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Abstract

As digital products become more prevalent within the au-
tomotive industry, user experience and usability have be-
come critical factors in developing in-vehicle systems, par-
ticularly infotainment interfaces. Testing of these inter-
faces poses a significant challenge in the conduct and eval-
uation. The testing needs to evaluate not only the inter-
face’s usability but also help to mitigate the driver’s dis-
traction factor caused by these systems. In our research
work, a novel testing framework for use in simulator-
based environments was developed by leveraging human-
centered design principles, eye-tracking technology, and
novel metrics.

Keywords: automotive, user experience, usability, us-
ability testing, eye-tracking, mobile eye-tracking, distrac-
tion, infotainment

1 Introduction

In recent years, automobile manufacturers have been using
increasingly complex systems e.g. infotainments systems
also known as In-Vehicle Information Systems (IVIS) [21].
IVIS allows drivers to use touch screens to browse music,
use messaging and maps directly on the vehicle’s dash-
board [22]. While these systems can enhance the driver’s
experience, they may also cause unwanted distractions and
create potential risks to the driver as well as their surround-
ings. According to NHTSA [18], between the years 2017
and 2021, around 8% (or 3000) of all fatal crashes could
be attributed to distracted driving, and approximately 14%
of all crashes were caused by distractions. The most ob-
served types of distractions are cell phones, IVIS, and nav-
igation systems, and others [6]. IVIS research has shown
that many features should be disabled, but on the contrary,
a trend emerged of expansion of functions and features.
One of these features is Apple’s CarPlay1 and Google’s
Android Auto2 [21].

*rob.junas@gmail.com
†miroslav.laco@stuba.sk
1Apple CarPlay - https://www.apple.com/ios/carplay/
2Google Android Auto - https://www.android.com/auto/

Usability and usability testing of automobiles requires
the development and design of interfaces for Human-
Machine Interactions. For this process, a classic user-
centered process can be used [1]. It is important to keep
in mind that controlling the vehicle is the primary task
and usage of the designed system is always a secondary
task [1, 17]. Validation of the created interfaces in the
automotive industry can be targeted at the driver or front
passenger [20] and comes in forms of reports of accidents,
surveys, field studies, laboratory experiments, task simu-
lations [1]. Systems could be evaluated on the basis of
usability of the system (task completion etc.), but a more
important measurement is the distraction of the driver.

2 Related Work

Studies can be categorized into the use of simulators or
field studies to measure the usability of vehicle systems.
Field studies are conducted with a working car in real traf-
fic or on a racing track [16, 5, 12]. Drivers often wear
eye-tracking glasses and the car interior is modified to fit
the experiments. On the other hand, studies done in the
field have a problem with testing dangerous driving situa-
tions (like blind spot overtaking, pedestrian crossing, and
so on) [23]. Therefore we are more interested in usability
testing in simulators that do not possess this limitation, but
used simulators vary greatly in complexity and immersion.
The simplest simulator consisted of one LCD screen ren-
dering the whole cockpit of the vehicle and steering wheel
attached to a table [14, 15]. Other simulators consist of
one or multiple screens rendering the virtual environment,
while drivers have access to a car seat, steering wheels, and
other controls [7, 3, 13, 23]. Similar simulators can be cre-
ated with mixed reality, which does not show significant
differences between real driving and simulators [2]. In ex-
treme cases, the simulator consists of a real vehicle in front
of which the virtual environment is projected [19, 11].

In the study by Naujoks F. et al. [17] a methodolog-
ical framework for the evaluation of human-machine in-
teractions (HMI) with automated driving systems (ADS)
was proposed. This framework is based upon specific use
cases. In the initial step of the evaluation framework, it
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is recommended to do a heuristic evaluation built on the
provided checklist, which consists of, but is not limited
to, prevention of unintentional activation/deactivation and
continuous display of the system’s state. The next step
is empirical evaluation whose purpose is to investigate
if use cases are falsified. The framework specifies that
testing should be conducted with no less than 20 partici-
pants from diverse age groups with comparable knowledge
about ADS. Participants should also be informed about the
procedure and capabilities of ADS and have enough time
to interact with the ADS. The recommended test environ-
ment is a driving simulator that provides realistic controls
and detection. Another evaluation methodology was pro-
posed by Crescenti R. et al. [5] which uses eye-tracking
technology to evaluate infotainment systems with delim-
its. To showcase the protocol, a test was conducted in the
field on a track. The protocol consists of two phases. First
is training, in which participants get instructed on how
to perform different tasks on vehicle systems to ensure
a standard level of knowledge. The second phase is the
test where participants have to complete 14 tasks 3 times.
The result evaluation consists of the total task time, differ-
ent gaze, and fixation metrics on the infotainment system.
They validated their solution with 10 vehicles and found
similar distractions for each vehicle.

Infotainment systems were also studied by Nagy V.
[16]. They focused on investigating the driver’s behav-
ior, cognitive load, and level of distraction of the infotain-
ment systems compared to physical buttons. To measure
them, They used psychological tests, questionnaires, eye-
tracking, and pupillometry. The study was conducted on
a racing track using Volkswagen e-Golf and participants
were given tasks to do while driving at different speeds.
Results showed that using an infotainment system was
slower and was more cognitively demanding. On the other
hand, the faster the vehicle was moving, the task comple-
tion was done faster. Similarly, eye tracking was used in
a study by Jung S. [10] which measured the effect of the
button styles (shapes, colors, etc.) on the usability of an in-
fotainment system complemented with cognitive load met-
rics. The study found that the style of the buttons does not
have an effect on glances on the infotainment system.

A simulator framework was introduced in a study by
Bolder A. [2] for usability testing in mixed reality. The
virtual environment was created with Unity3D and con-
sists of a mixed reality headset, steering wheel, car seat,
pedals, and shift stick. The validation of the simulator
was conducted on a simple task regarding infotainment
systems and compared to the same task done in a real
car. The result showed that the usability of the system
and time to completion didn’t vary significantly, but the
readability of the text was the main issue reported by the
participants. On the other hand, the gaze of the partici-
pant was not measured. Also, Hildebrandt M. et al. [9]
created a collection of tools for managing complex data
in behavioral research for roads and aviation simulators
called Synopticon. Synopticon consists of four modules:

one for mapping eye and hand tracking data into a 3D envi-
ronment model in real-time. The second module synchro-
nizes multiple video/audio recordings from an unlimited
number of cameras from multiple computers. Then there
are modules for generating and presenting the task to users
and modules for analysis of data using machine learning.

3 Contribution

The main goals of this paper is to propose a formalized
methodology and framework for usability and user expe-
rience testing in the automotive industry building upon
statistically relevant quantitative and corresponding quan-
titative outputs relying on the state-of-the-art and novel
proposed usability metrics resulting in a usability testing
framework for a car simulator focused on infotainment
testing while performing primary driving task. This frame-
work consists of the establishment and interpretation of
metrics, collection, and analysis of data in the context of
vehicle usage.

To validate the proposed framework, we proposed a set
of research questions:

Q1: We are able to propose a measure of distraction for
the effectiveness of the design of infotainment systems.

Effective design of the infotainment system should min-
imize time not concentrating on driving, or in other words,
minimize the amount of needed interactions with IVIS.

Q2: Objective measures are more effective in the for-
malized evaluation of the usability testing of complex driv-
ing tasks in comparison with self-reported subjective mea-
sures.

Objective measures such as gaze, interactions, and
time to complete tasks might be better at identifying the
complexity of tasks and the usability of vehicle systems
than subjective measures (thinking aloud, post-testing in-
terviews, and questionnaires) which might be prone to
change in cognitive processes during tasks or misremem-
bering experiences afterwards.

Q3: The information gain from visual scene converges
with an increasing amount of participants.

Visual attention-supported metrics are proposed to
verify and standardize the well-known usability testing
methodology of a few participants revealing most of the
information gain without the need for vast testing on a sta-
tistically relevant sample.

4 Research proposal

In this section, we introduce a novel approach to measur-
ing the driver’s distraction caused by infotainment systems
as well as introduce the software solutions needed to mea-
sure distraction and answer our research questions.
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4.1 Method

This study focuses on task-based usability testing. The
tasks are given by a moderator while the participant con-
tinuously drives inside a simulator.

To facilitate this testing, we propose a novel method-
ological as well as a simulation and analysis framework.
The simulator was chosen because it allows to test differ-
ent driving scenarios without endangering the driver and
others. The simulator framework must allow the user to
drive freely within the simulator while their gaze, as re-
search suggested, is captured with eye-tracking technol-
ogy. Furthermore, it is important to define the areas of
interest (AoIs) within the vehicle simulator and the way
to measure the gaze within the AoIs while wearing eye-
tracking glasses that allow free head movement. In our
study, we monitored gaze on the road and the IVIS sys-
tem.

Furthermore, the gaze data should also be visualized
with heatmaps and scan paths, to help researchers better
aid the analysis on top of defined metrics (more in sec-
tion 4.3). To create visualization and calculate metrics, the
start and end of tasks are set during testing whenever re-
searchers consider the tasks have begun/ended.

Moreover, a physical environment with IVIS module
has been created (diagram of the setup is in figure 1). This
environment is in the form of a simulation of a real car
interior, in which participants conduct the testing scenar-
ios. Also, multiple driving scenarios (driving tasks) which
include the use of the IVIS need to be created to measure
as many possible use cases of the IVIS module and their
distraction.

4.2 Framework

The testing environment is a simulation of the driver’s
cockpit created by the Faculty of Architecture and Design,
Slovak University of Technology in Bratislava, with col-
laboration from Škoda Auto, and has a modular interior
structure that is able to house interchangeable elements
of Škoda’s mass-produced cars (shown in figure 2). The
driver’s cockpit consists of a driver seat, a steering wheel
and pedals, ultra-wide monitor, an Android/iOS tablet, and
a static ultra-wide angle web-cam to capture the whole
scene.

On the main screen, a simulation of driving is shown
with which participants interact with a steering wheel and
gas/brake pedals with automatic transmission. On the
second screen (or simulator of IVIS) a prototype of the
tested application is shown. Similarly, participants can
and must interact with the second display. During test-
ing, participants have to wear a mobile eye-tracking de-
vice to collect gaze data and effectively measure distrac-
tions. To better visualize and understand the collected
eye-tracking/interaction data, all screens and camera views
(eye-tracking camera and static camera) are recorded.

4.

1.

2.3.

5.

Figure 1: Diagram of the top view from of the proposed
simulator with following components: 1. main screen with
a driving simulator, 2. tablet screen representing IVIS (ei-
ther vertically or horizontally), 3. steering wheel, 4. par-
ticipant wearing an eye tracking device, 5. static camera
viewing the whole setup. Additionally, blue squares repre-
sent the theoretical position and size of used markers. The
markers on the main screen (1.) should be present on the
top and bottom of the screen. Dotted lines represent views
from both eye-tracking and static cameras.

Figure 2: The implementation of the proposed setup cre-
ated at the Faculty of Architecture and Design. The mark-
ers on are placed by us according to our proposal and pilot
testing.

.
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Figure 3: Experiment task progress. The figure shows the different IVIS setups used in the experiment in the order they
were conducted: touch-based, parallel knob, perpendicular knob.

4.2.1 Enabling remapping of data

Because of the nature of mobile eye-tracking technology,
we need to be able to map participant gaze into the screen
recordings and another static view camera. To map gaze
the data from eye-tracking camera into other views we pro-
pose to use the AruCo marker mapping methodology be-
cause reviewed studies [16, 5] build upon them and they
are generally better at finding device borders when the ref-
erence changes over time and when the front camera of
the eye-tracker is not sufficient to recognize content on the
screens (because of brightness or other factors) [4].

The markers are placed on the sides/top/bottom of the
screens in a way not to be obstructed (either by hands or
bad angle) from the view of the eye-tracking camera while
participants conduct the testing. The size of the markers
vary depending on the closeness of the screen to the partic-
ipant. The further screen requires larger markers, but not
too large not to fit (therefore not detected) into the view of
the eye-tracking camera. For a similar reason, the closest
screen needs to have smaller markers. The placement of
the markers can be seen in the diagram in figure 1.

4.2.2 Calibration

Calibration of the recording devices follows a structure,
in which it is possible to synchronize created recordings.
In our approach, we first calibrate the eye-tracking device,
afterwards we start recording on the non-eye-tracking de-
vices simultaneously and after a second passes, we start
recording on the eye-tracking device. Similarly, the end of
non-eye-tracking recordings ends a second after the eye-
tracking recording stops. The synchronization error can
be neglected as the starting time of each recording can be
set manually in relation to the eye-tracking recording in
a thorough analysis of the recordings. Moreover, before
starting the study, we will display a marker on the screen.
The participant will be asked to look at the screen, when
the marker disappears, we will start conducting tests. This
calibration marker will work for automatic synchroniza-

tion during preprocessing.

4.2.3 Testing procedure

Finally, testing is done by doing task scenarios. In these
scenarios, participants are asked to complete a secondary
task requiring interaction with IVIS while conducting the
main task driving. Both the start and the end of the tasks
are logged to better aid the analysis of the tasks. Tasks
have a correct path that the participant needs to complete
the task successfully. However, the tasks end when the
participant tells the moderator to end the task, which may
result in failure in task completion. During tasks, partic-
ipants are asked to think aloud about what they are about
to do and how they feel about the interactions.

The experiment was conducted at the Faculty of Ar-
chitecture and Design, Slovak University of Technology
in Bratislava, and was moderated in the Slovak language.
Five participants from ages 18 to 25 who have valid driv-
ing licenses and own vehicles, took part in the experiment.
Two of these participants were female. The participants
had a few minutes to learn to drive inside the simulator
as well as try all the necessary interactions with the IVIS
prototype. The IVIS prototype created for the experiment
was created to mimic the appearance of CarPlay. The pro-
totype supported two simple scenarios, which were also
the tasks the participant had to complete:

• Call and hang up a contact in the driver’s favorite con-
tacts,

• Change the playing song and make it your favorite
then return to the main screen

All the tasks began on the main screen, and participants
were instructed to start interaction after the moderator fin-
ished saying the task goal. Moreover, the participants were
told they could take as much time as they needed to com-
plete the task.

Additionally, the latter task was repeated only 2 times,
while the first was done 3 times depending on the mode
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of interaction used (shown in figure 3). Participants in-
teracted with the IVIS prototype either by touch (Touch-
screen IVIS), or by hardware control knob attached verti-
cally (parallel) under the IVIS (with IVIS screen further
from the driver) and with the control knob attached hori-
zontally next to the driver and with the IVIS screen further
from the driver. Therefore, there were a total of five tasks
to complete.

After the driving test concluded, the participants were
asked to fill out the NASA task load index [8]. The whole
testing of one participant on average lasted for about 30
minutes.

4.3 Usability metrics

To answer our proposed research questions, we propose a
set of metrics that are calculated over only single partici-
pant:

• Time away from the main task (TAFTMT) - how
long a participant didn’t have their gaze on the road
during a task given by equation:

Tm = T −
n

∑
i=0

ti (1)

where T is total time of the task, ti is duration of ith

fixation in array t =(t0, t1, t2, ...tn) which holds all fix-
ations on road during a task and t ⊆ ta, where ta are
all captured fixations during task.

• Time on the IVIS screen (TOTIS) - how long a par-
ticipant looked at the mounted IVIS screen during
tasks given by equation:

Ts =
n

∑
i=0

ti (2)

where Ts is time on the secondary task, ti is the dura-
tion of ith fixation in an array t = (t0, t1, t2, ...tn) which
holds durations of all fixations on IVIS during a task
and t ⊆ ta, where ta are all captured fixations during
the task.

• Time on a task (TOT) - how long a participant took
to complete each task given by equation:

Ti = tEi − tSi (3)

where i is task number and Ti is total time on the task,
tEi and tSi, denoting end and start timestamp of a task
i.

Figure 4: Average time away from the main task (blue bar)
and average time on the IVIS screen (orange bar) against
the total time in relation to the total time spent on a task
given in percentage.

• Time to first fixation on IVIS (TTFFOI) - time to
first fixation on the IVIS screen from the beginning
of the task given by equation:

Tf i = tFi − tSi (4)

where i denotes task number and tSi denotes the
timestamp of the beginning of the task and tFi denotes
the timestamp of the first fixation on the IVIS screen
during the task.

5 Results and Discussion

All of the participants successfully completed each task
provided with each mode of interaction. Therefore, the
metrics that defined the task completion criteria are: Num-
ber of successful tasks and Task completion rate are
all rated at their maximum value of 5 and 100% respec-
tively. Because of this, the standard usability metrics are
not enough to capture the complexity of the vehicle inter-
actions.

Self-reported subjective measure of NASA task load in-
dex (shown in table 1). We only use the short version of
the NASA task load index, which doesn’t weigh the im-
portance of each category, mainly because we find each
category as relevant to the tasks at hand. We found that
our participants reportedly found the tasks either cogni-
tively demanding or non-demanding. The values for Phys-
ical, Temporal demand, Performance, Effort and Frustra-
tion fell mostly into Low (1-7) to Medium (8-14) cogni-
tive load category with exception of one participant which
reported High (15-21) cognitive load for most of the cate-
gories.

From our metrics (shown in table 2) we found that par-
ticipants during all of the tasks spent approximately 20%
of the time on the IVIS screen which was approx. 50%
of the all of the time away from the main task within all
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Table 1: NASA task load index result reported by the participants.

Mental Physical Temporal Performance Effort Frustration
Mean 9,8 7 9,4 8,2 11,4 9,6
STD 5,38 4,24 6,37 5,64 4,03 5,99

Task 1 Task 2 Task 3 Task 4 Task 5

TAFTMT
5.25

(2.62)
8.61

(3.65)
7.83

(2.78)
6.02

(3.34)
9.02

(3.94)

TOTIS
4.03

(2.61)
5.62

(3.75)
4.09

(3.04)
2.97

(2.53)
4.55

(2.81)

TOT
16.65
(3.54)

25.10
(9.3)

23.02
(5.96)

17.84
(4.65)

23.39
(6.72)

TTFFOI
1.33

(1.06)
4.08

(5.29)
4.18

(5.03)
1.76

(1.61)
1.53

(1.26)

TAFTMT - Time away from the main task, TOTIS - Time
on the IVIS screen, TOT - Time on a task, TTFFOI - Time
to first fixation on IVIS.

Table 2: Calculated metrics from all the tasks performed
by participants during simulator-based usability testing.
Values are reported in second in format ”Mean (Std)”.

tasks. The total time on a task didn’t decrease meaning-
fully even when participants gained proficiency with the
IVIS prototype. This can be explained by the mental work-
load required to learn how to use different ways of inter-
acting with the IVIS. Many participants started to look at
the IVIS screen as soon as the task was given often below
the 2-second threshold (in 56% of all tasks).

We also noticed that participants who used the hardware
buttons parallel to the screen didn’t look at the IVIS screen
(approx. 18%) as often as when it was touch-based (ap-
prox. 23%). But on the other hand, they spent around the
same amount of time away from the screen (shown in Fig-
ure 4). This could be attributed to an error in remapping
the views as well as the interaction style. During the visual
analysis, we noticed that the participants didn’t often focus
on the IVIS screen during interactions due to closeness to
the main task screen, but had it in their peripheral vision.

Figure 5 shows a sample of fourth participant’s heatmap
and scan path. We chose them as they represent the maxi-
mal time needed to complete the task. The fourth partici-
pant’s focus was mainly on the main task and focus on the
IVIS screen was mainly on the control button’s locations
and the middle of the screen where the system responded
to the participant’s actions. From the scanpath, it is possi-
ble to see that the participant often switched from the main
task screen to the IVIS screen. This participant had total
of 33 fixations during the task from which 21 (63%) were
placed on the IVIS screen.

Q1: It is possible to propose a measure of distraction
for the effectiveness of the design of infotainment systems.

In our experiment, we used the same IVIS prototype

(a) Heatmap

(b) Scanpath

Figure 5: Task 1: Heatmap (a) and Scanpath (b) visualiza-
tion of the fourth participant. On the heatmap, we can see
attraction points (red denoting more attractive points); on
the scanpath, it is possible to see the switching of partici-
pant focus between the main task and IVIS.

.
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Figure 6: Information gain given by the number of partic-
ipants. The average information gain in a task through all
the permutations of participants’ order is shown by lines
from task 1 to task 5. Average information gain across
tasks is shown by line mean IG.

with different modes of interaction with the system. From
our results, we saw that moving the IVIS screen closer to
the main screen task resulted in fewer fixations located on
the IVIS screen. Also having the control knob parallel to
the IVIS screen and visible in peripheral vision resulted in
smaller time away from the main task as opposed to the
knob being next to driver away from the peripheral vision.

Q2: Objective measures are more effective in the for-
malized evaluation of the usability testing of complex driv-
ing tasks in comparison with self-reported subjective mea-
sures.

From the calculated NASA Task Load Index scores (ta-
ble 1), participants gave varying answers ranging from
non-demanding to very demanding. Participants are of-
ten unable to report their own cognitive demands as the
questionnaires assessing it are given afterward when they
might misremember their experiences. From our result, it
can be seen that both participants four and five reported
high mental demand yet participant five was much quicker
in most of the tasks. Participant Four also reported high
temporal demand but took the longest time to complete
the tasks.

Q3: The information gain from visual scene converges
with an increasing amount of participants.

To answer this question, we created an aggregated
heatmap based on fixation count visible from the static
view camera (similar to figure 5b). And calculated the
covered area by the heatmap. We also took all the permu-
tations of participants’ order in which they can be added to
the analysis. The result of this analysis is shown in figure
6. It is possible to see that the IG starts to slow down at
the 5-participants mark. Therefore, it is possible to use at
most 5 participants to conduct such usability testing, but a
few more participants can bring slightly more information
gain.

6 Conclusions

This study has explored advanced usability testing
methodologies for automotive user interfaces focusing on
reducing driver distraction caused by in-vehicle infotain-
ment systems. We developed a comprehensive framework
for evaluating user interactions with in-vehicle infotain-
ment systems by applying eye-tracking methodologies to
objectively measure distraction. This framework com-
bines objective measures, such as gaze metrics, time to
complete a task, and task completion, with subjective eval-
uations, such as participant feedback in the form of cogni-
tive load evaluation, to provide a holistic understanding of
user experience.

The experiment in the study was aimed at validating
the framework’s viability to conduct and analyze usability
testing of IVIS, and shows that the simulators are a viable
alternative to field testing. Our framework has proven it-
self to be able to measure form of distraction caused by
IVIS, and can be used for further studies of IVIS.

This research addresses key challenges in the usability
testing of automotive systems, limitations brought by the
scope of our experiment, which showed the need to eval-
uate more elements like the hardware button used in the
experiment.

Future work should focus on advanced visualizations of
gaze metrics and development of specialized tool for eval-
uation of the results obtained using the proposed frame-
work.
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