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ABSTRACT

Technological applications not only affect
individual behaviour in traffic, but also influence
interaction behaviour. However, not much research
has been conducted in thisarea. This paper
attemptsto fill the gap by investigating the effects
of manipulations of the time and space ("interaction
space") drivers have to safely negotiate an
intersection. Interaction space was manipulated by
providing drivers at intersections with information
about other approaching drivers, and also by
varying the expectedness of the approach speed of
the other driver. An experiment was conducted
using an innovative and promising approach with
two linked driving simulators, where participants
(N=26) were provided with in-vehicle information
(flashing lightsin their dashboard and beeps),
indicating the direction and speed with which
another driver approached on the intersecting road.
Based on the right of way regulation, speed could
be either expected or unexpected. The use of linked
simulators allowed the participants to interact with
area driver (the experimenter), rather than with
pre-programmed drivers and thus provided
important information concerning the interaction
process . Different behavioural indicators of the
safety and efficiency of the interaction process
were recorded. Also, concerning the information
provided, the level of acceptance and experienced
mental effort is reported. The results regarding the
behavioural indicators suggest a proactive and
reactive stage within an intersection approach,
where the latter stage seems more prone to
manipulations of interaction space. The acceptance
results indicated that the lights were not
appreciated whereas the beeps were regarded as
quite useful. Mental effort was (subjectively) lower
in the condition where extrainformation was
provided. This experiment provides a valuable
indication of the effect information would have on
driving behaviour, although it should be noted that
the precise way information was provided hereis
too simplistic for direct application in real traffic.

INTRODUCTION
Today, more and more technology finds its way

into our daily lives and affects the way we interact
with each other. Interactions with other road users

are no exception to this observation. Ina
considerable number of studies technological
applications have been shown to affect each road
users' individual behaviour [e.g., 1, 2, 3,4, 5]. A
less explicitly researched aspect is the way
technological applications ultimately affect the
interaction between road users. Although there are
studies[e.g., 6, 7, 8] that have included measures
indicating effects of technological applications on
the interactive aspect of the driving task (e.g.,
approach and turning behaviour at intersections,
gap acceptance, braking behaviour), the interactive
aspect of the driving task israrely, if ever, the main
issue in these studies. It appears that the
phenomenon where one road user's behaviour is
affected by what happens in the environment,
including the behaviour of other road users,
remains an undervalued topic in research on
driving behaviour. This paper aimsto fill the gap
by focusing on the consequences for the safety and
efficiency with which road users will (potentialy)
interact.

Interactive driving behaviour is easily observed at
intersections where drivers encounter other drivers
on their paths. To regulate the interaction, traffic
lights are often installed, preventing drivers on
conflicting paths being in the same place at the
same time. However, traffic lights cannot totally
prevent crashes at intersections which is partly due
to the well documented "amber light dilemma’".
The amber light dilemma occurs on aroad section
upstream from a signalised intersection in which a
driver approaching the intersection will neither be
able to stop safely after the onset of amber, nor be
able to clear the intersection before the end of the
amber duration, while overall complying with the
traffic regulations (i.e., not accelerating at an amber
light)[9]. Besides signalised intersections, where
interactive driving behaviour is largely controlled
and eliminated by traffic lights, intersections
without traffic lights also exist, where interactive
behaviour can be observed more easily. At the
latter intersections, the amber light dilemma, by
definition, does not exist. However, asimilar
dilemma can still occur at intersections without any
designated priority. Take two different drivers
approaching an intersection. A third driver's
approach from the right can be interpreted asa
traffic light with different colours. If the driver is
far away and/or approaching slowly, this can be
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interpreted as a green light. If the driver is rather
close and/or approaching at a high speed, this can
beinterpreted asared light. Everything in between
can be interpreted as the amber phase of the light
and is up to the specific interpretation of the drivers
approach. For example, one driver might interpret
the third driver's approach as a potential conflict
and decide to yield, whereas a second driver might
decide to accelerate and clear the intersection
before the approaching driver has reached it. These
different interpretations could lead to arear-end
collision if the second driver does not anticipate the
first driver braking for the approaching driver. The
dilemmahere isin interpreting the approach of
third road user and anticipating if thiswill conflict
with your own trgjectory. How isit, that without
time or facilities to negotiate who goes first, drivers
usually are able to stay out of each other's way?

To be able to successfully interact in traffic, we can
assume that road users need expectations. Adequate
expectations help drivers anticipate what other road
users might do allowing them to prepare for a
certain action. Expectations are a way of coping
with the time constraints that apply in many
situations where interactive driving is required.
There are also other ways to help drivers cope with
the time constraints in these kinds of situations. For
example, allowing drivers a better view of the
intersection will help them to better anticipate what
will happen. Or, by behaving as could be expected,
drivers can help other drivers anticipate their
behaviour better. These examples al illustrate how
increasing the time and space drivers have to safely
negotiate an intersection (the so-called "interaction-
space" [10]) can help drivers with their interactive
driving. Different manipulations of interaction
space have been a central issue in the experiment
discussed here. What happens with the safety and
efficiency of the interaction when interaction space
isincreased? Are there ways that have a
particularly positive effect on either safety or
efficiency?

Safety might come at the cost of efficiency. For
example, when confronted with another road user
slowing down who has right of way (i.e. an
unexpected situation), one could decide to cometo
a complete standstill, which increases the amount
of time needed for both road usersto cross the
intersection. On the other hand, interactionsin this
particular situation can be considered to be rather
safe as well. The abovementioned behaviour of the
road user could be identified as a“stop and wait”
strategy as opposed to a“flying” strategy, where
either one or both road users adapt to the other’s
behaviour so they can both cross the intersection
without anyone having to come to a standstill.
Perhaps when the available interaction space is
sufficient to ensure a safe interaction, the road user

might choose to decrease the interaction space by
increasing speed, thus creating a trade-off between
“excess’ safety and efficiency of the interaction.
Literature discussing a trade-off between safety and
efficiency has focused mainly on the engineering
aspects of the situation rather than on the
behavioural aspects[e.g., 11]. To investigate the
presumed trade-off relationship between safety and
efficiency, the present experiment also included
several behavioural indicators of the efficiency of
the interaction.

In this experiment interaction space was
manipulated by varying the expectedness of the
approach speed of the other driver relating to the
righthand —right of way regulation that appliesin
the Netherlands. Additionally, interaction space
was manipulated by providing drivers at
intersections with information about other
approaching drivers through a (virtual)
technological application.

METHOD

Twenty-six experienced participants took part in an
experiment conducted in two linked Green Dino
fixed-base simulatorg[12]. These simulators were
connected in away that allows the drivers of both
simulators to encounter each other in the same
virtual world.

The experiment attempted to manipulate the
interaction space through several independent
variables: varying expectancy, varying visibility
and varying the information provided. The
approach speed of other drivers could either be
expected or unexpected in relation to their right of
way. The route included intersections that varied in
visibility of the intersecting road. The fina
manipulation of interaction space concerned
providing participants with extrainformation
concerning the behaviour of other road users
approaching the intersection. The extrainformation
was presented through headphones (auditory
information) as well as on the dashboard (visua
information). Through the headphones, participants
were alerted by a series of beeps, presented to the
ear which corresponded to the direction from which
the other driver was approaching. The length and
pitch of the beeps corresponded to the approach
speed of the other road user. That is, long and low
pitched beeps indicated a slowly approaching road
user, whereas short high pitched beepsindicated a
rapidly approaching road user. A red flashing light
to the left or right of the centre of the speedometer
indicated road users approaching from either the
left or the right. The rate of flashing of the light
corresponded to speed of the other road user as
well (Figure 1).
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Figurel. Location of flashing lights on speedometer.

Table 1.
Dependent variables
Variable Explanation Range
TTCmin Minimum Time to Collision[13] >0s
Safety The natural log of the difference between the time in secondsto the >0

estimated collision point of the participant and the other road user [14],

when the participant is 15m from the centre of the intersection.

N.B. Values >3 indicate that one of the interaction partners stood still,

and cannot really discriminate anymore.
DTI_Brake The participant’s mean distance to the intersection (DTI) in meters when 0 -150m

the brake isfirst pressed.
Hard Braking Indicates how often the participant pushed the brake for more than 60% 0 (never) — 1 (always)
DTI_Throttle The participant’s mean distance to the intersection (DTI) in meterswhen 0 -150m

the throttle isfirst released.

Near miss Indicates how often the difference in time to the estimated collision 0 (never) — 1 (always)
point of the participant and the other road user was less than 1.5 seconds
Callision Did acollision occur? 0: no; 1: yes

Efficiency Sum of average speeds of both interaction partners (kmv/h) fromwhen > 0km/h
they were between 150 m. before the intersection to reaching the centre
of the intersection

Speed_after Participant’s speed at the moment of leaving the intersection >0km/h

Standstill Indicates how often a participant's speed was < 1 km/h (proportionally 0 (never) — 1 (always)
over all encounters).

Mean Yield Indicates how often a participant yielded (proportionally over all 0 (never) — 1 (always)
encounters).

Mental Effort  Subjectively perceived mental effort asindicated on the RSME[15] 0-150

Usefulness Mean score on items on subscale of Acceptance[16] concerning
Usefulness

Pleasantness  Mean score on items on subscale of Acceptance]16] concerning
Pleasantness
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The present experiment included awide variety of
measures that could provide information
concerning the safety and efficiency of the
interaction (Table 1). To help interpret the
guantitative behavioural data derived in this
experiment, a measure indicating mental workload
[15, Rating Scale Mental Effort] and ameasure to
assess the acceptance of new car features[16,
Acceptance scale] were also included.

In total, there were 4 driving sessions; 2 with and 2
without extrainformation. Participants drove
through a simulated urban environment with
intersections where they could encounter another
road user, who was controlled by the experimenter
in the second driving simulator.

RESULTS & DISCUSSION

This paper will only address the results of the
experiment quite sketchily in order to focus more
on the implications. For a more detailed account of
the experiment and its results, the reader isreferred
to Houtenbos, 2008[10].

Interaction space and safety

A large number of statistical analysesincluded
different measures of safety. It is plausible that
increasing interaction space should lead to
increased safety, as the increased interaction space
allows road users more time to adapt their
expectancies to the situation as it develops and
select an appropriate course of action. There are
some results that support that idea, but also results
that seem to suggest the contrary.

To start with the supporting results, the results for
TTCrin Show shorter values (safety V) in the
medium visibility condition compared with the
high visibility condition (interaction space \).
More hard braking (safety V) also seemed to occur
in the low visibility condition (interaction space
\). Also, more near misses (safety V) were found
in encounters where the other road users
approached while maintaining speed (interaction
space V), in encounters where participants were
not provided with extrainformation (interaction
space V), when visibility was very low (interaction
space V) and when the other road users approached
in away that would not be expected (interaction
space V). Results suggesting the contrary include
the results for the Safety index (Figure 2). The
lowest scores were found when visibility was
medium or high (interaction space 1) and when the
other road users approached normally (interaction
space MN). Participants tended to release the throttle
and apply the brakes when they were closer to the
intersection (safety V) when extra information was
provided (interaction space 1N). Although the

abovementioned results might seem contradictory,
they can be explained by the differences between
these measures. Near misses and hard braking are
perhaps measures more closely related to the
critical aspects of (unsafe) situations as they
correspond to arelatively late stagein the
interaction process compared with measures such
asDTI_Brake, DTI_Throttle and Safety. To
explain, near misses and hard braking will
generally occur closer to an estimated collision
point than releasing the throttle and applying the
brake and also past the 15m to the intersection used
to determine the Safety index. Thus, near misses
and Hard Braking might be indicators of a more
critical stage in the interaction process and thus
more direct indicators of interaction safety, whilst
early brake and throttle manipulations might be
more relevant related to efficiency.

These results al'so imply that the interaction process
consists of a stage where there is a tendency
towards proactive caution, which, depending on the
way the situation develops, might be followed by a
stage where there is atendency to reactive caution.
Further away from the estimated collision point, a
driver ismore likely to be in the “ proactive stage’
and act accordingly by releasing the throttle or
gently applying the brakes. Asthe driver comes
closer to the estimated collision point, it is
plausible that the need for reactive caution is
assessed and the brakes might need to be instantly
applied with considerable force and the result could
be anear miss. Assuming such a distinction
between a proactive and reactive stage, the results
of this experiment suggest that the measures of
safety related to the latter stage are more proneto
the applied manipulations of interaction space.

I nteraction space and efficiency

Concerning the effect of increasing interaction
space on efficiency of the interaction two opposing
effects could also be imagined. It ispossible a
trade-off relationship exists between safety and
efficiency. Charlton [17], for example, shows that
the interaction space can also be too large for
optimal safety results. He conducted afield test on
an intersection where the intersecting road was
visually restricted to improve safety and reduce
approach speeds. Perhaps in situations that are
experienced as sufficiently safe, “excess’ safety is
traded for increased interaction efficiency. If so, we
would expect to find opposite effects for measures
of efficiency compared to the effects we found for
measures of safety. On the other hand, we could
expect participants to use the increased interaction
space to increase interaction efficiency, which
would imply that increased efficiency should be
found for situations with increased interaction
space. The results for the different measures of
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efficiency seem to point in the direction of the
latter hypothesis. The results for the different
measures of efficiency seem to point in the
direction of the latter hypothesis. The Efficiency
index (Figure 3) shows higher scores (efficiency
) when extrainformation is provided, particularly
in the situation where the other road user illustrated
expected behaviour by slowing down (interaction
space M), and in the medium and high Visibility
conditions (interaction space 7). Higher scores
were aso found when the other road user behaved
as could be expected (interaction space /). In
accordance, participants speed when leaving the
intersection was higher (efficiency 1N) when extra
information was provided (interaction space 1)
and when the other road user behaved as could be
expected (interaction space 1V). The final measure
of efficiency also indicated less standing till by the
participant in these expectancy conditions. In
conclusion, the results indicate that particularly the
extrainformation enabled participants to create a
more efficient interaction (compared to when they
did not receive extrainformation), allowing
participants to cross the intersection without
decreasing speed that much. When efficiency was
already rather high, as was the case in the situations
where the other road user approached the
intersection while maintaining speed, providing
extrainformation did not seem to increase
efficiency any further.

Trade-off Safety vs. Efficiency

Do the abovementioned results for the safety and
efficiency measures indeed indicate a trade-off
relationship? If we were to divide the safety
measures into measures of proactive vs. reactive
behaviour, the effects found for proactive
behaviour (DTI_throttle) indicate a trade-off with
the effects found for the efficiency measures. For
example, the results indicated that when
information was not provided, participants tended
to release the throttle further from the intersection.
Values for the Efficiency index in those encounters
were found to be lower, suggesting the existence of
atrade-off relationship, in this case, efficiency
being traded in for safety.

The fact that evidence for such arelationship is not
found for the measures of safety relating to the
“reactive stage” can be explained. Take the least
safe result of an interaction process: acollision
between the interaction partners. In that case, the
situation is highly unsafe, but also highly
inefficient, as both partners will not be moving.
Perhaps the same holds for Near Misses, suggesting
the existence of an optimum in the trade-off
relationship between safety and efficiency, beyond
which both suffer.

Proactive and reactive

The distinction between proactive and reactive
control has also been made by, for example, Fuller
[18] and Hollnagel [19]. Fuller pointed out that a
driver can either make an anticipatory avoidance
response (i.e. proactive) or a delayed avoidance
response (reactive). The first is generally made
before being certain that it isreally necessary to
ensure safety. |f an anticipatory avoidance response
is not made, a delayed avoidance response might
eventually become necessary. However, in that
case, lesstimeisleft to make an adequate
avoidance response.

Hollnagel’ s Contextual Control Model (COCOM)
provides a more detailed account of the distinction
between proactive and reactive control [19]. He
identified four control modes, which vary in the
degree of forward planning and reactivity to the
environment. The first two modes, “strategic” and
“tactical”, are based on long term planning and
procedural short term planning respectively and can
be considered more proactive, asthey allow road
users to anticipate future events. Behaviour in the
latter two modes, “opportunistic” and particularly
the “scrambled” mode, is much less planned but
highly reactive to the immediate environment [20].
The mode is determined by severa factors; the
knowledge and experience of the individual, the
rate of change of the process and the subjective
(and objective) time available. The first two factors
can be related to the concept of expectancy, as
expectancy also depends on prior knowledge and
experience (reflected in arather general long term
expectancy) and adapts to changes that occur in the
process (reflected in a quite specific short term
expectancy). The latter factor, the available time,
can be linked to the concept of “interaction space”,
which will be discussed further onin this paper.

According to Hollnagel, people tend to move
between control modesin linear fashion, whichis
corroborated by Stanton, Ashleigh, Roberts and Xu
[20]. This suggests a continuous scale ranging from
proactive control to reactive control. People should
attempt to achieve strategic or at least tactical
control which allows for a certain amount planning
and anticipation, increasing the potential of
reaching the desired outcome. The reactive modes,
the opportunistic mode and particularly the
scrambled mode should be avoided as these modes
provide rather limited opportunities to recover from
errorg[21].

During the phase of the interaction processin
which proactive control is most likely, the
environment will provide less of the specific
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information needed to adapt the long term
expectancy into a detailed short term expectancy
than during the phase of the interaction process, in
which reactive control is more likely. For example,
one road user might not even see any other road
users but proactively release the throttle based on
the general knowledge that the intersection ahead is
often rather busy. In such a situation, the short term
expectancy used to select the proactive throttle
action is not so much more specific than the long
term expectancy concerning how busy such an
intersection can be. In contrast, during the reactive
phase, the environment provides many more
elements that allow the long term expectancy to
become a rather specific short term expectancy.

The results of this experiment, which used a variety
of measuresto indicate the level of interaction
safety, seem to support the distinction between a
proactive phase and a reactive phase. The results
suggested that the transition from the proactive
phase towards the reactive phase is not only
affected by the amount of situational information
available, but also by the interaction space
available, whichisin line with Hollnagel’s[19]
idea about the time available determining the
control mode. The Safety index and initial throttle
and braking behaviour seemed to be indicators of
the proactive phase, referring to behaviour more
towards the start of the interaction situation, where
the remaining interaction space is still relatively
large. TTC,n, near misses and hard braking
seemed to be indicators of areactive phase,
referring to behaviour more towards the end of the
interaction situation, which generally coincides
with limited interaction space.

Supporting interacting drivers

The results indicated that the extrainformation did
not affect participants’ decision to yield, but did
affect other behavioural aspects concerning the
approach to the intersection. For example, the
safety indicators relating to the phase in the
interaction situation in which the proactive mode is
likely to be active (Safety index and throttle
behaviour) indicated a decrease in safety as aresult
of providing extrainformation. However, alower
proportion of near misses occurred in the session
with extrainformation indicating an increase in
safety in the phase of the interaction in which the
reactive modeislikely to be active. Thus,
providing extra information seemed to weaken
performance in the proactive mode and improve
performance in the reactive mode. Furthermore, the
efficiency indicators (Efficiency index and the
participants’ speed when leaving the intersection)
indicated an increase in efficiency as an effect of
extrainformation.

When asked about their experience with the extra
information, participants indicated that they found
the beeps to be quite useful, particularly compared
to the lights, which they regarded as unpleasant and
not useful at all. Participants indicated that the
presentation of lights in the speedometer often went
unnoticed as they tended to ook towards the
intersecting roads for relevant information rather
than on their speedometer. This tendency could be
taken as a suggestion for human machine interface
design not to place information intended to aid a
user at alocation where the user would need to
search for it before being able to perceiveit.
Instead, using a modality not dependent on search
behaviour such as audition or touch could be a
solution.

Furthermore, participants indicated that although
they experienced the beeps as quite helpful, they
did not experience them as pleasant to the same
extent. Several participants even indicated that they
experienced the driving task to be less interesting
when provided with extrainformation. This
observation corresponds to the findings regarding
the decrease in subjective mental effort in sessions
with extrainformation. Although a decreasein
workload implies aroad user would be better able
to adequately react to unexpected situations (more
resources to adapt the expectancy), it should be
kept in mind that a workload that istoo low is also
undesirable [22].

Another consideration involves the effect
technological applications will have on
expectancies of drivers, which could cause
behavioural adaptation. The effect of behavioural
adaptation can range from positive, through neutral,
to negative, where the negative effects are
considered most important to be able to predict in
the context of traffic safety [23]. Future research
endeavours to develop a system to support the
interacting driver should take the concept of
behavioural adaptation in to account when
discussing the potential safety effects.

The results indicated that the extrainformation, and
in particular the beeps, did help participants to
create more safe and more efficient interactions.
However, it would be premature and unwise to
conclude that we have proved that the extra
information “works’ in general to create safe and
efficient interactions. All that can be concluded is
that the particular way in which we provided extra
information, worked in the simple and small range
of situations that were presented to the participants.
For example, imagine what would happen if not
one, but two road users would approach the
intersection at the same time or even shortly after
each other. How would the participant be able to
distinguish between the two approaches? It should
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be noted that the aim of this experiment was not to
test an application that is meant to help road users
at intersections, but merely to determine the effects
of different manipulations of interactions space on
road users' interactive behaviour. The results of the
experiment do, however, provide encouragement
for further research in this direction.

CONCLUSIONS

The results suggested that the available interaction
spaceis primarily used for safety and if there is any
additional interaction spaceit is used to increase
efficiency. Thus safety generally has priority over
efficiency. Additionally, the results indicated a
trade-off relationship between proactive caution
and efficiency: when participants tended to be
rather cautious in the proactive phase, these
interactions tended to be less efficient. Interactions
where participants tended to rely on reactive
control tended to be more efficient.

More studies of thisinteraction space-time are
recommended to explore how drivers strategies are
influenced by the different parameters manipulated
here, but aso others that were not included in the
present studies. This would need more parameters
of the behaviour of both vehicles and driversto be
recorded than was the case in the experimentsin
thisthesis, and would require more exploration of
interactions with a more 'natural’ behaviour of the
experimenter’ s vehicle (as the experimenter
followed a protocol in the present experiment).

This paper has discussed a start on researchin a
much neglected area, that of interaction behaviour
in traffic. It has shown that thereis aworld of
insight to be gained in the subtleties of how road
users react to each other. Since technological
applications intervene in this subtle and complex
world of prediction and feedback, reaction and
learning, we need to know a great deal more about
how thisall worksif we are to avoid making
expensive mistakes in introducing it, or to avoid
missing opportunities which it can offer.
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