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ABSTRACT:
Auditory interfaces, such as auditory alarms, are useful tools for human computer interaction. Unfortunately, poor
detectability and annoyance inhibit the efficacy of many interface sounds. Here, it is shown in two ways how
moving beyond the traditional simplistic temporal structures of normative interface sounds can significantly improve
auditory interface efficacy. First, participants rated tones with percussive amplitude envelopes as significantly less
annoying than tones with flat amplitude envelopes. Crucially, this annoyance reduction did not come with a
detection cost as percussive tones were detected more often than flat tones—particularly, at relatively low listening
levels. Second, it was found that reductions in the duration of a tone’s harmonics significantly lowered its annoyance
without a commensurate reduction in detection. Together, these findings help inform our theoretical understanding
of detection and annoyance of sound. In addition, they offer promising original design considerations for auditory
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I. INTRODUCTION

A. Auditory alarms: Detectable yet annoying

Understanding the acoustic factors used in parsing competing acoustic signals provides insight to the auditory system, as well as useful guidance in designing effective
auditory interfaces—systems for communicating with electronic devices using sound. Auditory interfaces can provide
confirmatory auditory feedback (Bodend€orfer et al., 2015),
express data through sonification (Taenzer et al., 2010), and
auditory notifications through alerts and alarms (Phansalkar
et al., 2010). Medical device alarms are a particularly highvalue auditory interface whose problems have been extensively documented (Edworthy, 2013). They are commonly
designed to sound often and loudly in an attempt to ensure
detection (Edworthy and Hellier, 2005; Schlesinger et al.,
2018); however, their numerosity leads to serious issues of
annoyance undermining their efficacy (Rayo et al., 2019).
Recent investigations into the use of temporal variation in
amplitude envelope, the way a sound’s amplitude changes over
time, has shown promise in improving auditory alarm efficacy,
reducing annoyance without harming learning or memory of
alarms (Sreetharan et al., 2021). Here, we build on that work by
exploring how temporal variation in amplitude envelope (flat
and percussive envelopes) and spectral content (differing durations of harmonic energy) affect not only annoyance but also a
core issue of auditory perception—tone detection.

Auditory alarms are invaluable in many safety critical
industries, including (but not limited to) industrial processing (Laberge et al., 2014), aviation (Bliss, 2003), automobiles (Marshall et al., 2007), railways (Edworthy et al.,
2011), and healthcare (Edworthy, 2013). These alarms are
typically easily detectable in isolation; however, common
design philosophy dictates that loud alarms must sound
often to be detected (Schlesinger et al., 2018), leading to an
unmanageable sonic cacophony in their real world use
(Sendelbach and Funk, 2013).
The sheer numerosity of alarms prevalent in healthcare
(Varpio et al., 2012) and industrial settings (Laberge et al.,
2014) exacerbates problems with loud volume levels with
reports of over 350 alarms per-patient per-day (Sendelbach
and Funk, 2013). Other reports have shown that only 0.5%
indicate life threatening events (O’Carroll, 1986). Numerous
alarms combined with low positive predictive value create
an unfortunate vicious cycle. Making alarms annoying helps
reduce misses, but large numbers of attention-grabbing
alarms incentivize users to tune them out or even turn them
off—occasionally resulting in disastrous consequences
(Bliss et al., 1995; Block et al., 1999), such as one patient
who died despite a warning alarm that was sounding for
over an hour (Cvach, 2012; Sendelbach and Funk, 2013).
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B. Role of temporal structure in recognition
and perception

Temporal variation is a prominent feature in environmental (Foley and Schutz, 2021; Gygi et al., 2004) and
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musical (Schutz, 2019) sounds. These temporal fluctuations
play an important role in stream segregation, our ability to
perceive multiple distinct auditory units (Bendixen et al.,
2010; Iverson, 1995; Moore and Gockel, 2002), and masking, which occurs when one sound renders another inaudible (Buus, 1985). It also is important for recognition of
speech (Shannon et al., 1995) and environmental sounds
(Gygi et al., 2004), even in the absence of detailed spectral
information.
As many natural sounds exhibit great temporal variation, our auditory system often uses this information to aid
in understanding our environments. For example, temporal
properties are important in modulating acoustic startle
responses (ASR) in humans, a low-level reflexive response
to acoustic stimuli. As a sound’s rise time, or onset,
increases, the amplitude and probability of ASR decreases
(Blumenthal, 1988). Biases toward specific envelopes may
reflect evolutionary pressures as looming sounds (i.e., those
that are increasing intensity) are perceived as closer in space
to the listener than receding sounds, which are decreasing
intensity (Neuhoff, 2001). This could reflect an adaptive
bias toward approaching (e.g., predator, falling tree) vs
receding objects.
Amplitude envelope appears to play an integral role in
many tasks, such as audio-visual integration (Chuen and
Schutz, 2016; Grassi and Casco, 2009; Grassi and Pavan,
2012; Schutz and Kubovy, 2009), duration assessment
(Grassi and Darwin, 2006; Vallet et al., 2014), determining
materiality in impact events (Giordano and McAdams,
2006), product preferences (Schutz and Stefanucci, 2019),
and associative memory (Schutz et al., 2017). Exploring its
role in both detection in noise and annoyance will add to
this growing theoretical understanding of envelope, in addition to applied uses, such as auditory interfaces.
C. Role of harmonic structure in detection
and perception

Harmonically “complex” tones are known to be more
detectable than pure tones (Buus et al., 1997; McPherson
et al., 2020). Additionally, harmonic sounds (such as those
consisting of the fundamental plus four harmonic components) are more detectable than otherwise equivalent inharmonic tones (McPherson et al., 2020), suggesting that
advantages in detection may not simply be related to more
acoustic energy but rather the presence and relation of spectral components.
Natural sounds exhibit innumerable complexities in
spectral content. Musical sounds, for example, often exhibit
temporal shifts in harmonic content, where the spectral
energy is shifting over the course of a tone’s duration
(Schutz, 2019). These differences in energy concentration
are associated with a different perceptual center (p-center;
Howell, 1988), which is known to play an important role in
the timing of musical (Danielsen et al., 2019) and speech
(Marcus, 1981; Morton et al., 1976) sounds. However, its
role in tone detection has not been examined.
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D. Present experiment

Here, we explore how detectability and perceived
annoyance of sounds are affected by changes in their amplitude envelope and harmonic content. This manipulation is
essentially a variation on “delayed harmonics,” where a
tone’s fundamental sounds before its harmonics (Edworthy
et al., 1991). Additionally, we explore whether changes to a
sound’s envelope, reducing annoyance, affect their detectability. Based on our team’s previous work (Anderson,
2019; Sreetharan et al., 2021), we hypothesize that percussive sounds will be perceived as less annoying than traditional flat tones.
II. METHODS
A. Experiment 1
1. Participants

Introductory psychology students (83) at a large university in Ontario, Canada received course credit in return for
their participation. All participants self-reported normal
hearing and gave informed consent prior to the study in
accordance with the university ethics board protocols.
2. Apparatus

We created the task in Psychopy version 2020.1.3
(Peirce et al., 2019) on Pavlovia, an online study hosting
service developed by Psychopy (Peirce et al., 2019).
Participants completed the experiment using their own computers and headphones.
3. Stimuli

Our experiment used two types of stimuli: (a) target
tones and (b) speech noise. We created target tone stimuli in
MAESTRO (Ng and Schutz, 2017), a graphical user interface
(GUI)-based sound creation program built on top of the
sound synthesis programming language Supercollider
(McCartney, 1996). The tones consisted of a 400 Hz fundamental with five harmonics (800, 1200, 1600, 2000, and
2400 Hz). This frequency was chosen in relation to applications such as medical alarms standards, which have fundamental frequencies from 262 to 523 Hz (IEC, 2006).
Percussive and flat tones exhibited a 5 ms onset; however,
percussive tones exponentially decay (for all harmonics),
whereas flat tones sustained until 5 ms before offset at which
point they decayed. Based on previous findings that flat tones
sound longer in duration than equivalent duration percussive
tones (Vallet et al., 2014), we created 600 ms percussive
tones and 360 ms flat tones to roughly equate this. To control
for differences in perceived loudness [see Bruder et al., 2022
and Wong et al., 2007 for similar uses of root-mean-squared
(RMS) equating] between percussive and flat tones, we synthesized each tone with a total RMS amplitude of 27.3 dB
(unweighted) relative to 0 dB (20 lPa).
Traditional approaches to synthesizing complex sounds
(including our team’s previous work) synthesize components
Foley et al.
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varying in lock-step with the fundamental, i.e., rising and falling at the same time and in the same proportion across the
tone’s duration. We varied the length of overtones relative to
the fundamental. Specifically, we synthesized the harmonics
with five lengths relative to the fundamental’s duration:
100%, 50%, 25%, 10%, and 5%. We matched the amplitudes
of all harmonics to the tone’s fundamental at onset.
Therefore, flat tones exhibited all components in equal amplitudes for either 5%, 10%, etc. of the tone at which point, only
the fundamental sounded for the remainder of the tone’s
nominal duration. For the percussive tones, harmonic components decayed after 5%, 10%, etc. of the tone’s duration,
while the fundamentals amplitude had a half life of 120 ms,
creating more dynamic variation in the relative mix of the
components as the tone sounded. Figure 1 shows a threedimensional (3D) spectrogram of the flat-100%, percussive
(perc)-100%, flat-50%, and perc-50%.
We presented the tones at three signal-to-noise ratios
(SNRs; 4 dB, 11 dB, and 27 dB). The 4 dB SNR is illustrative of the current status quo in many alarm implementations where alarms are designed to sound loudly, while
11 dB, and 27 dB were used to test audibility below the
level of the background noise. Similar to past approaches
(Bruder et al., 2022; Schlesinger et al., 2018), these latter
two conditions assess signal detection at lower volumes,
which has, in some cases, led to missed signals and adverse
patient outcomes (Cvach, 2012).
We used background noise based on speaker-babble
from track 24 of the QuickSIN test, a speech discriminability test designed to test speech comprehension (Killion
et al., 2004). The babble consisted of four speakers (one
male and three females) speaking English, and was designed
to simulate background speaking in a crowded space. We

combined the target tone and speech noise stimuli in
Amadeus Pro sound editor (HairerSoft, 2019).
B. Procedure
1. Experimental procedure

After giving informed consent, participants completed a
two-part experiment assessing (i) each tone’s detectability in
noise and (ii) relative annoyance within pairs of tones (drawn
from those used in the first task). For the detectability task, participants completed an un-speeded, two interval forced choice
(2IFC) tone detection task, indicating whether the target tone
appeared in interval “1” or “2” of the stimulus. Each interval
was indicated by the appearance of a “1” or “2” on the computer screen. We generated 60 unique target tones by factorially
combining envelope (percussive or flat), harmonic duration
(5%, 10%, 25%, 50%, 100%), SNR (4 dB, 11 dB, 27 dB)
and interval (“1” or “2”). We presented each target tone twice,
resulting in 120 experimental trials. Participants first heard
samples of the tone and noise used in the experiment and completed two sample trials before the experimental trials.
For the second task (annoyance), participants indicated
which of the tones within a pair presented individually was
most annoying. Participants rated annoyance in two blocks.
In the “within” harmonic block, participants compared tones
matched in harmonic durations (e.g., flat-100% harmonics
vs perc-100% harmonics). Participants made ten comparisons, where each of the five harmonic matched-pairs was
presented twice, with each tone presented in balanced order
(e.g., perc-flat, then flat-perc). In the “full” comparison
block, participants compared two randomly selected tones
from all possible combinations of envelope and harmonic

FIG. 1. The 3D spectrograms of four
example stimuli (flat-100%, perc-100%,
flat-50%, and perc-50%) are shown.
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condition in ten comparison trials. We randomized the order
of the between and random blocks across the participants.
C. Experiment 2

The within annoyance comparisons in the first experiment clearly showed that percussive tones are less annoying
than their flat counterparts. However, that experiment
offered less insight into relative annoyance across different
harmonic durations as the full comparison block included
only a randomized subset of all comparisons due to time
constraints. To gain a clearer picture of relative annoyance,
we conducted a fully balanced annoyance rating experiment
pairing each of the ten tone types with one another. An additional 59 undergraduate students received course credit in
return for their participation. All participants gave informed
consent prior to the study in accordance with the university
ethics board protocols. This experiment consisted solely of
the fully balanced annoyance task. As in experiment 1, we
factorially combined two types of envelope (percussive or
flat) and five harmonic durations (5%, 10%, 25%, 50%,
100%), resulting in ten tones. We presented comparisons of
each tone with the other nine tones twice, balancing presentation order. In contrast to experiment 1, which contained
120 signal detection trials and 20 annoyance trials, this
experiment contained 90 annoyance trials and no signal
detection trials.
III. RESULTS
A. Experiment 1
1. Signal detection

We used an analysis of variance (ANOVA) and generalized linear model (GLM) to independently assess the
effects of different sound synthesis approaches on annoyance and detectability. These analyses give novel insight
into the relative contributions of amplitude envelope and
harmonic duration to these two dimensions of sound, which

are important in improving auditory interface design and
enhancing our understanding of basic auditory perception.
2. Detectability improves with percussive envelopes

We analyzed the effects of envelope and SNR on tone
detection (Fig. 2) with a two way ANOVA, revealing a significant main effect of envelope, F(1,9954) ¼ 56.685,
p < 0.001, and SNR, F(2,9954) ¼ 676.360, p < 0.001 on tone
detection. Additionally, we found an interaction between
these factors F(2,9954) ¼ 56.772, p < 0.001. Given the interaction, we explored envelope’s simple main effect at each
SNR. Although we found no effect of envelope at 4 dB SNR
and 11 dB SNR, we observed a significant effect at 27 dB
SNR, F(1,9954) ¼ 172.8161, where response accuracy for
flat tones [M ¼ 0.56, standard deviation (SD) ¼ 0.49] was significantly lower than for percussive tones (M ¼ 0.72,
SD ¼ 0.45).
Tukey-honest significant difference (HSD) post hoc comparisons on SNR revealed a significant difference between
the 27 dB (M ¼ 0.64, SD ¼ 0.48) and 11 dB (M ¼ 0.91,
SD ¼ 0.29; p < 0.001) conditions, as well as between the
27 dB (M ¼ 0.64, SD ¼ 0.48) and 4 dB (M ¼ 0.93,
SD ¼ 0.26; p < 0.001) condition but not the 4 dB and 11 dB
conditions (p ¼ 0.1).
3. Detectability affected by harmonic duration

We analyzed the effects of envelope and harmonic condition on tone detection (Fig. 3) using a two way ANOVA,
which found a significant effect of the main effects of envelope F(1,9950) ¼ 49.65 < 0.001 and harmonic condition
F(4,9950) ¼ 11.27, p < 0.001. The envelope harmonic interaction was not significant F(4,9950) ¼ 1.99, p ¼ 0.09.
Tukey-HSD post hoc comparisons on the harmonic conditions collapsed across envelope, which revealed significantly worse detectability in the 5% harmonic condition
(M ¼ 0.78, SD ¼ 0.41) compared to the 25% harmonic condition (M ¼ 0.85, SD ¼ 0.36; p < 0.001), 50% harmonic condition (M ¼ 0.85, SD ¼ 0.36; p < 0.001), and 100% harmonic

FIG. 2. (Color online) The proportion
of correct responses in the signal
detection task by envelope and SNR.
The error bars denote the standard
error.
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FIG. 3. (Color online) The proportion
of correct responses in signal detection
task by envelope and harmonic duration condition. The error bars denote
the standard error.

condition (M ¼ 0.84, SD ¼ 0.37; p < 0.001), as well as
between the 10% and 50% conditions (p < 0.05). We found
no other significant differences in detection as a result of harmonic condition, indicating harmonic durations beyond 25%
did not significantly improve detectability.
4. Annoyance affected by envelope and harmonic
duration

To gain insight into the effect of envelope on annoyance (Fig. 4), we first evaluated its effect in each of the two
conditions using separate chi square tests. In comparison
to traditional flat tones, percussive tones received significantly lower annoyance ratings in the within harmonic
X2(1,N ¼ 83) ¼ 34.005, p < 0.001, and full comparison conditions X2(1,N ¼ 83) ¼ 17.349, p < 0.001. Second, we evaluated the effect of harmonic duration on annoyance in the
full condition using a GLM with a Poisson link function,
employing the 5% harmonic as the reference condition for
the harmonic variable and flat as the reference for the envelope variable. In relation to the baseline of the 100%

harmonic condition and adjusting for envelope, the rate of
annoyance significantly decreased for the 50% (19.3%
decrease, p ¼ 0.03), 25% (30.7% decrease, p  0.001), 10%
(39.0% decrease, p  0.001), and 5% (46.9% decrease, p
 0.001) conditions. The percussive envelope had a significant decrease (25.2%, p < 0.001) of annoyance when compared to flat envelopes after adjusting for harmonics.
B. Experiment 2

The second experiment offered each participant the
ability to evaluate every comparison as an independent
experiment rather than comparisons done “within” envelope
shapes or subsets of full comparisons as in the first experiment. We evaluated the effect of harmonic duration and
envelope on annoyance (Fig. 5) with a GLM with a Poisson
link function, using the 100% harmonic condition as the reference for the harmonic variable and percussive as the reference condition for the envelope variable. Consistent with
experiment 1 in relation to the 100% harmonic condition
and adjusting for envelope, the rate of annoyance

FIG. 4. (Color online) The annoyance ratings across “within harmonic comparisons” and “full comparisons” are shown.
J. Acoust. Soc. Am. 151 (5), May 2022
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FIG. 5. (Color online) The annoyance ratings in the fully balanced condition are depicted.

significantly decreased for the 50% (12.9% decrease,
p < 0.001), 25% (21.8% decrease, p < 0.001), 10% (39.2%
decrease, p < 0.001), and 5% (44.6% decrease, p < 0.001)
conditions. The percussive envelope had a significant
decrease in the rate of annoyance ratings when compared to
flat envelopes (16.3% decrease, p < 0.001) after adjusting
for harmonics.
IV. DISCUSSION

Our experiments offer new insight into how temporal
variation (of a tone as well as its spectral content) can both
improve auditory interface efficacy and offer insight into a
basic auditory process—signal detection. For clarity, we
will organize our discussion around the two main manipulations (amplitude envelope and harmonic content), discussing, in turn, implications for applied work and basic
theoretical understanding.
A. Amplitude envelope

The quest to identify better candidate sounds for auditory alarms provided the primary motivation for this project,
where tone annoyance remains a stubbornly common problem (Sreetharan et al., 2021) despite decades of research
(Block et al., 1999; Gaver, 1997). Our data suggesting that
moving beyond the simplistic temporal structures of current
sounds can lower annoyance while improving detection in
some circumstances holds significant potential. Although
further research is needed, we suspect the greater temporal
fluctuations in percussive tones offer increased contrast and
segregation between target and noise.
In addition to how temporal variation in amplitude
envelope can aid signal detection, we believe it could also
improve differentiation between different alarms. Many
alarms are temporally invariant, and we suspect this similarity in their amplitude envelopes plays a role in welldocumented problems with alarm confusions (Edworthy
et al., 2017) and masking (Rayo et al., 2019). As these problems are not limited to medical alarms, other auditory interfaces, such as input confirmation signals (Bodend€orfer et al.,
3194
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2015) and data sonification, may also be improved through
embracing this temporal variability.
In terms of theoretical implications, our results are consistent with work showing that complexities and idiosyncrasies in the temporal structure of musical sounds aid
segregation (Iverson, 1995), where acoustic parameters such
as attack time and the shape of attack are known to aid in
differentiation. They complement previous findings showing
envelope differences aid in differentiation between spectrally matched sounds (Cusack and Roberts, 2000).
Additionally, the literature on ASR also provides useful context for the superior detection of percussive tones at low listening levels. Temporal parameters, such as attack time, can
affect the probability, amplitude, and latency of ASR with
effects evident at low stimulus intensities (Blumenthal,
1988).
Greater sensitivity to temporal changes has interesting
connections to a body of work on differential sensitivity to
so-called rising vs falling tones, which are perceived as differing in intensity changes (Neuhoff, 1998) and perceived
distance (Neuhoff, 2001) despite being acoustic mirror
images. Although our detection advantage may be indicative
of similar perceptual biases, it is important to note that rising
and falling tones mimic a sustained source either approaching or receding, whereas percussive tones are created by
(and are generally perceived as) a stationary impact event
(Schutz, 2016).
B. Harmonic content

Our second question explored the role of harmonic
duration in detection as well as annoyance. Specifically,
whether brief “splashes” of harmonics could achieve some
of the detectability benefits of full-duration harmonics (i.e.,
normative approaches to sound synthesis). We found the
25% harmonic condition a potentially beneficial variation
on traditional approaches with temporally invariant sounds.
Specifically, reducing harmonic duration from 100% to 25%
lowers annoyance (Fig. 5) without harming detection (Fig.
3). This suggests a new approach for addressing widespread concerns regarding alarm annoyance, without harming alarm detectability. Intriguingly, these benefits appear to
supplement those of using percussive vs flat tones discussed
in Sec. IV A.
To the best of our knowledge, previous investigations
have not explored shortening the durations of harmonic content to end earlier than the fundamental. However, previous
studies of delayed harmonic sounds note a reduction in their
perceived urgency (Edworthy et al., 1991). It should be
noted, however, that annoyance and urgency do not perfectly correlate (Marshall et al., 2007). Although further
research using a range of temporally variable tones is
needed, our findings have important implications for auditory interface design, where such changes, in tandem with
more diversity in amplitude envelope shapes, could greatly
reduce persistent issues with annoyance (Sreetharan et al.,
2021) and masking (Rayo et al., 2019).
Foley et al.
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C. Limitations and future directions

The use of online data collection (necessitated by the
COVID-19 pandemic) may have added more noise than traditional in-laboratory testing with high control. As an example, participants did not calibrate listening levels (see
Cartwright et al., 2016 for an online calibration methodology). Additionally, we could not restrict participants from
changing their playback volume during the experiment.
Although our randomized presentation order ensured they
could not predict which tones they would hear next, these
problems are indicative of the limitations of online testing.
Nonetheless, this lack of control regarding headphones and
other conditions could also be seen as useful, given the
potential applied uses of this work. As alarm implementations inevitably differ, ensuring design principles hold true
outside of acoustically pristine laboratories is important.
Our investigation does not clarify why the differences
between flat and percussive envelopes are clearest at a lower
SNR. It may be due to higher peak amplitude of percussive
tones as changes in envelope have previously been recognized as affecting stream segregation (Cusack and Roberts,
2000; Iverson, 1995), and resistance to masking (Buus,
1985; Hall and Grose, 1988). Further experimenting with
tones equated for different temporal envelopes (systematically matching tones for equivalence in peak amplitude vs
total energy vs perceived loudness) will be important for
gaining further insight.
V. CONCLUSION

Our data suggest interesting new considerations for constructing auditory interfaces that maximize detectability and
minimize annoyance. This adds to a growing literature,
showing the importance of moving beyond traditional flat
tones for auditory perception research. As temporal variation is common in natural sounds, using temporally variable
stimuli in our basic perception work will allow for a more
complete understanding of our hearing abilities. Through
this, we can, in turn, inform and improve auditory interfaces,
which currently, paralleling much of basic auditory
research, generally fixate on invariant flat tones (Schutz and
Gillard, 2020).
From our results, it is clear that design decisions regarding the use of flat tones with full-duration harmonics are neither necessary nor desirable from a detection perspective.
Therefore, our findings suggest two exciting ways in which
temporal variation can improve alarm sounds to reduce
annoyance without harming detection (a) using percussive
amplitude envelopes and (b) exploring splashes of harmonic
energy rather than full-duration harmonics. It appears that
relative to proto-typical (100%-flat) tones, our 25%percussive tone is considerably less annoying, yet, better
detected. Although we see the greatest potential in the medical device industry, auditory interfaces are used in many
safety critical areas, such as railways (Edworthy et al.,
2011), aviation (Bliss, 2003; Dehais et al., 2016), the automotive industry (Marshall et al., 2007), industrial processing
J. Acoust. Soc. Am. 151 (5), May 2022

(Laberge et al., 2014), and healthcare (Edworthy, 2013).
Therefore, even small improvements can lead to widespread
implications, making many auditory interfaces more pleasant and effective.
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