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Abstract: In-vehicle interfaces are now part of the vast majority of production vehicles. Such interfaces need to be thoroughly
evaluated to ensure they do not pose any risks to the drivers using them. Driving simulators have extensively been used in such
a context, yet their reliability in terms of how realistic a driving behaviour they elicit is still in question. An investigation on driving
simulator behavioural validity in the context of prototype HMI evaluation is presented in this paper. Using data collected in a dual
setting driving study (driving simulator and real world), as well as results from existing related literature, a comparison between
driving behaviour in different types of driving simulators and in reality was carried out, for a variety of behavioural metrics. The
results are presented in the form of a “validity matrix” that aggregates the level of behavioural validity different simulator settings

can achieve for different behavioural metrics.

1 Introduction

Driving is a complex, multi-tasking activity which requires success-
ful acquisition and coordination of various physical, cognitive, sen-
sory and psychomotor skills [1-4]. However, drivers often engage
in parallel, non-driving related tasks concurrently to driving. Since
drivers are nowadays used to having certain functionalities avail-
able while operating their vehicle, from in-vehicle sound systems to
hands-free phone access and internet connectivity [5], those tasks are
more often than not associated with an in-vehicle interface. Although
in-vehicle interfaces can be useful for a range of activities, related to
the primary driving task in different degrees, the work presented here
revolves around those that provide information and entertainment
functionalities to the driver and are, thus, not directly related to the
primary driving task. Throughout this paper, such interfaces will be
referred to using the generic term Human Machine Interface (HMI)
and the secondary tasks associated with them as Human Machine
Interface tasks (HMI tasks).

Different types of HMI tasks, based on modality and difficulty,
can have different effects on driving performance, with some HMI
tasks having an established negative effect on driving performance
and increasing driver risk [e.g. 6-8]. Consequently, it is important
that HMIs in on-market vehicles do not pose more than the minimum
potential risk to the driver. The attentional demands of prototype
HMI designs should be thoroughly evaluated before being fitted into
a production vehicle. Evaluation in the real world (such as conduct-
ing naturalistic studies and real world testing) can be very costly
and time consuming. Using driving simulator studies instead, can
speed up the evaluation process and make it more efficient. Driving
simulators of all shapes and forms, from simple desktop simula-
tors to full scale immersive machines, have been widely used in
Human Factors research to investigate driver behaviour under var-
ious settings [e.g. 8—10], with thoroughly documented guidelines on
simulator testing procedures and behavioural benchmarks also avail-
able to researchers [e.g. 11]. The many advantages of using driving
simulators to conduct research, can be summarised into providing a
safer driving environment, a richer body of data and large economic
savings [e.g. 12, 13]. However, results obtained using driving simu-
lator studies should match real-world driving behaviour and, ideally,
have minimal deviation from it.

For the first time, this paper presents results from directly com-
paring driving performance in a hexapod and fixed base simulator to
real world conditions, where the participants engaged in HMI tasks
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while driving. Moreover, this has also been the first attempt to collec-
tively assess the level to which driving simulators can elicit similar to
real world behaviour, for all relevant driving simulator types, across
the most commonly used metrics in the context of prototype HMI
evaluation.

1.1  Behavioural Validity of Driving Simulators

Driving simulators have predominantly been assessed in terms of
their physical and behavioural validity throughout the relevant liter-
ature [12, 14, 15]. Physical validity relates to the degree to which a
simulator replicates the corresponding real physical system, focusing
mainly on simulator characteristics (e.g. what the simulated vehi-
cle looks like, what the simulated outside world looks like, how the
simulated vehicle movement matches that of a real vehicle, etc.).
Behavioural validity, on the other hand, relates to the degree to
which a driver behaves in a similar manner in a driving simulator as
they would under real world conditions. Physical validity has been
assumed to increase in advanced simulators, e.g. driving simulators
employing motion yield higher physical validity than fixed-base ones
[15]. However, higher physical validity does not always improve
behavioural validity, hence high physical validity is not always nec-
essary in order to acquire useful information on how drivers behave
under different conditions [16]. It has been shown, for example, that
increasing the validity of visual displays used in a dual-tasking driv-
ing experiment, where drivers had to interact with a cell phone, did
not have a significant effect on driving performance [17].

When it comes to evaluating performance in different tasks, it has
been argued that behavioural validity is more important than physi-
cal, as it is the one that describes the correspondence between what
is observed in the simulator and what is observed in the real world
setting [14, 18].

Behavioural validity can be further classified into two types; abso-
lute and relative validity [14]. Absolute behavioural validity implies
that dependent variables (e.g. driving performance metrics) take on
the same numerical values in a driving simulator as in the real world.
Relative behavioural validity was initially introduced as a more qual-
itative criterion, only requiring differences in the dependent variable
between conditions to be of the same order and direction [14]. For
example, if two HMI tasks are compared in terms of the time needed
to complete them between real world and simulator conditions, Task
1 should consistently rank lower than Task 2 (or vice versa). How-
ever, it is most commonly assessed on the basis that the magnitude
of the differences has to be the same, too [15, 19, 20]. When relative



validity also requires the magnitude of differences to be the same,
then the differences observed across conditions must have the same
numerical value. Revisiting the previous example, the difference in
completion time between Task 1 and Task 2 should, in this case, be
the same for simulator and real world.

1.2 Desired Level of Behavioural Validity

A variety of factors can affect the behavioural validity of a driv-
ing simulator, related either to simulator or user characteristics, such
as the motion system of the simulator and the demographic charac-
teristics of trial participants [10]. However, there is no set of rules
that defines what level of behavioural validity is needed for differ-
ent tests, as this is highly situation-dependent and relates to the aim
and research questions of the study that investigates it [21]. Relative
validity has been advocated as sufficient to address many research
questions, as most driving studies examine the effect of different
conditions on specific driving parameters [16, 17, 22]. If, however,
the study aims at directly comparing absolute numerical values of
the examined parameter across different conditions, then absolute
validity would be the desired level [18].

For example, a manufacturer interested in conducting compara-
tive testing between different prototype interface designs to identify
which one of the interfaces could be associated with longer off-road
glances, could make that decision with a simulator that can achieve
only relative validity. However, if the aim was to determine the exact
glance times associated with executing a task on the interface (e.g.
to verify compliance with a set of design guidelines), then absolute
validity would be needed to ensure that the behaviour observed in
the simulator closely matches what would be observed in the real
world.

1.3 Aims of the Present Work

This paper provides, for the first time, a more comprehensive
overview of the multitude of simulator types and metrics in use in the
area of prototype HMI evaluation. The behavioural validity of dif-
ferent driving simulator types was examined with different types of
metrics. Results are combined from the analysis of collected data, as
well as from an extensive review of related literature, to ensure that
the entire range of simulator types used in HMI evaluation related
studies is considered with regards to the behavioural validity lev-
els that they can achieve. The results are presented in the form of a
matrix that presents the collective behavioural validity level of dif-
ferent simulator types across different behavioural metrics. Such a
matrix could potentially be used as a tool by the automotive industry
to identify what type of driving simulator would be more appropri-
ate for a given HMI evaluation test or a desired level of behavioural
validity.

2 Methods

An extensive review of related literature was performed to collect
previous findings regarding driving simulator validity in the context
of prototype HMI evaluation and, thus, identify potential research
gaps.

Also, a driving study was carried out, with data collection taking
place in a driving simulator, and in a real world setting (test track).
The study was approved by the University of Leed Research Ethics
Committee. The simulator data collection was conducted in the Uni-
versity of Leeds Driving Simulator (UoLDS), and the real world data
collection was conducted in the Jaguar Land Rover (JLR) Emissions
Circuit test track in Gaydon, Warwickshire.

2.1 Review of Related Literature

A comprehensive search for related publications was conducted ini-
tially over a three month period, from November to January 2016
and was, subsequently, periodically revisited over the next two
years, until November 2018. The main techniques used to ensure

all relevant references were obtained and reviewed, were search on
literature databases (Scopus and Google Scholar), review of refer-
ence lists of other relevant publications and review of publications
that referenced those (as relevant publication were the ones reporting
results of HMI performance studies).

An initial search against publication titles, abstracts and keywords
was made on Scopus, yielding 252 results. An initial cleaning was
performed based on the relevance of the title and, for the articles
that remained, their abstracts were reviewed to validate they were
suitable.

The inclusion criteria used to define whether a publication was
relevant to the review or not had to be all met and were the fol-
lowing: The reported studies had experiments performed both in a
driving simulator and in a real world setting, and the experiments
were focused on HMI task execution concurrently to driving.

The above selection process resulted in the following two publi-
cations: [10, 16]. Together with [9, 23, 24], which were relevant and
previously known to the author form different literature searches, an
initial body of five publications was formed. Reviewing the refer-
ences therein and searching for other publications citing them, the
following and final body of ten papers was formed, that was used for
the review presented below: [9, 10, 16, 17, 23-28].

Finally, this work was presented on the the 6'" International
Conference on Driver Distraction and Inattention, where fellow
academics were requested to provide feedback regarding related
research that might have not already been included. This, how-
ever, did not lead to the discovery of any further articles that fit the
aforementioned inclusion criteria.

2.2 Participants

A total of 12 participants completed the UoLDS data collection, six
of which were females (mean age 37.17 £ 10.42 years). One of
the initial participants experienced simulator sickness symptoms and
was replaced by a new participant of similar demographics. Potential
participants for the simulator study were contacted through the simu-
lator participant database or through the University of Leeds mailing
lists. The biggest response came from people in the database, hence
all but two participants had prior experience with the simulator. The
participants were compensated with £15 for their time.

A total of 11 participants completed the Gaydon data collection,
two of which were females (mean age 36.55 £ 11.93 years). Ini-
tially, 12 participants were also recruited for the Gaydon data collec-
tion, too, but one was unable to attend and could not be replaced due
to time restrictions. Potential participants for the Gaydon experiment
were contacted through the internal JLR communication network.
About half of the participants had previously driven in the test track.
None of the participants were in any way involved in the develop-
ment or evaluation of prototype HMI designs as part of their job
specification in JLR. The participants took part in the data collec-
tion during their normal working hours, and were not otherwise
compensated monetarily for their time.

2.3 Materials

The UoLDS consists of a 4 m diameter spherical projection dome,
mounted on an eight-degree-of-freedom moving base. The projec-
tion dome provides a 300° field-of-view using a high definition
projection system and houses the simulator vehicle cab, a 2005
Jaguar S-type cab with all driver controls operational. The vehicle
dynamics model employed for the study was a real-time SimPack
model of a Jaguar XF (programme denomination X250).

Two different motion configurations were tested in the simulator
during the present study; a setting with no motion (fixed base), where
the vehicle handling feedback was provided to the driver through
the simulator visual scenery and the steering torque of the vehicle
model. This has been the most commonly used motion simulator
configuration in the relevant literature. Since hexapod only motion
had not been previously used in this context, such a motion config-
uration, where the simulator dome was moving using the 6 degrees
of freedom hexapod, was also used here. The hexapod supplied roll,
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Fig. 1: Proving Ground facilities layout in Gaydon.

pitch and yaw movements, providing the drivers with motion cues
for perceiving acceleration.

Vehicle handling and sensor data were recorded through the built-
in simulator CAN Bus at a frequency of 60 Hz. Eye-tracking data
were recorded (at a similar frequency of 60 Hz) using a v5 Seeing
Machines faceLAB eye-tracker, mounted on the dashboard of the
simulator vehicle cab. Finally, video streams were recorded through
4 cameras. The recorded video streams had timestamps synchronised
with the logging timestamps of the simulator, thus making it easier
to extract data segments of interest based on video evidence or refer
to the corresponding video segment from simulator data.

The subject car used during the Gaydon experiments was a Range
Rover Evoque, fully functional and as in circulation. Vehicle data
were recorded from the vehicle CAN using VBOX by Racelogic at
a frequency of 60 Hz. Eye-tracking data were recorded using eye-
tracking glasses by SMI, at a frequency of 30 Hz. Finally, video
streams were recorded through the eye-tracking glasses camera
(located at the binocular focal point) and through 3 VBOX cameras.
Video streams from the different VBOX cameras were synchronised
and timestamped.

2.4 Driving Environment

The driving environment that was used for the study was the
Emissions Circuit in JLR’s Proving Ground test track in Gaydon,
Warwickshire, UK. The circuit consists of two straight segments,
connected with two elongated curved segments, and has four lanes in
a single carriageway configuration. Figure 1 provides an illustration
of the test track layout.

A digital replica of the Emissions Circuit test track was created
for the UoLDS, preserving all design characteristics of the test track,
barring the scenery which was simplified.

2.5  Driving Scenarios

Two different scenarios were tested in both experiments, where a
lead vehicle was used. The different scenarios corresponded to dif-
ferent speed profiles for the lead vehicle. In the first scenario, the lead
vehicle was travelling at a constant speed of 50 mph, while in the
second scenario, the lead vehicle was travelling at a varying speed
between 60 and 70 mph, following a semi-randomised speed profile.

2.6  HMI tasks

Three visual-manual HMI tasks were used in both experiments of
this study. The HMI tasks were implemented so that each one had
a different number of interactions, as well as varying in types of
interactions that were required to be completed.

Participants were thoroughly trained on how to perform each
HMI task both while stationary and while driving. The tasks were
implemented as an interactive mobile application that resembled the
design of a prototype HMI designed by JLR. An iPad model 2 was
used as the HMI and was temporarily mounted on the central console
of the vehicle, with its top part aligned with the top arch of the steer-
ing wheel. The tablet was mounted approximately to the left of the
driver (with an approximate distance of 20 cm between the left edge
of the steering wheel and the centre of the tablet) and was tilted 35°
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(b)

Fig. 2: HMI iPad tablet tablet placement during the data collec-
tion experiments. The top panel (a) corresponds to the Gaydon
experiment, while the bottom panel (b) corresponds to the UoLDS
experiment.

back from the vertical. Figure 2 illustrates the tablet configuration
and placement within each text vehicle.

The HMI tasks, although emulating functionalities one might find
in a production vehicle, were independent of any vehicle system
and, thus, had no effect in any of its functionalities. For the first
task, which emulated massage activation for the driver seat, the
drivers had to perform three “Press” interactions. For the second
task, which emulated calling a contact from their favourite contacts
list, the drivers had to perform four “Press” interactions. Finally,
for the third task, which emulating playing a song from their song
library, the drivers had to perform two “Press” interactions, followed
by a “Scroll” interaction and a further two “Press” interactions.

The tasks were classified as “easy”, “medium” and “hard”, based
on the expected difficulty and complexity level arising from the
required interactions, i.e. from the description above, the first, sec-
ond and third tasks were classified as “easy”, “medium” and “hard”,
respectively. This classification was only used to clearly distinguish
the tasks and, despite the terms used, was not meant to make a strong
statement about the actual difficulty levels of the tasks. However,
after the completion of the experiments, the participants’ perceived
task difficulty (obtained through relevant subjective questionnaires)
appeared to be in agreement with our initial classification.

2.7 Experimental Design

A three-factorial design was used, with Environment being a
between-subjects factor, while Scenario and HMI task were within-
subjects factors. Environment had three levels: Real, Fixed Base
and Hexapod. Scenario had two levels: Constant speed and Varying
speed. HMI task had three levels: Easy, Medium and Hard.

An additional factor, Road, was originally considered, consisting
of two levels; Straight and Curve. Unfortunately, due to safety reg-
ulations, participants were prohibited from performing HMI tasks
while driving on a curve during the Gaydon experiment. Given that
the UoLDS experiment took place before the Gaydon one and that
there was no previous knowledge of the aforementioned restriction,
only the UoLDS participants were exposed to the Curve level.

As a result, the UoLDS participants were exposed to a total of
24 unique conditions (2 Environment X 2 Scenario x 3 Task X
2 Road), while the Gaydon participants were exposed to a total of
6 unique conditions (1 Environment x 2 Scenario x 3 Task x 1
Road).
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Fig. 3: Subjectively perceived task difficulty for all HMI tasks,
across all conditions. Participants scored task difficulty in a 0-100%
scale, translated here in a nominal scale where “Very Easy” corre-
sponds to a 0% score, “Average” corresponds to a 50% score and
“Very Hard” corresponds to a 100% score.

2.8 Procedure

The procedure followed throughout data collection was the same for
the Gaydon and the UoLDS experiment, except for minor differences
dictated by the environment itself.

For the UoLDS experiment, the participants were briefed, pro-
vided informed consent, and trained on the HMI task on the iPad,
first outside of the simulator. At this point, they would repeat each
task as many times as necessary, until they could confidently declare
that they knew how to complete it. The participants were then given
a short questionnaire regarding the perceived difficulty of each HMI
task. Next, participants took a familiarisation drive with the simula-
tor in full motion (and a normal drive in the test track). This drive
aimed at participants acquainting themselves both with the simula-
tor and the concurrent driving and secondary tasks. Next, during the
data collection phase, the experimenter was sitting in the back seat
of the vehicle, behind the driver. Initially, a full lap of the simulated
test track was performed with the participant only driving and not
performing any HMI tasks (baseline drive). Then, three full laps of
the simulated test track were driven, during which the participants
performed the HMI tasks on various instances, when instructed by
the experimenter. The experimenter would denote those instanced
by saying “Engage now” and, after the participants completed the
HMI task, they should indicate so by saying “Done”. The experi-
menter only instructed participants to engage when they were in full
control of the vehicle and at least 3 seconds after a previous HMI
task execution. This resulted to a high number of task repetitions for
each participant. These four laps of the test track constituted a drive,
with each drive lasting approximately 25 minutes and correspond-
ing to one Environment X Scenario combination. Consequently, two
drives were required per participant in the real world and four drives
in the simulator.

After the completion of each drive, the participants completed
a set of questionnaires regarding their subjective experience of the

HMI tasks and simulator, where applicable. Since the present paper
focuses on the investigation of objective metrics, these question-
naires will not be further reported on here.

As the participants were already “experts” in performing all HMI
tasks when moving into data collection, there was no expectations
of learning effects becoming evident through repetition. Moreover,
since the main focus of the experiments was to investigate differ-
ences between simulator settings, only the motion settings in the
simulator and the driving scenarios were counterbalanced.

2.9 Measures

Based on past research, three types of behavioural metrics were
investigated when analysing the collected data: HMI task related
measures (namely, task completion time), driver performance mea-
sures (namely, mean speed, speed variability and steering wheel
reversal rates) and glance behaviour metrics (namely, off-road glance
frequency, total off-road glance duration and mean off-road glance
duration).

2.10 Initial Data Reduction

For both the real world and simulator visual scenes, three major
Areas Of Interest (AOIs) were considered: road ahead (all points of
the visual scene that intersected the wind shield when the driver was
looking through it, focused ahead and without moving their head),
HMI and Other. Consecutive fixation points within the same AOI
were aggregated to yield glance duration times. Only glances falling
within the road ahead AOI (on-road glances) and HMI (off-road
glances) were considered for analysis.

Eye-tracking data from the real world were manually annotated,
frame by frame, using the BeGaze analysis software. A 2-D model of
the driving environment was created and the AOIs discussed above
were defined within it. Next, for each fixation point, its location was
mapped within one of the AOIs.

Regarding the simulator eye-tracking data, the FaceLab eye-
tracker logs eye yaw and pitch based on an initial calibration.
Consequently, there is no pre-defined model of the world and fixa-
tions points cannot directly be assigned to AOIs. To identify AOIs in
the visual scene, fixation points for each driver were visualised and
compared between baseline driving and HMI execution intervals.
Later, a random sample of task segments was visually compared
against video data to ensure the AOIs were properly defined.

Initially, all instances where the drivers made a mistake during the
HMI task execution (either due to performing an incorrect action in
the context of the HMI task or due to an issue with the HMI itself)
were removed from the dataset. The data loss from this operation
was minimal, amounting to less than 1% of the total recorded data.

Regarding minimum glance duration, there is currently no agree-
ment in the academic community as to what threshold should be
adopted. Salvucci and Goldberg, for instance, defined the minimum
required glance duration at 100 ms [35], while Land found the short-
est fixation durations to average at 150 ms [38]. For the purposes of
this paper and in line with other previously published studies (both
from the authors’ research group and outside of it - [e.g. 36, 37])
a minimum duration of 200 ms was required for an aggregation of
visual data points to be considered as a glance and be included in the
analysis.

Moreover, since both eye-tracking systems automatically classify
fixation points based on their quality, glances containing more than
50% bad quality fixation points were also not used.

Finally, after the manual annotation of the simulator data, one of
the participants was identified to be likely experiencing symptoms of
motion sickness, which they had not disclosed to the experimenter
at the time of the trial. The conclusion was reached through the
recorded video observation, where the participant was found to be
drowsy and experiencing what appeared as xerostomia (dry mouth).
All analyses were run both with and without that participant’s data
included and no differences in significance levels were observed in
the reported results. Hence, their data were removed to ensure only
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valid interactions are represented, reducing the sample size of the
UoLDS experiment to 11 participants.

The final dataset after reduction included a total of 617 HMI task
executions from the real-world condition, and 1328 from the simu-
lator (with the latter almost evenly split across simulator settings and
scenarios).

3 Reslults

Our initial analyses included the scenario type (constant versus vari-
able speed) as an independent variable, but the conclusions with
respect to simulator validity were the same regardless of scenario.
Therefore, for increased clarity and readability, we are here only
presenting results for the constant speed scenario, which is more
closely aligned with the types of scenarios used in previous research
on simulator validity for HMI prototype evaluation [e.g. 10, 16, 24].
The dataset to which the results that are presented here correspond
consisted of 369 HMI task executions in the real world, 365 task
executions in the fixed base simulator and 359 task executions in the
hexapod simulator.

Similar to [10], the technique used to analyse the data was linear
mixed effects modelling [29]. Linear mixed effects models take into
account the hierarchical structure of the data, which makes them very
well-suited for modelling and analysis of repeated measures experi-
ments. Moreover, linear mixed effects models are very robust when
it comes to handling missing data, which makes them invaluable in
cases of unbalanced studies.

Models were fitted for each metric using MATLAB and the built-
in fitlme function. In line with the modelling approach taken in [10],
the models included a fully varying slope and intercept per par-
ticipant, i.e. the maximal random effects structure justified by the
data, as suggested in [30]. After an initial fitting, the residuals of
the models were visually inspected to identify whether their distri-
bution approached normality. Where the normality assumption was
violated, data were log-transformed and models were refitted. No
treatment was taken for outliers since the data were already cleaned
and all observations were valid.

Following the paradigm in [16] (also adopted in[10]), the fol-
lowing approach was adopted to conclude the level of behavioural
validity for each simulator setting and metric:

e Relative validity was established when the ranking of the HMI
tasks and their main effect were consistent across conditions (i.e. no
interaction effect of Environment x Task observed).

e Absolute validity was established by the presence of relative
validity and the absence of a main effect of environment.

3.1 Task Completion Time

Task completion time was defined as the time elapsed from the
moment the experimenter instructed an HMI task execution initia-
tion, until the moment when the participant returned their gaze to
the the road ahead, after completing the task. Figure 4 illustrates the
average task completion values for the three HMI tasks across all
environments.

A significant main effect of task was observed (F'(2,2048) =
47.39, p < .001). Although completion times were slightly higher
in the real world, that difference was not statistically significant,
in other words, there was no main effect of environment observed
(F(2,2048) = 0.46, p = 0.63).

Given the identical ordering of tasks across all three environments
(from shortest completion time to largest: easy, medium, hard) and
the absence of an effect of environment, absolute validity can be
concluded for both the fixed base and the hexapod simulator.

3.2 Frequency of Off-road Glances

Off-road glance frequency was define as the number of glances
the drivers employed towards the interface during a task execu-
tion. Figure 5 illustrates the average number of glances needed for
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Fig. 4: Task completion times.

each of the three HMI tasks across all environments. A significant
main effect of task was observed (F'(2,1969) = 38.22, p < .001),
while there was no effect of environment (F'(2,1969) = 0.09, p =
0.918). The task ordering is the same in all environments (from the
one requiring the fewest glances to the one requiring the most - easy,
medium, hard). The absence of an effect of environment, along with
the consistent ranking of task across environments, indicates that
absolute behavioural validity can be concluded for both the fixed
base and the hexapod simulators.

3.3 Total Off-road Glance Duration

This metric was calculated as the aggregate duration of all glances
towards the HMI during a task execution. A significant main effect of
task was observed (F'(2,1834) = 49.39, p < .001), while no effect
of environment was found (F'(2,1834) = 1.64, p = 0.195).

Glance times for the medium and hard tasks are almost iden-
tical in the fixed base simulator, while the two tasks differ more
noticeably in the hexapod and real world (see Figure 6). Hence, their
relative ordering cannot be considered in this case. However, since
the easy task ranks lower against both the medium and the hard task
across all environments, the possibility of relative validity can be
concluded for both the fixed base and hexapod simulators.

At this point, it would be interesting to also investigate the
observed behaviour through the relevant NHTSA guidelines [11],
as an additional consideration, since the use of an overly complex
HMI task that would consistently fail the prescribed benchmarks,
could potentially render any behavioural validity conclusion inaccu-
rate. Here, no task execution required more than a total of 12 seconds
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Fig. 5: Off-road glance frequency.
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of visual attention focused on the HMI, for the corresponding task to
be completed successfully .

3.4  Mean Off-road Glance Duration

Mean glance duration was defined as the average duration of all the
glances towards the HMI in a single task execution. A significant
main effect of task was observed (F'(2,1834) = 15.13, p < .001),
with the medium task requiring the longest glances on average and
the easy task requiring the shortest (see Figure 7). Participants in
all setting were often observed to look on the road ahead while per-
forming the scrolling action of the hard task, while the easy task
only required brief glances towards the HMI. Consequently, the
medium task became the most visually demanding one to perform, in
terms of average off-road glance duration. This ranking of tasks was
consistent across all environments, with relative differences being
consistent, too, as indicated by the absence of an interaction effect
between environment and task (F'(4,1834) = 0.71, p = 0.585).
Finally, a marginally significant effect of environment was observed
(F(2,1834) = 3.42, p = 0.033), which points towards concluding
relative validity with a possibility of absolute validity for both the
fixed base and the hexapod simulator settings.

Regarding compliance to the NHTSA guidelines, it is required
that for 85% of test participants, the mean duration of all their indi-
vidual eye glances towards the HMI, while performing a secondary
task, be less than 2 seconds. In this case, for the simulator setting 8
out of the 11 participants employed at least one glance but not more
than 10% of the total number of their glances towards the HMI, that
lasted more than 2 seconds. One of the participant had 43% of their
glances towards the HMI lasting more than 2 seconds. In the real
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world on the other hand, 8 out of the 11 participants used no glances
towards the HMI, while the remaining 3 looked away from the road
for more than 2 seconds less than 15% of the time.

3.5 Mean Speed

This metric was defined as the average vehicle speed during HMI
task executions. Average speed was marginally higher for the
easy task and in the real world, yet no significant effect of task
or environment were observed (F'(2,2007) = 0.48, p = 0.48 and
F(2,2007) = 0.58, p = 0.559, respectively). As can be seen in
Figure 8, there is no consistent ranking of tasks across conditions, but
since the differences between tasks are so minimal, ranking would
not be meaningful, regardless. Consequently, it is difficult to make
a conclusion about absolute and relative validity, given the small
differences between the tasks. However, since no main effect of envi-
ronment was observed, the possibility of absolute validity could be
argued in this case.

3.6  Speed Variability

This metric was calculated as the standard deviation of vehicle speed
during HMI task executions. Figure 9 points to speed variability
being significantly higher in the simulator conditions, manifested
through a significant effect of environment(F'(2, 2007) = 85.2, p <
.001). Since no effect of task was observed (F(2,2007) = 0.2,
p = 0.821) ,and since ordering could not be considered, no level of
behavioural validity can be concluded for either simulator setting.
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3.7  Steering Wheel Reversal Rates

Steering whel reversal rates (SWRRs) were calculated for each task
execution using the method by [31], for gap sizes of 1, 5 and 10
degrees. Since there were no differences in reported significance lev-
els between the three gap sizes, only results of 1° reversal rates are
presented here.

As illustrated in Figure 10, the difference of 1 degree reversals
between the simulator and reality were not significant, as mani-
fested by the absence of a main effect of environment (F'(2, 2007) =
0.94, p =0.392). Moreover, no significant effect of task was
observed (F'(2,2007) =1.12, p = 0.326), thus, rendering task
ordering uninformative. Consequently, relative validity could not be
concluded for either simulator setting. However, given the absence
of effect of environment, if relative validity were to be concluded,
absolute validity could also be concluded on those grounds.

4 Discussion and Conclusions

A key objective of this work has been to provide an overview of the
multitude of simulator types and metrics in use for prototype HMI
evaluation, and their respective validities. This will be addressed in
a first subsection below. Thereafter, two additional subsections will
discuss limitations of the present work, as well as potential future
work.

4.1  The Behavioural Validity Matrix

In order to evaluate the potential of driving simulators as a tool for
prototype HMI evaluation, it is important to identify the degree of
behavioural validity they can achieve, i.e. to what extent they are
eliciting the same driving behaviour as what would be observed in
real world conditions. Behavioural validity can be classified as abso-
lute (when performance metrics have the same values for each task
in reality and simulator) or relative (when performance metrics have
the same relative differences between each task for reality and simu-
lator). Analysing collected data from a driving study conducted both
in the real world and in a driving simulator, and combining them with
previously published results, a matrix was created that can provide
insights on the level of behavioural validity a certain driving simula-
tor type can achieve for different behavioural metrics, in the context
of prototype HMI evaluation.

For the papers discussed in Section 2.1, when behavioural validity
was directly investigated by the authors [i.e. 10, 16], their conclu-
sions were used directly here (since they used the same approach
as here). For those papers where only analysis results were reported
[e.g. 9, 24], the level of behavioural validity was inferred by exam-
ining statistical significance scores and task rankings across con-
ditions. Table 1 illustrates a summary of the different levels of
behavioural validity concluded during the literature review.
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Relative (R) and absolute (A) validity were concluded using
the same approach as in the collected data analysis (see introduc-
tion of Section 3). When a certain level of validity could not be
directly concluded due to insufficiently reported statistical analysis
results, possibly relative (PR) or possibly absolute (PA) validity was
reported where other evidence was present. Finally, when no level of
behavioural validity could be established, the corresponding fields
were marked with N/A.

One of the most common methods for simple HMI Evaluation
regarding task completion times and gaze behaviour, the occlusion
test, was added to the behavioural validity matrix, although it is
not strictly a simulator configuration. However, it has been demon-
strated that occlusion can effectively be used to predict such metrics
with relative validity (see [32] and [33] for an overview and further
references to earlier literature).

The Behavioural Validity Matrix (see Table 2) was filled by com-
bining the results obtained from the present analysis as well as from
the review of relevant literature. In this case, the fields noted as
“Possibly” Absolute or Relative valid, refer to either an inconclusive
result in literature or to a “logical guess” based on existing results
from simpler and/or more complex simulator configurations. The
matrix was filled using a simple colour-coding scheme, presented
in the top panel of Table 2.

Evidently, there is no single answer as to which simulator should
be used for HMI evaluation. The same simulator can achieve dif-
ferent levels of behavioural validity across different behavioural
metrics, while also for the same metric, different simulator settings
provide a different level of behavioural validity. Instead, the exact
purpose of the study should dictate the level of behavioural validity
needed and, therefore, drive the decision of which simulator setting
should be used in each case.

Testing task completion times or glance duration metrics, for
instance, can be achieved with relative validity with a simple desktop
simulator or with the even simpler occlusion method. For the same
tests, absolute validity can easily be achieved with no motion system,
using a static cabin simulator with narrow field projection. Steering
control behaviour, quantified through SWRR, can be captured with
relative validity in a wide field, fixed base simulator, while there is
no setting that can currently achieve absolute validity. Finally, when
longitudinal control is in question (usually tested through speed or
HW variations) it has been found that no setting achieves absolute
validity, although the validity significantly improves when using a
full motion simulator.

At this point, it is important to note that, although the behavioural
validity matrix in its current form can help researchers and human
factors specialists decide which simulator setting is appropriate
based on the evaluated metric and level of behavioural validity
required, further tests still need to be carried out to verify the col-
lectively concluded validity levels. Given the heterogeneity of the
studies reviewed here (different HMI tasks and analysis methods),
a more thorough and consistent investigation of driving simulator
behavioural validity would help establish them even further as HMI
evaluation tools and use them more efficiently.

Moreover, there are cases where statistical significance alone
could be questioned as a measure of behavioural validity, espe-
cially in small sample sizes. This is due to the fact that absence of
evidence for an effect does not necessarily provide solid evidence
for the absence of an effect. Consequently, in cases like this, it is
important to also consider additional metrics (e.g. effect sizes) to
more accurately quantify the magnitude of the difference between
conditions.

4.2  Limitations

As every piece of research, the present one also comes with its lim-
itations. Initially, some of the experimental choices might appear
sub-optimal, such as the participants sample size. Comparing driver
behaviour in simulator against real world conditions would ide-
ally require a within-subjects design, i.e. the same participants to
be used in both settings. For a between-subjects design as the one
used here, it could be argued that a larger sample size would be
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Speed, HW (Mean & SD), SDLP, LANEX, SWRRs P R PR
Santos et. al 2005 Self Rep. Performance PA A
Response Time N/A A
Mean Glance Dur., Perc. Glances > 2 sec., SD Glance PR

Duration, Glance Freq., Total Glance Dur.

Victor et. al 2005

Percent Road Centre A

Initial Response Time, Mean Task Duration, Total Glance
Time, Percent Eyes Forward, SD Forward Velocity

Wang et. al 2010 R
Glance Frequency

Mean Forward Velocity, SDLP PA

Table 1: A summary of the levels of behavioural validity that can be concluded for different simulator settings, across metrics that are relevant in
the context of HMI evaluation. A refers to absolute behavioural validity, R refers to relative behavioural validity, PA refers to possibly absolute
behavioural validity, PR refers to possibly relative behavioural validity, while N/A was used for the cases where no level of behavioural validity
could be concluded, even with additional assumptions.

more appropriate to eliminate as much as possible the effect of indi- An additional issue that arises from the limited number of par-
vidual differences (as the one used, for instance in [10]). In the ticipants in the UoLDS experiment is relevant to the condition
study presented here, the sample size was relatively limited (eleven counterbalancing. Given that there were a total of 4 different com-
participants in the real world and in the simulator, respectively). binations of simulator motion setting and driving scenario in the
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Table 2: The Behavioural Validity Matrix, based on analysis of the obtained data and existing results from literature. The red border indicates

the direct contribution of the present work to the matrix.

simulator, a total of 24 participants would be needed for full counter-
balancing. Moreover, the absence of counterbalancing for the tasks
could have also created some ordering effects in the collected data.

However, given that the results presented here, along with the
conclusions drawn thereafter are in agreement with the existing
research, it can be argued that the aforementioned issues did not have
a damaging effect on this study.

An additional limitation of the presented results would be related
to the behavioural validity matrix, itself. Given the heterogeneity
of the studies used to construct it, considering everything together
when assessing the level of behavioural validity of different simula-
tor types can only happen under certain assumptions. In particular,
considering the differences in experimental design and analysis
methodologies, as well as the materials used (from the HMIs and
their tasks to the actual simulators) between the existing studies, it
could be argued that the various results are not directly comparable.

In this case, too, however, the existing literature seems to be in
agreement, which enhances the motivation for the approach taken
here.

It is important that such issues are addressed in similar future
studies, to ensure results and consequent inferences are valid and
reliable.

4.3 Future Work

In further understanding and accurately reporting the level of
behavioural validity that can be achieved by different driving simula-
tors in the context of HMI evaluation, a more thorough meta-analysis
of already published studies is still required. There, experimental
scenarios and types of HMI tasks used should be compared to expand
the current behavioural validity matrix into more dimensions and
provide more detailed guidelines as to which simulator should be
used under which conditions.

The current body of related published research is rather heteroge-
nous, since different experimental and analysis methodologies have
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been used. Consequently, additional assessment of the published
results is required to determine if and to what extent they can be used
to infer the behavioural validity level of different driving simulators.

As a next step, additional metrics that have been widely used
in distraction studies (e.g. reaction times under dual-tasking con-
ditions) could potentially be considered in the context of driving
simulator behavioural validity evaluation. However, such tasks are
not always easy to replicate and test in real world conditions due to
various safety implications.

Finally, as all vehicle related technology advances, new HMI
types, as well as new driving simulator types need to be evaluated in
such context to ensure the behavioural validity assessments remain
up-to-date and relevant.
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