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ABSTRACT

Haptic-enabled rotary control knobs are increasingly being
integrated within vehicles to manage vehicular instrumentation.
By doing so, driver safety and performance is increased as a result
of the distraction reductions associated with such a system. The
integration of window adjustment within such a vehicular
instrumentation management system is examined through human
factors studies for the purpose of reducing driver distraction.
Additional focus is placed on examining the ability of haptic
feedback alone to eliminate reliance on visual feedback when
adjusting window height. Results indicate that eliminating such
reliance is possible by means of a rotary control knob providing
varying intermediate haptic feedback as the window is adjusted.

Categories and Subject Descriptors
H.5.2 [Information Interfaces and Presentation]:
Interfaces — Haptic I/0.

User

General Terms
Performance, Design, Human Factors.

Keywords
Varying intermediate haptic feedback, rotary control knob,
window adjustment, window position, driver distraction.

1. INTRODUCTION

Examining vehicle interiors, current window adjustment systems
rely heavily upon visual and auditory feedback to determine
window height. By utilizing a haptic-enabled rotary control knob,
it is possible for this reliance on visual feedback to be eliminated
as the reliance shifts towards a combination of haptic and auditory
feedback. Such a shift utilizes senses least used during driving
(e.g. touch) and has the ability to improve driving and task
performance [7, 9, 11]. These performance increases are attributed
to both the reduction of errors and the time spent performing the
task. Most importantly, such instrumentation control devices
reduce the likelihood of an accident [9].

In recent years, several major automotive manufacturers have
incorporated instrumentation control into a single rotary control
knob [1, 2, 4, 6]. Such a knob has the ability to provide a driver
with quick and easy access to instrumentation functionality [2, 3,
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4, 6, 7, 12]. Furthermore, such a knob has the ability to effectively
deliver information and cues to the driver when paired with haptic
feedback [8]. As such, the primary focus of the driver is allowed
to remain on driving, increasing the safety of the driver [7, 9].
Examples of such instrumentation control devices include the
Multi Media Interface (MMI) offered by Audi [2], the iDrive
control system offered by BMW [4], the COMAND control
system offered by Mercedes Benz [6], and advanced control panel
solutions offered by Visteon [6]. However, these devices do not
incorporate both window adjustment and haptic feedback.

We designed a haptic-enabled rotary control knob in [10] for the
purpose of selecting a window within a vehicle for adjustment. In
this paper, we expand the previous investigation by now focusing
on the adjustment of window height. Through the associated
study, the possibility of removing driver reliance on visual
feedback during window height adjustment is examined for the
purpose of reducing driver distraction. This investigation is
accomplished by utilizing the haptic-enabled rotary control knob
and a supporting GUI for experimentation. Human factors studies
were then conducted to examine the effects of integrating window
height adjustment into an instrumentation control device such as
the BMW iDrive control system. Using this device in conjunction
with a driving simulator, the following hypothesis was tested:

H;: Adding varying intermediate haptic feedback to a rotary
control knob allows drivers to accurately adjust window height
while eliminating reliance on visual feedback.

To evaluate the validity of this hypothesis, a single study was
conducted to examine the accuracy with which a driver could
adjust window height when provided with only a haptic-enabled
rotary control knob. Within this paper, the work related to this
study will first be discussed. The experimental setup and
procedure will then be discussed. Following this, the results of the
study will be analyzed and further discussed. Lastly, concluding
remarks and future work will be presented.

2. RELATED WORK

Considering the ability of haptic feedback to effectively deliver
information and cues to a user [8], it has great potential to
improve task performance in specific situations. The utilization of
haptic feedback to improve user experience has been thoroughly
investigated through a wide range of applications. Such
applications include teleoperation [5], automotive, and even
utilizing haptics within a doorknob to convey information [8].

Focusing on automotive applications, contributions made by
Immersion Corporation are most relevant to the work presented.
This corporation has partnered with BMW, Lexus, Mercedes-
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Benz, and Visteon to implement haptic feedback within vehicles
[4, 6]. With the exception of Lexus, each of these manufacturers
has utilized a haptic-enabled rotary control knob to manage
entertainment, navigation, and climate control systems.
Ultimately, these systems have allowed users to cut glances time,
reduce distractions, and improve safety while driving [6].

Furthermore, Immersion Corporation has conducted a study aimed
at verifying the safety and performance benefits that drivers
experience as a result of haptic feedback [9]. This study consisted
of two experiments performed while driving within a virtual
environment. The first experiment focused on the lookup of low-
attention information while driving by requiring the user to locate
and select a target on a static graphical image of a slider. The
second experiment extended upon this by requiring the user to
locate and select a target in two tiers.

The results of this study suggested that drivers utilizing “smart”
instrumentation controls would be less likely to drive off the road.
Additionally, results suggested that adding programmable touch
sensations to instrument controls can improve operator
performance in both the instrument task and a primary driving
task. Most importantly, results suggested that simple haptic
feedback increases driving safety by freeing attention for actual
driving. While this work focuses on safety and performance
benefits on a general level, current work aims to validate the
benefits associated with utilizing varying durations of haptic
feedback for the purpose of adjusting window height.

Additionally, a series of studies were conducted in [10] analyzing
the benefits of utilizing visual feedback, haptic feedback, and both
visual and haptic feedback for the purpose of window selection
utilizing a haptic-enabled rotary control knob. Haptic feedback
was generated in the form of a constant force of 0.83+0.01N
exerted on the subject’s hand when transitioning between window
boundaries (see Figure 1). Attention was also given to favoring
the boundaries surrounding a specific window by using a
1.34+0.02N force for differentiation. As a result of these studies,
it was strongly confirmed that the addition of haptic feedback
within a proposed centrally located window selection knob has the
potential to increase driver performance by allowing focus to
remain on the road. Favoring a window resulted in positive
performance improvements compared to the non-favored case.

Window Selection | Selected Window |

Driver Front

(_ Passenier Front

— o

Passenler Rear

Driver Rear

Figure 1. Window Select screen utilized within a previous
study to monitor the current window selected and the haptic
feedback level utilized during experimentation.
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However, this comparison requires additional data to approach
statistical significance. Current work expands upon this vehicular
window control system by analyzing the adjustment of window
height as opposed to selecting windows. Furthermore, focus is
placed on exploring the potential benefits resulting from utilizing
varying durations of force to indicate window height.

3. EXPERIMENTAL SETUP AND
PROCEDURE

Experimentation was conducted with the assistance of a driving
simulator to recreate the task of driving (see Figure 2). This was
used to analyze window height adjustment performance while
providing the subject with a primary driving task to focus on. The
driving simulator consisted of a seat, force-feedback steering
wheel, pedals for gas and brake, a display for the driving task, a
display for the window adjustment task, and a haptic-enabled
rotary control knob placed within the reach of the right hand. For
the purpose of this experiment, the force-feedback capabilities of
the steering wheel were used to add stiffness to the steering wheel.
This was done to simulate the feel of power steering found in
current vehicles. No additional forms of force-feedback were
applied to the steering wheel during this experiment.

Focusing on the display used by the subject, this presented the
subject with a virtual environment supporting the driving
simulator. Within this virtual environment, subjects were placed
within the driver’s seat of a vehicle on a closed-loop circuit.
Subjects were provided with a virtual vehicle interior including a
graphical representation of the vehicle’s current speed. The
placement of this indicator was consistent with that of traditional
speedometer placement. The closed-loop circuit consisted of four
turns which were created with the assistance of a gray surface to
simulate the road and a green surface to simulate the grass.

The secondary display provided the experiment administer with a
graphical user interface supporting the haptic-enabled rotary
control knob (see Figure 3). This screen utilizes a vertical
progress bar to correlate 360° of knob rotation to adjust the
window height from 0% height to 100% height. Additionally, this
screen provides the experiment administer with a numerical
representation of the window height, an option to select which
situation to run, and an option to reset the window height to 0%
height.

Figure 2. Subject sitting within the driver’s seat of the driving
simulator while making window height adjustments.
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Using the aforementioned setup, a single study was conducted
among 8 healthy drivers (6 males and 2 females) between the ages
of 19 and 38. This study focused on examining the accuracy at
which a subject could adjust the height of the window by relying
solely on force-feedback provided by a haptic-enabled rotary
control knob. This study was completed as described in the
following paragraphs:

During this study, haptic feedback was generated by means of a
“constant force” exerting approximately 1.34+0.02N on the
subject’s hand. Utilizing this force, subjects were exposed to two
situations:

I. Window adjustment without intermediate haptic
feedback.
II. Window adjustment with varying durations of

intermediate haptic feedback.

Within each situation, 100% height was indicated by a stop
restricting rotation beyond this point. Case I provided the subject
with no haptic feedback as window height was adjusted. Case 1L
provided subjects with haptic feedback at 25+0.4%, 50+3.125%,
and 75+6.25% of the maximum window height (100%) as
window height was adjusted. Consequently, subjects experience
the “constant force” between the following window heights:
24.6% to 25.4%, 46.875% to 53.125%, and 68.75% to 81.25%.
Increasing durations of haptic feedback are utilized to differentiate
between the three window height levels (25%, 50% and 75%).
Naturally, the duration of haptic feedback experienced by the
subject increases as the window height increases. This is done to
allow users to better estimate window height during adjustment.

Using these conditions, subjects were asked to adjust the height of
the window to a target window height (in percentage form) while
driving in the simulator. Window adjustments for 10 window
heights were requested in random order for situation 1 and then
situation 2. The target window heights requested were as follows:
15%, 25%, 35%, 45%, 50%, 60%, 70%, 75%, 80%, and 90%.
While the experiment was in progress, the subject was required to
maintain their speed within a specified range, stay within the
virtual road, and complete the window adjustment within 5
seconds. If either of these conditions were violated, the window

Window Selection Selected Window |

—
%=~ Window Position

Figure 3. Window Position screen utilized within the study to
monitor the window height (in graphical and percentage
form) and current situation being run.
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adjustment was disregarded and the target window height was
requested again later in the series of trials. To remove reliance on
visual feedback, the window adjustment task display was
positioned such that only the experiment administer could view it.
After each trial the experiment administer recorded the adjusted
window height and reset the window height to 0%. This procedure
was completed for all trials comprising both situations.

4. RESULTS AND DISCUSSION

After gathering data, the adjusted window heights recorded during
each trial were compared to the target window heights for that
specific condition. The average percentage difference between the
adjusted window height and target window height for each
condition were then computed (see Figure 4). Examining this
figure, results demonstrate that providing a subject with varying
intermediate haptic feedback improves accuracy when adjusting
window height. Specifically, providing the subject with varying
intermediate forces resulted in a 4.03% difference from the target
height while the situation without resulted in a 13.89% difference
from the target height. More importantly, results suggest that it is
possible to remove reliance on visual feedback when adjusting
window height while maintaining adjustment accuracy.

To determine the statistical significance of this data, a one-way
repeated measures ANOVA was conducted. The results confirm
the hypothesis, H;, in favor over the null hypothesis (F(1,7) =
287.0625; p = 0.00016382). Accordingly, these results
successfully demonstrate that the use of varying intermediate
haptic feedback allows subjects to accurately adjust window
height utilizing haptic feedback alone.

5. CONCLUSIONS AND FUTURE WORK

The objective of this paper was to investigate the possibility of an
accuracy improvement resulting from providing a driver with
varying intermediate haptic feedback when adjusting window
height. This investigation was conducted to examine the ability of
a haptic-enabled rotary control knob to eliminate a driver’s

Percentage Difference from Target Height
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Figure 4. Bar graph depicting the percentage difference
between the adjusted window height and target window height
for each condition. Condition I is represented by the “No
Varying Intermediate Forces” bar. Condition II is represented
by the “Varying Intermediate Forces” bar. Exact values are as
follows; Condition I = 13.89% and Condition I1 = 4.03%.
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reliance on visual feedback when adjusting window height. The
impact of auditory feedback has been overlooked to focus solely
on the ability of varying intermediate haptic feedback to indicate
window height during adjustment. More importantly, this
investigation was conducted for the purposes of increasing driving
safety by reducing driver distractions and improving driving task
and window adjustment task performance.

This investigation consisted of examining an alternate approach to
means of providing the driver with feedback indicating window
height. As opposed to visual feedback, this investigation relied
upon the use of haptic feedback to indicate window height. This
was accomplished through the examination of two situations: with
varying intermediate haptic feedback and without varying
intermediate haptic feedback. Additionally, an alternate approach
to providing drivers with window adjustment hardware was
examined. As opposed to the conventional series of 4 push
buttons found on the driver’s side door, this investigation
examined the use of a single control point centrally located within
the vehicle.

Upon examining the results, it is evident that providing a subject
with varying intermediate haptic feedback allows for more
accurate window height adjustment. This suggests that the
utilization of such a haptic-enabled rotary control knob has the
ability to eliminate driver reliance on visual feedback when
adjusting window height. Consequently, the safety and
performance benefits experienced as a result of utilizing haptic
feedback additionally applies to the task of vehicular window
adjustment.

To support the reliability of these results, future work must be
conducted utilizing the system within a real driving situation. In
addition to eliminating differences in driving behavior, this also
acts to determine the performance differences that may occur as a
result of a driver also relying on auditory feedback when making
window adjustments. Furthermore, the benefits of implementing a
complete window control system supported by a haptic-enabled
rotary control knob will be examined through an extensive study.
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