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Abstract

Scott Mishler

Warnings are integral to ensuring the safe operation of
a vehicle. The use of auditory alerts and warnings has
the potential to alleviate drivers’ workload, increase
drivers’ situation awareness, and facilitate efficient and
safe driving. The present study assessed the ability of
individuals to react to auditory warnings. The warnings
took the form of text-to-speech (TTS), spearcons at
two levels of linear compression, and auditory icons. To
assess usability, the NASA Task Load Index and an
annoyance question were used. Participants pressed a
space bar when they recognized a warning, and then
identified auditory warnings by selecting a picture
corresponding to the meaning of the warning. The
results showed that participants responded to the
fastest spearcon warnings more quickly compared to
TTS and auditory icons. Responses to auditory icons
were slowest compared to all other auditory types.
Importantly, responses to spearcon warnings were no
less accurate in comparison to TTS warnings.
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Introduction
Car warnings can represent various issues and levels of
urgency but all aim to communicate with the driver in
an unobtrusive and informative manner. Recognition of
the meaning behind a warning is important, as
ambiguous warnings and symbols can be neglected or
even completely ignored. Further, if the warning is hard
to understand it may be misidentified, leading to an
undesired response. As a result, the semantic mapping
of a car warning to its referent is crucial in facilitating a
response behavior [9]. An ambiguous and unclear
relationship between the auditory warning and the
phenomena it aims to represent can lead to less
accurate and slow responses. If car warnings are either
confusing or inefficient, they may impair drivers’
performance in response to potential danger.
Auditory alerts or feedback can take shape in many
forms, including text-to-speech (TTS), auditory icons,
earcons, tones, and spearcons, to name just a few.
Earcons were introduced as brief melodies that do not
semantically map onto the construct which they
represent [3]. In contrast, auditory icons are sounds
that can accurately depict the construct intended
through the use of semantically-congruent
relationships. Auditory icons utilize pre-existing
constructs, such as the connection between the shutter
sound and a camera. While auditory icons have the
benefit of being language-free, and therefore, are more
generalizable cross-culturally, some constructs or
messages are hard to represent without using
language. Lastly, spearcons are sped-up versions of
TTS that have increased tempo but are no different in
pitch compared to TTS [15]. Spearcons are sped up to
the point where they may not be recognizable as
speech, although it is not strictly necessary. Studies

assessing the learnability of sound cues have shown
that auditory icons and spearcons both require less
time to learn than earcons [1,4,11], and that spearcons
are comparable to TTS in terms of learnability [1].
Further, spearcons and TTS outperform auditory icons
and earcons in terms of learnability for longer lists [1].
Previous research investigating the efficacy of various
auditory car warnings has supported the integral role of
semantic congruency in auditory warnings [9], while
others have found that the use of auditory warnings in
a vehicle context was perceived as less effort-intensive
than visual warnings [10]. Research analyzing gaze
movements and interaction with an in-vehicle GPS
interface also supported auditory warnings in vehicles
by demonstrating that sonification of an in-vehicle
device increased time spent looking at the primary
(driving) task as compared with visual warnings [14].
Similarly, other research has demonstrated that
supplementing a vehicle’s infotainment system with
auditory cues compared with no sound at all increased
both driving and menu navigation performance [7].
Another study comparing the implementation of
spearcons, earcons, or no sound at all to an interactive
vehicle interface showed that the use of spearcons
decreased the time spent looking at the visual display
and increased subjective driving performance [8].
Previous studies [12,16] demonstrated that spearcons
could be responded to more quickly than TTS, without
sacrificing response accuracy. Other research has also
demonstrated that manipulating properties of auditory
warnings, such as speed, can convey urgency [2,6,13].
Urgency has been measured by rating and ranking
sounds based on perceived urgency [2,6], or by having
participants manipulate the properties of sounds to

create their own urgent warnings [13]. With these
findings in mind, the implementation of spearcons into
a car warning system may allow drivers and passengers
to respond more quickly to an aversive event. This
facilitated response is important because in driving
situations, time can be critical.

Experiment
So far, no previous studies have evaluated the efficacy
of spearcons compared to other auditory alert types
with potential usage for car warnings. In addition,
further research in the usability aspect of auditory
warnings is necessary as limitations, such as the
potential for annoyance [9] and interference, are
apparent. Thus, the purpose of the present study was
to determine the efficacy of various forms of auditory
alerts (TTS, auditory icons, and spearcons), while also
measuring workload and annoyance associated with
these forms of auditory alerts. Further, the present
study assessed the learnability of the auditory alert
types across the four experimental blocks in terms of
both RT and accuracy. These auditory types were
included due to their relevance in the field of auditory
displays and alerts. The independent variable was the
auditory alert type. Dependent variables consisted of
reaction time (RT), accuracy, the NASA Task Load
Index (NASA-TLX) [5] and an annoyance measure.

Methods
A between-subjects design was used consisting of one
between-subjects factor, auditory alert type, with four
levels: (a) spearcons at 40% of original audio length
(40% spearcons), (b) spearcons at 60% of original
audio length (60% spearcons), (c) TTS, and (d)
auditory icons. A between-subjects design was chosen

due to the semantic similarity across alert types. There
were 22 participants in each of the groups.
Participants
Eighty-eight students (52 female; mean age = 19.38;
SD = 3.12) from New Mexico State University
participated in the experiment for course credit. All of
them reported normal or corrected-to-normal hearing.
Apparatus
Participants completed the experiment on a computer,
a Dell OptiPlex 7020, running E-Prime software.
Participants wore a pair of headphones, the AudioTechnica ATH-M30x Professional Studio Monitor
Headphones, to hear all stimuli during the experiment.
Computer volume was kept constant at 30% of full
volume. Practice served as a check to ensure
participants could hear the stimuli at this volume, and
all participants reported as having normal hearing.
Stimuli
TTS was created using NaturalReader 14.0 software,
which reads entered text using a synthesized voice.
Sound was captured using a playback option on
Audacity, a free software used for audio editing. The
WASAPI playback option allows for the recording of
computer playback without the usage of a microphone.
Spearcons were produced by taking each corresponding
TTS alert or warning and increasing the tempo within
Audacity. Tempo was increased through linear
compression to create 40% and 60% spearcons. That
is, if the original sound duration was 1 second, the 40%
spearcon version was 400 ms. All auditory icons were
gathered from the British Broadcasting Corporation
(BBC) Sound Effects Library, from CDs: 1, 5, 12, 13,
and 19. These auditory icons were used in previous

TTS

Auditory
Icons

Headway
closing fast

Collision
sound

Drifting off
road

Rumble
strips

Speed limit
exceeded

Car
speeding
past

Car in blind
spot

Honk

Tire
pressure
low

Air
release

Door is
open

Door
shutting

Hand break
on

Creaking
sound

Gas is low

Water
pouring

Oil is low

Steam and
water

Table 1: TTS phrases and
descriptions of auditory icons.

research [9] to assess signal-referent relationships. All
sound effects were edited through Audacity to ensure
that sounds did not include trailing noise, and were
only as long as needed to convey meaning. All warning
phrases (see Table 1) and illustrations (see Figure 1)
were borrowed from a previous study that compared
TTS to other auditory feedback types [9].
Subjective measures
Participants responded to seven questions at the end of
the experiment. NASA-TLX was used to assess mental
workload [5]. This survey measures workload on six
scales, which include: mental demand, physical
demand, temporal demand, performance, effort, and
frustration. Further, an annoyance question consisting
of the prompt, “How annoying did you find these
warnings?” was used to assess perceived annoyance.
All questions utilized a 21-point scale.
Procedure
Participants first signed the consent form and provided
demographics information. At the beginning of the
experiment, participants were familiarized with the
auditory type that would be used in the study. They
were then presented with a slideshow, which paired the
auditory warning with a picture that would be used to
assess accuracy (see Figure 1). The practice session
then began, which could last between 9 and 45 trials
depending on the participant’s performance. The
practice session was completed when participants
performed at above 85% accuracy. The practice trials
mirrored the experimental blocks completely. Each trial
began with the presentation of a sound, and
participants were required to press the space bar as
soon as they recognized the warning. RT was logged
from stimulus onset until the space bar was pressed.

After this bar press, they were taken to a screen with
nine pictures (see Figure 1) corresponding to all
auditory warnings, and asked to select which warning
that they just heard. After practice was completed,
participants performed 432 experimental trials split up
into four blocks. At the end of each block, participants
answered the NASA-TLX and annoyance questions
based on their experience with the sound warnings.
Participants were given the choice to take a break
lasting up to five minutes between blocks.

Figure 1: Illustrations for car warnings as seen by
participants. Each illustration corresponded to a specific
warning.

Results

A one-way analysis of variance (ANOVA) was conducted
with auditory alert type as a between-subjects factor on
RT. The main effect of alert type on RT was significant,
F(3, 84) = 42.11, p < .001, ηp2 = .60. Mean RTs tended
to decrease across TTS, 60% spearcons, and 40%
spearcons (see Figure 2). Pairwise comparisons (Sidak)
showed that auditory icons were responded to more
slowly compared to all other auditory types, ps < .001.
40% spearcons were responded to more quickly than

TTS, p = .002. Responses to 60% spearcons were not
significantly different from 40% spearcons, p = .357, or
from TTS, p = .319.
To determine if there were any practice effects for RT,
a mixed-design ANOVA was conducted with block
number being a within-subjects factor and auditory
type a between-subjects factor. There was a significant
effect of block number, F(3, 252) = 98.40, p < .001,
ηp2 = .54, and an interaction between block number
and condition, F(9, 252) = 2.21, p = .022, ηp2 = .07.
Pairwise comparisons (Sidak) showed that there were
significantly faster RTs moving from block 1 to 2, and
from block 2 to 3, ps < .001. However, RTs were not
significantly different in blocks 3 and 4, p = .369

Figure 2: Reaction time (RT) across auditory type.

A one-way ANOVA was conducted with alert type as the
between-subjects factor on accuracy. The overall
analysis of accuracy was significant, F(3, 84) = 3.81, p
= .013, ηp2 = .12. Pairwise comparisons (Sidak)

showed that the only significant difference in accuracy
was between TTS and Auditory icons, p = .015, with
auditory icons exhibiting a lower accuracy (M =
95.57%, SD = .03) than TTS (M = 97.81%, SD = .01).
Across all auditory alert types, there were no significant
learning effects for accuracy.
Subjective measures
To determine whether there was a difference of
temporal demand across auditory types, a one-way
ANOVA was conducted with auditory alert type as the
between-subjects factor. Only the temporal demand
data was used to determine whether the increased
tempo of spearcons would create a sense of urgency.
Responses to other questions from the NASA-TLX were
not analyzed. The main effect of alert type was
significant, F(3, 84) = 3.71, p = .015, ηp2 = .12.
However, pairwise comparisons (Sidak) showed that
40% spearcons were not perceived as being
significantly more temporally demanding than 60%
spearcons, TTS, or auditory icons, ps > .05. To
determine whether there was a difference of perceived
annoyance across auditory alert types, a one-way
ANOVA was conducted with auditory alert type as the
between-subjects factor. The main effect of alert type
was not significant, F(3, 84) = 2.54, p = .062, ηp2 =
.08. Planned comparisons (Sidak) showed that 40%
spearcons were not perceived as more annoying
compared to the other alert types, ps > .05.

Discussion
The present study compared the efficacy and usability
of four auditory alert types in a car warning recognition
task. After only a brief training session, accuracy was
not significantly lower for spearcons compared to TTS.
Auditory icons had the lowest accuracy among all alert

types. Considering that the auditory icons contained
lower semantic congruency than TTS and spearcons,
this result is consistent with previous research
investigating signal-to-referent relationships [9].
Although there were few differences in accuracy when
comparing the auditory alert types, there were
significant differences in terms of RTs. Analyses showed
that auditory icons were responded to more slowly
when compared to 40% spearcons, 60% spearcons,
and TTS. This may be a result of longer durations of the
warning, or a weaker signal-to-referent relationship for
auditory icons [9]. Importantly, 40% spearcon
warnings were responded to more quickly than TTS
warnings. While responses to 60% spearcon warnings
were not significantly different from TTS, RTs decreased
numerically going from TTS, to 60% spearcons, and to
40% spearcons (see Figure 2), suggesting that further
research should be conducted to analyze whether this
level of linear compression (60% of original audio
duration) can be consistently responded to more
quickly when compared to TTS. Analyses assessing RTs
across all alert types provided evidence for learning
effects, indicating that training may be required to
reach optimal RTs for all alert types.
The finding that 40% spearcons were responded to
most quickly without any significant accuracy loss has
important implications for auditory car warnings. Car
warnings often need to communicate highly critical and
time sensitive information. Facilitating a faster response
by providing a more efficient warning may lead to safer
driving and fewer accidents on the road. The finding
that these spearcons were also not perceived as more
annoying than the other alert types is important in
assessing usability. Further research is needed to

establish which types of auditory alerts should be
designated to which warnings, especially when
considering severity. Considering that annoyance and
fatigue can set in with repetition of one type of auditory
alert, designating low-risk and highly repetitive events
with auditory icons may increase satisfaction. However,
for high-risk situations that will demand quick and
accurate responses, the present findings support that
spearcons may be an appropriate design choice.
Further research is also needed to establish whether
the present findings can be replicated outside of a quiet
environment while using a dual-task paradigm to
assess the true validity of these auditory alert types.

Conclusion
The 40% spearcon warnings were responded to more
quickly when compared to both TTS and auditory icons,
and were not perceived as being more annoying
compared to 60% spearcons, TTS, or auditory icons.
Further, there was no significant difference in accuracy
when comparing spearcons to TTS. The present
research provides evidence that even brief spearcon
alerts may be useful for providing information in timecritical situations which could potentially increase safety
and driving performance. However, these findings need
to be replicated in a driving task to ensure that
spearcons can provide viable communication during the
operation of a vehicle.
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