Multimodal Gaze-based Interaction in Cars: are Mid-air Gestures
with Haptic Feedback Safer Than Buttons?

Oleg Spakov, Hanna Venesvirta, Jani Lylykangas, Ahmed Farooq, Roope Raisamo,
Veikko Surakka

Faculty of Information Technology and Communication Sciences, Tampere University, Finland

Abstract. We studied two interaction techniques to perform secondary tasks in a
driving simulator environment with the focus on driving safety. In both tech-
niques, the participants (N =20) used gaze pointing to select virtual task buttons.
Toggling the controls was achieved by either mid-air gestures with haptic feed-
back or physical buttons located on the steering wheel. To evaluate each tech-
nique, we compared several measures, such as mean task times, pedestrian de-
tections, lane deviations, and task complexity ratings.

The results showed that both techniques allowed operation without severely com-
promising driving safety. However, interaction using gestures was rated as more
complex, caused more fatigue and frustration, and pedestrians were noticed with
longer delays than using physical buttons. The results suggest that gaze pointing
accuracy was not always sufficient, while mid-air gestures require more robust
algorithms before they can offer functionality comparable to interaction with
physical buttons.
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1 Introduction

The recent decade has marked a new era in car manufacturing by bringing unconven-
tional information presentation and interaction techniques available to drivers and pas-
sengers of top car models. Some of these new technologies, such as the head-up dis-
plays (HUDs), are fast becoming an essential tool even in mid-range vehicles (e.g.,
[23]). Today they are available for any car as a separate piece of hardware that may be
connected to the CAN bus (e.g., via OBD-2 connection that is a standard one for cars
manufactured after mid of 2000th) and / or the driver’s phone (see [28] for examples).
In-car interaction has traditionally taken a conservative approach, but this is chang-
ing quickly as several research prototypes and commercial systems have been con-
structed with speech commands [26, 44] given to car’s services, mainly to the infotain-
ment service, or with hand gestures (e.g., [16]). Some of these techniques may be cur-
rently found in only a few car models (e.g., Cadillac CT6, BMW 5, VW Golf; see [41]),
but there exist additional devices on the market that offer, for example, scroll playlist
displayed on a HUD, or to request a navigator to show the route by voice command.



As the amount and complexity of information available to drivers increases with the
development of infotainment systems, the need for new cockpit designs and interaction
methods is increasing. In order to avoid overloading the driver’s attention with new
solutions, one way has been to reduce the amount of information presented. For exam-
ple, only driving-critical information (speed, fuel level, warning signs, etc.) is displayed
all the time. Non-critical information, such as navigation routes, fuel consumption, etc.,
is shown as auxiliary information, and drivers need to explicitly navigate between
menus to bring them into view. Traditionally, scrolling functionality has been available
with button(s) located either close to the display or to the steering column through the
right or left stalks. However, in a few recent car models these buttons are located on a
steering wheel itself [31].

Most of the basic in-car devices, such as heater and air conditioner, still require the
use of physical controls, with each button / handle / switch / knob usually dedicated
strictly to one function: for example, a 3-state up-down button to open / close a side
window, a 4-state switch to start / stop windshield wipers, or a knob to adjust sound
volume, albeit music players may be more flexible. While the controls located in prox-
imity to the steering wheel are easy to operate with hands remaining on the wheel and
gaze directed to the traffic, controls located further away may not be that convenient.
Indeed, any action that requires finding a control located anywhere else than next to the
steering wheel requires prolonged glancing away from the road, in many cases longer
than identified in NHTSA [46]. This can cause issues with driving safety.

Recently, mid-air hand gestures were proposed to replace some of the above-men-
tioned functionality with simple hand gestures that would not require visual attention
[34]. It is expected that a driver, after activating a certain device like a music player,
will be able to control the functionality of the device without paying visual attention to
it. However, drivers still need to concentrate on the action mentally by coordinating
their gestures and assessing the results. In general, any action not connected to the
driver’s primary task requires a certain attention shift away from the traffic. The ques-
tion at hand is whether such a shift may compromise driving safety.

This study aimed to compare driver’s behavior while operating on a selected list of
functionalities when interacting with either mid-air gestures or button presses. We were
especially interested in investigating the functionality of mid-air gestures from the per-
spective of driving safety related factors.

2 Related work

There are several studies devoted to interacting with car systems using gaze [5, 36].
Drivers could control in-vehicle information system (IVIS) either using only gaze (with
dwell-time used for activation) or using gaze for pointing and touch or button press to
activate a command. In another study touch input was replaced with finger pointing [6].
These studies, however, lack details regarding the interaction method and thus, conclu-
sions about the interaction methods cannot be made. Dobbelstein et al. [9] proposed
that gaze direction could be utilized to recognize the interface to be interacted with
using a single rotary control knob. The authors, however, did not report the results of



their study. Lux et al. [27] built a prototype system where the driver could select a user
interface element in a driving simulator by using either gaze or buttons. The paper,
however, lacks details of implementation of the selection by gaze.

Kern et al. [22] aimed to replace touch and speech with gaze when operating a
touchscreen display in cars. Items focused by gaze stayed focused even when the gaze
moved away, and selection was implemented with a button on the steering wheel. Au-
thors report that deviation from the lane and error rate in gaze condition was higher
than in voice or touch conditions, thus the use of gaze compromised the driving safety
and the fluency of the interaction.

The majority of studies on using new interaction methods, such as gaze and gestures,
have been conducted in laboratory conditions. As an exception, Trosterer et al. [43]
discussed issues using eye tracking to interact with IVIS in a real car. The authors
acknowledge Smart Eye Pro eye tracker for its robustness, but they suggest that even
this system should be used preferably on a very smooth road and only when the sky is
cloudy. Another example is a work by Kang et al. [20] where gaze was used to deter-
mine the object of interest located outside of a car. Here, the gaze tracking was not
found to be very reliable.

In sum, some studies have tested the idea of using gaze as a mean for interaction in
in-vehicle context. However, gaze alone may be insufficient for reliable interaction or
even a safe option in this context, as the use of gaze-only input would require prolonged
glancing off the road. Thus, another modality is needed to complement gaze. As most
of the operations traditionally have been done by hand (e.g., utilizing button presses),
the use of hand gestures could potentially be functional in combination with gaze track-
ing. By enabling hand gestures for interaction, it would be possible to utilize even wide
surface areas in a reach of arm for input, and at the same time still stick to somewhat
familiar hand-based operation that is known in the context.

Besides Biswas et al. [6], hand gestures as a selection technique used while driving
have been studied in few other papers. For example, Ohn-Bar and Trivedi [33] discuss
issues and pitfalls when building a system for using hand gesture recognition in cars.
The authors demonstrated the system that recognized gestures based on computer vi-
sion system they developed. Similar systems were built earlier by [2, 11, 45].

Roider et al. [39] used Leap Motion device to recognize mid-air gestures, however
the paper has no explanation of the gesture recognition algorithm. In their study, selec-
tions were made by pointing to objects displayed on a screen and then tapping in the
air with the index finger to select it. The gesture method was compared against selection
by gaze and by voice. The study was continued by utilizing gaze direction to increase
accuracy of pointing gestures [38]. May et al. [29] found that pointing gestures were
much slower than direct touch when making selections from a menu. At the same time,
they were safer and did not require prolonged gazing off the road. Another comparison
between touch and mid-air gestures revealed that driver’s deviations from the lane in
Lane Change Test were comparable when using both methods [25]. Mid-air pointing
gestures were employed also in autonomous driving scenarios [40]. In this study, as
well as in [35], gestures were combined with voice.

A similar study to [39] was conducted by Angelini et al. [3], where gestures were
not performed in the air but on the surface of steering wheel. Authors reported that such



gestures were comparable with voice and touch modalities in terms of perceived usa-
bility, subjective workload, and emotional response. There are more studies on using
gestures on a steering wheel surface (e.g., [10, 32] showing that gestures are safe to use
while driving, as long as both hands stay on the steering wheel.

As follows from this overview, the use of mid-air gestures while driving is still un-
der-studied. An early discussion about using gestures in cars is available in [1]. May et
al. [30] collected a set of gestures that could be used for interaction in cars. The set
consisted of grab, palm display, swipe down with either index finder, two fingers, or
open palm, point down, and hold gestures. Shakeri et al. [41] studied swipe, “V”, and
circular gestures, but their aim was to compare several types of feedback that could be
used to support these mid-air gestures. They found that non-visual feedback can reduce
visual distraction when operating with in-car mid-air gestures. Cabreira and Hwang [8]
noted that swipe gestures implemented in Leap Motion SDK are not well suited for
elderly drivers. Shakeri et al. [42] studied the impact of ultrasonic haptic feedback on
the time the eyes were off the-road and found that this type of feedback was superior to
visual feedback for in-vehicle interaction. Graichen et al. [15] used six various mid-air
gestures (basic and complex) to compare against touch. They found that those drivers
who used gestures for interaction did not show a decrease in driving behavior quality,
whereas for drivers who used touch interaction the quality of behavior did decrease.
Kim et al. [24] studied in-car interaction with two input methods combined from a set
of five (touch, mid-air gesture, voice, gaze, button) and found that combinations includ-
ing mid-air gestures resulted in more deviations from a lane and extended the duration
of the secondary task.

Usability and comfortability have been the main concerns in most of the studies ded-
icated to these new in-car interaction and information presentation methods. Surpris-
ingly, the safety issues related to the driver attention have been addressed rather rarely,
even though safety-related indicators are the most crucial ones for any technology that
is aimed to be utilized in human-operated machines with risk on an accident. Similarly,
it is not clear how these new interaction methods perform when compared against more
traditional methods that are based on operating with hardware buttons, knobs, and so
forth: the existing studies provide contradictory conclusions and focus mainly on other
new interaction methods.

The present aim was to combine gaze pointing with either buttons operated with a
right-hand thumb or by mid-air gestures with haptic feedback operated with right hand,
and to study especially driving safety together with subjective preferences while select-
ing and manipulating in-car devices.

3 Methods

3.1 Participants

Twenty voluntary participants (15 males and 5 females) took part in the study (23-59
years, mean age = 40 years). The criteria for the participants were: 1) no need to wear
eyeglasses while driving a car due to a head-mounted eye-tracker used in the study; 2)
no indication of simulator sickness; 3) righthandedness due to hardware setup with hand



gesture recognition device located on the right; and 4) driving experience of at least 2
years on a weekly basis.

3.2 Equipment

Driving Simulator.

The experiment took place in a laboratory equipped with the driving simulator made
by Creanex. The simulator allows driving in a virtual city and in countryside. It outputs
a video to three projectors that takes about 160 degrees of a driver’s visual span. The
simulator steering wheel column had two stalks, one on each side: gear shifter on the
right and turn signal / headlights switch on the left. During the study the transmission
was set to automatic, whereas the seat was adjustable as in a regular car.

The maximum driving speed was limited to 90 km/h. Participants were driving on a
country road in the countryside where the simulator’s API allowed pedestrians walking
along both sides of the road. The pedestrians included either a male or a female figure
dressed in grey clothes, walking in either direction at a speed of 1 m/s on either side of
the road. These pedestrians served as attention-demanding objects and there was no
other traffic on the road. In addition to the pedestrians, only speed limit traffic signs
were visible along the side of the road at a few locations.

Fig. 1. Modified Creanex in-car interface with six device icons: left window, contact list, head-
lights, audio, heater, and air conditioning. The AprilTags serve for eye-tracking purposes. Red
rectangles in the view taken from the Pupil Labs Core world camera visualizes the seven “sur-
faces” (a.k.a. AOIs) used for gaze interaction.

The Creanex simulator output view was slightly modified for this experiment. The dig-
ital speed and gear displays were moved from the original location at the bottom to the
location slightly below of the center of the screen, thus serving as a HUD (see Fig. 1).
The default Creanex in-car view of the frontal panel was removed. Instead, we placed
five icons representing the following in-car devices (see Fig. 1, from left to right): 1)



multimedia display with a list of contacts, 2) headlights, 3) audio-system's volume, 4)
heater, and 5) air conditioning. The sixth icon was placed on the left window to repre-
sent this window as a device that was an object of interaction.

Each interactive device had four states. Three devices on the right side (audio, heater,
air conditioning) had about similar states: off, minimum, moderate, and maximum. The
headlights were in one of the following states: off, low-beam, fog lights, and high-
beam. The list of contacts contained four names (Anthony, Laura, John, and Mary), and
each name was represented with its first letter. The left window had a closed state and
three opened states: slightly, moderately, and widely opened.

Eye Tracking.

We used the head-mounted Pupil Labs Core eye tracker (30 Hz) equipped with two
eye-cameras to estimate driver’s gaze direction. Its Pupil Capture software allows cre-
ating “surfaces” (i.e., areas of interest) using AprilTags/36h11 in the view form the
world camera that is further used to create links between user’s gaze and real objects.

Hand-Tracking and Ultrasound Haptic Feedback.

Mid-air gestures were recognized using data produced by a Leap Motion hand-tracking
device. It was assembled into a single unit together with Ultrahaptic STRATOS device
equipped with 256 ultrasonic actuators that was capable of creating a touchless haptic
sensation on the palm of the hand (see Fig. 2. left). The unit was located close to the
driver’s right hand and slightly below the seat level, approximately where the manual
gear shifter would be in passenger cars, as shown in Fig. 2, right.

Fig. 2. Leap Motion and Ultrahaptics devices with visualized sensation of a “wall” created with
the ultrasound skin stimulation (left) and driving environment with the interaction devices: steer-
ing wheel with buttons (circled in red) (middle) and gesture recognition area (right).

Buttons.

We used the DinoFire presentation device that was acting as a keyboard with “page up”
and “page down” buttons. The device was attached to the steering wheel as shown in
Fig. 2, middle. The pilot tests confirmed the buttons were easy to reach and could be
operated blindly with the driver’s thumb.



3.3 Interaction Design

Selecting In-Car Devices.
To interact with an in-car device and change its state, a driver had to first activate them
by gaze. For this purpose, we created three surfaces in Pupil Capture application: 1)
left-window surface spanning over the right part of the left window, 2) windshield sur-
face spanning over most of the windshield, and 3) cockpit surface located below the
windshield (see the screenshot from the tracker's world camera shown on Fig. 1). Our
experiment software divided the cockpit surface into five equal parts to identify which
in-car device located on the front panel was in focus. This operation was based on the
gaze point location relative to the surface, as reported by Pupil Capture software.
Drivers were instructed to gaze at the road while driving (see Error! Reference
source not found.a). To select a device, a driver first had to glance at its icon. After
120 ms of gaze pointing the icon became “focused”, as shown in Error! Reference
source not found.b. If needed, the driver could change the focus to another icon by
gazing at it for another 120 ms or more.

Fig. 3. Device selection by gaze: (a) a driver is looking at the road; (b) driver glances at a device
icon and the device becomes “focused”, which is visualized with the orange circle; (c) driver
glances back to the road and the device becomes “selected”: it moves to the HUD. The red spot
representing the gaze point is shown in the figure for visualization purposes.

The focused icon became selected only after the driver glanced back at the road. The
selected icon was relocated from its initial position to the HUD and was shown on the
right from the gear indicator (see Error! Reference source not found.c). Therefore, it
was easy to inspect which device was selected and what its state was at any time.

The device stayed selected for four seconds and then became unselected automati-
cally (the icon disappeared from the HUD and returned to its initial position) unless the
driver started changing its state. Also, the device became unselected automatically
within two seconds after the driver’s hand left the gesture detection area, or after the
last button was pressed: these two incidents meant that the selection of the device state
was ready. The exact deselection timings were obtained empirically from pilot tests.

Changing Device State.



There were two interaction methods to change the state of the device: either with but-
tons attached to the steering wheel, or with horizontal sliding hand gestures over the
Ultrahaptic STRATOS device. All in-car devices had four states indexed from 1 to 4,
and the extreme states (the first and the last) had only one direction of allowed change,
thus the states were not cycled in a loop. Each state index had its own note that was
played as audio feedback when the state with that index was selected; the state with the
lowest index had the lowest tone.

In “buttons” condition the buttons attached to the steering wheel were used to change
the state of the activated device. Pressing “up” button increased the index of the device
state by one and pressing “down” button decreased it. The note of the new state was
played upon pressing a button, and if no button presses were made for two seconds,
then the task ended automatically and voice feedback “Completed!” was played.

In “gestures” condition a simple back-forth sliding gesture detector consumed data
from the Leap Motion device. The location of the gesture recognition area above the
hand tracking device was fixed and limited in horizontal dimension by the size of Ul-
trahaptics device. Drivers could find the gesture area blindly with the help of ultrasonic
haptic feedback resembling a “wall” that was activated above the center of the
STRATOS device (see Fig. 2, left). The device-wide "wall" was sensible in the range
between 10 and 25 cm above the device surface. We instructed the participants to po-
sition their palm so that the haptic feedback was sensible at about the distal palmar
crease (roughly % of the palm counting from a wrist to fingers) before they start chang-
ing the device state. The device state change procedure is described next.

Step 1. The haptic "wall” appeared upon the hand approaching the tracking sensor.
Gesture recognition was enabled, and a short sound feedback was given after the hand
speed dropped below 7 mm/s. Hand position at this moment was memorized as a ref-
erence representing the current device state (see Fig. 4, marker “X”).

Step 2. The device state was changing as the driver moved the right hand along the
Leap Motion’s Z axis (toward / backward from the screen). Each device state change
interrupted the haptic feedback for 400 ms and triggered this state’s audio feedback.

X+3 X+2 X1 X X4 X2 X-3

3cm 2cm
<— Screen
Ultrahaptics STRATOS

Fig. 4. Mid-air sliding gesture spatial model. After the hand stops moving at the location X, this
location further represents the device current state index, and gesture recognition starts. The lo-
cations that represent device states are located at 3 cm distance from each other. The current state
spans 4 cm.

The spatial distance D between states was 3 cm. The change in device state occurred
when the hand crossed the boundary between the states. This boundary was always



located at the distance of 0.65D from the current state spatial center, i.e., 2 cm. Thus,
the effective spatial size of a state was 4 cm as shown in red in Fig. 4. The inter-state
distance D was selected so that the haptic feedback would be sensible by the driver
even when changing the device state index from one extremum to another that required
amovement of 8 cm (e.g., in the task to change heater state from “off” to “maximum?).

Step 3. Gesture recognition was deactivated, and audio feedback was played if the
hand motion speed exceeded 50 mm/second, or the driver moved the hand away from
the motion sensor. The task ended automatically and voice feedback “Completed!” was
played if no actions were made during the following two seconds.

3.4 Procedure

The purpose of the study together with participant’s rights and data privacy statement
was introduced to the participants upon arriving at the driving laboratory. Each partic-
ipant filled out the written consent, simulator sickness questionnaire (SSQ, [21]), and
background information forms. The participant was seated into the simulator’s seat
which was adjusted if needed. Subsequently, the participant was asked to familiarize
with the steering wheel, gear shifter, pedals, and stalks on the steering column of the
simulator. We also asked the participant to drive for a few minutes to ensure they did
not experience any simulator sickness.

If the participant felt well, we continued the training by spawning 8-10 pedestrians
and teaching the participant to flash the high beam (pull the high beam stalk toward the
wheel) as soon as a pedestrian was noticed. The participant was explained that the pri-
mary task was, besides reacting to pedestrians, to drive straight and to obey speed limits
indicated by traffic signs. After this practice, we collected the SSQ for a second time.
We also trained the participant to fill in the NASA Task Load Index (NASA-TLX)
questionnaire [18] regarding the complexity of this practice session. The weighting
phase of the rating scales was omitted in accordance with [17].

We then set Pupil Core eye tracker and calibrated it using the printed-marker cali-
bration method: the marker was shown in five locations. The calibration was repeated
as many times as needed until the gaze point was located on or close to any of the
frontal panel icon when we asked the participants to glance at it. Then the participant
was taught to select a device by eye gaze using the procedure described above.

After the participant confirmed high competence in device selection by gaze, we
taught them to change the device state with either hand gestures or buttons. We demon-
strated a table of icons of all six in-car devices in each of the four states and let the
participant spend some time for memorizing the order of icons.

The participant was then asked to perform a sample task instructed via a synthesized
prerecorded message (e.g., “Open left window widely”). At least eight tasks were com-
pleted by each participant in “gestures” condition until we recognized the participant’s
high competence in using this interaction method. We used 2—3 practicing tasks when
training the participant to change the selected device state with buttons.

Finally, we reminded the participant about their primary driving task and noted that
the secondary task (device state change) will be provided as a prerecorded synthesized
voice message generated by the PC.



Then the first session began. The order of the interaction methods was counterbal-
anced between the participants. They completed 12 device manipulation tasks. Each
task started in 20 seconds after the previous was finished, except the tasks #5 and #9
which started in 1 minute. Within each task, one pedestrian was spawned 180 meters in
front of the car in three seconds after the task instruction was given. The delay was
selected so that the pedestrian was likely noticed when manipulating the device state,
and not when selecting the device. One pedestrian was also spawned during non-task
driving, in eight seconds after a task was completed. Three additional pedestrians were
spawned every 15 seconds during the long non-task driving intervals. Thus, there were
29 pedestrians spawned during one session.

After the first session was completed, the participant filled in the SSQ and NASA-
TLX forms. At this point the participant could take a short break if needed. Then the
second session began in which the participant was changing the selected device state
using the other interaction method. At the end of the second session the SSQ and
NASA-TLX forms were filled once again.

The experiment ended with a questionnaire consisting of five questions (preferred
interaction method, difficulty keeping the lane, difficulty noticing pedestrians while
completing tasks, ability to notice pedestrians, and ability to stay attentive) that the
participant answered in own words. Also, they were encouraged to express any com-
ments regarding this experiment. The participant received a movie ticket when leaving
the laboratory. The study was evaluated by the local university ethics committee.

3.5 Logged Data

We logged events generated by gaze tracker (focused to the road or to an in-car device
icon, or gaze moved away from any of these), hand tracker (hand entered / left the
gesture area, gesture recognition started / finished), device controller (activation / de-
activation and changes in the state), task controller (task started / ended), pedestrian
controller (pedestrian spawning, noticed by the participant, and passing unnoticed), and
car system (car speed, distance from the start point, and offset from the road center).

3.6  Data Processing and Analysis

Data Processing.
We grouped all data according to the condition (gestures and buttons) and computed
the following values from the logged data: 1) pedestrian noticing ratio as the number
of noticed pedestrians to the number of pedestrians displayed during driving; 2) time
taken to notice a pedestrian after it was spawned; 3) device selection time and device
manipulation time as intervals between the instruction was given, a device was selected,
and the final device state was set; 4) task error rate as a ratio between the number of
tasks completed with incorrect device state and the number of tasks; 5) standard devi-
ation of the car offset from the lane center; and 6) the ratio of time the participants were
gazing off the road during device manipulation task.

Given that participants were driving at approximately same speed in both conditions
(78.6 £ 4.5 km/h in gestures condition and 79.7 + 4.3 km/h in buttons condition, the



difference was not statistically significant), we consider that time taken to notice a pe-
destrian in this study can be treated as a valid indicator of attention to the road.

Data Filtering and Statistical analysis.

Few participants experienced issues with eye tracking accuracy and in some trials re-
peatedly selected an undesired device several times before they were able to select the
desired one. In approximately 13% of 240 trials (roughly equally in both conditions)
participants initially selected a wrong device; however, not all these selections were
due to issues in eye tracking. In 3.7% of all trials (equally in both conditions) the par-
ticipants manipulated a wrong device. Most of these events occurred due to participants
confusing the icons. In a couple of cases connected with issues in eye tracking the par-
ticipants received oral instruction from the supervisor: “just select anything and change
its state: this way you continue the experiment”.

An increased delay in selecting an in-car device after the audio instruction was given
served as the indicator of eye tracking issues, and we filtered out all cases when it took
more than 4 seconds to select the expected device. This way, 15.4% of 240 trials were
removed from the analysis (about equally in both conditions).

Statistical analyses were performed using the Friedman and the Wilcoxon signed
ranks tests. Bonferroni correction was used for post hoc pairwise comparisons when
needed.

4 Results

4.1  Driving attention

The mean pedestrian noticing ratio was 94.1% in “gestures” condition, 95.7% in “but-
tons” condition, and 98.2% while driving without a selection task (see Fig. 5, left), the
differences were not statistically significant. During interaction tasks the mean time to
notice a pedestrian was 4.9 seconds in “gestures” condition and 4.2 seconds in “but-
tons” condition (see Fig. 5, right), while during non-task driving the mean time was 3.4
seconds.
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Fig. 5. Attention to pedestrians: pedestrian noticing ratio (left) and time took to notice a pedes-
trian (right).

The Friedman test showed a statistically significant effect of interaction condition for
pedestrian notice time (2 = 12.3, p < .001). Post-hoc pairwise comparisons showed
that the pedestrian notice time was significantly shorter in the baseline condition than
in “gestures” (Z = -2.73, p < .01) and “buttons” (Z = -2.27, p < .05) conditions. The
difference between "gestures" and "buttons" conditions was not statistically significant.

More than half of pedestrians (51.8%) in “gestures” condition were noticed after the
device manipulation had finished, 28.9% pedestrians were noticed while changing de-
vice state, and 12.4% pedestrians were noticed earlier (before, during, or after selecting
a device by gaze). In “buttons” condition, 78.4% of pedestrians were noticed after the
interaction was finished, 4.6% pedestrians were noticed while changing device state,
and 9.6% pedestrians were noticed earlier. We indexed all stages from 1 to 5 and com-
puted the average interaction stage index at which pedestrians were noticed. The Wil-
coxon test revealed these average indexes of interaction stage were significantly differ-
ent between the conditions (Z = -2.85, p < .01): pedestrians were indeed noticed at a
later interaction stage in “buttons” condition as compared to “gestures” condition.

Mean standard deviation of the car offset from the lane center was 0.245 meters in
“gestures” condition, 0.205 meters in “buttons” condition, and 0.237 meters in the base-
line condition (see Fig. 6, left). The condition was not recognized as a factor influencing
this measurement. The condition was an important factor for the ratio of time partici-
pants were gazing off the road (y2 = 82.3, p <.001). However, during device manipu-
lation tasks these times did not differ significantly (13.3% in “gestures” and 15.4% in
“buttons” conditions), while in the baseline condition it was significantly lower, only
1.5% (Z = -3.9, p < .001 for both pairwise comparisons). Fig. 6, right, shows the re-
versed values of this metric, i.e. the time ratio with gaze kept on the road.
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Fig. 6. Attention to the road during task completion: deviation from the lane (left), and time ratio
with gaze kept on the road (right).

There were 11 events when participants were gazing off the road for longer than 2 sec-
onds during tasks (5 in “gestures” condition and 6 in “buttons” conditions); this is spec-
ified as safety-violation event in the NHTSA guidelines [46]. Eight of these events were
recorded from one participant who was experiencing issues with gaze tracking accu-
racy. The rest 3 events were recorded from the other 3 participants.

4.2  Interaction

The difference in mean device selection time (the time spent to activate a device using
eye gaze) between the interaction conditions (3.3 seconds “gestures” condition and 2.9
seconds in “buttons” condition) was not statistically significant. In “buttons” condition
the participants started changing the state of the selected device significantly faster than
in “gesture” condition (1.5 and 3.0 seconds, correspondingly; Z =-3.9, p <.001). The
total mean device manipulation time was 6.7 seconds in “gestures” condition, and 3.3
seconds in “buttons” condition (see Fig. 7, left); the difference was statistically signif-
icant (Z=-3.9, p <.001).

The complete sliding gesture duration expressed as the interval between the time the
system was ready to make a gesture and the time the hand started to move away back
to the steering wheel was 4.5 seconds. We computed this parameter separately for trials
when device state was changed from one extreme value to another one, and for all other
trials. Mean values were 3.8 seconds and 5.2 seconds, respectively, and the difference
was statistically significant (Z = -2.09, p < .05). Mean task error rate was 19.3 % in
“gestures” condition and 17.4 % in “buttons” condition (see Fig. 7, right). This differ-
ence was not statistically significant.
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Fig. 7. Device manipulation time (left) and task errors (right).

Half of the tasks required participants to set one of the two extreme device states, while
the other half required to set a state from the middle of the range (of 4 states). In the
latter case, participants could overshoot the target state while manipulating a device.
Indeed, in the “gestures” condition the participants overshot the target state in 45% of
the tasks when the required state was from the middle of the range. In “buttons” condi-
tion they did it only in 20% of attempts.

Because of this, we computed mean device manipulation times separately for trials
with inner target states and with outer (extreme) target states. In “gestures” condition
these were 5.3 and 7.1 seconds, respectively, this difference was statistically significant
(Z=-2.67,p <.01). In “buttons” condition these were 3.26 and 3.25 seconds, respec-
tively, this difference was not statistically significant.

4.3 Simulator Sickness

None of the participants reported about feelings related to simulator sickness. To
analyze the SSQ data according to recommendations given in [21], the scales were
grouped into "nausea”, “oculomotor”, and “disorientation” symptom clusters. Follow-
ing this the cumulative scores for each of them were calculated. Wilcoxon signed ranks
tests did not show significant differences between the interaction conditions in any
symptom cluster. We further analyzed each separate SSQ rating scale. The Wilcoxon
tests did not reveal any statistically significant differences between the conditions in

any of the rating scales.

4.4 NASA-TLX ratings

Fig. 7, left, shows the mean raw scores +SEM of the NASA-TLX subscales. Wilcoxon
signed ranks tests showed that “gestures” condition involved significantly more physi-
cal demand and frustration than “buttons” condition (Z =-2.89, p <.01, and Z =-2.53,
p < .05, respectively). Performance was rated significantly lower in “gestures” condi-
tion compared to “buttons” condition (Z = -2.19, p < .05). Ratings of mental demand,
temporal demand and effort did not differ between the “gestures” and “buttons” condi-
tions in terms of statistical significance.



The overall workload score computed as the unweighted average of the subscales
(raw TLX, refer to [17]) was only insignificantly higher in “gestures” than in “buttons”
condition (52.8 and 44.7, see Fig. 7, right).
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Fig. 7. Mean task workload ratings (= SEM error bars) (left) and the overall raw scores (right) of
the NASA-TLX questionnaire. The 1-20 rating scales vary from “very low” to “very high” ex-
cept for the Performance scale that varies from “perfect” to “failure”.

4.5  Results from the end questionnaire

Participants’ subjective experiences collected with the end questionnaire regarding
driving and interaction are reported in Fig. 8. Some participants noted in their com-
ments that the haptic feedback was useful. However, when asked about the changes in
feedback pattern when a device state was changing (short break in the feedback), no-
body could recall noticing such a change. Some of the participants noted that in the
“gestures” condition it was sometimes hard to fix the selected state: the state could
unintentionally change when they removed their hand back to the wheel. They sug-
gested that the system was somewhat too sensitive and wider hand movements could
solve this issue. Two participants who preferred gestures over buttons reported that they
liked to change several states (from one extreme to another) in one quick hand slide
rather than pressing a button three times.
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Fig. 8. Subjective experiences of driving and interaction.

5 Discussion

The results showed that mid-air gestures used for interacting with in-car devices did
not distract driver’s visual attention from the road more than buttons located on the
steering wheel. This was evidenced by the fact that only a few gaze-of-the-road events
longer than 2 seconds were recorded in both experimental conditions. Also, the pedes-
trian noticing ratio was approximately the same in both conditions. However, during
“gesture” condition, pedestrians were noted with longer delays while conducting the
manipulation task than when using physical buttons. This was visible also from the
results where the pedestrians were noticed in different stages of the interaction tasks.

Further, the deviations from the lane were significantly larger in “gestures” condition
than in the “buttons” condition. This is in line with the study by Kim et al. [24] which
found that mid-air gestures may cause larger deviations from lane than other input tech-
niques. In contrast, Roider et al. [39] found no difference in deviations when comparing
gesture, speech, and gaze input.

On the other hand, gaze was less distracted from the road when using gestures. We
hypothesize that this difference occurred due to participants inspecting their thumb lo-
cation on the buttons in the first trial(s). The participants did not have to verify their
hand position in “gestures” condition as, firstly, haptic feedback helped to place the
hand to the correct location, and secondly, glancing to the gesture location would have
required more prominent gaze shift from the road, thus the participants avoided it. Also,
this observation suggests that haptic feedback was indeed useful in gesture initiation
phase to find the gesture location blindly in line with [12]. The effect of haptic feedback
on a palm during the device manipulation, however, was less clear, as participants re-
ported not noticing it. This issue requires more attention in future studies.

When eye tracking accuracy was not compromised, device icon selection procedure
was fast and reliable as only a short glance off the road was required. The current study,
however, was conducted in a laboratory condition, whereas earlier attempts to conduct
similar research in a car faced notable issues regarding the eye tracking robustness [20,
43]. With such technological issues solved, gaze pointing may serve as a convenient
means to change an object of interaction without touching surfaces, thus substituting
the speech input [24] or supplementing it [5] in multimodal in-car interfaces.



The simulator sickness was not affecting the ability to operate on both primary and
secondary tasks. However, time was a significant factor for eye strain and fatigue. Sim-
ilar observations are generally common for studies with high mental demand and atten-
tion required (for example, see [37]).

It took more time to complete the task using gestures than using buttons, but the
number of erroneously selected states did not depend on the interaction method. Partic-
ipants left errors uncorrected mostly due to confusing the icons, but in few cases the
reason was eye tracking inaccuracy.

Interaction using gestures was rated as more complex, it caused more frustration,
and was considered as physically more demanding by the participants. In earlier studies
(e.g., [14]), mid-air gestures were found to cause no higher workload than touch inter-
action. In the current study, participants rated their own performance lower when using
gestures, and this may cause that they favored physical buttons over the gestures in their
end questionnaire responses. We propose that making the gesture recognition algorithm
less sensitive may improve the interaction robustness and experience, which in turn
may increase the driving safety by more attentiveness and less lane deviation, among
other factors.

For mid-air gestural interaction to become functional in driving context there are
several things to be considered besides the algorithm robustness. One is the location of
the technology for imaging / tracking drivers’ gestures. Locations closer to the steering
column might require less time to initiate a gesture as well as less physical effort. An-
other thing is the interaction scenario. Using gestures for manipulating other than dis-
crete 4-state in-car devices should also be tested in future studies. We propose that mid-
air gestures might function better for operating infotainment systems. Devices with
continuous scales, like sound volume, are among the first candidates to explore. Finally,
other than horizontal swipe gestures (terminology according to [41]) may be more suit-
able for certain tasks: for example, a side window could be manipulated by a vertical
swipe gesture.

6 Conclusions

We compared interaction with in-car devices using gaze activation combined with se-
lection by either buttons on the steering wheel or mid-air sliding gesture to be com-
pleted approximately in the location where a gear shifter is located in passenger cars.
We found that both selection techniques allowed operating in-car devices blindly with-
out compromising driving safety significantly. From our results we can conclude that
mid-air gestural interaction functions nearly as well compared to interaction with but-
tons. Thus, it has potential as a means of interaction. Mid-air interaction can and needs
to be developed in many respects like improved algorithms, location, and of course the
actual interaction scenario requires careful consideration: there may be additional use
scenarios where drivers may utilize mid-air gestures with higher efficiency than but-
tons.
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