Evaluating the Usability of a Head-Up Display for Selection
from Choice Lists in Cars

Garrett Weinberg
Mitsubishi Electric Research Labs
201 Broadway, Cambridge, MA, USA
+1.781.565.4814

Garrett. Weinberg@nuance.com
(now with Nuance Communications)

ABSTRACT

It has been established that head-down displayD@JDsuch as
those commonly placed
automobiles, negatively affect drivers’ visual atten [1]. This

problem can be exacerbated when screens are “buwityl

graphics or rich information. In this paper, whishan extension
of a user-preference study [23], we present thalteesf a driving
simulator experiment where we examined
alternatives to HDDs for presenting textual listSubjects
conducted a series of street name finding taskgwesach of three
system variants: one with a head-down display (HRiDg with a
head-up display (HUD), and one with only an augitdisplay.

We found that the auditory display had the leagtaat on driving
performance and mental load, but at the expensetask

completion efficiency. The HUD variant had a lowpact on

mental load and scored highest in user satisfactind therefore
appears to be the most viable target for futurdystu

Categories and Subject Descriptors
H.5.2 [User Interfaces]: Graphical User Interfacéseraction
Styles; Voice I/O

General Terms
Design, Human Factors, Experimentation

Keywords
Speech recognition, driving simulation, head-uppldg, HUD,
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1. INTRODUCTION

Head-up displays are partially-transparent displthet render
information in a manner that allows the viewer tonprehend it
while looking into the forward scene [9]. Generalotiérs
introduced the first automotive HUD in 1988 [19hdaHUDs
have since been deployed on a variety of vehictes & variety of
manufacturers, though mostly in the luxury segnwnéas costly
optional upgrades. They typically display only lied, critical
information such as the speed of the vehicle oditection of an
upcoming turn. However, this limitation has as mactdo with
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the small size and low resolution of current-getienaHUDSs as it
does with concerns about driver distraction.

in the dashboard of comniercia With the increased prevalence and precision of &RBScompass-

based data about a vehicle’s position, and the ganee of
computer-vision technology that can recognize dbjean and
around the road and can measure the driver’'s hesitign within
the cabin, there has been a dramatic upswing fgdentesearch
on richer, higher-resolution HUDs that could enadlgymented-
reality automotive applications. Narzt et al. [Bfivision a whole-
windshield HUD with navigational information oveidaonto the
road surface as transparent colored paths. Claretsial. [5]
prototyped a system that superimposes virtual semtations of
objects onto the driving scene, providing early nimgs of
impending sharp turns or traffic slowdowns that migtherwise
be missed due to weather conditions such as fog.

These designs, while exciting, are still in thelyeegsearch phase.
Their commercial deployment will depend on advaress in

both object tracking/recognition algorithms and display

technology that can utilize the entire windshielsl & HUD

combiner, enabling full-color, high-resolution inexg to be

presented at the correct focal depth without reduthe clarity

and transparency of the windshield for portionstted display

where there is no image.

The aim of this paper is to examine an HUD impletaton that
bridges the gap between the limited, low-resolutiBiuDs

available in cars today and the full-windshieldgented-reality
HUDs envisioned for the distant future. We soughtekamine
what the benefits might be to a medium-sized HUEhwanly a

few colors, occupying a region of the windshieldnparable in
size to current-generation dashboard LCDs, rathem the entire
windshield area.

Furthermore, we wondered whether HUDs are apprepifier
non-critical textual informationsuch as the destination- or media-
related menus or lists that today are presentechead-down
displays (HDDs). Such HDDs are typically mounted the
“center stack,” as is the case with factory-insthlbystems.

With the proliferation of such devices and the @aging amount
of rich media content available on them, there s¢rang practical
motivation to find safer ways of presenting thimemt. As we
have seen with mobile phone use, just becausetmityabas been
proven unsafe (e.g., [10]), that doesn’'t mean dsiveill stop

engaging in that activity. Thus, it is imperativeat we develop
displays and user interfaces that allow accesse@ver-widening
array of “infotainment” content with as little adee effect on
driving as possible.



As a foray into this research area we designedvandrsimulator-
based user study that compared subjects’ drivimfjopeance,
task performance, and reported workload when gagrout a
typical in-vehicle information system (IVIS) tasktreet name
retrieval—using three variants of a prototype IViSie with a
HUD, one with a HDD, and one with no display at @hly
audible navigation cues). We will present the desigd results of
this study after a brief discussion of the reldiedlature.

2. RELATED WORK

Numerous studies have illustrated the benefits BDHl for the
presentation of information related to the operati the vehicle
itself. For example, Sojourmer and Antin found thsatbjects
operating a driving simulator that featured an Helizzedometer
reacted significantly more quickly to salient cumsthe driving
scene versus a typical dashboard-mounted speedorfidg
Burnett found that participants made fewer navayal errors
(wrong turns) when an arrow graphic and contexinf@rmation
about the surrounding roads was presented on a ¥ogls on a
HDD [3]. Charissis et al. used a simulator to #stHUD-based
collision warning system in low-visibility conditis (typical of
heavy rain or fog). They found that the HUD drawsity reduced
the number of collisions and improved subjects’ ntexiance of
following distance, when compared to a traditiddBID [4].

Less research has been done on drivers’ abilityagsimilate

information not immediately related to vehicle operation, such as

the music titles or points of interest, when thidormation is
presented via HUDs. Often such information is lmestveyed by
textual descriptions, or some combination of telxtuesual, and
audible descriptions. Tsimhoni et al. investigatee best position
for presenting short text messages on a full-wireldhHUD,
evaluated in terms of driving performance and waafl [18].
They found that message locations withind a straight-ahead
gaze yielded the best performance and were préféresubjects.
Note, however, that these conclusions were obtaleskd on
very short messages only (people’s names), as lwasttee case
with [1] (where the messages were simple navigatietructions).
Our work seeks to determine whether such findinglsl Hor a
multi-line, information-rich HUD.

Liu and Wen’s study of commercial truck drivers routhat a
HUD was superior to a HDD for conveying emergenslgted
information (e.g., pedestrian warnings and engemperature
status), but did not find significant differences the more text-
heavy navigational and “commercial goods deliveiasks [13].
However, this was at least in part due to issudk thie design of
these tasks (the navigational task had over a 9E¥ess rate with
both display types and the goods delivery taskeh&@0% success
rate with both).

3. EXPERIMENT

In considering what kind of text-comprehension tagks most
interesting to study, we chose to focus on theK4igt” screen

that is often found in contemporary navigation/tafoment
systems that offer voice destination entry (VDR)isTis a screen
that is commonly used to display the automatic epeecognition
(ASR) engine’'s top N suggested matches for a giirgut

utterance. A user must choose an entry in the N4ssn order
to proceed through the VDE task; for example, shistraonfirm

which city name she has spoken in order to protedte street
name selection step.

We conducted an experiment in which subjects weled to
carry out pick-list navigation tasks (finding sdacstreet names)

i
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Figure 1. Driving simulator with head-up (HUD) and head-
down (HDD) screen positions indicated. A jog dialantroller is
mounted to the steering wheel.

using both a HUD-based IVIS and two “baseline” aats: one
with a HDD and one without any visual display ak—abnly
synthesized speech output.

3.1 Hypotheses

We hypothesized (A) that our HUD implementation Vdou
provide for higher user satisfaction than eithes HDD variant
(which is modeled after HDDs common in vehiclesatgdor the
audio-only variant. In terms of visual attentione Wypothesized
(B) that both the HUD and audio-only conditions \ebibe
superior to the HDD, as neither the HUD nor audib¢wvariants
required glances away from the road. In additionhwgothesized
(C) that the HUD would incur the lowest task timeaognitive
load among the three variants, due to this vasamving a visual
modality and its salient content remaining in thmivet’s field of
view at all times. Finally, in terms of driving ff@ermance, we
hypothesized (D) that HDD would fare the worst améime three
variants, due to its high visual demand.

3.2 Driving Simulator

The experiment was conducted in a mid-range drigimgulator
that incorporates motion feedback in the form axs tilt and
vibration that varies with vehicle speed and roexiure. The
driving scene is rendered on a 3x1, edge-to-edgeg af 50-inch
(127-cm) DLP rear-projection displays with a congainmesolution
of 3072x768 and a refresh rate of 60Hz (FigureAlgustomized
version of the rFactor racing game [11] simulateliele physics,
renders the graphics, and communicates with boh ntiotion
chair and our data logging plug-in. For more infation on the
simulator’s software and hardware configuratioeagk see [21].

The virtual roadway used in this experiment was shme one
used in [22]: a gently curving highway course wahsingle
leading vehicle traveling at a speed between 355mdph (56
and 90 km/h) depending on the road curvature.

3.3 Prototype IVIS

The prototype voice-activated VIS with which sutiginteracted
during the study was similar to that used in [22jere was a main
menu representing three domains of content: NaweigaMusic,

and Contacts, and each of these domains contaiaedus

subdomains and functions. Users could traverse hikearchy
either by issuing voice commands or by selecting alicking

using a vertically-oriented “jog dial” device (Figul) mounted
on the steering wheel (note that the jog dial deweas the



primary way of advancing through the pick-lists dradl the same
behavior in all three variants). In other words,thitee prototype
IVIS variants had identical manual and voice int&mm
modalities, while two of the three of them addee@ tisual
modality, which differed only in display placement.

One important difference from the version of theotptype

employed in [22] was that for this study, Pointlaferest search
in the Navigation mode was replaced by a simulateget name
search feature. This will be further explained e tProtocol
section below.

3.3.1 Audio-only Variant

The auditory-display variant we implemented wasilsinto one
that had showed promise in a previous study [20le Ehief
aspect in which the pick-list implementation in aasign differs
from other audio-only pick-lists is its entirelyarspaced nature.
Many state-of-the-art IVIS will announce the tovesal choices
one after another and then immediately open theopimne for
input'. Our system instead maintains a logical cursor tthe user
controls with the wheel-mounted jog dial deviceclEantry is
announced—prefaced by its number—only when the ocurs
reaches that entry. To actually activate an ertrg, user must
either press the jog dial's central momentary switchile the
cursor is on that item, or press the push-to-talitdm and say the
number of any item.

3.3.2 HDD Variant

The head-down variant of the IVIS was positionedrnéhe
steering wheel as illustrated in Figure 1, at ghslupward tilt to
allow for easy reading. This HDD design was motdatby
systems in production vehicles and approximatesdbation of
an IVIS mounted in the upper center of the dashhoar

With the simulator’s seat in its rearmost posit{as it was for the
tallest of subjects), the center of the display 88$ right of
center, approximately 23° below the line of sight & 5 ft. 9 in.
(1.75m) person. It occupied about 11 horizontal ahdut 8
vertical degrees of the field of view.

3.3.3 HUD Variant

The head-up variant was superimposed on the dradege above
the hood of the virtual car using a video overlaiken The

original black background of the IVIS interface wasnoved by
the mixer, resulting in a partially transparenteiféice. Only the
pick-list text and the selection bar remained fudlyaque. The
HUD occupied a very small area of the driving scekexording

to the reports of subjects in the post-experiméstussion, the
opacity did not interfere significantly with theidng scene. As
shown in Figure 1, the HUD was positioned to ttghtriof the

virtual roadway and the lead vehicle (14° to tlghtiof center and
approximately even with the vertical line of sight) occupied

about 8 horizontal and about 7 vertical degreesheffield of

view.

Our HUD is displayed in the same plane as the migiscene, and
thus represents an idealized heads-up displaybéNeve this is a

The current Ford Sync IVIS, for example, presemtsaadible
pick-list in this fashion when recognition confidenis low.
This consists of synthesized speech such as tlevfob: “Say
one after the tone faulay artist Vanilla Ice Say two after the
tone forplay artist Vanilla Fudge Say three after the tone for
play artist Milli Vanilli. <Beep>"

fair representation of state-of-the-art HUDs, beeadhey are
designed such that their image appears to the viewiee within
the driving scene (at bumper depth or beyond). Ppoisitioning
allowed subjects to glance away from the drivingngcas often as
necessary in short bursts, and then attend to ¢e @gain, all
without changing their focal depth.

The three IVIS variants were identical in termstloéir menu
structure and their tactile and audio interactiffordances. The
only variable factor was the presence and locatibthe visual
feedback. This means that any artifacts of ouriqddar 1VIS

implementation—such as the length of the pick-lists the

behavior of the jog dial device—are equally disitdrdl among the
conditions.

3.4 Experimental Design

Our study used a within-subject, repeated measiesgn with

interaction-technique(visual interface style) andepetition as

independent variables, and a number of dependeiables that

measured the subjects’ interactions with the iat&r$ as well as
the interfaces’ effects on driving and eye glanebdvior.

In order to measure the performance of the usesrfates
themselves, we recorded task time and subjectefemnce. With
respect to the interfaces’ effects on driving perfance, we
measured headway maintenance (distance behind ehd
vehicle), lateral deviation, driving speed, thmtttlepression,
steering angle, and the number of glances and merime
looking away from the forward roadway. In additie measured
total subjective workload using the NASA-TLX sunjé&y.

In short, our design was: 24 participants x 3 chods (head-up,
head-down, audio-only) x 7 interactions = 504 i@l total. The
data from all 24 subjects was used for analyzing dhiving
performance. However, due to the difficulties ttheg eye-tracking
system had with two subjects, we had to reject ttiaia and use
only 22 subjects for the analysis of visual atimtiSince driving
performance and eye-tracking data were collectedsdyyarate
systems, using different numbers of subjects is¢htavo analyses
is acceptable.

3.5 Protocol

Subjects were recruited from the local area. Allrevéicensed
drivers and native English speakers. The latteuirement was
introduced to reduce variations in the number ofesh
recognition errors between subjects. In total, tydour subjects,
10 female and 14 male (age M=22.45, SD=3.64), ppdied in
this study. Each experimental session was abouthme and
thirty minutes long, and subjects were compenséti for their
participation.

The experiment consisted of four drives: contraadrup, head-
down, and audio-only. In the control drive the sl operated
the simulator without any IVIS interactions, whesea the other
drives, they interacted multimodally (voice + mahnuaantrols)

with the given IVIS variant while simultaneouslyivdng. Each

drive lasted for seven minutes, and all subjectapteted all four
drives. All drives took place on the same simulateddway, a
gently curving coastal highway. To account for feag effect, we
counterbalanced the order of the drives among sthj&he main
task in all four drives was to follow a pace vekiahd to maintain
a constant distance behind it, even if the pacdcletslowed

down unpredictably (which it in fact did at certgtaces on the
course). Subjects were instructed that following tehicle and
driving safely had the highest priority, while alher tasks (i.e.,



Table 1. Example interaction: Searching for the steet Sunset
Boulevard

User System

<presses the push-to-talk

button> <beep>

“Please press the listen
button and say the name df
the street

“Enter destinatioh

<presses the push-to-talk

button> <beep>

—

<shows the results in the lig

Sunset Boulevard and reads the first entry>

<selects the desired stree
name from the list using th{
jog dial or voice commands

<confirms the selection by
reading the selected item>

v

listening to the experimenter’'s prompts and opegthe IVIS)
had secondary importance. They were also encoutagsaspend
any interaction with the IVIS if they found thatvias distracting
them from the primary task of driving.

Before starting the experiment itself, subjects hafive minute
training period to get accustomed to the drivingudator. Before
the first street-retrieval (i.e., non-control) cdéfah, the subjects
were trained on how to operate the IVIS until thesxre
comfortable searching for street names on their (itve baseline
HDD variant was always used for this training).

3.5.1 Street Finding Tasks

During the three IVIS drives, the experimenter ppted subjects
to find various randomly-chosen streets from a hizta of all

non-numerically named streets in California. Sutsjegvere

instructed to use whichever combination of voiceno@ands and
manual controls they found easiest; however, thex®no purely-
manual affordance for inputting the street namesndelves, only
voice. Table 1 gives an overview of the steps sibjllowed to

complete a typical street finding task. The sampstvere used in
all three conditions—only the means of presentirgresult pick-

list varied. The text-to-speech (TTS) messagesetshy the

system (such as instructions and the names of itemer the

cursor) were interruptible; if desired, subjectsildd'barge in” by

pressing any button rather than waiting until thel eof the

message read-out.

Each attempt at a street retrieval was considerdgeta separate
trial for the purposes of our analysis (includingultiple
subsequent attempts to find the same street, Esoakere it did
not appear in the list at all or the subject did notice it and
repeated the search by issuing a neBntér destinatioh
command). The time between attempts to find diffestreets was
not less than ten seconds. This allowed the sulsfatie down-
time to resume following the lead vehicle at thefered distance
and/or to correct any deviations from the travakla

A task was considered to be successfully completedn the
sought item was found and activated, either by gimgsthe
“listen” button and saying the number of the souiggin within
the match list, or by using the manual jog dialtcolfer on the
steering wheel to highlight and open the item.dsecof HDD and
HUD conditions, a maximum of 7 items were displaped page,
with 2 pages in total. This gives a total of 14 gibke positions

where the sought item can be located. The choicerefults per
page is based on multiple contemporary IVIS thabwstthis
number of results per page during voice dialogz. (¢urrent
Mercedes C-Class and E-Class).

The position of the target item within the list wasificially
controlled; in other words, the actual output of tBpeech
recognizer was ignored in the street name phasthefvoice
dialog. 50% of the time, the target street namesapgul at the top
of the list, 25% of the time in a random positidsesvhere on the
first page (entries 2 — 7), and 20% of the tima random position
on the second page of results (entries 8 — 14)ob#te time, the
target item did not appear on the list at all, fiogcthe subjects to
issue the Enter destinatiohcommand again (at which point the
target item was re-shuffled into the list accordiegthe given
distribution). The non-target entries on the ligrev filled with
similar sounding street names chosen automatiaading the
Soundex algorithm, in order to maintain the appeagaof real
ASR while controlling for error rate.

The relatively low proportion of exact matches (50#&s chosen
to emphasize any differences between the displagnta in terms
of the relative ease or difficulty of assimilatitextual information

and choosing the target item. Real ASR systems twv4 rates
better than 90% for tasks such as this (at leademufavorable
background noise conditions). However, accidentsilis happen
when a driver is distracted, e.g., after an ASRrenhere a driver
has to compensate by finding the sought item fromewhere in
pick-list (if it's there at all). These error-reniation cases are
exactly where real systems’ varying visual modaditwill matter,

so we artificially increased the ASR error rate four tested
systems in order to obtain more data from thesresting cases.

3.5.2 Task Timing

The subjects had a maximum of 90 seconds to coenplettrieval
task. If time elapsed before successful completthe, task was
marked as unsuccessful. In addition, as a meansdoting user
frustration, we instructed subjects that they coatdany point
declare the task to be a failure if they could fiotl the target
item. In either of these cases, the user was dierrseconds of
recovery down-time, and then the experimenter bebannext
task.

Following the completion of each drive, subjectgevmstructed
to complete the NASA-TLX survey considering thevirg task
alone or the combination of driving and retrievalsks, as
appropriate. At the end of the entire experimentser interface
preference questionnaire was administered.

3.6 Data Analysis

Our driving performance metrics (Following Distandeateral
Position, Speed, Steering Angle, and Throttle Reagge) were
logged by the simulator software in real-time. Hib®ve variables
are often reported together in literature becaussy tcan be
differently influenced by the various experimentanditions.
Thus, it is best to consider them in concert wheawihg
conclusions about driving performance.

Eye-tracking measurements were modeled after tisseissed in
[6]. We divided eyes-off-the-road glances into $h¢x 0.5
seconds), medium (0.5 — 2 seconds), and long Ec@rgls) bins,
as in previous work ([2], [22]). Eyes-off-the-roaghnces were
defined as those that targeted any area besideghtee front
simulator screens, such as those falling on theriste wheel or
the HDD. Since in the HUD condition the visual feadk was
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Figure 2. An example of calculating the area betweethe

curves for lane deviation.

presented within the central simulator screen, ekndated the
area it covered in our eye-tracking software andnted glances
onto that area as off-road glances.

In terms of usability analysis, our primary metsias retrieval task
duration, as there were very few unsuccessfulenadtitasks.

3.6.1 Calculation of Driving Metrics

We extracted the driving data relevant to the streieval tasks
using the “task windowing” methodology described[22]. The
driving data collected during a given retrievalktas compared
with the driving data collected from the relevamirtpn of the
same subject's control drive. This approach nomraliacross
tasks for the difficulty of the roadway portion avhich they
occurred, as well as across subjects for varyingrdr ability.
This way each subject acted as her own controh(lath respect
to road curvature and interaction type), enabliagaucompare the
IVIS interfaces by way of comparing the degree toicl they
affected the subject’s driving.

This was accomplished using a metric that we cakkd between
the curves,” which is similar to the “mean deviatiper average
task portion” metric discussed in [7]. As its naimplies, our

metric returns the area between two curves: oneéngpfrom the

control session and the other coming from the paler retrieval
task in the particular IVIS interaction session tths being

analyzed (see Figure 2). The beginning and endpbieach curve
is obtained through the “task windowing” technigdescribed
above. The area between the curves is calculated, then

normalized by dividing by the duration of the task.the ideal
case, the secondary task has no impact on drivérfgimance, so
there is no difference between the conditions (@brand 1VIS),

and the area between the curves is zero. Thusgdoh driving
metric, a smaller area indicates better drivingfgyerance. This
enables us to compare the IVIS interfaces by qfyamgi the

degree to which the interfaces cause drivers terdev from their
unencumbered driving.

3.7 VIS Usability Results

This section presents the results of the usakalitglysis and the
participants’ subjective opinion about the desiigbof the three
interaction techniques.

3.7.1 ASR Errors
Since the recognition accuracy of the search tasls simulated
according to the distribution specified in secti®treet Finding

Tasks,; there were no ASR related errors except the ones
intentionally introduced. The only time when the RASwas
actually used in this experiment was for thlenter destinatioh
command, for which the recognition was always merfe

3.7.2 Task Time

Task time was defined as the amount of time whitdpsed
between the beginning and the end of a task. Tiginbieg of
each task was marked at the end of the experimemdsk prompt
(e.g., ‘Please find Sunset BoulevdrdAs for the end of the task
there were a few possibilities: the participanestdd the desired
street name, the participant declared the currask to be a
failure, or the participant issued a nevEnter destinatioh
command to start a new search.

Our results show a significant main effect of tineraction-
techniqueon task time(F, 46 = 17.250, p < 0.001). The mean task
times for audio-only, HDD, and HUD conditions we2@.9s,
17.1s, and 16.6s, respectively. A post-hoc compariadicated
significant differences between audio-only and H@D< 0.001)
and audio-only and HUD (p < 0.001). No differencswabserved
between HUD and HDD (p = 0.547). Even though theDHU
required the shortest task time among the threlantsr the lack
of statistical significance in the HUD/HDD pairinigdicates that
hypothesis C is only partially supported for thistric.

3.7.3 Subjective Preference Rankings and Opinions
After concluding the study, each participant hacthance to
express her subjective opinion about each of ititeraction-
techniqueghrough a Likert scale questionnaire (1: fully disze -
FD, 2: disagree - D, 3: neutral, 4: agree - A,Blyfagree - FA).
Table 2 shows the number of participants and #mgieement with
statements about ease-of-use and driving distraclis each
interface. The statistics for the main effect oé ihteraction-
techniqueare obtained using the Friedman non-parametric test
We can see that a significant main effect of theraction-
techniqueexists for both statements.

Post-hoc comparisons were conducted for both dqurestusing
the Wilcoxon Signed Rank test and Bonferonni cdiwecfor
multiple comparisons. The results revealed the ofalig
significant differences: for ease-of use — HDD ¥JD (p =
0.003) and for distraction from driving — audio-pnk. HUD (p =
0.006), audio-only vs. HDD (p < 0.001), and HDD KD (p <
0.001). This supports hypothesis A above, sinceefise of use
HUD obtained the highest score (although not sicguiflly so
compared to audio-only). As for the users’ opini@m®ut their

Table 2. Subjective opinions abouinteraction-techniques.
White cells show number of subjects who fully agrek(FA) or
agreed (A) with each statement. Shaded cells showmber of
subjects who fully disagreed (FD) or disagreed (Dyith each

statement
Statement Agree | Audio HDD | HUD | p (%
-ment | -only
interface was
easy touse.| FD/D 4 4 1 (11.4)
The___ | FaA 3 19 8
interface 0.001
distracted me| (27.9)
from driving. = o 2 v
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Figure 3. Overall preference ranking of theinteraction-
techniques.

distraction from driving, audio-only fared the bdsbntrary to
hypothesis A), followed by HUD and HDD.

Figure 3 shows how subjects ranked the interfadésnespect to
the desirability of using them in their own vehil¢l: most

desirable, 3: least desirable). The results shaigmificant main

effect of the interaction-techniqueon the subjective ranking
(x3=16.583, p < 0.001). A post-hoc comparison
significant differences for audio-only vs. HDD (p0=033) and
HDD vs. HUD (p < 0.001). As we can see, HUD waskeah
highest by the majority of subjects, although nighificantly so
compared to audio-only. This indicates that hypstheA is
partially supported for this subjective ranking ma@ as well.

3.7.4 Subjective Mental Load Evaluation
Immediately after completing each of the sessisobjects filled
out a NASA-TLX questionnaire in order to assessrtiverkload
while interacting with each of the interfaces. Thean reported
workload was 40.6, 29.6, 49.3, and 42 for audigrorbntrol,
HDD and HUD sessions, respectively (Figure 4). Wenfl a
significant main effect of thmteraction-techniqu@®n mental load
(Fse0 = 16.484, p < 0.001). A post-hoc comparison reagkal
highly significant differences (p < 0.008) for aarings except
audio vs. HUD (p = 0.699), so hypothesis C is piytisupported.

3.8 Driving Performance Results

In this section we present the results obtaineduiin the
objective driving performance metrics. To put thessults in
perspective, we will later discuss how well theyrespond to the
participants’ subjective opinions presented inghavious section.

3.8.1 Lateral Position

Our results show a significant main effect of timeraction-
techniqueon the area between the curves for lateral pos{fi®

= 3.705, p = 0.032). The mean values for eaderaction-
techniqueare shown in Figure 5 (left). A post-hoc compariso
revealed significant differences for audio-only \WWDD (p =
0.023), and audio-only vs. HUD (p = 0.019). No @iéince was
observed for the HUD vs. HDD pairing (p = 0.884).
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Figure 4. Mean workload values for eaclinteraction-technique
obtained through NASA-TLX. Higher values indicate higher
mental load. Note: Error bars represent 95% confidaece
intervals in all figures.

3.8.2 Speed

We found a significant main effect of tir@eraction-techniquen

the area between the curves for speegdgE 6.580, p = 0.003).
The means for all threeteraction-techniquesre depicted in
Figure 5 (center). After performing post-hoc congams we
discovered significant differences for audio-only. WDD (p =

0.026) and audio-only vs. HUD (p = 0.001). No difflece was
observed for HUD vs. HDD (p = 0.237).

3.8.3 Steering

A significant main effect ointeraction-techniquen area between
the curves for steering was found, (5= 3.686, p = 0.033). The
mean values for all thre@teraction-techniquesare shown in
Figure 5 (right). A post-hoc comparison revealedignificant
difference for audio-only vs. HDD (p = 0.006). Narsficant
differences were observed for either audio-only M&ID (p =
0.322) or HUD vs. HDD (p = 0.136).

3.8.4 Throttle and Following Distance

Our analysis did not show any significant differesbetween our
three interaction-techniquesn terms of throttle depression and
following distance.

In general, the driving performance results aretremy to our

hypothesis (D). Lateral position, steering, ancespeesults are all
consistent in that drivers performed better witle gudio-only
variant than with either of the other two variar(tsith the

exception of steering, where there was not a samif difference
between audio-only and HUD).

3.9 Visual Attention Results

Using our eye-tracking system we were able to ¢aleuthe
percentage of time that the participants looked yafrtam the
forward roadway for each of thmteraction-techniquesWith

respect to this metric we found a significant diéfece between
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Figure 5. Mean area between the lateral positionpged and steering curves for alinteraction-techniques.



the threeinteraction-techniquegF, ;s = 26.033, p < 0.001). On
average, participants looked away from the road%.0f time for
audio-only, 11.24% of time for HDD, and 2.81% ofé& for
HUD. Note that these means correspond to lookinaydwom the
road while actually interacting with the three nféees on test;
downtimes between the tasks are not included. teemgent with
hypothesis B, a post-hoc comparison showed sigmific
differences for audio-only vs. HDD (p < 0.001) akdJD vs.
HDD (p < 0.001).

Figure 6 shows the average number of glances aveay the
forward roadway that subjects made when using e@dehaction-
technique The glances are grouped by their duration intortsh
(less than 0.5s), medium (between 0.5 and 2s),l@mgl (longer
than 2s). The following significant differences weobserved
using the post-hoc comparisons: for medium glarcesidio vs.
HDD (p < 0.001) and HUD vs. HDD (p < 0.001), and $hort
glances — audio vs. HDD (p = 0.011) and HUD vs. H@D=
0.006). This again supports hypothesis B. In géribere were
very few long glances off road, so no significaiffedences were
observed there.

3.10 Discussion and Conclusions

Given the design of the tested interfaces, it isswprising that
there would be a twofold increase in the numberoffifroad

glances when using the HDD versus the HUD. Whathinkzp

more surprising is that the HUD and audio-only @af$ required
as many off-road glances as they did. Bear in nihdugh, that
all three interfaces required interaction with #teering wheel-
mounted controller in order to activate the speeetognizer,
move the selection bar among the pick-list itemsl] & select an
item. Given the relatively short duration of thestieg session,
subjects did not have time to gain the motor mentbay would

allow them to operate this controller confidentlyitheut

occasionally looking down at the steering wheel.

The results show that HUD was the most preferregdsticipants,
although not significantly so in comparison to audnly. Even
though the audio-only condition resulted in lessetrdistraction
in comparison to HUD, the fact that audio-only tagkok so
much longer might be the reason that it did notea@hthe highest
subjective rank. It is very interesting to see iguffe 3 that similar
numbers of subjects ranked the audio-only interfe2™, and
3% which means that the opinions about its effeciiss vary
widely. On the other hand, trend lines for the Habd HDD
rankings have very steep slopes, which show thageneral
participants liked the HUD and disliked the HDDeirfaice.

If we compare the user preference results to thivindr
performance measures, we notice interesting diffare between
the audio-only and HUD system variants. Participaminsidered
HUD to be the most desirable interface (Table RjsTpreference
seems to be founded upon this interface’s rep@ase-of-use and
its relatively low required task time. However HUides not win
out in terms of the objective driving performancetrits or in
subjects’ opinions about the distraction from driui These show
the audio-only condition to be the most favorable.

One might speculate that subjects preferred the i Hpite of its
greater impact on driving because of its noveltybecause its
visual modality afforded a working memory “crutchfiat was
missing in the purely auditory variant.

The head-down variant was the least favorable faerin the
subjective categories and in all objective categorxcept for
lateral deviation, speed, and steering, where @ ot differ
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Figure 6. Mean number of glances away from the forard
roadway for all interaction-techniques.

significantly from head-up. Even though tasks téakshorter to
execute than with the audio-only interface, thedneelook away
from the road was seen as a great disadvantage-rairshly on
the user preference survey carried out at the dntheo entire
study. This trend is also clear in the NASA-TLX Wimad data
gathered after each interaction session.

Based on the presented results we can concludedisgiaying

pick-lists using either an auditory display or atheip display is a
much better approach than using a head-down disgagn

though HDDs similar to the one we tested are ubdmsi in

today's factory-installed navigation systems. If vesnsider
driving performance alone, audio-only is the pnefdrapproach.
However, if we broaden our focus to consider uatsfaction and
task efficiency as well, HUD appears to be the béstnative.

One interesting finding is that even though eadhrface with a
visual output modality (HUD and HDD) offered audib{TTS)

output as well, subjects still made extensive dshevisual part.
In other words, they preferred looking at the Gugrethough the
equivalent information was delivered audibly in @idd. A very

similar phenomenon was observed in [12], where dhthors

compared a standard map-based personal navigatinedwith

the one which provided only voice navigation. The@sults

showed that even though the audio-only navigatievic made
for better driving performance and visual attentiparticipants
still preferred the audiovisual interface. We batighat the reason
for such findings is that people can assimilate achmlarger

amount of data through the visual channel than utjinothe

auditory channel given the same amount of time jettbtook the
opportunity to combine the two channels for beferceptual

throughput, even at the expense of attention taltiving task.

4. FUTURE WORK

Is there a “middle ground” that offers the attentiand safety
benefits of an audio-only approach but allows tastisbe
completed as efficiently as they can with a multi@oHUD?

A potential way forward might be to augment the iawzhly

interface with a “sometimes-on” HUD. The HUD wouwdly be

displayed when a content-retrieval task is actarel would slide
out of view after a short timeout. Alternativelyneocould display
the HUD pick-list only in situations when the reod@gn quality

is poor (as denoted for example by low confidermges from the
ASR engine).

Since our initial HUD variant offered an efficientterface (in
terms of task completion time) and introduced ailamtognitive
load to the audio-only condition, it would be vdia to
investigate how we might improve upon the HUD desigorder
to further reduce the system’s impact on driving amental load.
In this study the HUD’s screen design was identicahat of the
HDD—merely relocating the display to within thedn’s line of
sight offered very encouraging results. We wondéeter we



could do even better by adapting the HUD’s laydapts, or
graphical/iconic elements to better address theifipaeeds and

constraints of the head-up use case (e.g., padi@parency, non-

interfering colors).

There are many other factors involved in the desigHUDs that
can affect drivers’ mental workload. These incltlde size of the
area into which the HUD is projected and the degpeghich the
HUD occludes the driving scene. In our experiméetlUD was
simulated such that the pick-list text was equaibible across
road and lighting conditions. However, in realitgjffering

ambient light levels might affect the legibility ¢fie projected
information, causing an impact on mental load amhtent
comprehension. Perhaps this effect can be simulateca

laboratory setting by adjusting the transparenegllef the HUD
background or by partially blurring the text.

Another area that we plan on investigating in fefato HUDs is
the potential for cognitive capture (inattentiorindhess) and
perceptual tunneling [17]. As described in [17]geibive capture
can be thought of as being “lost in thought;” adj@xample is a
highly emotional conversation on the phone where tmses a
sense of one’s immediate physical surroundings.béleve that
there is a low risk of cognitive capture in thepdiay of pick-lists
on HUDs. However, we can envision that perceptuah¢ling
may indeed occur, for example if graphics or effehat draw too
much visual attention are employed. Given the negadmpact
that perceptual tunneling has on driving, it is artpnt to keep
such considerations in mind when designing futarear HUDs.
As suggested in [16], a detailed analysis of deveye behavior
and reaction times to external events may highkgich issues.
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