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Figure 2. Panels 1 and 2 (with examples of labelling used)

Participants experienced each of the restricted sense conditions in
a counterbalanced order (i.e. five did A-B-C, five A-C-B, five B-
A-C, and so on). All participants experienced the ‘ALL SENSES’
condition at the end of the experiment, that is, as the final
condition. Figure 3 highlights the four conditions experienced in
the study.

NO HEARING NO VISION

NO TOUCH ALL SENSES

Figure 3. Conditions used in the study

2.4 Tasks

For each panel, the following eight tasks (and their associated
switches) were wused: hazard on/off, audio on/off;
increase/decrease audio volume; seek up/down radio station; eject
CD; demist the rear window; recirculate the air within the car; and
raise/lower driver window. The tasks were chosen for two primary
reasons: they were all common in-car secondary tasks; and the
switches needed to execute the tasks were associated with a range
of visual, auditory and touch characteristics.
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2.5 Dependent variables

The two principal dependent variables captured in the study were
quality ratings and preferences, for both individual switches and
panels as a whole. Quality ratings were made using a simple five-
point numerical scale with semantic anchors (very poor quality;
very high quality) in which the following question was set: What
sense of quality does using this switch/panel provide? In addition,
participants were encouraged to speak aloud during the study and
sessions were videoed in order to provide qualitative supporting
data regarding drivers’ opinions.

2.6 Procedure

Initially, participants completed a consent form and a
questionnaire regarding their driving experience. They were then
provided with an overview of the study’s aims and informed in
general terms of what would occur during the course of the study.

In planning the study, it was felt that participants might develop an
overall view of a panel based on their initial experiences which
would affect subsequent ratings. To counteract this possibility,
participants were led to believe that eight panels were being rated.
This was achieved by:

* Informing participants at the beginning of the study that
there were eight panels to be rated, stressing that whilst
they would look similar, they might differ with respect
to a range of visual, sound and/or touch characteristics.

* Keeping panels hidden behind curtains until the
experimenter was ready to commence a condition.
During this time an assistant moved the panels around as
if different panels were being introduced.

*  Placing different labels onto the panels (letters A to H).

For each condition, participants were presented with the panels in
pairs on a desk in front of them. For each of the eight tasks
described in section 2.4 (taken in turn in a fixed order), the
switches for both panels were then operated using the appropriate
hand/finger for a right-hand drive vehicle (i.e. left hand and index
finger for all switches apart from the driver door control). For all
conditions (apart from the ‘NO TOUCH’ condition), participants
were instructed to operate the switches ‘a few times’. In the ‘NO
TOUCH’ condition, the experimenter operated the switches
(typically, two to three times) according to the participants’
instructions. In the ‘NO VISION’ condition, participants’ hands
were guided towards the switches. Following an interaction with
the two switches for a given task, participants were instructed to
make a quality rating for the individual switch for each of the
panels and to state an overall preference.

When all the eight tasks had been covered within a condition,
participants rated the quality of both panels as a whole and gave a
panel preference. The experimenter then moved onto the next
condition. The study lasted approximately one hour in total.

3. RESULTS

3.1 Overall panel preferences and ratings

Figure 4 reports the number of participants who gave an overall
preference for each of the two panels according to each of the four
experimental conditions. The graph shows clearly that there was a
significant preference for panel 1 over panel 2 throughout the
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study, apart from the “‘NO TOUCH’ condition where there was a
marginal preference for panel 1.
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Figure 4. Responses to question, ‘Which panel did you prefer
for quality?’

Table 1 shows the ratings (means with standard deviations in
brackets) for the two panels according to each of the four
experimental conditions. The table highlights the fact that panel 1
was generally rated to be of higher quality than panel 2 for all
conditions, apart from the ‘NO TOUCH’ condition in which there
were no apparent differences in ratings. Two-tailed paired t-tests
confirmed such an observation.

Table 1. Responses to question ‘What sense of quality did the
panel provide?’ — means, standard deviations (in brackets)
and p-values: where 1=Very Poor Quality; and 5=Very High

Quality

Condition Panel 1 Panel 2 Paired t-
test

NO HEARING 3.5(0.860) 2.8 (0.711) p<0.005
(n=30)
NO VISION 3.5(0.682) 2.6 (0.809) p<0.0005
(n=30)
NO TOUCH 3.2 (0.785) 3.1 (0.860) p=0.27
(n=30)
ALL SENSES 3.6 (0.621) 2.8 (0.714) p<0.0001
(n=30)

A bivariate correlation analysis was then conducted in which the
presence or absence of a sense was indicated in a spreadsheet
utilising ‘1’ or ‘0’ respectively. Table 2 shows the Pearson
correlations between the presence/absence of each of the senses
and the ratings for each of panels as a whole. The table reveals
that the presence of touch was significantly related to ratings for
panel 1, whereas the absence of touch was significantly related to
ratings for panel 2.

Table 2. Pearson correlations between absence/presence of
touch and quality ratings for panels

Sense Panel 1 Panel 2
Touch 0.16* -0.21*
Vision -0.02 0.16
Hearing -0.05 0.01

* p<0.05 (two-tailed)

3.2 Individual switch preferences and ratings
With respect to the preference data for individual switches, Table
3 provides a summary of the results showing the switches where:

* There was a strong preference for a switch from panel 1 over
the equivalent switch from panel 2, defined as occurring when
at least two thirds of participants (20 from 30) indicated that
they preferred panel 1

* There was a strong preference for a switch from panel 2 over
the equivalent switch from panel 1, occurring when at least
two thirds of participants preferred panel 2

* There were no strong preferences for a switch from either of
the two panels, that is, when neither of the above criteria could
be applied

Table 3. Responses to question ‘Which switch did you prefer
for quality?’ — listing of switches

Condition Panel 1 Panel 1 Panel 2
strongly switch strongly
preferred c.f. | similar prefs preferred
Panel 2 c.f. panel 2 c.f. Panel 1

NO HEARING | Hazard, Volume,

Window, Demist
Seek, Audio

on/off, Eject

CD,

Recirculate

NO VISION Hazard, Audio on/off,
Window, Volume,
Seek, Eject Demist
CD,

Recirculate

NO TOUCH Hazard, Audio on/off, Recirculate,
Window, Volume Demist,
Seek Eject CD

ALL SENSES Hazard, Audio on/off,

Window, Demist
Seek, Eject

CD,

Recirculate,

Volume
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A similar analysis was conducted for the rating data utilising two-
tailed paired t-tests and the results are shown in table 4.

Table 4. Responses to question ‘What sense of quality did the
switch provide?’ — listing of switches

ratings. This revealed that the three senses accounted for a
significant amount of the variance in quality ratings for the “Eject
CD” switch for both panel 1: F(3, 116)=5.69, p<0.001 and for
panel 2: F(3,116)=5.66, p<0.001. In both cases, the senses
accounted for 13% of the variance in ratings. With respect to the
specific contribution of each sense, touch was the only sense in
which the contribution was significant, and table 6 shows the
standardised coefficients for each of the senses for the “Eject CD”
switch for each panel.

Table 6. Standardised coefficients (Beta) for each sense for
Eject CD switch for each panel

Panel 1 Panel 2
Sense Beta Sig level Beta Sig level
Touch 0.34 p<0.005 -0.27 <0.05
Vision 0.11 p=0.19 0.16 p=0.14
Hearing -0.06 p=0.56 0.01 p=0.89

Condition Panel 1 Panel 1 switch Panel 2
switch rated | rated the same switch rated >
> than Panel | as Panel 2 than Panel 1
2 switch* switch switch*
NO Hazard, Audio on/off,
HEARING Window, Volume, Demist
Seek, Eject
CD,
Recirculate
NO Hazard, Audio on/off,
VISION Window, Volume, Demist
Seek, Eject
CD,
Recirculate
NO Hazard, Audio on/off, Demist
TOUCH Window, Volume,
Seek Recirculate,
Eject CD
ALL Hazard, Audio on/off,
SENSES Window, Demist
Seek, Eject
CD,
Recirculate,
Volume

* p<0.05 (two-tailed)

A bivariate correlation analysis was conducted to assess the
relationship between the presence/absence of each of the three
senses and quality ratings for each of the individual switches
(from both panels). Table 5 shows the results of this analysis for
those switches where at least one significant correlation occurred
(according to a two-tailed test).

Table 5. Pearson correlations between absence/presence of
touch and quality ratings for key switches

Panel 1 Panel 2
Sense Eject Re- Seek Eject Demist
CD circulate CD
Touch 0.32%* | 0.17* -0.35%* | -0.33** | -0.19%
Vision 0.05 0.02 0.15 0.24%** 0.16
Hearing | -0.22* -0.07 0.10 0.05 0.08

* p<0.05 (two-tailed); ** p<0.01 (two-tailed)

As the “Eject CD” switch was associated with significant
correlations for at least two of the senses, it was decided to
conduct a linear multiple regression analysis for this switch to
assess the relative contribution of the different senses to overall
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3.3 Order analysis

During the informal scanning of the data, it was clear that an order
effect existed in the results, focused specifically on the ‘NO
VISION’ condition. A more detailed analysis revealed that
preferences and ratings for the ‘NO VISION’ condition were
significantly different dependent on whether this condition was
experienced first or as the second/third condition. Figure 5 and
Table 7 summarise this finding.

[f'Panel 1 MPanel 2 [ INo preference

Number of participants
(o))

First condition Second condition  Third condition

Figure 5. Responses to question ‘Which Panel did you prefer for
quality?’- NO VISION condition only, split by order
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Table 7. Responses to question ‘what sense of quality did the

panel provide?’” NO VISION condition only, split by order —

means, standard deviations (in brackets) and p-values: where
1=very poor quality; and 5=very high quality

Condition Panel 1 Panel 2 Paired t-test
1* condition 3.8 (0.421) 1.8 (0.632) P=0

(n=10)

2% condition | 3.3(0.622) | 3.0(0.632) | P=0.08

(n=10)

3" condition 3.5(0.926) 3.1(0.333) No difference
(n=10)

4. DISCUSSION

4.1 Which sense provides the greatest
contribution?

Taking the results as a whole, it is argued that touch provides the
greatest contribution to drivers’ ratings of switch quality in a static
situation. Indirect evidence is apparent from participants’
preferences and ratings of each of the two panels, which were
similar for all conditions, apart from the situation in which
participants were deprived of the ability to use their sense of
touch. When touch was removed, participants did not generally
differentiate between the panels with respect to the quality of the
switches. This is despite the fact that switches from the two panels
differed considerably in relation to their visual (e.g. size, shape)
and auditory (e.g. amplitude/frequency of feedback sounds)
characteristics.

More direct evidence was established from the correlation
analyses where the factor of touch had a significant positive
relationship with quality ratings for panel 1, and a significant
negative relationship with ratings for panel 2. In other words, the
touch-related characteristics of panel 1 led to increased ratings of
quality, whereas the opposite was true for panel 2. No such
relationship was observed for the other senses. More detailed
assessments for individual switches found that specific switches
were associated with a strong touch ‘sensitivity’, that is, touch has
a considerable positive or negative relationship with quality
ratings. For instance, according to a regression analysis conducted
for the “Eject CD” switch, the sense of touch provided
approximately three times as great a contribution to ratings, as
compared with the other senses.

Final support for the significance of touch was revealed in an
unexpected order effect. Those participants who experienced the
panels first without vision were noticeably more differentiating in
their preferences and ratings for this condition, as compared to
those who had seen the panels earlier in the experiment. With a
‘blind’ initial experience, it is argued that participants were
acutely sensitive to differences in the touch-related characteristics
of the switches (also noted by Burnett and Porter [1]). In contrast,
when the non-vision condition occurred at a later stage, a visual
mental model of the panels might have already been developed,
which was used in subsequent quality judgements.
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4.2 Why is touch so important?

Returning to Steenkamp’s model of the quality perception process
[15] it was apparent that perhaps the most significant reason for
the importance of touch concerns the nature of the human-switch
interaction. Touch is evidently the only sense from the three
investigated in this study which necessitates a ‘close’ physical
interaction, that is, the human must be near to the object (in this
case a switch) in order to use the sense. Burnett and Porter [1]
have made this point in stressing the need for utilising a greater
range of touch and kinaesthetic cues in in-car control design, in
particular as a means of enabling drivers access to new technology
systems (e.g. navigation, email, Internet services). In making the
argument, Burnett and Porter cite research from the Virtual
Reality domain in which haptic interfaces have been shown to
increase users’ sense of emotional involvement in collaborative
tasks, in relation to traditional visual and auditory interfaces [14].

Furthermore, it was evident in many of the comments made by
participants during the study that the intrinsic quality cues
associated with the sense of touch were fundamental to drivers’
ratings of in-car switches. Interestingly, in making a quality
judgement some participants were clearly using intrinsic touch-
related cues, but were also concerned with absent extrinsic quality
cues, notably regarding pricing. The following comments provided
by two participants highlight the importance of intrinsic touch
cues as well as the significance of extrinsic quality cues for an
image-related product such as an automobile [15].

“This one [Panel 2] felt cheaper to me. Some of the buttons
seem like they would end up breaking after not too long”

“[The two panels] are quite similar in different things, but
there are a couple of buttons which really deteriorate the
whole thing [for Panel 2]. So, for example the Seek button
here feels very cheap... very cheap and very tacky”

Further issues concerned the context in which the ratings were
being made. Despite the fact that ratings were being made in a
static situation, some participants considered the importance of
touch when using in-car switches whilst driving. As commented
by one participant:

“Once I know my radio I want to be able to do it with no
visual input at all, just feel the thing. So, I suppose... size of
buttons will be a lot more important. I don’t normally stare
right at my radio... unless I’m stationary obviously. Most of
the time I’'m... fiddling around hoping I’'m pressing the right
button”

The findings in relation to specific switches are also of interest, as
they highlight key influences for the overall panel results. The
preferences and ratings for switches associated with three
functions (“Demist”, “Recirculate” and “Eject CD”) were largely
the same for all conditions, apart from the situation in which touch
cues were absent. Without touch, participants’ views altered from
a general preference for panel 1 to a preference for panel 2. It was
unsurprising that these three switches were associated with similar
trends in the data as they had comparable designs (within a panel).
Nevertheless, across the two panels there were considerable
differences between the three switches, in particular in relation to
their touch characteristics (e.g. the surface texture, force/travel
relationships). In relation to the participants’ experiences, the three
switches for panel 1 had what was commonly referred to as a
‘soft’ feel, whereas the switches for panel 2 were often referred to
as ‘clicky’ or ‘harsh’.
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4.3 What future work is required?

The significance of touch in the judgement of the quality of in-car
switches raises the question: Which characteristics of touch are
most important? In addressing this question, it must first be noted
that a number of design characteristics will be of relevance, for
instance, force feedback and travel distributions, switch lateral
stability, texture, size, shape, and so on. Related work within
vehicles has taken a Kansei Engineering approach in order to
identify variables considered to be of relevance to the perception
of quality for the touch factor, either of seat fabrics [2], or of
surface materials on components such as the steering wheel [16].
Clearly, research is required which focuses on the relative priority
of touch characteristics for in-car switch panels.

A further key issue concerns individual differences in the
perception of quality for in-car switches. Whilst the results of this
study indicate that touch had the greatest role across participants,
it was apparent from the spread of data that this was not a
universal truth. In this respect, research in the marketing area is of
particular interest. Peck and Childers [13] have developed a
questionnaire which aims to establish the ‘need for touch’, that is,
the extent to which people require touch-related information when
interacting with a potential product. Evidently, there is a need to
understand how consumers with varying ‘need for touch’
preferences are likely to respond to in-car switch designs with
differing degrees of tactile features.

Whilst important as an initial study in this area, it must also be
recognised that a range of limitations exist in the present study.
Consequently, there is a requirement to verify results. Three key
considerations for future work include:

1. The need for a wider range of switch characteristics. A
concern with this study is that the results are unique to the
panels and tasks utilised.

2. The need to utilise switches fitted in representative locations
within a vehicle. Whilst the use of panels enabled easy
experimental manipulation, it was not possible to arrange them
in the same orientations in which they would be operated in a
vehicle.

3. The need to consider the relationship between the consistency
of switch characteristics and the effect on subsequent ratings.
That is, do ratings for an overall design improve or reduce if
switches look, feel and/or sound the same? In this study,
consistency of switch design was not manipulated as an
independent variable, yet it was evident from some
participants’ comments that it had an influence on ratings.

4. The need to consider the specific influences of the driving task
on the perception of quality for in-car switches. Whilst this
paper has argued the importance of the initial showroom
experience for vehicle purchases, comments made by
participants highlight the impact that driving conditions will
have ultimately on quality perception (e.g. due to varying
vibration, noise, illumination).

5. CONCLUSIONS

On the basis of the results described in this paper, it is argued that
the most important sense to get right in designing in-car switches
is touch. If the touch-related characteristics of the switches of a
vehicle are positively received, this can significantly enhance
quality ratings. Perhaps more importantly, if the touch aspects of
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switches are viewed in a negative light, quality ratings can be
considerably reduced. Moreover, quality ratings for an overall
design can be strongly affected by the judgements made on
specific switches - particularly those with well or poorly regarded
touch characteristics.

Touch is considered to be of particular significance in this context
for two key reasons. Firstly, there is an intimacy in the use of
touch which is congruent with the nature of making a subjective
quality rating. Secondly, touch-related feedback can be critical in
the visually demanding driving situation, a fact which consciously
or subconsciously affects drivers’ views on the quality of in-car
switches.

It is worth noting that the results of this study are of particular
significance given the recent trend for the use of touchscreen
technology within vehicles. Traditional touchscreens provide
minimal touch cues to users (only the feedback of pressing against
a solid object) and instead place an emphasis on visual and
auditory information during interaction. The results of the present
study suggest that such devices fail to provide cues to drivers that
would be considered important in this context. Haptic
touchscreens now exist though (see [17]) and it would be of
interest to examine their use in a vehicle environment. Such
research could investigate the design variables that influence
quality perception with such technology. Moreover, it would be
extremely worthwhile to consider whether haptic touchscreens
reduce visual distraction in relation to traditional touchscreens.

As a final point, it is also important to note that vision and hearing
clearly also impact on quality ratings for in-car switches and
should not be ignored in the design process. Whilst it is argued
that touch provides the greatest relative contribution, the
experience of using an in-car switch is clearly multi-sensory and
switch designs with inappropriate visual and/or auditory
characteristics (e.g. garish colours, high frequency sounds) will
inevitably be considered to be of poor quality.
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ABSTRACT

In this paper, we describe changes in heart rate and skin
conductance that result from an artificial manipulation of driver
cognitive workload during an on-road driving study. Cognitive
workload was increased systematically through three levels of an
auditory delayed digit recall (n-back) task. Results show that
changes in heart rate and skin conductance with increasing levels
of workload are similar to those observed in an earlier simulation
study. Heart rate increased in a step-wise fashion through the first
two increases in load and then showed a less marked increase at
the highest task level. Skin conductance increased most
dramatically during the first level of the cognitive task and then
appeared to more rapidly approach a ceiling (leveling) than heart
rate. Findings further demonstrate the applicability of
physiological indices for detecting changes in driver workload.

Categories and Subject Descriptors

J4 Social and Behavioral Sciences: Psychology; J.7 Computers in
Other Systems: Real time; HS5.m Information Interfaces and
Presentation: Miscellaneous

General Terms
Measurement, Performance, Experimentation, Human Factors.

Keywords
Detecting driver state, cognitive workload, driving performance,
physiology, driver distraction.

1. INTRODUCTION

The increase in the complexity of information available to drivers
through in-vehicle interfaces and handheld devices has the
potential to increase driver workload to a level at which driving
performance begins to decline, thus increasing accident risk [3,
16]. As the percentage of older drivers increases, the advent of
autonomous driving systems, and continued surge of secondary
demands, active workload managements systems will increasingly
need to monitor and manage driver state [1, 12]. Examples of
early generation systems include Volvo’s Intelligent Driver
Information System [5] and Saab’s ComSense [13]. These
systems primarily help drivers prioritize information and delay the
presentation of dynamic content based on the driving situation.
Future workload management systems may better adapt to
changing demands by incorporating real time measures of
individual drivers’ capacity. Physiological measures are a
noninvasive method of characterizing relative cognitive workload
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[3] and have been suggested as being complementary to driving
performance based measures in a more comprehensive assessment
of driver workload [16]. Further, physiological measures have
been frequently described as being potentially more sensitive to
initial changes in workload then performance based measures [2,
7, 8, 15] although only limited published data is currently
available to support this assertion [8]. In this research, we further
explore the capability of physiological indices to discriminate
subtle changes in driver workload.

2. BACKGROUND

Theoretically, performance and arousal have an inverted U
relationship (Yerkes-Dodson law); performance increases with
arousal up to an optimal point and then declines as workload and
the arousal associated with it continues to build. This point or,
more broadly, optimal operating range, will vary with differences
in operator capacity and other individual and situational factors.
Drivers too often function in under aroused or distracted states
that result in suboptimal arousal levels and a higher potential for
accidents [16]. Real-time detection of an operator’s workload
might be used to provide feedback that attempts to help the driver
self-manage the demands of operating the vehicle and associated
tasks, thereby optimizing workload and enhancing automotive
safety [12].

In a series of driving studies, heart rate and other physiological
indices have been shown to be responsive to increased cognitive
demand [2, 4, 7]. However, the literature on the relationship
between heart rate, other physiological indices, and driving
performance appears to be mixed. Lennenman, Shelley & Black
[7] found that simulated driving performance did not degrade with
increasing workload and heart rate. Engstrom, Johansson &
Ostlund [6] reported changes in physiological measures that were
inconsistent across dual task conditions, visual vs. cognitive, and
between locations, simulation vs. field. In a simulation study in
our lab, Mehler et al. [8], heart rate and skin conductance detected
changes in workload prior to a discernable decrement in driving
performance. A general decrease in driving performance was only
apparent at the highest level of secondary task demand. In a field
study using the same secondary task presentation, Reimer [11]
showed that changes in visual attention appear to be another
method of detecting levels of secondary cognitive workload.
Consistent with the earlier simulation work [8], a decrease in
driving performance was only found at the highest level of
workload. In the present paper, we report on physiological data
collected during this study.
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3. METHODS
3.1 Participants

Twenty-six drivers between 22 and 27 years of age participated in
the study (M = 23.85, SD = 1.57). Participants were required to
read and sign an approved informed consent form, to present a
valid driver’s license, and attest to having their license for more
than three years, driving more than three times per week and
being in good health. A research assistant ensured that participants
clearly understand and spoke English. Participants were excluded
if they had been involved in a police reported accident in the past
year, needed glasses to drive, or were taking a medication that
caused drowsiness. Participants were recruited in the greater
Boston area using online and newspaper advertisements.

3.2 Apparatus

The experiment was conducted in the MIT AgeLab “Aware Car”,
an instrumented Volvo XC 90 equipped with a customized data
acquisition system designed for time synchronized measurement
of vehicle, driver and environmental factors. Data capture was
facilitated through a number of embedded sensing systems
including a MEDAC System/3 instrumentation unit and
NeuGraph  software  (NeuroDyne Medical Corporation,
Cambridge, MA) for physiological measurement. In addition to
capturing data, the system included functionality for manual and
time based triggering that was used for the presentation of an
auditory prompt / verbal response task.

Three levels of difficulty of a delayed digit recall task (n-back)
were employed to present drivers with a low, moderate and high
level of secondary cognitive workload (0-, 1-, & 2-back
respectively). The presentation order of the levels was “ramped-
up” to systematically increase the demands on the driver. Further
details on the development and presentation of the task can be
found in Reimer [11].

3.3 Procedure

The experiment consisted of two counterbalanced assessments of
identical presentations of the secondary task. One presentation
took place in a driving simulator and the second, reported on here,
in a field vehicle.

A modified lead II configuration was employed for EKG
recording; the negative lead was placed just under the right
clavical (collar bone), ground just under the left clavical, and the
positive lead on the left side over the lower rib. The skin was
cleaned with isopropyl alcohol and standard pre-gelled
silver/silver chloride disposable electrodes (Vermed A10005, 7%
chloride wet gel) were applied. Skin conductance level was
measured utilizing a constant current configuration and non-
polarizing, low impedance gold plated electrodes that allowed
electrodermal recording without the use of conductive gel.
Sensors were placed on the underside of the outer flange of the
middle fingers of the non-dominant hand and held in place with
medical grade paper tape.

During the field portion of the experiment, a research associate
seated in the back of the vehicle observed the participant for signs
of fatigue and other unsafe driving behaviors that could
compromise safety. The research associate also operated the data
collection equipment and provided driving direction. After leaving
MIT, participants drove for approximately 30 minutes before
stopping for a short break. Following the break, the experimental
section of the protocol began. Instructions and other components
of the experiment were prerecorded and played automatically over
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the vehicle sound system. The eight segments of the experiment
and the time allotted to each appear in Table 1. The posted speed
limit was 65 mph (104.60 km/h).

Table 1. Experimental Protocol Overview

Duration
Segment . notes
(min:sec)
Baseline 10:00 Minutes 7:22 7'9:3O'used for the
analysis period.
0-back 1:04 Instructions and one 10 digit
training ) practice trial
0-back test 2:08 Four 10 digit evaluation trials
1-back 2:08 Two repetitions of instructions
training ) and a 10 digit practice trial
1-back test 2:08 Four 10 digit evaluation trials
2-back 312 Three repetitions of instructions
training ) and a 10 digit practice trial
2-back test 2:08 Four 10 digit evaluation trials
Recovery 7:00 Minutes 5:00 - 7:08.used for the
analysis period.

3.4 Data Analysis

Due to recording issues, one participant’s heart rate data and a
second participant’s skin conductance data were unavailable. A
variety of algorithms were applied to the raw EKG and skin
conductance data to remove noise and identify heart rate. Heart
beats were detected using EKG Wave Editor release 1.8
(NeuroDyne Medical Corporation, Cambridge, MA), a software
package that identifies R-wave peaks in the raw EKG signal and
provides editing functionality. Processed records were reviewed
by trained research associates and skipped and double beats were
edited to provide a normalized heart rate record following general
guidelines recommended for heart rate variability analysis [10].
To ensure accuracy and consistency, a second review of all
records was performed by the second author.

Skin conductance is a “smooth” physiological signal characterized
by relatively slow changing tonic levels and phasic sign wave like
peaks associated with discrete arousal events. Artifacts associated
with deformation of the sensor skin interface due to movement of
the fingers or contact with the steering wheel typically appear as
abrupt signal changes that are easily visualized. Artifact removal
was carried out by first filtering skin conductance data using a
wavelet decomposition with a coif5 mother wavelet decomposed
to level 3 using MatLab [9]. The signal was reconstructed using
the level 3 approximation and detail coefficients using a similar
coif5 mother wavelet. This multi-level decomposition of the raw
SCL signal into successive approximation and detail coefficients
allows the breakdown of the SCL data into various lower
resolution components of the original signal. This procedure
allows the removal of high frequency artifacts without
compromising the low frequency information in the SCL data.
The second author directed manual removal of remaining low
frequency movement artifacts. During this review, two cases were
classified as outliers and dropped from the analysis.

Statistical comparisons were computed with SPSS 16 using a
repeated measures general linear model (GLM) procedure and a
Greenhouse-Geisser correction for models that violated the
assumption of sphericity. Gender was evaluated and later dropped
from the analyses presented here after being established as a non-
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significant factor (p>.05). Pairwise t-tests were computed for
significant results with a least significant difference (LSD)
adjustment for multiple comparisons. Means and standard
deviations reported in the figures are computed across participants
where data exist for all levels of the comparison.

4. RESULTS
4.1 Heart Rate

Mean and standard deviation values by period are listed in Table 2
and mean heart rate is displayed graphically in Figure 1. Period
significantly impacted heart rate, F(1.97, 47.21) = 30.95, p<.001,
in a manner consistent with the position that heart rate varies with
the level of workload. Overall, heart rate increased by 3.1 beats
per minute (bpm) from baseline to the low secondary workload
level (0-back task), by an additional 4.5 bpm at the moderate
workload level (1-back task) and finally by another 1.1 bpm at the
high workload level (2-back task). This represents an 8.7 bpm
increase in heart rate from baseline to the highest level of
secondary task engagement. All pairwise comparisons across the
workload periods, except the change between the moderate and
high workload periods, are significantly different (p<.01). Five
minutes following the highest workload period heart rate recovers
to within 0.6 bpm of the baseline value (p>.05). As would be
expected with the variations in how participants respond to the
secondary cognitive task, the standard deviation of heart rate
increases with each level of task demand.

Table 2. Summary of Physiological Response Measures

Heart Rate Skin Conductance
(beats / min) (micromhos)
Baseline 75.4(9.2) 13.7 (4.8)
0-Back 78.4 (10.7) 15.0 (5.5)
1-Back 82.9 (11.9) 15.3 (5.7)
2-Back 84.0 (12.8) 15.3(5.4)
Recovery 76.0 (9.2) 14.6 (5.2)

Note: Means with the standard deviations in parenthesis.
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Figure 1. Mean heart rate (bpm) by period

Changes in mean heart rate from baseline to the highest level of
task demand vary across subjects from -1.9 to 21.3 bpm. In two
cases heart rate decreased. In one of these, the participant clearly
had difficulty remaining engaged in the 2-back task, committing
errors in 11 of 32 potential responses. This error rate was the
largest exhibited in the sample. In the second case, the individual
did not appear to be physiological responsive to the overt changes
in demand, with heart rate varying only 1.9 bpm across the five
periods. In five cases heart rate increased by less than three bpm
and by 3 to 10 bpm in 8 cases. In the 10 remaining cases heart rate
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increased by over 10 bpm between the baseline and high demand
periods.

Comparing the data generated in this field study to results
presented in Mehler et al. [8], incremental increases in heart rate
across the demand levels appear strikingly similar (3.1, 4.5, and
1.1 vs. 3.1, 4,7, and 1.1 bpm respectively). Overall heart rate was
higher in real vs. simulated driving, averaging 4.9, 4.8, 4.6 and 4.6
bpm higher over the first four periods respectively.

4.2 Skin Conductance

Mean skin conductance values by period are presented in Figure
2. As with heart rate, there is a significant effect of period, F(2.32,
50.92) = 7.98, p=.001. Continuing the pattern seen in the
simulation study [8], the largest percentage increase in skin
conductance occurs between the baseline and the initial / lowest
secondary workload period (0-back). This mean change of 1.3
micromhos represents over 80% of the total rise in electrodermal
activity observed across the three cognitive task periods. The
incremental increase from the 0-back to the 1-back period was a
more modest 0.3 micromhos and there was no additional increase
in the mean during the 2-back. Pairwise comparisons show that
baseline skin conductance differs from all other periods (p<.005
or less). However, skin conductance levels across the three tasks
are not significantly different (p<.05) from each other. In contrast
with heart rate, where there was essentially a return to baseline
during the recovery period, skin conductance shows a more
modest decrease. In fact, the change in mean values for skin
conductance level during the 2-back and recovery period show a
trend toward recovery but are not significantly different (p=.07).

15.5 T
. /j\
wi /)
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135 [ T
Baseline 0-back 1-back 2-back Recovery

Figure 2. Mean skin conductance (micromhos) by period

5. CONCLUSION

Heart rate and skin conductance measures are presented as
indicators of changes in driver workload associated with a
secondary cognitive task. Consistent with Mehler et al. [8], heart
rate appears to be a robust measure of incremental changes in real
time workload associated with the secondary task. The current
study replicates our simulation work by showing a remarkably
consistent pattern of heart rate change in an on-road setting using
the same protocol. Further, it extends this work by presenting data
showing good recovery of heart rate to baseline levels following
the cessation of the secondary load. Skin conductance data
collected in the field also show a pattern similar to that seen in the
simulation data. Skin conductance is quite sensitive to an initial
increase in cognitive demand but appears to reach a ceiling effect
more quickly. It is interesting to observe that the increase from
baseline to the initial / low demand O-back task was 2.4
micromhos in the simulator versus 1.3 on-road. One explanation
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might be that the base level of arousal during actual driving is
greater than in the simulator which would reduce the magnitude of
the skin conductance level change if it tends to reach a ceiling
level more readily. Skin conductance also differs from heart rate
in that it appears to show a less rapid recovery following the
completion of the secondary tasks. It may be that this slower
recovery represents some remaining emotional engagement with
the secondary tasks that is more evident in electrodermal activity
than in heart rate.

The results presented here, in combination with task performance
and vehicle performance data collected in this study [11], provide
additional clarity as to the potential role of physiology in the
detection of cognitive workload. Reimer [11] shows that drivers
remained engaged in all levels the secondary tasks, while driving
performance, characterized through lane keeping and forward
velocity, only exhibits signs of deterioration at the highest level of
secondary workload. A significant decrease in the standard
deviation of gaze was also observed at this time. The
physiological data presented here show that only a modest
additional increase in heart rate occurred between the medium and
high workload conditions, suggesting that drivers were nearing
their available cognitive capacity for the combined load of driving
and secondary tasks.

Aging and the corresponding health related declines in physical
and cognitive function play an obvious role in reducing spare
cognitive capacity [14]. These same factors may also potentially
impact the sensitivity of real-time detection of workload through
physiological measures. For example, various cardiac conditions
and medications commonly used by older adults might reduce the
effectiveness of using heart rate as a means of detecting driver
workload by reducing beta-adrenergic reactivity.

The sequential presentation of the task demands from low to
medium to high was carried out to allow a direct comparison with
the earlier simulation [8] study. It is reasonable to question the
extent to which the pattern of results obtained was influenced by
presentation order and further investigation looking at the various
load levels presented in a random order is clearly warranted. A
consideration of presentation order effects and further assessment
of age and health associated characteristics is currently underway.
Continued exploration of these factors and other individual
characteristics is important for determining the usefulness of
physiological indices as a component of an algorithm for the real-
time detection of driver workload.
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ABSTRACT

There has been an increasing interest for in-vehicle interfaces that
make use of haptic information. A simulator study was conducted
to investigate whether haptic information can facilitate the
interaction with an interface while driving. The conceptual in-car
interface consisted of a visual menu of four textures displayed on
a screen and corresponding haptic information displayed through
the interaction device — a rotary device. The experimental
conditions included either visual or haptic or both visual and
haptic information. One advantage of the condition including only
haptic information was that the participants’ eyes remained on the
road during the interaction. However, since the haptic interaction
necessitated serial processing, the experimental task took longer
when using only haptic information. Therefore the participants
seem to have relied more on the visual information when it was
available. The degradation in driving performance and mental
workload assessment did not differ between the conditions.

Categories and Subject Descriptors
H.5.2 [Information Interfaces and Presentation]:
Interfaces — haptic 1/0

User

General Term
Human Factors

Keywords

In-car interfaces; Haptic information; Driver distraction

1. INTRODUCTION

The information input needed for driving a car is predominantly
visual [25] and the major output is generally manual by the hands
(steering wheel and gear shift) and by the feet (accelerator, break
pedal and clutch). Visual in-vehicle displays require the eyes to
be taken off the road and manual controls often require the hands
to be taken off the steering wheel. While gaze has to be moved
from the road to an in-vehicle display to gather detailed
information, the two hands can perform different manual tasks
simultaneously [31]. According to Wierwille [31] it is easier to
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time-share driving and manual in-vehicle tasks than driving and
visual in-vehicle tasks, as long as large corrections of the steering
wheel that require the use of both hands are not needed. It is a
challenge for vehicle manufacturers to design in-vehicle systems
that can be operated safely while driving. It has been suggested
that haptic cues available through the interaction devices may
have the potential to make the interaction with in-car interfaces
safer since the interaction may be less visually demanding [3, 30].

Humans can passively perceive vibrations, applied forces and
motions. In the automotive domain the use of vibrotactile stimuli
has been most investigated and has been shown to be useful as
warnings [11, 16], as well as to provide navigation information
[27]. Humans can actively, through hand movements, perceive
shapes, sizes, textures and locations. The perceptions resulting
from these active movements are sequential and form what is
called haptic perception [9]. Haptic interaction implies the ability
to both sense and manipulate an interface [12]. Hence, haptic cues
can be used to create haptically discriminable buttons and
switches [19]. Haptic cues can also be provided through one
single interaction device, which can change its mechanical
properties just as a graphic display can change its optical
properties [10]. In the domain of desktop interaction, augmenting
a visual interface with usable haptic information through the
interaction device (e.g. a computer mouse), such as texture,
friction, gravity and force, has been shown to result in a decrease
in task completion time [1, 4] and decrease in workload and the
number of errors made [7, 20]. Although there are in-car
interfaces available on the market providing haptic cues through
single multifunctional interaction devices [24], there has not yet
been sufficient research on the use of haptic cues while driving
[2]. In a study by Porter et al. [21] an in-car interface was
designed in which the interface devices (three pods) were coded
in terms of the haptic properties size, shape and location. It was
shown that the number and duration of glances made to the
display and controls were reduced compared to a standard
interface. However, in the applied study by Porter et al. the
comparison between the interfaces was not entirely systematic
since the haptically coded interface and the standard interface
differed in many aspects.

Studies carried out in real and simulated driving environments
have shown that interaction with equipment within the car while
driving cause changes in visual behaviour and driving
performance. It has been shown that visual-manual tasks, such as
interacting with a mobile phone or manipulating a car radio, leads
to frequent and long periods of visual time off road and impaired
lane-keeping performance, harmed detection ability and increased
brake reaction time [15, 26, 32, 33]. It has also been revealed that
non-visual withdrawal of attention, for example a phone
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conversation, leads to impaired driving [15]. There are several
different ways to measure drivers' visual behaviour and driving
performance. One limitation of the ISO metrics glance frequency
and glance duration [13] is that these measures only can be used
to measure visual behaviour during visual secondary tasks. It has
been shown that non-visual secondary tasks can lead to gaze
concentration towards the centre of the road [22, 29]. Hence, an
alternative to glance based measures is the measure called Percent
Road Centre (PRC) [29]. This measure focuses on how much time
is spent looking at the centre area of the road and can be used to
evaluate visual behaviour during both visual and non-visual
secondary tasks. Several driving simulation software programs are
available for evaluating the distraction caused by the interaction
with in-vehicle systems. The simulations range from advanced
ones that record numerous measures on both lateral and
longitudinal performance to more hands-on ones that record one
or a few measures. An applied driving simulation software
currently under investigation to be an ISO standard is the Lane
Change Test (LCT) [14]. In this PC simulated environment
drivers are requested to change lanes while interacting with an in-
car interface. The perception and reaction to lane-change signs
shows the driver's awareness of the environment and the lane-
keeping shows the driver's ability to control the vehicle [18]. The
LCT derives a single measure of driving performance — the mean
deviation from a normative path. Mattes [18] showed that results
from the LCT correlates with results from a high end moving base
driving simulator. Since not only visual and manual, but also
mental workload, leads to impaired driving [15] it is central to
also consider the mental workload imposed by different
secondary tasks. Mental workload can be measured by using
subjective assessment techniques.

The objective of the present simulator study was to investigate
whether haptic information can ease the interaction with an
interface while driving. The conceptual interface used in the study
provided visual or haptic or both visual and haptic information.
Secondary task performance, eye movement behaviour, driving
performance and subjective assessment of mental workload were
measured.

2. METHOD
2.1 Participants

Forty participants (six women and 34 men) were recruited to take
part in the study. The majority of the participants were students
recruited via e-mail at Chalmers University of Technology. Their
ages ranged from 20 to 46 (M = 26.8, SD = 5.2). The criteria for
participation were possession of a driving license and no need of
eyeglasses (to ensure eye-tracking data of good quality). The
participants were to be able to wear contact lenses if vision
correction was needed.

2.2 Equipment

The study was conducted using a fixed base Volvo XC90 driving
simulator (Fig. 1). A 140 cm wide and 110 cm high driving scene
was projected on a screen approximately 200 cm in front of the
participants. The driving simulation used was the Lane Change
Test (LCT) [14]. In the LCT simulation a participant drives at a
constant speed of 60 km/h on a straight, three-lane road on which
no other cars are present. Signs on both sides of the road instruct
the participant to change lanes. The information appears 40
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metres ahead of the sign. In the LCT, the deviation from a
normative path is recorded. Consequently, late perception of signs
(or missed signs), slow lane change and poor lane-keeping result
in greater deviation [18]. An LCT track takes three minutes to
complete, and 18 lane changes are made during a track. An LCT
analysis software was used to compute the mean deviation for the
participants.

Figure 1. The LCT driving scene and Volvo XC90
simulator, including a secondary task interface display
(1) , a haptic rotary device (2), a display presenting the

secondary tasks to be completed (3) and eye-tracking
cameras (4).

The secondary task interface was implemented in Macromedia
Director 8.5 (Adobe Systems Inc., USA). A visual menu was
displayed on an 8.5" screen in the centre panel of the simulator
(Fig. 1). The interaction with the interface was made with a haptic
rotary device (ALPS Haptic Commander, ALPS Automotive
Products Division, Japan) mounted on the centre panel. The
device had a knob diameter of 3.5 cm. The interface program
managed the sensations provided through the rotary device and
the graphical scenes displayed on the centre panel display. The
program also managed the task presentation — orally in
headphones and written on a 6.4" display placed on the dashboard
in front of the participants (Fig. 1). faceLAB 4.1 (Seeing
Machines, Australia) was used to record eye movements. By
means of video signals from two cameras, the faceLAB system
measures 3D head position and gaze direction at a rate of 60 Hz.
The two eye-tracking cameras were mounted on the dashboard in
front of the participants (Fig. 1). To improve data quality face
markers were placed on the participants' face. An analysis
software, Visual Demand Measurement (VDM) Tool [28], was
used to analyse the eye movement data.
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2.3 Secondary Task Interface

The secondary task interface was designed to contribute to the
central theme of haptic and visual information and did not consist
of real vehicle functions. The interface was designed to display
congruent information in the haptic and visual modalities. Since
textures can be effectively perceived both haptically and visually
[6] a menu with texture items, or more specifically items with
different roughness, was designed.

The four secondary task conditions were named: visual
information (V), visual information and haptic ridges (VHr),
visual information and haptic ridges and textures (VHrt), and
haptic ridges and textures (Hrt). As the rotary device was turned
in the conditions including visual information, a transparent blue
cursor moved in the menu displayed in the centre panel display
(Fig. 2). The four menu items, A, B, C and D, were arranged
horizontally, and each texture had a height and width of 25 mm.
The graphical representations of the textures were identical for the
three conditions including visual information. The visual menu
was not displayed in the Hrt condition.

A B C D

Figure 2. The visual menu displayed in the centre panel
display in the secondary task conditions including
visual information (V, VHr and VHrt). The textures are
here presented in alphabetical order from A to D. In
the experiment, the active texture was marked with a
transparent blue cursor.

The haptic sensations provided through the rotary device varied
between the conditions (Fig. 3). The total angle of operation was
150° for all conditions. Hence, a participant was able to
comfortably rotate the device through the menu without changing
the grasp. Restricting walls were incorporated outside the scale
limits on each end of the menu, and a damper torque made forces
increase and decrease with device speed. A smooth sensation was
provided in the V condition as the device was turned. In the VHr
condition salient ridges were incorporated between every texture
in the menu to indicate borders. The angle of the ridges was 10°
and the amplitude of the elastic torque was 50 mN-m. The salient
ridges indicated borders in the VHrt and Hrt conditions and, in
addition, representations of the textures were provided through
the device. The haptic textures were rendered as repeated and
evenly distributed ridges, i.e. alternated high and low torque. The
peak torque of the textures was 10 mN'm and textures A, B, C
and D had 0, 3, 6 and 30 ridges, respectively.
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Figure 3. A representation of the haptic sensations
provided through the rotary device in the four

secondary task conditions: V (1), VHr (2), VHrt
and Hrt (3).

Task

The tasks to be completed with the secondary task interface, e.g.
"Locate C", were automatically presented to the participants
orally in the headphones and provided in written form on the 6.4"
display in front of the participants. The participants located and
selected the requested item in the menu by turning and pushing
the rotary device. As soon as one task was completed, the next
was initiated. The target texture and the positions of the textures
changed for every trial. If the wrong texture was selected, the
textures stayed in the same order until the right texture was
selected. A beep was given as feedback after a task was
completed successfully. The device was programmed to start at
the leftmost texture for every new trial, and the participants were
to initially turn the device clockwise. The reset was not felt, and it
was therefore not necessary to let go of the device.

2.4 Procedure

The experiment had a between-subjects design and the
participants were randomly assigned to the four secondary task
conditions, V, VHr, VHrt and Hrt. During the test the test leader
sat in the front passenger seat of the simulator and controlled the
equipment and read test instructions aloud from a manuscript. A
brief description of the experiment as a whole was given at the
beginning of a session. The participants were then instructed to
adjust the seat, markers were placed on the participants' face, and
the eye-tracking cameras were calibrated. The participants were
given instructions about the LCT and were specifically informed
to change lanes quickly, as soon as the information appeared on
the signs. Each participant then drove three LCT tracks, of which
the first two were training tracks and the third was a baseline
driving track, i.e. driving without secondary task. Eye movements
and driving performance were recorded for the baseline track.

Subsequent to baseline driving the participants practiced the
secondary task in isolation in two training series. In the first series
the participants were to learn which letter represented which
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texture and were free to explore a menu in which the menu items
were provided in alphabetical order. As the rotary device was
turned, the name of the active item (A, B, C or D) was displayed
on the centre panel display. In the second training series the
participants practiced the secondary task as it would be displayed
while driving. The participants had to successfully complete 12
tasks in a row to pass the training.

Following this training the participants completed two dual-task
driving tracks, i.e. driving with secondary task, of which the first
was a training track. For the second track, data were recorded on
secondary task performance, eye movements and driving
performance. Since it may be tempting to adopt a strategy where
secondary tasks are completed on the straight sections between
the lane changes, the participants were instructed to perform as
well as they could on both the primary and secondary tasks. The
participants finally drove a second baseline track, for which data
on eye movements and driving were recorded. After the test the
participants were asked to fill in a participant characteristics form
(concerning gender, age, handedness etc.) and mental workload
(NASA-TLX) forms. A whole session took altogether about one
hour.

2.5 Dependent Measures

Secondary task performance was measured in terms of the
number of tasks completed and the number of push and turn
errors made. When the wrong item was selected, the action was
recorded as a push error, and the action was recorded as a turn
error when the participants passed the right item without
selecting. The eye movement data were analysed in terms of
percent road centre (PRC) [29]. In the PRC analysis the road
centre area was defined as a circle with a radius of 10°. LCT
driving performance was measured in terms of mean deviation
[14]. The NASA-TLX rating method was used to measure
subjective mental workload. NASA-TLX is a multidimensional
rating method that gives an overall workload score based on the
weighted average of six workload-related factors (mental demand,
physical demand, temporal demand, performance, effort and
frustration level) [8].

3. RRESULTS

An alpha level of .05 was used for all statistical tests.

3.1 Secondary Task Performance

Figure 4 shows the number of tasks completed in the four
secondary task conditions. A between-subjects ANOVA with
secondary task condition (V, VHr, VHrt and Hrt) as the factor
was used to test the statistical significance of differences. The
number of tasks completed was found to be significantly different
between the conditions, F(3, 36) = 21.1, p<.001. The Tukey HSD
procedure, used for post hoc pairwise comparisons of means,
showed that there were no significant differences between the V,
VHr and VHrt conditions. However, significantly fewer tasks
were completed with the Hrt condition as compared to the other
conditions (all p<.001).
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Figure 4. The number of tasks completed for the four
secondary task conditions. The error bars represent
95% confidence intervals for the means.

In terms of push error, floor effects were present for the V, VHr
and VHrt conditions, whereas 10% of the tasks in the Hrt
condition included a push error. Figure 5 shows the percentage of
tasks that included a turn error. To rectify the differences between
group variances the turn error data was transformed by taking the
square roots of the values. A between-subjects ANOVA with
secondary task condition (V, VHr, VHrt and Hrt) as the factor
was used to test the statistical significance of differences. The
number of turn errors made was found to be statistically different
between the conditions, F(3, 36) = 14.5, p<.001. The Tukey HSD
procedure showed that there were no significant differences
between the V, VHr and VHrt conditions. However, significantly
more turn errors were made with the Hrt condition as compared to
the other conditions (all p<.001).
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Figure 5. The percentage of tasks including a turn error
in the four secondary task conditions. The error bars
represent 95% confidence intervals for the means.

3.2 Eye Movements

Figure 6 shows the PRC values for baseline and dual-task driving
for the four conditions. Since each participant conducted two
baseline tracks, mean PRC values were calculated. Within-groups
t-tests (two-tailed) were used to compare the PRC values between
baseline and dual-task driving. The PRC values decreased
drastically when tasks including visual information were
performed: #(9) = 14.77, p<.001, for the V condition, #9) = 16.50,
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p<.001, for the VHr condition and #9) = 9.19, p<.001, for the
VHrt condition. No significant difference was found between
baseline and dual-task driving for the Hrt condition.
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Figure 6. PRC values for baseline and dual-task driving
for the four secondary task conditions. The error bars
representing 95% confidence intervals for the means
have been adjusted in the figure to suit within-subject
comparisons [17].

To compare the PRC values between the conditions, the relative
decrease or increase in PRC was calculated for each participant
by dividing the dual-task value with the baseline value. More time
spent looking at the centre area of the road in the dual-task
condition as compared to the baseline leads to a higher quotient
1) (V: M=0.62, SD = 0.07; VHr: M = 0.64, SD = 0.07; VHrt:
M = 0.69, SD = 0.10; Hrt: M = 1.03, SD = 0.06). A between-
subjects ANOVA with secondary task condition (V, VHr, VHrt
and Hrt) as the factor was used to test the statistical significance
of differences. The quotient was found to be statistically different
between the conditions, F(3, 36) = 60.9, p<.0.001. The Tukey
HSD procedure showed that there were no significant differences
between the V, VHr and VHrt conditions. However, the time
spent looking at the centre area of the road as compared to the
baseline was significantly higher for the Hrt condition as
compared to the other conditions (all p<.001).

3.3 Driving Performance

Figure 7 shows the mean deviation for baseline and dual-task
driving tracks for the four conditions. Since each participant
conducted two baseline tracks, mean baseline deviation values
were calculated. Within-groups #-tests  (two-tailed) were
conducted to compare the mean deviation between baseline and
dual-task driving. There was a significant increase in mean
deviation from baseline driving to dual-task driving for all
conditions: #(9) = -3.1, p<.05, for the V condition, #9) = -2.8,
p<.05, for the VHr condition, #9) = -2.8, p<.05, for the VHrt
condition and #(9) = -5.06, p<.01, for the Hrt condition.
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Figure 7. Mean deviations for baseline and dual-task
driving for the four secondary task conditions. The
error bars representing 95% confidence intervals for
the means have been adjusted in the figure to suit
within-subject comparisons [17].

To compare the decrease in performance between the conditions,
the relative decrease in performance was calculated for each
participant by dividing the dual-task value with the baseline value
(Mattes, 2003). Performing poorly in the dual-task condition as
compared to the baseline leads to a higher quotient (>1) (V: M =
1.11, SD = 0.12; VHr: M = 1.06, SD = 0.08; VHrt: M = 1.16, SD
= 0.18; Hrt: M= 1.20, SD = 0.13). A between-subjects ANOVA
with secondary task condition (V, VHr, VHrt and Hrt) as the
factor was used to test the statistical significance of differences.
Degradation in driving performance did not differ significantly
between the conditions.

3.4 Subjective Mental Workload

The mean weighted workload scores (V: M = 58.3, SD = 11.0;
VHr: M =624, SD = 14.7; VHrt: M = 54.0, SD = 18.9; Hrt: M =
62.9, SD = 6.9) were not significantly different between the
secondary task conditions.

4. DISCUSSION

Fewer tasks were completed in the Hrt condition in comparison
with the other three conditions. When using solely haptic
information the menu had to be sequentially processed texture-by-
texture, which was time-consuming, whereas the menu items in
the V, VHr and VHrt conditions could be visually processed more
simultaneously. Analogously, more turn errors were made in the
Hrt condition. A comparison between textures could be made
visually without turning the device (V, VHr and VHrt), while the
device had to be turned in order to compare textures haptically
(Hrt), which resulted in an increased number of turn errors.
Furthermore, and interestingly, it can be concluded that there
were no significant differences between the three conditions
including visual information, irrespectively of whether redundant
haptic information was provided or not. Studies have shown that
vision often dominates an integrated percept [5]. Thus, visual
dominance in combination with the fact that the visual
information in this experiment could be processed faster and more
precise than the haptic seem to have led to a reliance on visual
information when it was available. Rydstrém and Bengtsson [23]
also observed in a desktop experiment that haptic texture
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information was often ignored by the participants if
corresponding visual information was provided. Even though the
present experiment included a concurrent visual task (driving) the
participants do not seem to have used the redundant haptic
information instead of or even as a complement to the visual.
Nonetheless, in the domain of desktop interaction, augmenting a
visual interface with usable haptic information through the
interaction device has been shown to enhance the interaction [1,
4]. However, one difference in these interfaces is that the haptics
is designed to enhance the visual interaction rather than replace it.
Research in human-computer interaction has also shown that
workload is decreased when a visual interface is augmented with
usable haptic information [7, 20]. However, the reported mental
workload did not differ between the secondary task conditions in
this study. In view of the fact that the haptic interaction was more
time consuming and less precise it is notable that it was not
demonstrated that haptic interaction was more mentally
demanding.

The PRC measure showed that the eyes were kept on the road
during the non-visual Hrt condition. From this view, it is apparent
that there is a potential for haptic interaction. In contrast, the PRC
values were significantly lower for the V, VHr and Vhr conditions
compared to baseline driving. Further, in terms of the PRC values,
the visual behaviour did not differ between the V, VHr and VHrt
conditions. Hence, complementing visual information with
corresponding haptic information did not increase the time the
participants spent looking at the road. Interestingly, from a traffic
safety point of view the non-visual haptic condition might be
advantageous, even though it is more time consuming and less
precise, as concluded above. A practical implication of this would
be that when visual information is not needed it should not be
provided. For example volume controls sometimes has a graphical
representation in a display when the volume is increased or
decreased. The visual information may make the driver look at the
display instead of only rely on the auditory and haptic
information.

When using the LCT, which is a PC simulated environment, the
road scene is projected only in front of the participants, and no
rear-view mirrors are used. In addition, no glances at the
speedometer are necessary since the driving speed is system-
controlled. In this experiment there were therefore relatively high
values in the PRC value for baseline driving, over 90%. Real
driving normally gives a PRC value of about 70% [29]. This may
have made it infeasible to calculate an effect of gaze
concentration caused by attention to a non-visual secondary task
[22, 29]. It should also be mentioned that glances at the display
presenting the tasks to be completed may have induced some
noise in the data.

Compared to baseline driving, all four secondary task conditions
caused an increase in mean deviation. This finding supports
research showing that both visual and non-visual secondary tasks
have a negative influence on driving performance [15, 33].
Furthermore, it was shown that the participants performed
similarly in all conditions. It could, however, perhaps be expected
that the degradation in driving performance should be less for the
Hrt condition since the eyes were kept on the road. One possible
explanation for the absence of this effect could be that the lane-
change signs in the LCT are highly expected. A participant can
therefore adopt a strategy in which the tasks are solved using
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visual information at the straight sections between the signs.
Alternatively, since the tasks were provided one after another
during the dual-task track, most of the driving was spent with
only one hand on the steering wheel. In view of the fact that LCT
requires a great deal of manipulation of the steering wheel, and
large corrections of the steering wheel often actually require the
use of both hands [31], there was substantial manual time-sharing
for all conditions. However, since the LCT derives a single
measure of driving performance, different characteristics of
driving are not considered in isolation. Perhaps other measures,
such as response to an unexpected external event, could capture
any differences.

Porter et al. [21] found that an in-car interface designed with
consideration to haptics was preferable to a conventional one in
terms of the number and duration of eye glances. The study of
Porter et al. indicates that haptic interaction has the potential to
facilitate the interaction with in-vehicle equipment. The present
study showed that during the condition including only haptic
information the participants’ eyes remained on the road during the
interaction. Even if the experimental task took longer when using
only haptic information, the degradation in performance and
mental workload assessment did not differ from the conditions
including visual information, which is a result of vital importance
for future implementations of haptics. However, the haptic
information needs to be improved. Multifunctional, menu-based
systems are common in cars today [24]. These systems include a
wide range of different functions, and the interaction often
requires several steps of visual and manual interaction. This
experiment serves as a basis for investigating the use of haptic
and visual information in the interaction with such systems. The
next step will be to implement haptic and visual information in
combination with a more genuine in-car interface.
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ABSTRACT

Nowadays, personal navigation devices (PNDs) that provide GPS-
based directions are widespread in vehicles. These devices
typically display the real-time location of the vehicle on a map
and play spoken prompts when drivers need to turn. While such
devices are less distracting than paper directions, their graphical
display may distract users from their primary task of driving. In
experiments conducted with a high fidelity driving simulator, we
found that drivers using a navigation system with a graphical
display indeed spent less time looking at the road compared to
those using a navigation system with spoken directions only.
Furthermore, glancing at the display was correlated with higher
variance in driving performance measures. We discuss the
implications of these findings on PND design for vehicles.

Categories and Subject Descriptors
H5.2. User Interfaces: Evaluation/methodology.

General Terms
Measurement, Design,
Factors.

Reliability, Experimentation, Human

Keywords

In-car navigation, user interfaces, driving performance.

1. INTRODUCTION

As computer form factors shrink and communication bandwidth
and networks expand, ubiquitous computing is starting to play an
increasingly important role in our lives. This prospect is
particularly exciting with regards to interaction with users while
they are engaged in the manual-visual task of driving. In some
countries, driving is the primary mode of commuting. For
example, according to the U.S. Census Bureau [1], Americans
spend more than 100 hours a year commuting on the road. Given
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the large amount of time that some people spend behind the
wheel, and the increasing availability of computational resources
that can now operate inside a vehicle, many companies have been
introducing a myriad of mobile services and functionalities into
the consumer market just for drivers. A few notable examples are
hands-free voice dialing, GPS navigation, live traffic reports,
automated directory assistance, and infotainment systems.
Unfortunately, the question of how these in-car services impact
driving performance remains largely unanswered.

This paper addresses the effect of in-car personal navigation
devices (PNDs) on driving. In order to guide drivers, a PND
usually combines a map-based visual display of the GPS location
of the vehicle with spoken directions. However, any visual output
to the driver may constitute a potentially dangerous source of
distraction. As such, we sought to answer two important research
questions:

1. Does a PND with combined visual and spoken output cause
drivers to spend less time looking at the road ahead than a
PND that provides spoken output only?

2. What is the effect of glancing at the PND visual display on
driving performance?

These two questions are motivated by an industry trend towards
PNDs with increasingly sophisticated graphical user interfaces
(GUI), such as 3D views of the terrain [2][3]. At the same time,
many mobile phones with much smaller screens offer driving
directions that rely primarily on spoken output to guide users,
such as the Verizon VZ Navigator [4].

This paper is organized as follows. After surveying related
research in Section 2, we describe the experiment we conducted
using a high fidelity driving simulator to address the two research
questions above in Section 3. We report our results in Section 4
and discuss the implications of our results on PND design in
Section 5. Finally, we conclude with directions for future
research.

2. RELATED RESEARCH

Although many researchers have worked on evaluating the visual
and cognitive load of driving as well as that of participating in
concurrent activities such as talking on a cell phone [5], no
research to date has specifically explored the effects of interacting
with a PND on driving performance. We now describe the most
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Figure 1. 180° field of view driving simulator.

relevant prior work that either sets a precedent for our
experimental methodology or discusses similar in-car interfaces.

Because assessing driving performance in real vehicles can be
impractical and hazardous, simulator studies are a common way to
evaluate driving performance as well as visual attention while
interacting with in-car devices. The work of Lew et al. supports
the validity of this approach [6] and researchers often make design
recommendations based on simulator studies. In fact, Lew et al.
explored how well simulator performance could predict driving
performance among participants recovering from traumatic brain
injury. The authors reviewed a number of studies on this topic and
found it difficult to compare results, due to a lack of standard
driving simulator scenarios. In their study, they used driving
performance measures from the simulator, such as lane position
variance and steering wheel angle variance, in conjunction with
human observation data, to predict driving performance at a future
date (when participants have hopefully recovered some of their
abilities lost to the injury). They found that simulator performance
measures were good predictors of future driving performance in
the real-world.

Besides simulator studies, a few large-scale naturalistic studies
have also been conducted. In order to assist the development of
crash countermeasures, Neale et al. [7] collected data about the
driving habits, performance and other factors of 100 drivers over a
period of one year. Their study provides useful data on the causes
of crashes and near-crashes; for example, the most common
causes involved a lead vehicle braking. Indeed, the unexpected
events we generated in our simulator experiment were informed
by their study.

While our experiment assesses the effects of PND output on
driving performance, Tsimhoni et al. investigated the effects of
entering addresses while driving using word-based speech
recognition, character-based speech recognition and typing on a
touch-screen keyboard [8]. They found that employing speech
recognition allowed for shorter and safer address entry than using
a keyboard.

Prior research has examined a variety of other in-car devices, and
even cognitive architectures for predicting the effect of in-car
interfaces on driving performance [9]. In a simulator experiment,
Chisholm et al. [10] looked at manual-visual interactions with
mp3 players while driving. They found that complicated
interactions with the mp3 player increased reaction time to road
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Figure 2. Experimental setup inside the vehicle.

hazards. Using an eye gaze tracker, the study also concluded that
the interactions re-directed driver attention from the road to the
mp3 player, increasing the chance of crashes. Medenica and Kun
[11] compared the driving performance of participants when using
a police radio’s manual user interface versus a speech user
interface. They found that using the manual user interface
degraded driving performance significantly whereas using the
speech interface did not.

Using a simulator experiment, Horrey et al. investigated the
influence of in-car devices in general on the visual attention of
drivers and driving performance [12]. They found that as the
amount of time drivers spent observing the outside world (or the
percent dwell time on the outside world) decreased, the variability
in lane position increased. In other words, their experiments
showed that visual distractions negatively influenced driving
performance. While general findings provide critically important
guidance, they need to be validated for specific domains. Our
simulator experiment validates their finding specifically for
PNDs.

3. EXPERIMENT

Before we delve into the details of our simulator experiment, it is
worth noting that we conducted a preliminary study comparing
paper directions against a PND with and without a visual display
[13]. In examining the ways in which a PND in general was better
than paper directions, and observing how drivers with a visual
display spent less time looking at the road than those with spoken
directions only, we decided to conduct a follow-up experiment
that could more thoroughly inspect the relationship between
glancing and driving performance. We did this by making the
simulation more typical of a city route, with short and long road
segments, ambient traffic conditions characteristic of city driving,
and pedestrians walking here and there. In other words, we
developed a more “realistic” simulation populated with things to
look at — primarily, other cars and people. We now describe how
we conducted the simulator experiment and collected data.

3.1 Equipment

Our experiment was conducted in a high-fidelity driving simulator
with a 180° field of view. As shown in Figure 1, the simulator
provides a full-width automobile cab on top of a motion base that
allows drivers to feel bumps in the road as well as braking. Figure
2 displays the equipment inside the vehicle. Because we were
interested in visual attention, we equipped the simulator with two
eye trackers that provide gaze information from two cameras
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Figure 3. LCD screen displaying real-time location of the
vehicle on a map.

each. Figure 2 also shows where we mounted a 7°> LCD screen
for displaying map information. PNDs are typically mounted
either on the windshield, on top of the dashboard, or are built into
the dashboard. We decided to place the LCD screen on top of the
dashboard because the gaze angle generally has to change less if
the PND is located higher than if the PND is built into the
dashboard. Although a 7’ screen is typically larger than most
portable PNDs, our larger screen ensures that users can clearly see
the map and read the street names. Indeed, the consumer market
has exhibited a steady trend toward larger screen PNDs with
greater multimedia functionality.

3.2 Method

3.2.1 Participants

We collected data from 8 male participants. All were university
students between the ages of 21 to 29 (the average age was 22.4).
They received a $15 gift card to a popular store chain for their
participation.

3.2.2 Procedure

Participants in the experiment interacted with two types of
navigation aids:

1. Standard PND directions: Standard PNDs provide real-time
map location as well as turn-by-turn spoken directions. Likewise,
our LCD screen presented users with real-time location of the
vehicle in the simulator world along with spoken prompts for
impending turns. Figure 3 shows the LCD screen with map
information. The map was presented in a dynamic, exocentric,
forward-up view, where the car remains at the center of the screen
while the road moves. In order to eliminate problems associated
with the comprehension of synthesized speech while driving [14],
we used spoken prompts recorded by a female voice talent.

2. Spoken directions only: Here, we utilized the same spoken
prompts as in the standard PND and displayed no map
information on the LCD. The spoken directions provided
distances to the next turn (e.g., “In 75 yards turn right onto Fifth
Avenue.”). Because the simulator does not provide an odometer,
we displayed odometer information on the LCD.

The experimental protocol proceeded as follows. Participants
were given an overview of the simulator and the driving and
navigation tasks, and were then trained in the driving simulator.
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Figure 4. Simulated two-lane city road with lane markings
and ambient traffic. The image also illustrates an
unexpected event: a pedestrian walking into the roadway
from behind a vehicle parked on the side of the road.

Training consisted of driving in a city environment as shown in
Figure 4. Participants were instructed to drive as they normally
would and to obey all traffic laws. They first drove for about 5
minutes following directions from a standard PND and then
another 5 minutes following directions from a PND with spoken
directions only. During training, participants were exposed to two
unexpected events, one for each navigation aid. In one event, a
pedestrian walked out from behind a vehicle parked on the side of
the road (see Figure 4), and in the other, a parked vehicle pulled
out and cut off the participant. Participants were warned that they
may encounter such events before they started the driving portion
of their training.

After training, participants completed two routes, one for each of
the navigation aids. Two routes were used to prevent participants
from learning the directions over the course of the experiment. In
order to keep the driving task complexity equal across routes, the
two routes were identical, and participants simply traversed them
in different directions for the two PNDs. Figure 5 displays the
route used in the experiments (bottom left side). Roads were
presented in daylight with ambient traffic characteristic of city
driving. Each route consisted of two-lane (one lane in each
direction) city roads, with lane markings, all with 3.6 m wide
lanes. The total route lengths were 10 km and each took about 15
minutes to complete. Each route also exposed participants to three
unexpected events, as listed in the legend of Figure 5.

In this paper, we concentrate on two-lane city roads with lane
markings, ambient vehicle traffic and pedestrian traffic (e.g.,
Figure 4). We focus on these roads because this type of road
demands constant visual attention from drivers. This, in turn,
means that driving performance measures and visual attention are
likely to be affected by differences in the visual demands of the
two navigation aids.

3.2.3 Design

We conducted a within-subjects factorial design experiment with
the two navigation aids as our primary independent variable, Nav.
The order of Nav was counter-balanced among the participants.
We measured the following dependent variables.

Standard driving performance measures. We recorded the
variances of lane position, steering wheel angle and velocity. In
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Figure 5. The simulated route (bottom left) and the short
segments (right) used for analysis. Use the legend to locate
the traversed path, the analyzed short segments, and the
location of unexpected events.

each case, a higher variance represents worse driving
performance. We also analyzed the mean velocity of travel for
each participant. A lower mean velocity may indicate harder
perceived driving conditions.

Lane position constitutes the position of the center of the
simulated car and is measured in meters. Clearly, large variances
in lane position are the most serious sign of poor driving
performance, since they indicate that the participant has weaved in
his/her lane, and perhaps even departed from the lane.

Steering wheel angle is measured in degrees. In the case of curvy
roads, large steering wheel angle variance is not in itself a sign of
poor driving performance. After all, just following a curvy road
requires varying the steering wheel angle constantly. However,
steering wheel angle variance can be used as a relative measure of
driving performance when comparing the performance of multiple
participants on road segments of similar driving difficulty. A
higher variance is an indication of increased effort expended by a
driver to remain in his/her lane.

The velocity of the vehicle is measured in meters/second. A
relatively large variance in the velocity of a car does not
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necessarily indicate unsafe driving. However, drivers often reduce
speed when they are concerned about safety or when they are
distracted. For example, a driver may slow down on a narrow road
or when talking to a passenger. Similarly a low mean velocity for
a portion of the road may indicate that the driver was concerned
about safety or otherwise distracted.

Number of collisions. We counted the number of instances when
the participant’s vehicle touched another object, such as a parked
or moving vehicle, a pedestrian, etc. Based on our experience with
simulator studies, we did not expect collisions to happen during
normal driving, but thought they might occur when drivers were
confronted with unexpected events. Since the unexpected events
were designed to be avoidable by an alert driver, any collision
during such an event may indicate distraction.

Percent dwell time (PDT) on the outside world. The PDT is the
percentage of time that the participant spent looking at items
displayed on the three simulator screens (most importantly the
roadway). A low value may indicate that the driver was distracted,
which in turn could lead to collisions. In addition to total PDT, we
also tracked changes in PTD as participants traveled between
intersections. Changes in PDT that depend on proximity to a
given intersection may shed light on what causes distractions and
hopefully lead to better PND designs that can avoid these dips.

Cross-correlation peaks. We performed cross-correlation
analyses to identify time lags in increased variance for lane
position and steering wheel angle (if any) in response to decreased
PDT on the outside world. Peaks in the cross-correlation of the
PDT on the outside world and the variance of a driving
performance measure may indicate a causal relationship between
decreased PDT and increased variance. If a peak exists for a given
lag between the PDT and the variance of a driving performance
measure, the lag (expressed in seconds) may indicate the time lag
between the onset of decreased PDT on the outside world (e.g.
due to a participant looking at the standard PND) and the increase
in the variance of the driving performance measure.

3.2.4 Measurement

Raw data for the four driving performance measures were
provided by the simulator and sampled at a 10 Hz rate. Using the
eye tracker, we also recorded gaze angles throughout the
experiment. Eye tracker data was sampled at a 60 Hz rate. Using
the eye tracker, we automatically classified gazes as being
directed at the outside world if the participant was looking at any
of the simulator’s front projection screens.

For the rare cases in which the eye tracker could not track a
participant’s gaze (e.g. when the participant’s hand blocked the
eye tracker’s view of his/her eyes for an instant), we reviewed
video footage obtained from the eye tracker cameras as well as
from the camcorder in the simulator (Figure 2) and hand-
transcribed dwell times.

3.2.5 Calculation

As discussed in section 3.2.2, our experiment presented
participants with city driving routes. The routes can be broken up
into segments by treating roads between two intersections as
separate segments. Figure 5 displays the route used in the
experiments (bottom left side) and zooms in on the short segments
of the routes used in the experiment (right). We calculated all of
our results, such as the variances and mean velocity, using data
from 13 segments. These segments all had the same
characteristics, thereby controlling factors that could potentially
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confound our results. In particular, the segments were short, with
200 meters separating the centers of adjacent intersections.
Although longer segments were utilized in the routes to make the
driving task feel more realistic, we expected that participant
driving patterns (e.g. the frequency content of the vehicle velocity
reflecting the acceleration and deceleration over a segment) and
visual attention patterns (how often and where people look) would
be different for segments of different lengths, making
comparisons between them difficult.

Furthermore, at both the beginning and end of each segment, there
was a four-way intersection where participants made either a right
or left turn. Although routes had short (200 m) segments that did
not meet this criterion (e.g. when participants entered some of the
short segments by driving straight through a four-way
intersection), we did not include them. Driving performance and
visual attention are likely to be different on these segments than
on segments where one or both of the turns may be missing.

Finally, participants did not encounter an unexpected event in the
segments we analyzed. Unexpected events may require sudden
braking and steering wheel motion, which in turn can result in
very large variances for these measures, again making
comparisons with other segments difficult.

In analyzing all of the segments, we excluded data collected close
to the intersections. This was done because driving performance
data at the beginning of a segment is typically dominated by the
turning maneuver that is necessary to get through the intersection,
and data collected at the end of a segment is dominated by
deceleration before turning. Variances resulting from the effects
of turning maneuvers and deceleration close to intersections are
much larger than variances encountered in data generated away
from the intersection, which of course makes it difficult to
compare intersection and straight segment data. In particular, we
excluded data generated 60 meters after exiting the previous
intersection and 40 meters before an upcoming intersection, and
analyzed data generated over (200 — 60 — 40) m = 100 meters.

3.2.5.1 Driving Performance

For each participant and navigation type, the variances of the
driving performance measures (lane position, steering wheel angle
and velocity) were calculated for each short segment. The same
was done for average velocity. We then calculated the average of
the variances and velocities for the segments.

We also searched the simulator log files for signs of collisions
between the simulated vehicle and surrounding objects.

3.2.5.2 Visual Attention

For each participant p and navigation aid nav, we also calculated
the average percent dwell time, 4PDT, ,,,,, on the outside world by
finding the ratio of the sum of dwell times for all 13 segments and
the sum of the total time spent traversing all 13 segments. We
used the same approach in calculating the APDT at the standard
PND for parts of the experiment when this PND was in use.
Finally, we used an analogous approach to calculate how the
APDT at the road ahead changed as participant vehicles traveled
through five 20 meter segments between consecutive intersections
(from 60 m after the preceding intersection to 40 m before the
upcoming intersection).

3.2.5.3 Cross-correlation

We calculated the cross-correlation between the instantaneous
percent dwell time, IPDT, on the outside world and the short-term
variance of two driving performance measures: lane position and
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steering wheel angle. The IPDT was calculated at a 10 Hz rate by
calculating a separate PDT for each consecutive 100 ms window
of eye tracker data. Since the eye tracker data is recorded at 60
Hz, we calculated instantaneous PDTs using six eye tracker data
samples at a time. For cross-correlation calculations, the IPDT
was transformed into the transformed IPDT (TIPDT) such that a
TIPDT value of 0 represented 100% IPDT (attention fully on the
outside world), while a TIPDT value of 1 represented 0% IPDT
(e.g. when the participant is looking at the LCD screen). Thus
peaks in the cross-correlation indicate worse driving performance
(larger variance values) correlated with reduced visual attention
on the outside world (larger transformed IPDT values).

The short-term lane position and steering wheel angle variances,
were calculated at a 10 Hz rate for 1 second long windows (i.e.,
for 10 samples of the given driving performance measure at a
time). The choice of 1 second for the window length reflects our
expectation that on straight roads the corrections to lane position,
accomplished by relatively large changes in the steering wheel
angle, will take less than 1 second.

We calculated two cross-correlations. Rlp,.[lag] is the cross-
correlation between lane position variance and the TIPDT on the
outside world for navigation aid nav. Rlp,,, was calculated as the
average of cross-correlations for each of the 13 segments and each
of the 8 participants. Rstw,,,[lag] is the cross-correlation between
the steering wheel angle variance and the TIPDT and it was
calculated analogously to Rip,.[lag]. Both calculations were
implemented using Matlab’s xcorr function. The lag variable
indicates the number of samples by which the variance measure
lags behind the PDT measure. Thus, for positive values of lag, a
peak in the cross-correlation indicates that there is an increase in
the variance following an increase in the time the participant spent
not looking at the outside world.

3.3 Results

3.3.1 Driving Performance

We performed a one-way ANOVA for each of the driving
performance measures with nav as the independent variable. We
found no significant effects for any of the three variances of
driving performance measures or for average velocity. This result
mirrors our findings in our preliminary study [13]. We also found
no collisions in any of the experiments. Hence, participants were
able to pay sufficient attention to the road to avoid contact with
other objects or pedestrians.

3.3.2 Visual Attention

To assess the effect of different navigation aids on visual
attention, we performed a one-way ANOVA using PTD as the
dependent variable. As expected, the time spent looking at the
outside world was significantly higher when using spoken
directions as compared to the standard PND directions, p<.01.
Specifically, for spoken directions only, the average PDT was
96.9%, while it was 90.4% for the standard PND.

To assess the effect of distance from the previous intersection on
PDT on the outside world for the two navigation aids, we
performed one-way ANOVAs for each of the navigation aids
using PDT as the dependent variable. For the standard PND, we
found a significant main effect, p<.01, while the effect was less
significant for the PND with spoken output only, p<.05. Figure 6
shows the differences in PDT on the outside world. For the
standard PND, we also assessed how the PDT on the PND screen
changes with the distance from the previous intersection. Using a
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Figure 6. PDT on the outside world (with standard error),
changing as vehicles travel between intersections.

one-way ANOVA we again found a significant main effect,
p<.01. Figure 7 shows the differences in PDT on the LCD screen
for the standard PND. These results indicate that on short road
segments, when drivers are expecting to possibly turn at the
upcoming intersection, they are likely to look at the display of a
standard PND. However, they are less likely to do so as they
approach the next intersection.

3.3.3 Cross-correlation

Our cross-correlation analysis indicates that there is a relationship
between the IPDT on the outside world and the two short-term
variances. This relationship is evident from peaks in the two
cross-correlation functions, Rlp,,[lag] and Rstw,,,[lag], shown in
Figure 8. In order to evaluate whether the peaks arose due to
chance, we conducted a randomization test in a manner similar to
the one used by Veit et al. [15]. Specifically, while we used pairs
of sequences of TIPDT and variance values from the same
segment in our cross-correlation calculations (section 3.2.5.3), in
our randomization test, we found the cross-correlation between
the TIPDT from one segment and variances from a different
segment. We created 1000 random arrangements of TIPDT values
with respect to the variances. Thus, for each value of /lag we had
1000 cross-correlation results. For each value of /ag we then
found the bottom (I/-p)-1000 cross-correlation values. We
estimated statistical significance by comparing cross-correlation
values for the original data with these values. If the cross-
correlation for the original data was larger, then the result was
considered statistically significant with probability less than p.
E.g. to estimate the p<.05 significance level, we found the bottom
1000 - 50 = 950 cross-correlation values for each value of /ag. If,
for a given value of /lag, the cross-correlation value from the
original data was larger than these values, the result was
statistically significant with p<.05.

The cross-correlation results are shown in Figure 8. As the graph
in the top part of Figure 8 indicates, for the standard PND, the
cross-correlation between transformed instantaneous PDT on the
outside world and short-term lane position variance, Ry, siandara> has
several statistically significant peaks. For the most prominent of
these peaks, the lag is about 0.8 seconds, indicating that an
increase in the lane position variance follows reduced attention to
the outside world. The graph at the bottom of Figure 8§ indicates
that similar peaks exist for the steering wheel angle variance
(Rt standara)- The two graphs also show that statistically significant
peaks exist for PND with spoken directions as well. In tracing the
source of the peaks, we found that when drivers were not looking
at the roadway, they were looking at either the speedometer,
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dashboard, or steering wheel. This is to be expected. However, the
peaks for the spoken directions are about six times smaller than
for the standard PND.

Why is there such a difference in the magnitude of the effects?
Our data indicates that the answer is in the length of gazes drivers
use to view the standard PND. Figure 9 again shows cross-
correlation values for the two navigation aids, however in this
case the cross-correlations were calculated using gazes away from
the outside world that are 200 ms or more in length. Clearly, there
is a striking resemblance between the graphs in Figure 8 and
Figure 9, respectively: peaks are located in practically the same
locations and the magnitudes are almost the same. We can
conclude that gazes away from the outside world lasting 200 ms
or longer are the major contributors to peaks in the cross-
correlations. And, as Figure 10 shows, about 60% of all fixations
(gazes at the same location lasting at least 100 ms) at the standard
PND are in fact at least 200 ms long.
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Figure 9. Cross-correlation between transformed
instantaneous PDT on the outside world and lane position
variance (top) and steering wheel variance (bottom).
Calculated only using gazes away from the outside world of
200 ms or longer. Circled peaks indicate statistically
significant increases in variance occurring after decreases
in the IPDT, with the delay indicated by the value of lag.
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In summary, whenever drivers look away from the road in such a
way that it causes higher variance in lane position or steering
wheel angle, it is because they are spending at least 200 ms doing
so. When a visual display is present, the magnitude of the effect
on driving performance is about six times greater. This is
probably due to the fact that unlike looking at the dashboard,
looking at a map that is changing in real-time requires a fair
amount of cognitive effort. Drivers need to mentally parse the
information in the display, and that is more distracting.

4. DISCUSSION

In our introduction, we started out by asking two questions.

1. Does a PND with combined visual and spoken output cause
drivers to spend less time looking at the road ahead than a
PND that provides spoken output only?

Because we found a significant difference in visual attention
directed at the outside world for the two navigation aids, with
drivers spending less time looking at the road ahead when they
had a visual display, the answer to this question is affirmative.
Note that glancing at the visual display was not necessary to
complete the navigation task. In fact, there were no cases of
missed directions for any of the navigation aids. For the city route
and traffic conditions utilized, spoken directions provided
sufficient information without introducing a visual distraction.

2. What is the effect of glancing at the PND visual display on
driving performance?

Despite the fact that we did not find significant differences in
driving performance measures when averaging over all segments,
we did find statistically significant peaks in the cross-correlation
between the TIPDT on the outside world and the short-term lane
position and steering wheel variances. These peaks indicate that
there may be a causal relationship between looking away from the
outside world (e.g. to look at the PND), and an increase in the
variance of lane position and steering wheel angle. We also found
that the cross-correlation peaks are larger for gazes away from the
outside world lasting 200 ms or longer. This is important since
about 60% of all fixations at the standard PND were at least 200
ms long. In other words, the way in which users interact with
standard PNDs very often results in looking away from the
outside world for more than 200ms at a time. This in turn is
correlated with increased short-term lane position and steering
wheel variances. Although any increase in the risk of accidents
due to these increased variances still needs to be quantified, our
results provide designers of in-car navigation aids with reason for
caution and a framework for assessing any negative impact on
driving due to visual displays.
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4.1 Design Implications

With respect to designing in-car navigation aids, our results seem
to suggest that if users can trust a PND enough to follow whatever
spoken directions they are given, even when they are lost, a
navigation system with no visual display may be the most
favorable option since visual attention and consequently driving
performance will likely be improved. This finding is important for
two reasons. First, any sophistical GUI that could hold a driver’s
attention even more than the simple 2D view we presented, such
as 3D terrain maps [2][3], is likely to affect driving performance
in an even worse way. Second, small PND devices that rely
primarily on speech present viable alternatives to the typical GPS
form factor. For example, Verizon VZ Navigator [4] provides
spoken turn-by-turn directions along with a map, but on some
phones (e.g., flip phones), the map and text are too small to read.
Our research suggests that, if the map is intentionally turned off,
using these devices may not result in worse driving performance
than using PNDs with larger displays, and may even result in
better visual attention and consequently better driving
performance.

The key to a successful PND interface may be to earn the trust of
the users. At the end of our experiment, we asked participants to
rate their experiences with the three navigational aids. Five of the
eight participants strongly agreed or agreed with the following
statement: “I prefer to have a GPS screen for navigation.” We
hypothesize that this sentiment will be especially strong on roads
where users may seek reassurance that they are on the right path.
For example, on long road segments, drivers may get anxious that
they have missed a turn and may want to get feedback from the
navigation aid. These may be times when drivers cast a glance at
the visual output of a navigation aid.

5. Conclusion & Future Directions

In this paper, we describe the experimental evaluation of the
influence of two navigation aid types on driving performance and
visual attention while driving a simulated car in a city
environment. We found that participants spent significantly more
time looking at the outside world when using a spoken output-
only PND compared to using a standard PND with an LCD screen
and spoken output. In fact, participants on average spent about
6.5% more time looking at the road ahead when using the spoken
output-only PND — a difference of about 4 seconds for every
minute of driving. We also found evidence that this difference
negatively impacted two driving performance measures: lane
position variance and steering wheel angle variance. Specifically,
we found statistically significant cross-correlation peaks between
the increases in these variances and decreases in the time spent
looking at the outside world.

In our next investigation we intend to explore a larger variety of
PND displays. We plan to explore interactions with displays that
provide egocentric maps, as such maps have been shown to
improve user performance on navigation tasks [16], as well as
augmented reality navigation aids. We are also exploring building
predictive models of when users are likely to look at the PND
display for reassurance. Such models could assist the development
of spoken only navigation aids that deliver prompts reassuring
drivers that they are on the right track.
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ABSTRACT

Driving behavior has been trending towards more time in the car
and longer commutes. This has fueled the demand for an
increasing number of in-vehicle infotainment features, at the cost
of the driver splitting attention between the primary task of
driving and other secondary tasks. To demonstrate one process
we use for generating continuous improvements to the usability of
our infotainment systems, we discuss a study where 30
participants were asked to interact with the speech dialogue
system of a Volkswagen Group in-vehicle speech system.
Participants performed tasks in telephone, navigation, and map
contexts. Tasks were timed and videotaped for analysis of three
performance measures: 1) Task Completion, 2) Task Time, and 3)
participant rating of Task Difficulty. From this analysis, we
identified issues that are especially important to the interaction
between the system and the driver, which we categorized into a
few broad areas: System Organization, Push-To-Talk
Functionality, Data Entry, and Speech Commands. Analysis of

the issues specific to each category and usability
recommendations for each are discussed.
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1. INTRODUCTION

With the ever-increasing features available in today’s in-vehicle
infotainment systems, the need for a simple, easy-to-use interface
has become a necessity [2]. In the last 40 years, automotive
infotainment displays and control elements have more than
doubled [6]. As drivers spend more time in their vehicles, and
with the trend towards longer commutes [2], the demand for
infotainment features will not subside. Especially with the focus
of current events and legislation on hands-free devices and the
impact of these secondary tasks on driver distraction, the need for
a usable interface that does not distract from the primary task of
driving is ever more important. Of the control methods currently
available, hands-free speech recognition is one of the most
promising methods, resulting in better driving performance, less
mental taxation, and less glances off the road compared to manual
data entry [1], and better driving quality especially in more
complex tasks such as navigation and phone dialing [3]. In fact, it
has been said that the level of distraction involved in entering a
voice command and listening to the vehicle’s subsequent response
is so low that it is comparable to that of listening to the car radio
[12].

Although there have been attempts at developing natural language
speech systems [4, 9, 10, 11], there is yet to be a viable product
for the mass market, due to a number of challenges that must still
be overcome when communicating between human and machine.
These challenges range from issues with the sophistication of the
speech technology to the user interaction schemes used to guide
task performance. With respect to the speech technology itself,
issues such as car noise interference and a limited vocabulary of
speech commands that the system can recognize [5] constrain the
ways that humans can interact with the system. On the usability
side, many speech interfaces do not have a clear and transparent
menu structure [5], which leads to confusion about why a certain
command is misrecognized in certain contexts but not others.
Also, the pace of speech system dialogues is far from the natural
pace of human conversation [8]. Oftentimes, information needs to
be entered in pieces, such as entering an address with house
number, street, and city as separate utterances [4].

In light of the issues mentioned above, the goal of this paper is to
illustrate a process of evaluating the usability of a speech interface
system, and discuss the method of analysis that led to suggestions
and rationale for future improvements.
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2. EXPERIMENT DESIGN

We conducted an in-vehicle user study to evaluate the usability
performance of a Volkswagen Group speech dialogue system.
The goals of the user study were to: 1) Observe participants’
interactions with the voice-activated phone, navigation, and map
contexts of the system, and 2) Generate system specific
recommendations as well as general suggestions and principles for
how such a system can best interact with a user. All tasks were
timed and performed only through voice operation.

2.1 Participants

Thirty native English speaking adults (17 male and 13 female),
between the ages of 21 — 56 years old (M=37, SD=9), were
recruited to participate in the study. Of the 30 participants, all
were computer literate and all possessed a valid driver’s license
with 27 participants having had a license for 10 or more years; 24
participants drove 10,000 or more miles per year; and 26
participants had previous experience with navigation systems. In
terms of level of familiarity with navigation systems, on a scale
from 1 to 5 (1=Not Familiar, 5=Very Familiar), 25 participants
possessed a familiarity level of 3 or more. Participants were
recruited from the local community and compensated with a
payment of an $80 check for experiment participation. Each
experiment session lasted approximately 1.5 hours.

2.2 Apparatus

Throughout the experiment, participants were seated in the
driver’s seat of a stationary Volkswagen Group vehicle equipped
with a speech recognition system for infotainment control, which
allowed users to operate contexts such as navigation, phone,
media, and setup. Voice commands were available for operating a
subset of the functions of the system.

2.3 Procedure

Participants began by signing a consent form and filling out a pre-
experiment questionnaire in order to collect their demographic
information and driving habits.  After completing the pre-
experiment questionnaire, each participant received a brief
training session so that they could become familiar with the basic
operation of the speech user interface and know how to access the
system’s help feature. Training included instruction and practice
on operating the Push-To-Talk button on the steering wheel,
listening for the beep as a cue to speak to the system, and
accessing the help menu by saying the command “Help.”
Additionally, participants practiced interrupting the system while
the system was speaking and canceling an action by saying
“Cancel,” or holding down the Push-To-Talk button (long press).
No additional training was provided, as for the purposes of this
experiment, it was important to keep participants naive about
which commands to use.

After training, participants were given a paper packet that listed
21 tasks in phone, navigation, and map contexts of the speech
system (see below, Tasks). All tasks were performed by voice
operation only. Tasks were videotaped and timed, with a
maximum allowed time of 3 minutes to complete each task. After
3 minutes had passed, if the participant was not done with the
task, the experimenter stepped in to finish the task. This was
necessary from a practical and logistical standpoint.

Participants were encouraged to use the vehicle’s “Help” menu if
they were stuck and needed help. Beyond answering any
questions the participant had prior to timing began, once the stop
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watch had started, the experiment administrator only stepped in to
clarify a task. Clarification was required if participants seemed
confused about a task to the point where they were obviously off
task and unaware of it, or thought they had completed a task but in
actuality had not.  Experimenter intervention occurred in
approximately 19% of the tasks.

2.4 Tasks

The following is an example of the sequence of a task. The
participant reads the task aloud, for example, “You need to find a
house located at NNN S Blaney Ave in Cupertino, CA. Please
enter this house address as a destination into the navigation
system.” The participant then asks the experimenter for any
clarification if the task was not understood. Once any and all
questions have been answered, the participant begins performing
the task, and the experimenter starts timing. In the case of correct
completion of this task, the participant begins by pressing the
Push-To-Talk button and, upon hearing the subsequent beep of the
microphone turning on, says the command “Enter destination.”
The system would then prompt the participant by asking “Please
enter the city” and beep when it is ready to receive the next
command. The participant states the city name. The system then
repeats the city name that it registered, prompts the participant for
the street name, and beeps when ready to receive the response.
The task is complete once the participant has finished entering a
destination in its entirety and activated route guidance. At this
point, task timing stops.

The 21 tasks (in order of appearance in the experiment) were as
follows:

2.4.1 Telephone Tasks
(1) “Please navigate to the directory using voice command.”
(2) “Please call Harrison by finding his phone number in the
directory through voice command and dialing the number.”
(3) “Please find Jackie’s contact information, this time by using
voice command to scroll down the list of contacts in the

directory until you find Jackie.”
“
&)

“Please navigate to the telephone menu.”

“Please call the number (NNN) NNN-NNNN.” (Note: a real
phone number was used; it is masked here for security
reasons.)

“Please call the international phone number 011 NN NNN
NNNNNNNN.” (Note: a real phone number was used; it is
masked here for security reasons.)

(6)

(7) “Please redial the last number that you have just called.”
2.4.2 Navigation Tasks
(8) “Please switch over to the Navigation menu.”

(9) “You need to find a house located at NNN S Blaney Ave in
Cupertino, CA. Please enter this house address as a
destination into the navigation system.” (Note: a real address
was used; it is masked here for security reasons.)

(10) “You have just realized that the house is actually located at
NNNN Alma St. in Palo Alto, CA, and you need to correct
the address. Please change the destination.” (Note: a real
address was used; it is masked here for security reasons.)

(11) “You no longer need to go to this house. Cancel the route
guidance of the navigation system.”

(12) “Instead, you would like to go to Daniel Jones’ address in
Palo Alto, which has already been saved in your address
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book. Find this address from your address book and navigate
toit.”

(13) “You need to go to the previously entered destination of
NNNN Castro Dr in San Jose. Please select this address from
a list of previous destinations.” (Note: a real address was
used; it is masked here for security reasons.)

(14) “You would also like to visit the corner of Prospect Rd and
Miller Ave in Saratoga. Enter this intersection of Prospect
Rd and Miller Ave as a new destination.”

(15) “Select Gas Stations as a Point of Interest and use the
navigation system to locate and display the addresses of the
nearest gas stations. Select the 3™ gas station listed on the
second page of the list of gas stations as your Point of
Interest.”

2.4.3 Map Tasks

(16) “You want to view a map of your vehicle and the
surrounding area where you are currently located. Bring up a
map of your current location onto the display screen.”

(17) “Proceed to zoom out from your vehicle’s location on the
navigation map display.”

(18) “Zoom in on the navigation map to a scale of 50 yards.”

(19) “Change the orientation of the map so that the display is
oriented northward.”

(20) “Change the map display from daytime to nighttime
display.”

(21) “Switch from a 2D map image to a 3D map display.”

In choosing the wording to describe each task, emphasis was
placed on colloquial usage, in other words, tasks were not worded
to provide clues to the participant as to which speech command to
use. Any similarities between task wording and the system’s
actual speech commands were not intentional.

2.5 Performance Measures
For each task, the following performance measures were
recorded:

2.5.1 Task Completion

A task was considered “Complete” if the participant was able to
finish the task successfully within the 3-minute time limit. If at 3
minutes the participant was not able to finish the task, the task
was considered “Not Complete” and the experiment administrator
intervened and finished the task for the participant.

2.5.2 Task Time

Total task time needed to complete a task was recorded with a
stop watch. Both the task time including experimenter
intervention (which means total task time recorded was more than
3 minutes), and excluding experimenter intervention (which
means the maximum task time was cut off at 3 minutes), were
recorded.

2.5.3 Task Difficulty

After performing each task, on the same paper packet containing
the list of tasks, the participants rated task difficulty on a scale
from 1 to 10, with 1 indicating “Very Easy” and 10 indicating
“Very Difficult.”
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3. RESULTS

We utilize the results of our analysis in two main ways: 1) to
make system specific recommendations, and 2) to provide general
guidelines for enhancing the usability of the voice or graphical
interface.

System Specific Recommendations. Through our analysis of
individual tasks (see Results by Task), we use the most
problematic tasks to identify areas for system specific
recommendations. These recommendations can be as detailed as
examining the exact steps required to complete that particular
task.

General Guidelines for Voice and Graphical Interface.
Additionally, we analyze the data for more general problem areas
(see Results by Problem Area) to provide guidelines in the overall
design of the voice and graphical interface. These guidelines can
be applied system wide, and are oftentimes general enough to be
relevant to any similar speech interface system.

3.1 Results by Task

The following graphs show results for each task in terms of the
three performance measures described above. (Two graphs are
shown for the performance measure of Task Time, one which
includes experimenter intervention time, and one which excludes
experimenter intervention time).

30
26
25

20

17

15

13

10 11
10 8 &

Participants Wheo Did Net Cemplese Task

Task 1
Task 2
Task3
Task 4
Task 5
Task 6
Task 7
Task 8
Task9
Task 10
Task 11
Task 12
Task 13
Task 14
Task 15
Task 16
Task 17
Task 18
Task 19
Task 20
Task 21

Figure 1. Task Completion (number of participants who
could not complete the task)

300

250

200

150

100

50

-

Average Task Completicn Time {secands)

Task 2 ——
Tack 3 E——
Task 4 [
Task 5 |———
Task & |E———
Task 10 O
Task 11 -

Task 7
Task& ®
Task €

Task 12  |—————
Task 13 |—

Task 14
Task 15

Task 17 | ——

Task 16 |——

Task 15

=
Task 1 e

Task 1€ @
Task 20 M
Task21 -

Figure 2a. Average Task Time, Including Experimenter
Intervention (across 30 participants)



Proceedings of the First International Conference on Automotive User Interfaces and Interactive Vehicular Applications
(AutomotiveUl 2009), Sep 21-22 2009, Essen, Germany

200

150

100

50

Lverage Task Completion Time (seconds)

mmmmmmmmmmmm

Task 1
Task 2
Task 3
Task 4
Task s
Task 6
Task 7
Task 8
Task 9

Figure 2b. Average Task Time, Excluding Experimenter
Intervention (across 30 participants)

9.0
8.0
7.0
6.0
5.0

o0

Very Difficult

=
o

1

30
2.0
1.0

Very Easy

Task 1
Task 2
Task 2
Task 4
Task 5
Task 6
Task 7 B
Taskd b
Task 9
Task 10
Task 11
Task 12
Task 13
Task 14
Task 15
Task 16
Taslk 17
Task 18
Task 19
Task20 W
Task 21

Figure 3. Average Participants’ Reported Difficulty Rating
(across 30 participants)

The table below (see Table 1) shows the correlations between
Task Completion and the other dependent variables.

Table 1. Correlations between Task Completion and Other

Dependent Variables
Correlation
Dependent Variable Coefficient
Task Time (Incl. Experimenter Intervention) r=0.95
Task Time (Excl. Experimenter Intervention) r=0.91
Difficulty Rating r=0.92

Since Task Completion was highly correlated (r > 0.90) with all
other dependent variables, we used Task Completion as the
marker in identifying areas for making system specific
improvements. In particular, we focused on those tasks where one
third or more of the participants could not complete the task.
Additional conclusions relating to the other dependent variables
will not be discussed here due to their high correlation to Task
Completion. Given these criteria, the problematic tasks are listed
below (see Table 2).

Table 2. Top 5 Problematic Tasks for Participants

Task 3: “Please find Jackie’s contact information, this time by
using voice command to scroll down the list of contacts in the
directory until you find Jackie.”
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Task 9: “You need to find a house located at NNN S Blaney Ave
in Cupertino, CA. Please enter this house address as a destination
into the navigation system.”

Task 10: “You have just realized that the house is actually located
at NNNN Alma St. in Palo Alto, CA, and you need to correct the
address. Please change the destination.”

Task 14: “You would also like to visit the corner of Prospect Rd
and Miller Ave in Saratoga. Enter this intersection of Prospect Rd
and Miller Ave as a new destination.”

Task 17: “Proceed to zoom out from your vehicle’s location on
the navigation map display.”

3.2 Results by Problem Area

After tabulating the task performance data, we did a more
thorough analysis of all the videotaped sessions for all tasks to
understand the causes of confusion and find improvements that
are not necessarily task-specific. Through the experimenter’s
observation of the participants, the assumptions made from these
observations, and the participants’ self-reported comments, we
identified a number of repetitive and consistent problem areas
which disrupted the interaction between the user and the system
and hindered participants’ ability to perform tasks. The problem
areas are system-wide and not specific to any particular task, and
often spanned across multiple tasks. Problem areas we identified
are comparable to those reported in other studies of speech system
usability [3, 4, 5]. Those problem areas that were observed in 5 or
more participants are listed in the table below (see Table 3).

Table 3. Problem Areas Identified
(>S5 participants with problem)

Problem Area # Participants with problem

System Organization

- Global vs. Local Commands 21 out of 30
- Undo or Back 21 out of 30
Push-To-Talk Functionality

- System Playback Interruption 13 out of 30
- System Misrecognition Not Conveyed 10 out of 30
- Microphone On/Off Not Apparent 23 out of 30
- Timing of Microphone On Indication 15 out of 30
Data Entry

- Pace of Data Entry 5 out of 30
- Order of Data Entry 17 out of 30
- Format of Data Entry 19 out of 30
Speech Commands

- Misleading Help Commands 22 out of 30
- Selection of Wrong Command 28 out of 30

To illustrate how problem areas were identified through
observation of a task, we use the example of entering an
intersection (Task 14). During the course of performing this task,
there are a number of problems a participant may encounter.
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Many of these problems (for example, “Microphone On/Off Not
Apparent” or “Global vs. Local Commands”) can probably be
overcome in the 3-minute time frame and successful completion
of the task is still achievable. Other problems may be more
difficult to overcome and thus will ultimately be the main factor
in preventing a participant from successfully completing the task
under 3 minutes. In our analysis (see Table 3), we have provided
a general overview of how many particpants experienced the
problem area, which could have occurred in any of the 21 tasks.

Though one of the purposes of this experiment was to find
system-specific improvements, we feel the problem areas
identified could be generalized to be applicable to any similar
speech system design. We will now discuss each problem area in
more detail, using examples from the particular system evaluated.

3.2.1 System Organization

In using any system, users feel more comfortable when they have
a mental map of how the system is organized. Having an unclear
or overly complicated structure leaves the user feeling lost and
unable to repeat an action that they have just completed. Having
an unclear idea of the system’s structure creates further usability
issues that manifest themselves in different ways.

3.2.1.1 Global vs. Local Commands

21 out of 30 participants had issues identifying which commands
could be used globally (throughout the entire system) vs. locally
(in certain contexts, such as navigation only or radio only).
Global commands included commands such as “Navigate to
[destination],” “Call [name],” or “Enter Destination.” Local
commands included such commands as “Enter Street” which is
only functional when the user is already in the navigation context.
A related issue that exacerbates the problem is not having a clear
delineation between the various contexts. Many systems,
understandably, try to link “Map” and “Navigation” contexts, or
link “Radio” and “CD/Media” contexts. The problem arises when
the system attempts to partially link as well as partially keep these
contexts separate. As with the test system used in this case study,
while “Map” and “Navigation” were separate screens, they both
shared the same color in terms of text font and graphics. This
creates problems due to the global and local commands discussed
carlier. Users are confused as to which command they can use
and when. Contexts, therefore, should be clearly differentiated
both in terms of the speech and graphical user interface to
minimize user confusion.

3.2.1.2 Undo or Back

21 out of 30 participants had issues making a correction to their
task. This happened in two main instances: 1) in making a
correction during data entry, and 2) in returning to a previous state
or menu. The system we evaluated employed two different
commands that were similar but varied slightly in functionality.
“Cancel” allowed the user to stop the current dialogue. (For
example, when the user says “Navigation”, the system repeats
“Navigation” once it arrives at the navigation context, then opens
the microphone. At this point, saying “Cancel” would stop the
dialogue and close the microphone). “Correction” allowed the
user to make a correction to a data entry field. To complicate the
matter, however, saying “Cancel” during a data entry field
(instance 1) does not work because the system attempts to match
“Cancel” to the closest sounding phonetic representation, which
could be a street name, city name, or person name. For example,
during street address entry, saying “Cancel” when the system is
expecting a street name causes the system to find the street name
that sounds most like “Cancel.” In this particular system, there
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was no way to return to a previous state or menu (instance 2).

An example of an interface where this is not a problem is the
computer. Word processing applications have one command
(CTRL-Z) which works all the time, either in instance 1 or 2, and
simply undoes the last user action. It is a feature that almost all
users are familiar with and is easy to understand.

3.2.2 Push-To-Talk Functionality

Although this case study is an evaluation of a speech system
interface, we would like to emphasize that we are not evaluating
the accuracy of the speech recognition technology. Rather, we are
evaluating the usability of the speech interface, in terms of
interaction with the user, pace and timing of dialogue, etc.

3.2.2.1 System Playback Interruption

The particular system used in this evaluation repeated the
command that it heard back to participants, as a method of
feedback and verification. Many speech systems incorporate
some form of this. In the example of the system used for this
evaluation, when the user states “Navigation,” the system repeats
the command “Navigation” as confirmation before changing to
the navigation context. This worked for users most of the time,
but this method of confirmation did not work very well in the
telephone context. 13 out of 30 participants expressed confusion
when the system interrupted them by repeating back the telephone
number digits that they had just entered, prior to their completion
of the entire telephone number entry. While the user can continue
with the number entry where they left off once this happens, 13
out of 30 users did not know this, and instead thought they had to
delete the entire number and start over from the beginning.

A few minor adjustments can be made to this interface in order to
provide more clarity to the user. First, instead of repeatedly
telling the participant to enter a number when a number has
already been partially entered in the telephone number field, the
system could give a command such as “Please finish the number
entry” or “Please continue the number entry” which gives the user
a cue that the previously entered digits are still acknowledged. A
visual cue that can accompany the vocal dialogue is having the
phone number field split into three separate smaller data entry
fields, rather than having one large data field, which would subtly
suggest to the user that the verbal entry can also be broken up into
three separate parts. The system can also wait longer before
interrupting with the playback, as most people cannot verbally
recite an entire phone number without at least one short pause.

3.2.2.2 System Misrecognition Not Conveyed

With any technology that receives input and interaction from a
user, such as speech recognition, it is necessary to convey to the
user whether a misrecognized command is the fault of the system
(speech recognition) or the fault of the user (wrong command
used). The system sometimes asks for verification or asks the
user to repeat the command when it does not recognize a
command. However, above a certain threshold of certainty, the
system does not ask the user to repeat, but rather simply executes
the command. We noticed that in 10 out of 30 cases, the
participant had in fact used the correct command, but due to
system misrecognition and the fact that the system did not ask for
verification, the user thought the wrong command was used and
thus never tried that particular command again. One way to
alleviate this problem is for the system to repeat what it thought it
heard every time, while executing the command which allows the
user to go back and repeat the command if necessary.

3.2.2.3 Microphone On/Off Not Apparent
Given the noisy environment of the vehicle and the fact that
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speech recognition systems cannot yet detect the difference
between human-to-human speech and commands directed at the
system, it necessitates that there is a state when the microphone of
the system is turned on in order to receive commands from the
user, and turned off in order to ignore speech not intended for the
system. In the system that we evaluated, the differentiation
between the microphone on and off states was not always
apparent to the user (in 23 out of 30 cases). The system indicates
that it is ready to receive a command by beeping as well as
showing a microphone on icon on the screen. In order to improve
upon the current interface, we suggest that the icons for
microphone on and off be more visually differentiated. Some
systems make it apparent for the user when they can talk because
the user needs to hold down a button the entire time that speech is
being inputted. However due to the fact that both hands are
occupied while driving, instead we suggest that when the
microphone closes, the system can say “microphone off” to make
it obvious to the user.

3.2.2.4 Timing of Microphone On Indication

As stated previously, the system evaluated uses a short beep to
indicate to the user every time the microphone is on and ready to
accept speech commands. The timing of the beep is such that for
very short commands in rapid succession, the user’s command is
in many cases partially not registered by the system because the
user spoke before the beep has occurred. In such instances, which
happened in 15 out of 30 cases, the pace of the dialogue can be
improved such that it more closely mimics the pace of natural
conversation. Additionally, there can be a buffer so that the
system is listening for a command already, shortly before the beep
occurs.

3.2.3 Data Entry

Given the linear nature of speech input, data entry is a special
consideration. The main use cases of data entry that were tested
are: 1) telephone number entry, and 2) destination entry for
navigation.

3.2.3.1 Pace of Data Entry

In the telephone context, when dialing a phone number, 5 out of
30 participants did not know that digits can be said in groups, for
example, the user saying “650” [wait for system to register]
versus the user saying “6” [wait for system to register], “5” [wait
for system to register], then “0” [wait for the system to register].
This caused considerable frustration on the users’ part because
data entry could easily take twice as long when it is done digit by
digit. One easy way that this could be solved is by providing a
visual cue to users, for example (as stated previously), breaking
up the telephone number field into three separate smaller fields as
opposed to having one long field.

3.2.3.2 Order of Data Entry

Another unique aspect of navigation systems is that sometimes
data entry must occur in a specific order before the system can
move forward. This can be difficult for non-experienced users to
understand, because it is counterintuitive to how a computer
works. It is especially problematic when entering a destination
for navigation.  Given the nature of navigation systems,
oftentimes the database of addresses needs to be narrowed down
before the system can find the proper data. For instance, most
systems require the user to specify the state in the U.S. where the
destination is located before it can find a street. This is so that the
system can narrow down the possible matching streets, since it
does not have the vast memory and processing power of a desktop
computer. When users are not aware of this mannerism of in-
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vehicle navigation systems, this can cause some problems. In 17
out of 30 cases, participants did not know that in order to find the
particular street that they are interested in, they need to have the
correct city first. For example, when the city field is prefilled to
“San Francisco” (from the previous destination entry), unless the
user changes the city to “San Jose” prior to entering the street
name, the system will only look for streets in “San Francisco.”

To alleviate this problem, systems should clearly gray out
unavailable fields, in order to guide the user into the correct order
of entry. The order of the destination entry fields on the screen
itself can also be rearranged. The other option is for the street
entry prompt to clue the user in to the fact that only streets in the
displayed city will be found. For example, changing the prompt
from “Please enter a street” to “Please enter a street in the
displayed city” will alert the user to this fact. If this is not
enough, the prompt can say something more discrete such as “The
city field needs to be updated first before a street can be entered.”

3.2.3.3 Format of Data Entry

Because the system does not possess human understanding of
speech, in addition to the data input that is needed, another piece
of information that needs to be conveyed to the user is the format
of the data input that is needed. This is most apparent in
destination entry tasks. Many participants will enter an address
by saying street and house number all as one string, for example,
“NNN South Blaney Avenue” all as one string for the street field,
rather than saying “South Blaney Avenue” for the street field and
“NNN” for the house number field. Another issue occurs when
entering an intersection. The system asks “Please enter the
intersection.” It is unclear what format the data for an intersection
is supposed to be. Is it the first street, then the second street? Or
both street names at once, separated by an “and”? When
designing a system, these considerations need to be put in place,
because when speaking to another human being, the particular
format does not matter—all formats can be understood.

3.2.4 Speech Commands

The particular wording of the speech commands themselves has a
large effect on the usability of the system. First, many real life
users might not consult the system’s instruction manual, and
second, commands that more closely match users’ natural
predilection will be more memorable, and thus perceived as easier
to use.

3.2.4.1 Misleading Help Commands

In using any unfamiliar system, the user looks to the instructions
given by the system as guidance. When the instructions are
misleading, it is almost impossible for the user to disregard the
misleading information and do what is intuitive to him or her. 22
out of 30 participants came across this problem in the particular
instance of attempting to enter in a destination as an intersection
into the system. In the destination entry process, once participants
specify the city and street, they have the option to enter either a
house number or a second, intersecting street. The voice guidance
at this point tells the participant to enter a house number. It does
not mention that an intersecting street can also be entered at this
time. While a minority of participants were able to intuitively
guess that an intersecting street might also be acceptable by the
system at this juncture, the majority did not figure this out.

3.2.4.2 Selection of Wrong Commands

Commands that most naturally correspond to local dialect are
those that will be most accessible and memorable to the user. Ina
few instances of our evaluation, having a poorly chosen command
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for a particular feature in the system rendered that feature almost
impossible for the user to access, even with the aid of the help
menu list of possible commands. The most poignant example was
the task of zooming out on the navigation display map. While
users are familiar with the terms “zoom in” and “zoom out,” the
system’s commands for this feature were “Map Smaller” and
“Map Larger.” Since this is not the vocabulary that users
commonly use to refer to this feature, even after they had viewed
a list of possible commands, of which “Map Larger/Smaller” was
one of them, 28 out of 30 participants still could not activate the
function. To further confound the issue was the fact that another,
unrelated feature used similar language as what was thought to be
appropriate for the zoom in/zoom out feature. The feature of
“Intersection Zoom,” where the vehicle zooms in on the map
display whenever the vehicle approaches the intersection, was
commonly mistaken for zooming in and out of the map.

4. DISCUSSION

The current study discusses the methodology used and the results
found in our evaluation of the Volkswagen Group speech system.
Questionnaire and videotape data were collected across 30
participants. Statistics were compiled for task performance and
by problem area. Major problem areas in System Organization,
Push-To-Talk Functionality, Data Entry, and Speech Commands
were identified. System specific suggestions as well as general
recommendations for addressing these common speech interface
usability issues were discussed.

An obvious limitation of this study was the fact that it was
conducted while the vehicle was stationary. (Though it has been
reported that speed of performing a speech task is relatively
unaffected by whether the participant was driving or stationary
[7]). However, in order to gain a more complete picture of the
impact of driving on speech system use performance, the
experiment should be replicated in a closed driving course during
real driving, or during simulated driving using a driving simulator.

Although we touched on some visual cues in the context of how
they could have supported the speech interface, a much deeper
analysis into the system in its entirety, speech and visual cues (and
maybe even tactile cues) in conjunction, could provide some more
elegant solutions to improving the usability of the system.

Additionally, the task list could be broadened to cover some other
areas of functionality. The current task list was developed to
research the most common use cases according to our own
personal experiences.

Also, to have a more accurate evaluation of different
implementation details, the same experiment could be replicated
with different vehicle infotainment systems of various brands.

The current study discusses findings and results in terms of
usability from a human perspective. Although current limitations
to speech recognition technology (difficulty distinguishing
between similar sounding words, processing power, and limited
database of commands) constrains much of what the system can
do, the goal of this paper is not to offer a definitive solution that
can be technically realized, but rather to explain why some current
ways of implementation can be confusing to a user. In this way,
we are influencing the future design of our systems by offering
some explanations for the mismatch between the mapping of the
system design and the human brain.
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ABSTRACT

Recently, the use of in-vehicle navigation devices, such as
PNDs (Personal or Portable Navigation Devices) has become
pervasive, and the device functions have been rapidly expanded
and updated. Unfortunately, drivers often have considerable
difficulty using these complex technologies. To improve and
optimize PND user interfaces, the present study suggested
several display improvements for the turning point, which is one
of the critical usability issues. Advanced Turn-By-Turn Display
and Spatial Turning Sound were suggested to facilitate the
preparation of the next turns. Leading Tones for Turning was
also presented to help drivers tune the timing of their turns. We
evaluated these new concepts with domain experts in three
countries, and improved the details of the functions. We are
currently implementing those features and looking forward to
demonstrating new displays on the real product in our
presentation at the Automotive User Interface conference.

Categories and Subject Descriptors

H.5.2. [Information Interfaces And Presentation (e.g., HCI)]:
User Interfaces — graphical user interfaces (GUI), interaction
styles (e.g., commands, menus, forms, direct manipulation),
user-centered design

General Terms
Design, Human Factors, Performance

Keywords
Advanced Turn-By-Turn Display, AUI, GUI, IVTs, Leading
Tones for Turning, PND, Spatial Turning Sound

1. INTRODUCTION

Driving is one of the most attention-demanding tasks in modern
everyday life, with dangerous contexts and complex human-
system interactions. Driving is even more challenging when the
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driver simultaneously uses in-vehicle navigation devices such as
Personal or Portable Navigation Devices (PNDs), because it
requires multi-tasking and can result in additional distraction
from the primary driving task. Not surprisingly, this inattention
to the driving task has been identified as one of the leading
causes of car accidents. Research has pointed out that the
increasing provision of a range of types of complex in-vehicle
technologies (IVTs) means that the problem of driver inattention
is likely to become even worse [1, 5, 9].

To compensate for this risk, the latest generation of PNDs has
adopted more sophisticated navigation features including 3
dimensional maps, a quick spelling, and voice recognition [17,
18]. On the other hand, these new devices also have extended
non-navigation functions involving music, movies and
telephone. Despite the pervasive use of PNDs (which should
make users more familiar), and updated technology (which has
been done in an attempt to make the interaction better), users
still complain about the difficulty of using PNDs. Even the most
basic functions (e.g., entering an address, or learning when to
make the next turn) are still in need of considerable research and
enhancement. For example, various vendors have begun to
support a 3 dimensional display as well as a bird’s eye viewing
angle, but this does not seem to help users identify the precise
time or place to make a turn. Rather, it causes information
pollution by conflicting 3D image with text on it. Previous
research has shown that a visually optimized navigation system
can decrease the total map fixation time and the number of
glances needed to interpret the display [8]. This type of benefit
using abstracted information properly illustrates how we can
overcome the naive realism in display design [13], but it often
remains to be implemented effectively in real devices.

In order to provide a more effective display and safer use of
PNDs, we focused on improving the way to present information
pertinent to turning points, which is the most fundamental
display problem of navigation devices.

2. ISSUES WITH CURRENT TURNING

POINT DISPLAYS

Once driving starts, the PND provides visual and auditory
information regarding turning points. The use of both visual and
auditory cues makes a lot of sense, since it allows the driver to
listen to cues while driving, when necessary. From a more
theoretical perspective, models of multimodal information
processing, such as Wickens” Multiple Resources Theory [16],
have led many researchers to study this multimodal approach,
particularly in terms of the use of spoken turning commands
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from the navigation system [3, 6, 14, 15]. Typically, better
results are obtained with the multimodal navigation system than
with visual-only PNDs. However, there remain considerable
issues still to overcome.

2.1 Turning Point Planning and Preview

The first category of usability problems with turning point
displays relates to the planning of routes, and the planning and
previewing of upcoming turns.

Memory Capacity Issues.

Before getting started to drive, drivers can check all of the
routes to their destination on the PND. They can trace the route
with using a simulation function. They can also get an overview
of important turning points with turn-by-turn list. These
functions are clearly helpful in preparing for driving because
they can form a schema on the entire route. Nevertheless, they
cannot memorize all the directions where they have to go in
every single road. What they can memorize are just overall
destination direction and a few intersections. It is necessary to
provide directions in sequence, and preferably in such a way
that the driver need not look down at the list of turns, or
navigate from map view to list view.

Advanced Planning.

One of the most important reasons why drivers need more
information for further directions while driving is that they
should prepare for turns in advance. Although the current
turning arrow display can make drivers expect the next direction
and prepare for it, it is not sufficient. What if they have to turn
again just after the next turn? If a driver needs to turn left just
after right turning, she must change lanes immediately after the
right turn. Drivers have to decide which lane they will turn into,
depending on the next turning direction after the current one.
The importance of advanced planning in the dynamic context
has been stressed in various fields. For instance, expert
musicians play even unknown scores well, because they read the
next several notes in advance, which allow them to prepare for
the next whole sequence of movements [12]. For drivers, multi-
turn planning needs to be part of the instructions, and presented
before the first turn, in order for adequate sequencing of sub-
goals.

Decision Making.

Even with a PND, drivers in an unfamiliar locale have a high
possibility of missing the correct turning point. Even though
they listen to the voice guidance, they might not have
confidence to turn when directed. Part of the problem is trust in
the technology, and part of the issue is a mismatch between the
instructions and the view out the window. Visual displays on the
small screen are confusing and distracting, and do not have
realistic images. Improving the context of the instructions can
help enhance the match between system and street, and thus
increase the driver’s recognition of the correct turning location,
and therefore trust in the system. As an example, Reagan and

146

Baldwin [11] suggested that when voice instructions included a
salient landmark, driving performance was significantly
improved. For example, a voice prompt that says, “Turn right in
five miles at the police station” should lead to better results than
a prompt that does not include the police station landmark.

2.2 Cue Sound Location

Typical turning point instructions include a series of prompts,
progressively closer to the turn. For instance, listeners may hear
a voice prompt at 3km, 1km, and 500m before the turn. While
this may help planning to some degree, to date all of these
sounds are recorded (or synthesized) and played in mono, via a
single speaker on the PND, or via both stereo channels of the car
stereo system. This has the effect that the sound cues appear to
originate either very near to, or in front of the listener (driver).
While this may not be detrimental, per se, it is generally
regarded as more congruent to have the sound cue originate
from the same side as the required action. That is, a right turn
could be cued by a sound coming more from the right side.

2.3 Turning Synchronization

At the first stage of using the PND, many people complain that
they cannot know exactly when or where they are to make a
turn. Even experienced users experience the same problem
because the tuning of their timing is different from the system
timing. Some people simply give up using a PND before they
become familiar with it. Though PNDs currently present various
ways to inform the user of the precise turning point, individual
differences between users will always be a big obstacle to
overcome. Clearly, there is a need for some way for the PND to
overcome the timing-synchronization issue, in order for users to
achieve the fast acclimation and adjustment to the timing of the
various turn prompts.

3. REDESIGN OF TURNING POINT
DISPLAYS AND BENEFITS

Based on these issues, this paper presents several solutions in
terms of visual and auditory displays. Solutions involve two
separate display timing points. One is preparing for the current
turn in advance. The other one is just within a measurable
distance of turning i.e., just before turning. For this purpose,
visual and auditory components are added to each context.

3.1 Advanced Turn-By-Turn Display

First, to predict and prepare for turnings more properly, we
created Advanced Turn-By-Turn Display, which could display
the next several turning directions on the map screen. If the
route requires a second turn soon after the first turn, the PND
automatically displays a piece of additional turning information
beside the current turning arrow. Moreover, if users touch the
arrow, they can check additional turning points (see Figure 1).
Once users touch it again, it will disappear. Otherwise, it
automatically disappears in a few seconds.
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Figure 1. Screen capture of Advanced Turn-By-Turn Display.

It shows several next turning points from left to right.

Suppose that the drivers stop at the crosswalk on the red light,
they might want to check the next few turning points. Previously,
for this, drivers had to enter the menu and navigate several
depths more in order to reach the Turn-by-Turn list. After
checking the list, they had to return to the current map display.
In contrast, by using the Advanced Turn-By-Turn Display, they
can check it by only one touch of the map screen and they can
also leave it on the screen. This means drivers might feel that
the Advanced Turn-By-Turn Display requires navigating a
shorter physical and psychological distance and is more
approachable than the current Turn-by-Turn list in the menu.
Therefore, it can provide drivers with advanced awareness of
future required lane changes and further turns, and can allow
them to be free from our typically limited memory capacity that
might otherwise be a problem when driving a route.

3.2 Spatial Turning Sound

To enhance any potential benefits of cue-response compatibility,
we devised a Spatial Turning Sound (see Figure 2). If the next
turn is right in a mile, the PND may say, “Turn right in one
mile.” To date, it has been generated in mono. In this newer
version, the sound is provided in stereo. That is, if the next turn
is to the right, the sound generates from the right speaker.

Spatial Turning Sound uses the basic perception principle of
spatial sound. It would affect users’ anticipation of the turning
direction. Even if users cannot know it consciously, it might
render a type of subliminal perception like a framing effect.
Users can obtain additional information from the acoustic
properties of sound (such as spatial location) before they
interpret the meaning of the words. This can clearly lessen the
information processing load for drivers. Even if users miss the
message of the voice prompt due to a dialogue with passengers
or radios, they could identify the next turn direction from the
spatialized location of the audio cue. According to Ho and
Spence [7], spatial attention is attracted more efficiently when
information presented to multiple senses originates from
approximately the same spatial region. Thus, Spatial Turning
Sound may play a role in terms of attracting drivers’ attention.

3.3 Leading Tones for Turning

Finally, the sound presented just before turning was redesigned.
This Leading Tones for Turning, generates tones of increasing
duration and pitch, like “Pip.. Pip.. Pip.. PiiiiP” (see Figure 3).
Adding contextual sounds before the exact moment might help
users sense the appropriate timing.
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Figure 2. Screen capture of redesigned voice prompt. Spatial
Turning Sound pans from the center to the right.

S —

Figure 3. Screen capture of redesigned Leading Tones just
before the turning. It consists of a series of leading sounds.

Even though the current concept of presenting a short sound like
an earcon [2] just before turning has been recently added to
many PNDs in order to help turn timing, it still tends to make
users miss the correct timing because the processing from
‘perception’ to ‘behavioral reaction’ requires a certain time.
Drivers still need anticipation and preparation for the precise
turning timing. Leading Tones for Turning can let users perceive
where the next turn is more accurately, and be ready to turn
appropriately. Furthermore, through Leading Tones, users are
able to compute the accurate turning timing by using all of the
series of sounds.

Both these two auditory displays are easy to make and
implement because the device can always use the same files in
each situation. Vision is the most heavily taxed sense in driving,
even though driving requires integration of information coming
from multiple modalities [4]. Thus, the workload of the visual
modality could be lessened by using the additional auditory
modality. Further, all of these new features might help users in
terms of decision making. Based on this additional information
for turning point display, drivers can more conveniently decide
whether to make a turn at a particular time or not.

4. FGI & DESIGN IMPROVEMENTS

We conducted several Focused Group Interview sessions for
gathering experts’ feedback and improving these newer display
design concepts, in the U.S.A., Hungary, and Germany.

4.1 Participants

Seventeen participants (all male) participated in the FGI
sessions. They ranged from telematics system providers and car
audio specialists to salesmen at electronic goods stores.
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4.2 Materials & Procedure

For the Advanced Turn-By-Turn, a simple movie clip was
created in Flash 8.0. For the auditory display features, we
composed wave files using Cubase SX 3.0 and played them via
Microsoft Power Point 2003. Total seven FGI sessions (the
U.S.A. and Hungary = 2, Germany = 3) were conducted
including one to four participants in each Focused Group. FGI
sessions were held at our office or the participants’ office in
each country. At first, a coordinator introduced the new display
design concepts, using the Power Point slides for visuals, and
playing sounds via stereo desktop speakers. Another interviewer
simultaneously took notes of the participants’ comments using a
laptop computer.

4.3 Design Improvements

As a result of subsequent FGI sessions, we gained a couple of
critical improvements as well as the preference of the most of
participants (domain experts). Among them, the present paper
describes two major points pertinent to each display design. The
first one was related to the compatibility issue of the Advanced
Turn-By-Turn Display. Some said that the top to bottom order of
the turning point display is congruent with typical reading flow,
but some preferred the bottom to top because it is compatible
with the moving direction of the vehicle. This meant that
regardless of which design we implemented, about half the users
would have an incongruent display. To solve this compatibility
issue, we changed it into the left to right order. The leftmost
arrow means the nearest turning point and the rightmost arrow
denotes the farthest turn. Since in most of countries except some
at the Middle East, people read from left to right, we could
expect that it would work well.

The next suggestion enhanced the Spatial Turning Sound
presentation. It was suggested that if the sound moves to either
side, the dynamic sound should be more compelling and more
commanding of attention [10]. For these reasons, we developed
new dynamic turning cues to move from the center out to
directed side.

5. CONCLUSION & FUTURE WORKS

This paper presented the visual and auditory display concepts
for facilitating drivers’ interaction with a navigation device and
potential users’ benefits. Subsequent FGI results showed that
experts favored those features and improved the details. These
optimized turning point displays might dramatically decrease
the driver’s perceptual and cognitive load during navigation
tasks which would lead to increased safety for drivers with use
of IVTs. Despite this promising expectation, work is still needed
to further validate those concepts in the context of real driving
with normal traffic sounds. Therefore, future research is planned
to evaluate one of our new models which incorporates those
features.
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