basis, will
influence speed choice. In fact, once the more strategic de-
cisions have been made, it will be speed choice, which the
driver will predominantly use to control the level of task dif-
ficulty experienced (seeFig. 4), although as suggested by
Hakamies-Blomqvist et al. (1999), drivers may also change
the ‘architecture’ of their performance. What determines the
preferred level will be motivation for speed, perceived capa-
bility and effort motivation. Motivation for speed arises from
variables such as available time for a journey, possible social
forces relating to passengers (e.g., desire to ‘show-off’ to
peers or to provide a comfortable ride for an elderly person).
Perceived capability will be a function of estimates of compe-
tence and sensitivity to the effects of human factor variables.
It is as if the driver asks herself/himself: what do I have to
d ll be
a cept
o ded
t by
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e imal
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ity is to task demand, the more difficult will be the task and
the less reserve capability there will be to accommodate a
sudden increase in task demand (such as a child dashing out
from behind a parked vehicle). This problem may be partic-
ularly salient where journey time is limited, forcing a driver
to drive faster than would otherwise be preferred (such as
a truck driver attempting to make a just-in-time delivery).
In such situations safety may be further challenged by the
fact that capability may be simultaneously lowered by the
stress of anticipated ‘mission failure’ and a state of height-
ened anxiety. But the general principle proposed here is that
drivers are motivated to maintain a preferred level of task dif-
ficulty. Speed choice is the primary solution to the problem of
keeping task difficulty within selected boundaries and, as de-
scribed above, those boundaries are subject to motivational
influences. This principle explains not only the continuous
adjustment of speed to perceived hazards on the roadway
(such as approaching a small radius bend) and the general
phenomenon of behavioural adaptation (OECD, 1990) but
also the effects on driver speed of traffic calming measures
(such as throats, chicanes, lane narrowing and gateways).

Hoyos (1986), in discussing a study that measured driver
estimates of task demand and their speed, reported that drivers
used compensatory speed reductions as demand increased.
In a study of the behaviour of older drivers,de Raedt and
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o here and what am I able to do? The result of this wi
n acceptable, preferred range of task difficulty. This con
f task difficulty or workload homeostasis has been allu

o elsewhere in the context of industrial work. As stated
ickens and Hollands (2000): “Given some flexibility, op

rators usually work homeostatically to achieve an ‘opt
evel’ of workload by seeking tasks when workload is
nd shedding them when workload is excessive” (p. 470
self-paced task like driving, modifications of speed pro
very flexible and fairly rapid means of control of worklo

evel (see also next section).
Task difficulty is an expression of the separation betw

ask demand and driver capability. From a safety perspe
key issue is their degree of separation. The closer ca

Fig. 4. Task d
onjaert-Kristoffersen (2000)found that this kind of ‘tacti
al’ compensation was associated with better drivers, as
y driving instructors and by number of accidents. They
luded that it would be advisable to evaluate compens
bilities in fitness-to-drive assessments of older drivers
ecommended that older drivers should learn such strate
s well as more ‘strategic’ decisions, such as avoiding
emand situations (driving in dark, fog, etc.). They also
ested, in line withHakamies-Blomqvist (1994)and the fun
amental postulate of the TCI model, that “it is proba

hat the immediate goal of compensation behaviour of o
rivers is to reduce mental load, with increased safety a
roductrather than the main goal of the behaviour” (italics
ine). In an interesting technical development from this

homeostasis.
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of research,Piechulla et al. (2003)report a pioneering at-
tempt to measure driver workload automatically and to use
an upper limit of workload to re-route incoming calls to a
mailbox, thereby preventing driver overload.

Apart from speed adjustment, task difficulty can be modi-
fied in other ways: reference has already been made to the ob-
servation that older drivers may execute control movements
in a serial manner.Brookhuis and de Waard (2001)found
evidence to support the idea that drivers attempt to maintain
a reasonably stable level of task difficulty on a journey by
glancing fewer times in the rearview mirror under conditions
of increased task demand (driving a busier road or when using
a carphone). Research has also shown that when engaged in
a telephone task, drivers slow down, increase time headway
to a vehicle in front and reduce mirror and speedometer in-
spections (Brookhuis et al., 1991; Recarte and Nunes, 2003).
Thus, there is convergent evidence to support the hypothesis
of task difficulty homeostasis.

4. Sensitivity to task difficulty

The concept of task difficulty is not new in the driver be-
haviour research literature, but it has existed in a different
guise, namely that of mental workload.Kahneman (1973)
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that where compensatory adjustments cannot be made, per-
formance suffers. In a simulator study in which drivers were
instructed to maintain speed at 70 mph, it was found that as
mental workload increased, situational awareness decreased
(Stanton and Young, 2002).

Kuiken and Twisk (2001)define the ability of drivers to
recognize the relationship between the demands of the driv-
ing task and their own capability as ‘calibration’. They stress
the importance in driver training of putting less emphasis
on specific skill training and more on developing a reliable
evaluation of the relationship between task demand and ca-
pability; in other words, task difficulty. And consistent with
this,Deery (1999)stresses the importance for safety of peo-
ple evaluating their abilities as accurately as possible, citing
Brown (1982), who is reported as suggesting that the over-
confidence of young drivers explained completely their over-
representation in crashes. Brown has long argued that drivers
in general, and certain categories in particular, may drive
with inadequate safety margins arising out of either under-
estimation of traffic hazards or overestimation of their own
capability or both (Brown, 1990) and has signaled the need
for accident countermeasures for young drivers aimed at im-
proving self-knowledge as well as their assessment of danger
(Brown and Groeger, 1988).
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efines mental workload as being a specification of the
acity an operator spends on task performance (see ade
aard and Brookhuis, 1997; de Waard, 2002). As de Waard

2002) states: ‘. . . in particular the worddifficulty reflects
ental workload very well’.Brookhuis and de Waard (200
efine mental workload as the proportion of mental ca

ty that is required for task performance, determined by
nteraction between the capability of the driver and the
tself (as for the concept of task difficulty in the TCI mod
he fundamental importance of this interaction is simil
mphasized byZijlstra (1993)andWiethoff (1997).

This concept of mental workload needs to be differenti
rom other definitions. According tode Waard and Brookhu
1997), some authors have defined mental workload a
bjective load of a task or task demand. Others define
the difference between cognitive demands of a particula
r task and the operator’s attentional resources” (Rubio et al.
004), a definition closer to spare capacity. In the concep
referred here, workload is inversely related to spare cap
ince workload is the measure of capacity used, it shoul
e confused withsparecapacity.

According tode Waard (2002)drivers can easily asse
heir workload and report it through measures such a
ultidimensional NASA-TLX (Hart and Staveland, 199)
nd the unidimensional rating scale mental effort (RS
hich measures invested effort (Zijlstra, 1993). As would be
redicted from the TCI model, perceived increases in
emand, such as engaging in a telephone task, lead to
ensatory reductions in that demand through downwar

ustments in speed and increases in time headway (se
xample,Brookhuis et al., 1991). The corollary to this i
. Task difficulty and risk assessment

The evidence reviewed above provides clear suppo
he notions that drivers are sensitive to task difficulty
ttempt to maintain their experienced level of difficulty wit
margin of acceptability. But the question remains as to

elationship between driver perceptions of task difficulty
heir assessments of statistical risk. Perhaps task difficu
eally only a surrogate for risk assessment and the TDI m
s the old wine of RHT relabeled in a new bottle.

In a recent study, we have been getting drivers to a
oth task difficulty and statistical risk directly by asking th

o view video sequences of roadway segments, filmed
he viewpoint of the driver, and travelled at different spe
Fuller et al., in press). Participants were required to ra
ach sequence for task difficulty and for statistical ris
ollision. They were also asked to rate their experienc
isk (i.e. feeling of risk) for each sequence. On the b
f the TCI model, we predicted that task difficulty wo
e closely related to speed but that statistical risk woul
ain at zero at lower speeds but then increase rapidly

ome critical threshold was reached, that is the point w
ask demand began to approach the boundary of ca
ty.

We found strong evidence of a pattern in which rat
f task difficulty increased in the absence of any increa

he estimated likelihood of collision, a pattern, which w
onsistent across road types. The results for one type
ountry road, are presented inFig. 5, which shows the ave
ge collision risk estimate for the three speed levels a
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Fig. 5. Ratings of task difficulty, estimates of crash frequency and ratings of risk experience for the country road scenario.

the speed at which estimated collision risk first exceeded
zero, and the average task difficulty and experienced risk
rating for the three speeds below and above this point. (The
point was determined for each individual separately. Mean
speed at which the threshold for collision exceeded zero was
51.48 mph, S.D. = 12.15.)

As can be clearly seen and as predicted from the TDI
model, task difficulty is closely related to speed, through-
out the speed range, but ratings of statistical risk remain at
zero at lower speeds but then increase fairly rapidly after the
critical threshold is reached. What is also revealed inFig. 5,
however, is the remarkably close association between ratings
of task difficulty and ratings of the experience of risk. The
average correlation between these two variables, determined
separately for each individual (n= 30), was Pearsonr = 0.972,
S.D. = 0.025.

Thus, task difficulty and feelings of risk appear to be very
highly related to each other, but feelings of risk and ratings of
statistical risk are completely unrelated until a critical speed
is reached (presumably where task demand approaches ca-
pability). This was an unexpected but important finding. It
implied that drivers might use feelings of risk as a measure
of task difficulty; it implied that Taylor may have been cor-
rect in concluding that ‘drivers adopt a level of anxiety that
they wish to experience when driving, and then drive so as to
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h ble.
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rated the probability of collision as greater than zero (Pender,
2004, B.A. Thesis, University of Dublin, unpublished;Fuller
et al., in press).

Of 120 separate analyses over three kinds of road condi-
tion, 95 (79%) confirmed the earlier result of task difficulty
increases in the absence of any increase in the estimated likeli-
hood of collision. Furthermore, there was again a very strong
association between ratings of task difficulty and risk experi-
ence (average Pearsonr = 0.978). Finally it may be noted that
38 of the sample of 40 drivers identified the highest speed at
which they would be comfortable aslower than the speed at
which they first rated the probability of collision as greater
than zero. In other words 95% of the sample would be uncom-
fortable driving at a speed at which there was some estimated
risk of crashing.

Thus, as in the first study, task difficulty and feelings of risk
appear to be very highly related to each other, and feelings
of risk and ratings of statistical risk are in a majority of cases
unrelated until a critical speed is reached. In addition, drivers
are typically uncomfortable at a speed at which they rate the
probability of collision as greater than zero.

Why should feelings of risk and the perception of task
difficulty be related to each other? The driving task contin-
uously involves making decisions about how to avoid the
certainty of collision if nothing is done. The more difficult
t capa-
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r ing
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aintain it’ and it implied that Wilde was wrong in assu
ng that feelings of risk could be consistently mapped o
ndividual estimates of statistical risk.

To be more confident in these results, we replicated
tudy and included a request to participants to indicate
ighest speed at which they would find driving comforta
s a further test of RHT, we wanted to determine if this sp
ould be lower or higher than the speed at which drivers
his task becomes, as the margin between demand and
ility shrinks, the closer the driver comes to losing con
f the situation. It is hardly surprising, then, that this proc
hould be linked to feelings of risk. Furthermore, feeling
isk may provide the motivational basis for avoiding tak
n a level of task difficulty, which is too high to be acco
odated. By providing feedback regarding the relation
etween task demand and capability, feelings of risk en
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the driver to maintain difficulty level within preferred bound-
aries.

This relationship between task difficulty and feelings of
risk has also been reported byGrayson et al. (2003)in two
rather different types of study. In one, 96 drivers rated 12 dif-
ferent sections of a test route (traveling in both directions) for
difficulty and danger (I am presuming that ratings of danger
are equivalent to feelings of risk). The correlation between
these two measures was 0.63 (p< 0.01), a relationship that
was stable across age and experience groups in their sam-
ple. In a separate study, 1340 persons responded to a ques-
tionnaire, which included amongst other features five driving
scenarios. Participants were requested to provide ratings of
their perceptions of danger and difficulty for each, as well
as the extent to which they would feel in control. Again the
correlation between ratings of difficulty and danger was 0.63
(p< 0.05).

6. Risk homeostasis a special case of task difficulty
homeostasis

We can tentatively conclude from the above results that
Taylor and Wilde were correct in exposing experienced risk
(i.e., feelings of risk) as a critical determinant of driver be-
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target risk are not predictive of the accident toll. Nevertheless,
conditions may occasionally arise where the driver gambles
that there will be no increase in task demand or decrease
in capability, when she/he is operating close to the threshold
where task demand equals capability. Under such conditions,
ratings of task difficulty, of the probability of collision and
of feelings of risk may all covary.

This TDI model is both descriptive of the interaction of
key factors, which influence driver behaviour and provides
a dynamic control–motivational framework for understand-
ing driver action. It attempts to shift the focus on the driver
in isolation to the interaction between the driver and driv-
ing situations, a change in focus recommended byRanney
(1994). We already know a little about self-assessment of
capability (particularly in inter-individual comparisons, e.g.,
Svenson, 1981; Finn and Bragg, 1986;). Young drivers tend to
overestimate their level of skill (Matthews and Moran, 1986;
Gregersen, 1996) andGroeger and Grande (1996)have shown
that self-assessments do not relate accurately to actual ability.
But in very few areas of research have questions been asked
about driver awareness of human factors in driving, and what
to do about them.

Assessment by the driver of task demand involves ac-
cess to a flow of information, which will vary in distribu-
tion, complexity, rate and certainty. This information flow
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d been
f ;
W ed
o iffi-
c
c
a earch
( )
s stable
i

diffi-
c tale-
m oci-
a tisti-
c oop.
T f the
s uire-
m ting
t ase.
T prin-
c ing,
i and
p ork-
l also
c f hu-
m -
l iga-
t task
d
2

aviour, but that Wilde was wrong in assuming this was
ame as drivers’ estimates of the probability of crashin
tatistical risk) and therefore the fundamental determina
he accident toll in a jurisdiction. The TDI model argues
xperienced risk and subjective estimates of statistica
ill only begin to converge when task demand approa
apability and the driver gambles on there being no u
ected increase in demand (e.g., from the behaviour of
oad users) and no unexpected decrease in capability
istakes or errors). Under these conditions we can see

ial case where RHT may be correct in its description of
rocesses and outcomes, where conscious risk-taking

he criteria proposed byWagenaar (1992): “ . . . an investiga
ion of the available choices, of their possible conseque
nd of how these consequences are to be valued (and

owing some decision rule, risks are compared, and acc
r rejected” (p. 274).

. Conclusion and some further considerations

Driving task difficulty is inversely related to the differen
etween driver capability and driving task demand. Dri
ppear to be able to make judgements of task difficulty e
nd to behave in such a way as to keep the level of
ifficulty within target boundaries. The feeling of risk m
e an important source of information about task difficu
owever, this risk experience is not the same as the dr

ating of the risk of collision. Thus, although drivers m
arget a level of risk, this is not to say that they target a l
f accident involvement. Consequently, aggregated leve
,
-

ill be channeled through processes of attention, percep
ecision-making and prediction, processes, which have

airly extensively researched (see, for example,Rumar, 1985
ickens and Hollands, 2000). Some work has been publish

n aspects of the critical element of maintaining task d
ulty within target boundaries (see, for example,Lee’s ac
ount, 1976of Spurr, 1969; Brehmer, 1990; Brown, 1990),
lthough this seems to be an area ripe for further res
Ranney, 1994). The recent study byGrayson et al. (2003
uggests that the margins selected by a driver may be a
ndividual characteristic.

The TCI model and associated hypothesis of task
ulty homeostasis are an attempt to move on from the s
ate posed by empirical and theoretical difficulties ass
ted with the notion that drivers use estimates of sta
al risk as a key component in the decision-making l
hey avoid the heavy dependence on automisation o
election of safety margins and associated learning req
ents of the Zero-risk model, whilst steadfastly suppor

he key concept of zero-risk motivation for the general c
he TCI model readily incorporates and extends the
iple of hierarchical (embedded) levels of decision-mak
n terms both of controlling task demand and capability
rovides a coherent framework for relating the mental w

oad concept to driver motivation and performance. It is
onsistent with more generalised conceptualizations o
an behaviour in the workplace (e.g.,Wickens and Hol

ands, 2000) and the generic applied approach to invest
ions of human error in terms of a mismatch between
emands and available resources to deal with them (Dekker,
002).
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ääẗanen, R., Summala, H., 1976. Road User Behaviour and Traffic
cidents. North Holland/Elsevier, Amsterdam, New York.

ECD, 1990. Behavioural adaptation to changes in the road tran
system. In: Road Transport Research. OECD, Paris.



472 R. Fuller / Accident Analysis and Prevention 37 (2005) 461–472

Piechulla, W., Mayser, C., Gehrke, H., Konig, W., 2003. Reducing drivers’
mental workload by means of an adaptive man-machine interface.
Transportation Res. Part F 6, 233–248.

Quimby, A.R., Watts, G.R., 1981. Human Factors and Driving Perfor-
mance. Report LR 1004. Transport and Road Research Laboratory,
Crowthorne.

Ranney, T.A., 1994. Models of driving behavior: a review of their evo-
lution. Accid. Anal. Prev. 26 (6), 733–750.

Recarte, M.A., Nunes, L., 2003. Mental workload while driving: effects
on visual search, discrimination and decision making. J. Exp. Psychol.
Appl. 9 (2), 119–137.

Rimmo, P., Hakamies-Blomqvist, L., 2002. Older drivers’ aberrant driving
behaviour, impaired activity, and health as reasons for self-imposed
driving limitations. Transportation Res. Part F 5, 47–62.

Rubio, S., Diaz, E., Martin, J., Puente, J.M., 2004. Evaluation of sub-
jective mental workload: a comparison of SWAT, NASA-TLX and
workload profile methods. Appl. Psychol. Int. Rev. 53 (1), 61–86.

Rumar, K., 1985. The role of perceptual and cognitive filters in observed
behavior. In: Evans’, L., Schwing, R.C. (Eds.), Human Behavior And
Traffic Safety. Plenum, London.

Saad, F., Delhomme, P., Van Eslande, P., 1990. Drivers’ speed regulation
when negotiating intersections. In: Koshi, M. (Ed.), Transportation
and Traffic Theory. Elsevier, Amsterdam, pp. 193–212.

Spurr, R.T., 1969. Subjective aspects of braking. Automobile Eng. 59,
58–61.

Stanton, N.A., Young, M.S., 2002. Developing a psychological model
of the driver. In: Behaviour Research in Road Safety XII. DTLR,
London, pp. 103–108.

Summala, H., 1986. Risk control is not risk adjustment: the zero-risk
theory of driver behavior and its implications. Reports 11. University

S i. 22

Summala, H., 1997. Hierarchical model of behavioural adaptation and
traffic accidents. In: Rothengatter, T., Carbonell Vaya, E. (Eds.), Traf-
fic and Transport Psychology: Theory and Application. Elsevier Sci-
ence, Oxford, pp. 41–52.

Svenson, O., 1981. Are we all less risky and more skilful than our fellow
drivers? Acta Psychol. 47, 143–148.

Taylor, D.H., 1964. Drivers’ galvanic skin response and the risk of acci-
dent. Ergonomics 7, 439–451.

Van der Hulst, M., Meijman, T., Rothengatter, T., 2001. Maintaining task
set under fatigue: a study of time-on-task effects in simulated driving.
Transportation Res. Part F 5, 103–118.

van der Molen, H., Botticher, A., 1988. A hierarchical model for traffic
participants. Ergonomics 36 (5), 557–567.

Violanti, J.M., Marshall, J.R., 1996. Cellular phones and traffic acci-
dents: an epidemiological approach. Accid. Anal. Prev. 28 (2), 265–
270.

Wagenaar, W.A., 1992. Risk taking and accident causation. In: Yates, J.F.
(Ed.), Risk-Taking Behaviour. Prentice Hall, Englewood Cliffs, NJ.

Wickens, C.D., Hollands, J.G., 2000. Engineering Psychology and Human
Performance, third ed. Prentice Hall, New Jersey.

Wiethoff, M., 1997. Task analysis is heart work. In: The Investigation of
Heart Rate Variability: A Tool for Task Analysis in Cognitive Work.
Delft University Press, Delft.

Wilde, G.J.S., 1982. The theory of risk homeostasis: implications for
safety and health. Risk Anal. 2, 209–225.

Wilde, G.J.S., 1994. Target Risk. PDE Publications, Toronto.
Wilde, G.J.S., 2001. Target risk 2: a new psychology of safety and health:

what works? What doesn’t? And why. PDE Publications, Toronto.
Zijlstra, F.R.H., 1993. Efficiency in Work Behaviour: A Design Approach

for Modern Tools. Delft University Press, Delft.
Z el of
of Helsinki Traffic Research Unit, Helsinki.

ummala, H., 1996. Accident risk and driver behaviour. Safety Sc
(1–3), 103–117.
uckerman, M., 1979. Sensation Seeking: Beyond the Optimal Lev
Arousal. Lawrence Erlbaum Associates, Hillsdale, NJ.


	Towards a general theory of driver behaviour
	Introduction
	The task-capability interface model
	Elements of driver capability and task demand
	Hierarchical nature of driver decision making
	The interaction between task demand and capability

	Task difficulty homeostasis
	Sensitivity to task difficulty
	Task difficulty and risk assessment
	Risk homeostasis a special case of task difficulty homeostasis
	Conclusion and some further considerations
	Acknowledgements
	References


