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Preface
This thesis is composed of two independent manuscripts for publication. The first

(Chapter 2) “More Detectable, Less Annoying. The Role of Temporal Variation in Envelope and
Spectral Content on Detection and Annoyance” will be submitted to Psychological Science. This
manuscript explores how detection and annoyance of sound are affected by temporal variation in
two acoustic parameters; amplitude envelope and spectral content. The second (Chapter 3)
“Improving Detectability of Auditory Interfaces Through Temporal Variation in Envelope” will
be submitted to Human Factors. Here I build off of the previous manuscript by investigating tone
detection in a split attention task more pertinent to the normative use of auditory interfaces. The

author of this thesis is the primary author of both papers.
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Chapter 1
General Introduction

Sound plays an integral role in our understanding of the world. Today many of the sounds we
interact with are designed, which can be manipulated to ensure a particular function in line with
our auditory system. This thesis is composed of two projects exploring how temporal variation in
acoustic parameters can improve these sonic interactions. These investigations uncover
important findings on designing more effective and ergonomic sounds for areas such as auditory
alarms. In addition, these investigations further our understanding on the role temporal variation
plays in our auditory perception.

Chapter 2 explores the role of temporal variation in a sound’s amplitude envelope and spectral
content in both detection and annoyance of sounds. Participants detected temporally variant
tones significantly more than invariant tones, and found them significantly less annoying. This
study adds to a growing body of literature showing the importance of temporal variation in
auditory perception.

Chapter 3 builds on this finding, exploring detection of temporally variable tones during a
concurrent speech task. Participants again detected temporally variant tones significantly more
often than invariant tones, and found them significantly less annoying. This study adds to
growing evidence that temporally variable sounds can help improve efficacy of auditory alarms.

Combined chapters 2 and 3 document the original research I have completed for my M.Sc.
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Chapter 2
More Detectable, Less Annoying. The Role of Temporal Variation in Envelope and Spectral

Content on Detection and Annoyance.

Liam Foley, Joseph Schlesinger, Michael Schutz
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Abstract

Auditory interfaces, such as auditory alarms, alert us to important information in our lives.
Unfortunately poor detectability and annoyance inhibit the efficacy of many alarms. In this
experiment we explore the role of two acoustic properties, amplitude envelope, changes in a
sounds energy over time, and spectral content, in both detection and annoyance of sound.
Undergraduate students rated percussive tones as significantly less annoying than flat tones.
Crucially, this annoyance reduction did not come with a detection cost, as participants detected
percussive tones significantly better than flat tones (particularly at low listening levels).
Additionally, we found reductions in the duration of spectral content significantly lowered
annoyance ratings, without a commensurate reduction in detection. Together, these findings help
inform our theoretical understanding of detection and annoyance of sound. In addition, these

acoustic properties serve as promising new design considerations for auditory alarms.
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Introduction

Our hearing allows for better understanding of our environment. Exploring what acoustic
factors aide in parsing competing acoustic signals is integral to our understanding of the auditory
system, as well as the design of effective auditory interfaces. One type of auditory interfaces
whose problems have been extensively researched is the auditory alarm (Edworthy, 2013). They
are commonly designed to sound often and loudly in an attempt to ensure detection (Edworthy &
Hellier, 2005; Schlesinger et al., 2018); however, their numerosity leads to issues of annoyance
and detection, reducing their usefulness (Rayo, Patterson, Abdel-Rasoul, & Moffatt-Bruce,
2019).

Recent investigations into the use of temporal variation in envelope, a relatively
understudied acoustic property in perception (Schutz & Gillard, 2020), has shown promise in
improving auditory alarm efficacy. In particular, it can be used to reduce annoyance without
harming learning, or memory of alarms (Sreetharan, Schlesinger, & Schutz, 2021). Here, we
build on that work by exploring how temporal variation in both 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: Detectable Yet Annoying

Auditory alarms are invaluable in many safety critical industries, including (but not
limited to) industrial processing (Laberge, Bullemer, Tolsma, & Reising, 2014), aviation (Bliss,
2003), automobiles, (Marshall, Lee, & Austria, 2007), railways (Edworthy, Hellier, Titchener,
Naweed, & Roels, 2011) and healthcare (Edworthy, 2013). These alarms are typically easily

detectable in isolation; however, common design philosophy dictates that loud alarms must
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sound often in order to be detected (Schlesinger et al., 2018) leading to an unmanageable sonic
cacophony in their real world use (Sendelbach & Funk, 2013).

The sheer numerosity of alarms prevalent in both healthcare (Varpio, Kuziemsky,
MacDonald, & King, 2012) and industrial settings (Laberge et al., 2014) exacerbates problems
with loud volume levels. Studies of healthcare alarms have shown alarm rates of more than three
hundred and fifty alarms per patient per day (Sendelbach & Funk, 2013). Other reports have
shown only 0.5% indicate life threatening events (O’Carroll, 1986). Numerous alarms combined
with low positive predictive value creates 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— resulting in disastrous consequences (Bliss, Gilson, & Deaton,
1995; Block, Nuutinen, & Ballast, 1999), such as one patient who died despite a warning alarm
sounding for over an hour (Cvach, 2012; Sendelbach & Funk, 2013).

Role of Temporal Structure in Recognition and Perception

Temporal variation in envelope is a prominent feature in natural sounds (Foley & Schutz,
2021). Musical sounds, for example, exhibit great temporal variation in overall envelope and in
their constituent component frequencies (Schutz, 2019). These temporal fluctuations play an
important role in stream segregation, our ability to perceive multiple distinct auditory units
(Bendixen, Denham, Gyimesi, & Winkler, 2010; Iverson, 1995; Moore & Gockel, 2002), and
masking, when one sound renders another inaudible (Buus, 1985). It also is important for
recognition of speech (Shannon, Zeng, Kamath, Wygonski, & Ekelid, 1995) and environmental
sounds (Gygi, Kidd, & Watson, 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
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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 towards specific envelopes may reflect
evolutionary pressures, as looming sounds (i.e., those increasing in intensity) are perceived as
closer in space to the listener than receding sounds, decreasing intensity (Neuhoff, 2001). This
could reflect an adaptive bias towards 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 & Schutz, 2016; Grassi & Casco, 2009; Grassi & Pavan, 2012; Schutz &
Kubovy, 2009), duration assessment (Grassi & Darwin, 2006; Vallet, Shore, & Schutz, 2014),
determining materiality in impact events (Giordano & McAdams, 2006), product preferences,
and associative memory (Schutz, Stefanucci, Baum, & Roth, 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.

Role of Harmonic Structure in Detection and Perception

As spectral structure often receives more research attention than temporal structure (Schutz
& Gillard, 2020), it is clear that harmonically ‘complex’ tones are known to be more detectable
than pure tones (Buus, Florentine, & Poulsen, 1997; McPherson, Grace, & McDermott, 2020).
Additionally, harmonic sounds (such as those consisting of a fundamental 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.
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Intensity differences among noise are easier to detect in spectrally invariant noise, compared
to spectrally variant random noise (Buus, 1990). Although the complexity of these sounds
relative to harmonically invariant tones is closer to natural sounds, they are still far removed
from the many sounds we interact with daily. By investigating temporal variation found in
environmental sounds, we further our understanding of how we efficiently and effectively
interact with our acoustic environment.

Natural sounds exhibit innumerable complexities in spectral content. Musical sounds for
example often exhibit temporal shifts in harmonic content, with spectral energy shifting over the
course of a tone’s duration (Schutz, 2019). These differences in energy concentration are
associated with different perceptual centers (p-center) (Howell, 1988). Differences in temporal
structure could give rise to very different p-centers even for tones of equal duration, suggesting
that p-center captures some aspects of temporal complexity, and it is important for timing of
musical (Danielsen et al., 2019) and speech (Marcus, 1981; Morton, Marcus, & Frankish, 1976)
sounds. However, its role in tone detection has not been explored.

Present Experiment

As stimuli used in auditory perception research often fail to adequately represent the
variety and complexity of sounds in our environment, there is tremendous potential benefit in
exploring how acoustic properties common in environmental sounds affect our detection.
Through this, we can gain a better understanding of how we detect sound and are able to interact
effectively with our acoustic environment. Here, we explore how detectability and perceived
annoyance of sounds are affected by changes in their amplitude envelope and harmonic content.
As we have not previously explored the effect of harmonic duration, we include the manipulation

in order to provide a first step towards understanding whether detectability and annoyance are
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affected by spectral variation. This manipulation is essentially a variation on ‘delayed
harmonics’, where a tone’s fundamental sounds before the harmonics (Edworthy, Loxley, &
Dennis, 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.
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Methods

Experiment 1
Participants

Eighty-three undergraduate students at a large university in Ontario, Canada enrolled in
introductory psychology courses participated. They 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.
Apparatus

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

Our experiment used two types of stimuli (a) target tones and (b) speech noise. We
created target tone stimuli in MAESTRO (Ng & Schutz, 2017), a GUI-based sound creation
program built on top of the sound synthesis programming language Supercollider (McCartney,
1996). Tones consisted of a 400 Hz fundamental with five harmonics at (800 Hz, 1200 Hz, 1600
Hz, 2000 Hz & 2400 Hz). Percussive and flat tones exhibited a Sms onset, however percussive
tones exponentially decay (for all harmonics), whereas flat tones sustained until Sms before
offset, at which point they decayed. Percussive tones had a total duration of 600ms while flat had
a total duration of 360ms, to account for differences in perceived duration. We synthesized based
on previous explorations matching assessments of percussive and flat tones (Vallet et al., 2014).
To control for differences in perceived loudness between percussive and flat tones, we

synthesized each tone with total average root-mean-squared (RMS) of -27.3dB.
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Traditional approaches to synthesizing complex sounds (including our team’s previous
work) synthesize components 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%, 5%. We matched
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,
components decayed with the same offset slope after 5%, 10% etc. of the tone’s duration,
creating more dynamic variation in the relative mix of the components as the tone sounded.

We used background noise based on speaker-babble from track twenty four of the
QuickSIN test, a speech discriminability test designed to test speech comprehension (Killion,
Niquette, Gudmundsen, Revit, & Banerjee, 2004). The babble consisted of four speakers (one
male and three females) speaking English, designed to simulate background speaking in crowded
space. We combined the target tone and speech noise stimuli in Amadeus Pro sound editor
(HairerSoft, 2019).

Procedure

Consent and Musical Questionnaire.

Participants first gave informed consent, then completed a brief questionnaire on
demographics, musical experience, and music listening habits, adapted from the Goldsmith MSI
questionnaire (Miillensiefen, Gingras, Stewart, & Musil, 2013).

Experimental Procedure.

10
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After filling in a questionnaire, participants completed a two-part experiment assessing (1)
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 sixty unique target tones by factorially combining
envelope (percussive or flat), harmonic duration (5%, 10%, 25%, 50%, 100%), signal to noise
ratio (4dB, -11dB, -27dB) and interval (“1”, or “2”). We presented each target tone twice,
resulting in one 120 experimental trials. Participants first heard samples of both the tone and
noise used in the experiment, completing two sample trials before the experimental trials.

For the second task (annoyance), participants indicated which of the tones within a pair
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 versus
Perc-100% harmonics). Participants made 10 comparisons, with each of the five pairs being
presented twice balancing presentation order. In the full comparison block, participants
compared two randomly selected tones (10 comparison trials). We randomized the order of the
between and random blocks across the participants.

Experiment 2

The within annoyance comparisons in the first experiment showed clearly that percussive
tones are less annoying than their harmonic-duration matched 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

11
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annoyance rating experiment pairing each of the 10 tone types with one another. An additional
59 undergraduate students at a large university in Ontario, Canada enrolled in introductory
psychology courses participated. They 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 of 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 10 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.

12
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Results

Experiment 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 important in both improving
auditory interface design and enhancing our understanding of basic auditory perception.
Detectability Improves with Percussive Envelopes.

We analyzed the effects of envelope and signal-to-noise ratio (SNR) on tone detection
(Figure 1) with a two way ANOVA, revealing a significant main effect of envelope, F(1,9954) =
56.685, p < 0.001, and SNR F(2, 9954) = 676.360, p <0.001 on tone detection. Additionally, we
found an interaction between these factors F(2, 9954) = 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 4dB SNR, and -11dB SNR, we observed a significant effect at -27dB SNR,
F(1,9954) = 172.8161, where response accuracy for flat tones (M= 0.56, SD = 0.49) was
significantly lower than accuracy for percussive tones (M=0.72, SD = 0.45).

Tukey-HSD post-hoc comparisons on SNR revealed a significant difference between the
-27dB (M= 0.64, SD = 0.48) and -11dB (M= 0.91, SD = 0.29) (p < 0.001) conditions, as well as
between the -27dB (M= 0.64, SD = 0.48) and 4dB (M= 0.93, SD = 0.26) (p < 0.001) condition,
but not the 4dB and -11dB conditions (p = 0.1).

Detectability Affected by Harmonic Duration.

13



Foley, L. — M.Sc. Thesis McMaster University—PNB

We analyzed the effects of envelope and harmonic condition on tone detection (Figure 2)
using a two way ANOVA, which found a significant effect of main effect of envelope F(1,9950)
=49.65 <0.001, and harmonic condition F(4, 9950) = 11.27, p < 0.001. The envelope harmonic
interaction was not significant F(4, 9950) = 1.99 p = 0.09.

Tukey-HSD post-hoc comparisons on the harmonic conditions collapsed across envelope,
revealed significantly worse detectability in the 5% harmonic condition (M= 0.78, SD = 0.41)
compared to the 25% (M= 0.85, SD = 0.36) (p < 0.001), 50% (M= 0.85, SD = 0.36) (p < 0.001)
and 100% (M= 0.84, SD = 0.37) (p < 0.001) condition. As well as between the 10% and 50%
condition (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
Annoyance Affected by Both Envelope and Harmonic Duration

To gain insight into the effect of envelope on annoyance (Figure 3), 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 both the ‘within’
harmonic X?(1,N = 83) = 34.005 p < 0.0001, and ‘full’ comparison conditions X*(1,N = 83) =
17.349, p < 0.001. Second, we evaluated the effect of harmonic duration on annoyance in the
‘full” condition using a generalized linear model (GLM) with a Poisson link function, using 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, rate of annoyance significantly decreased for the 50% (19.3% decrease, p = 0.03),

25% (30.7% decrease, p =< 0.001), 10% (39.0% decrease, p =< 0.001), and 5% (46.9% decrease,
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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.
Experiment 2

The second experiment offered each participant the ability to evaluate every comparison,
rather than a subset as in the first experiment due to time constraints. We evaluated the effect of
harmonic duration and envelope on annoyance (Figure 4) 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 one
in relation to the 100% harmonic condition and adjusting for envelope, rate of annoyance
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.

15



Foley, L. — M.Sc. Thesis McMaster University—PNB

Discussion

Our experiments clarify the role of temporal variation in both detectability and perceived
annoyance of auditory stimuli. Offering insight into both our basic understanding of temporal
structure in auditory perception, as well as specific guidance for its use in applied settings such
as improving auditory interfaces—including auditory alarms in medical devices (Foley,
Anderson, & Schutz, 2020). For clarity we will organize this discussion to focus individually on
the two main manipulations amplitude envelope and harmonic duration, discussing the
implications of these results for both basic and applied contexts.

Amplitude Envelope

One question motivating this project is whether using percussive tones to reduce
annoyance potentially reduces signal detection in auditory interfaces. These results suggest it is
possible to design interfaces with less annoying percussive sounds that are actually better
detected in some circumstances. Although further research is needed, we suspect increased
detection is due in part to the greater temporal fluctuations in percussive compared to flat tones
offering increased contrast and segregation between target and noise.

This result is consistent with work showing the complexities and idiosyncrasies in the
temporal structure of musical sounds help segregate sounds (Iverson, 1995), where acoustic
parameters such as attack time and the shape of attack are known to aide in differentiation.
Listeners are also better at differentiating sounds that are similar in spectral energy when they
possess differing envelopes, compared to similar envelopes (Cusack & Roberts, 2000). Together,
these investigations show the improvement in perceptual differentiation of sounds by envelope.
This differentiation is also advantageous in reducing masking (Buus, 1985), where temporal

fluctuations in envelope are less effective at masking, compared to invariant envelope maskers.
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Connection to Literature

Literature on acoustic startle response (ASR) also provides some useful complementary
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. These
effects, however, are most evident with low stimulus intensities (Blumenthal, 1988). Therefore,
our observed advantage in detection may be indicative of heightened sensitivity to temporal
variability at low levels.

Greater sensitivity to temporal changes has interesting connections to a body of work on
differential sensitivity to so-called rising vs. falling tones. For example, compared to falling
sounds, changes in the intensity (Neuhoff, 1998) and perceived distance from rising tones
(Neuhoff, 2001) are over estimated. Although our detection advantage may be indicative of
similar perceptual biases to these sounds, rising and falling tones are generally longer in duration
than percussive sounds. This difference in duration results in the perception of a sustained source
either approaching or receding for rising and falling tones, respectively (Schutz, 2016), while
percussive tones are created by (and are generally perceived as) a single impact event. Future
research is needed to clarify the degree to which underlying differences in rising and falling tone
perception pertain to percussive versus sustained sounds.

Not only do our findings that percussive tones are more easily detected than flat
complement and extend previous theoretical work, they hold important practical applications for
improving auditory-interfaces such as auditory alarms, which commonly use flat tones (Foley &
Schutz, 2021) and where annoyance remains a stubbornly common problem despite decades of
research (Block et al., 1999; Gaver, 1997). Reducing masking and increasing perceived

differentiation of sounds is imperative as many alarms are temporally invariant it is likely a large
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contributor to masking (Rayo et al., 2019) and alarm confusions (Edworthy et al., 2017),

exacerbated by high alarm rates reducing their efficacy and increasing safety risk for users.

Harmonic Content

Our second question explored the role of harmonic duration in detection as well as
annoyance. Spectrally complex tones are detected more readily than pure tones (Buus, Schorer,
Florentine, & Zwicker, 1986; McPherson et al., 2020). These sounds, and those used in many
alarm standards, typically are temporally invariant, leaving important questions about how
temporal changes in spectral structure might be used to improve alerting sounds in devices. In
particular, we are interested in whether brief “splashes” of harmonics could achieve some of the
detectability benefits of traditional harmonics (i.e. those lasting for the tone’s full duration)
without some of the problems regarding masking and annoyance inherent with their use.

Work on spectral complexity has shown that listeners better discriminate loudness
differences in spectrally invariant noise compared to variant (Buus, 1990), meaning spectrally
variant sounds need a larger change in loudness to be perceived as louder or softer.
Investigations on recognition of environmental noises, which exhibit large amounts of spectral
variation, have shown the vast spectral variability is not required for accurate recognition (Gygi
et al., 2004). Although these sounds exhibit great temporal complexity in spectral information,
the role of varying spectral information is less understood, possibly resulting in less use with
many auditory interfaces.

We found the 25% harmonic condition a potentially beneficial variation on traditional
approaches with temporally invariant sounds. Although some decreases in harmonic duration
beyond 25% reduced detection, we found no significant increase in detection with longer

harmonic durations. In general, participants rated tones with longer durations of harmonic
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content as more annoying. This suggests using a 25% tone would achieve the same amount of
detectability as a 100% tone, but with significantly reduced user annoyance.

To the best of our knowledge, previous investigations have not explored shortening the
durations of harmonic content to end earlier than the fundamental. The best context for this work
is that of delaying the onset of a sound’s harmonics, which reduces its 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 envelope, could greatly reduce persistent issues with
annoyance (Sreetharan et al., 2021) and masking (Rayo et al., 2019).

Limitations and Future Directions

Due to the coronavirus pandemic, all data collection was completed online, which may
have added more noise than traditional in-lab testing with high control of the setting. At the same
time, assessment in different contexts is possibly an asset given the potential applied uses of this
work. As alarm implementations inevitably differ, ensuring design principles hold true outside of
acoustically pristine labs is important.

Our investigation does not clarify why the differences between flat and percussive
envelopes are clearest at lower SNR. It may be due to higher peak amplitude of percussive tones.
However as changes in envelope have previously been recognized as affecting stream
segregation (Cusack & Roberts, 2000; Iverson, 1995), and resistance to masking (Buus, 1985;
Hall & 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.
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Conclusion

Our data suggest interesting new considerations for constructing auditory interfaces that
maximize detectability and minimize annoyance, and add to a growing literature showing
differenced in the perception of percussive tones. The detection advantage is consistent with
findings that temporal variation aids in segregation (Bendixen et al., 2010; Iverson, 1995; Moore
& Gockel, 2002), prevents masking (Buus, 1985), and affects low level startle responses
(Blumenthal, 1988). 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 & Gillard, 2020).

From our results, it is clear that design decisions that lead to problems with alarm
annoyance are not required (or necessarily helpful) from a detection perspective. These findings
indicate two exciting ways in which temporal variation can improve alarm sounds (a) percussive
tone appear to offer benefits over standard flat tones for both annoyance and detectability, and
(b) “splashes” of harmonic energy hold potential reducing annoyance and potentially masking,
without harming detectability. It appears that relative to proto-typical (100%-Flat) tones our
25%-Percussive tone is considerably less annoying, yet better detected. The benefits are
particularly impactful, given that this modification is easy to implement and alarm are prevalent
in many safety critical areas such as railways (Edworthy et al., 2011), aviation (Bliss, 2003;
Dehais, Roy, Gateau, & Scannella, 2016), the automotive industry (Marshall et al., 2007),

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

pleasant and effective.
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Figure 1. Proportion of correct responses in signal detection task by envelope and signal to noise

ratio. Error bars denote standard error.
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Figure 2. Proportion of correct responses in signal detection task by envelope and harmonic
duration condition. Error bars denote standard error.
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Figure 3. Annoyance ratings across ‘Within Harmonic Comparisons’ and ‘Full Comparisons’.
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Figure 4. Annoyance ratings in the fully balanced condition.
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Chapter 3

Improving Detectability of Auditory Interfaces Through Temporal Variation in Envelope

Liam Foley, Joseph Schlesinger, Michael Schutz
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Abstract

Our sonic interactions are increasingly with designed sounds from auditory interfaces,
including auditory alarms. These sounds play a vital role in many industries alerting users to
system and safety critical information. Unfortunately, problems such as high alarm rate, low
reliability, and annoyance reduce their efficacy. Here we explore how to reduce annoyance and
improve detection by manipulating a sound's temporal envelope. In the first experiment
participants completed a tone detection task concurrently with a speech comprehension task.
Tones were either a temporally variant percussive tone or an invariant flat tone presented at six
signal-to-noise ratios (4dB, -11dB, -18dB, -21dB, -24dB, -27dB). In a second experiment
participants completed an annoyance rating task with the tones used in experiment one.
Participants detected percussive tones more accurately than flat tones, especially at low signal
levels, and rated percussive tones as less annoying than flat tones. These results provide more
evidence that temporal variation of amplitude envelope is a promising design parameter for

future alarms.

34



Foley, L. — M.Sc. Thesis McMaster University—PNB

Introduction

Auditory interfaces help us interact with numerous devices. One such interface — auditory
alarms — are particularly important in safety-critical areas as they offer faster response times over
visual alerts (Morris & Montano, 1996) and are widespread through high-consequence industries
including industrial processing (Laberge, Bullemer, Tolsma, & Reising, 2014), navigation
systems in aviation (Bliss, 2003), automobiles, (Marshall, Lee, & Austria, 2007), railways
(Edworthy, Hellier, Titchener, Naweed, & Roels, 2011) and healthcare (Edworthy, 2013).

Although auditory alerts are of high value to enhancing human-computer interactions,
several key problems still preclude realization of their full potential. A common challenge in
healthcare (Varpio, Kuziemsky, MacDonald, & King, 2012) and industrial processing (Laberge
et al., 2014) is that of high alarm rate. In part, this reflects a “better safe than sorry” design
philosophy, where alarms are set to sound often to ensure they are heard (Edworthy & Hellier,
2005; Patterson, 1990). Studies of healthcare alarms have shown rates of up to more than three
hundred and fifty alarms per patient per day (Sendelbach & Funk, 2013). Although these alerts
can be informative, rarely do they indicate urgent action is required — for example, one report
found less than 0.5% (i.e. eight out of 1455) indicate a life threatening event (O’Carroll, 1986).

The combination of high alarm rates and with low reliability, directly affects users’
feelings of annoyance (Lerner, Dekker, Steinberg, & Huey, 1996) and creates an incentive for
tuning them out or even turning them off—potentially resulting in disastrous consequences
(Bliss, Gilson, & Deaton, 1995; Block, Nuutinen, & Ballast, 1999). For these reasons, many
alarm modifications have focused on reducing the number of alarms to improve alarm efficacy.

Here we investigate ways to improve alarm efficacy by modifying the sounds themselves.
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Alarm Modifications and Interventions
Numerous interventions have been used in attempt to improve alarm efficacy. In

healthcare, interventions include adding secondary notifications to staff pagers (Cvach, Frank,
Doyle, & Stevens, 2014), changing patient electrode placement procedures (Leigher,
Kemppainen, & Neyens, 2020) and customizing alarm settings for low-risk patients (Dandoy et
al., 2014) in an attempt to reduce the number of alarms. Although these interventions have
shown some promise in reducing alarm rates and resulting fatigue, there has been very little
attention on improving the sounds themselves. Starting with better designed and perceptually
validated sounds alarm modifications go from reactive interventions, attempting to fix problems,
to alarms designed to prevent these issues. As alarms rates are likely to increase as devices
proliferate (Borowski et al., 2011), improvements to baseline best practices for sound design will
ensure far safer and more usable alarm systems.
Study Motivation

Here we ask whether changes to an alarm sound’s amplitude envelope (i.e., the way
amplitude changes over time) can reduce annoyance while maintaining detectability. This
acoustic property has been under explored in both alarm design (Foley, Anderson, & Schutz,
2020) and auditory perception (Schutz & Gillard, 2020), yet it is known to play an important role
in perceptual abilities including audio-visual integration (Chuen & Schutz, 2016; Grassi &
Casco, 2009; Grassi & Pavan, 2012; Schutz & Kubovy, 2009), duration perception (Grassi &
Darwin, 2006; Vallet, Shore, & Schutz, 2014), and determining materiality from impact events
(Giordano & McAdams, 2006). The results of previous investigations also suggest that
manipulating a sound’s amplitude envelope may result in better auditory alarms. For example,

sounds with temporally variant envelopes are better associated with items in associative memory
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(Schutz, Stefanucci, Baum, & Roth, 2017), detected better at low intensity levels, (Chapter 2)
and are rated as less annoying than tones with invariant envelopes (Chapter 2; Sreetharan,
Schlesinger, & Schutz, 2021).

“Annoyance” is a complicated construct to measure, with numerous factors recognized as
playing a role. For example, musical preference is known to modulate both perceived intensity
and annoyance of musical stimuli (Fucci, Petrosino, Hallowell, Andra, & Wilcox, 1997).
Participants subjective view of the “appropriateness” of an alarm tone can also influence
annoyance ratings (Lerner et al., 1996). Perceived loudness and detectability of sound is also
correlated with annoyance (Berglund, Preis, & Rankin, 1990; Fidell & Teffeteller, 1981; Fucci et
al., 1997; Sneddon, Howe, Pearsons, & Fidell, 1996; Steele & Chon, 2007). Severl studies have
found that temporally variant sounds are much less annoying than conventional invariant sounds
(Anderson, 2019; Chapter 2; Sreetharan et al., 2021). Importantly reductions in annoyance did
not come at the cost of reduced learning or detectability of the sounds.

Present Study

In the present study we seek to further explore the role temporal variation in envelope plays
in detectability, while completing a secondary task, and annoyance of sounds. Here we use a
concurrent speech task adapted from one previously used in a study on alarm volumes
(Schlesinger et al., 2018) to simulate alarm environments. We hypothesize that percussive
sounds will be detected better at lower signal to noise ratios (SNR) and perceived as less
annoying than flat sounds. In addition to lending insight into a the fundamental process of tone
detection, it holds important applications for ongoing efforts to design more effective sounds in

auditory devices and for clarifying the role envelope plays in our auditory abilities.
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Methods

Experiment 1
Participants
Sixty undergraduate students enrolled in introductory psychology courses participated in

the current experiment. They 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, and they received course credit in return for their participation.
Apparatus

We created the task in Psychopy version 2020.1.3 (Peirce et al., 2019), on Paviovia an
online study hosting service developed by Psychopy (Peirce et al., 2019). Participants completed
the experiment using their own computers and headphones.
Stimuli
The experiment consisted of two types of stimuli: (a) target tones and (b) speaker phrases. We
created target tones in MAESTRO (Ng & Schutz, 2017), a GUI-based sound creation program
built on top of the sound synthesis programming language Supercollider (McCartney, 1996).
Tones consisted of a 400Hz fundamental with five harmonics (800hz, 1200hz, 1600Hz, 2000Hz,
2400Hz). Flat tones exhibited a relatively invariant amplitude envelope that consisted of a Sms
onset, an invariant sustain, and a Sms offset. Percussive tones exhibited a variant amplitude
envelope that consisted of a Sms onset, followed by an exponential decay. Flat tones had a total
duration of 360ms while percussive tones had a total duration of 600ms, in order to account for

differences in perceived duration (Vallet et al., 2014). We generated twelve target tone stimuli
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fully factorial across envelope (flat & percussive), and signal-to-noise ratios (SNR; 4dB, -11dB, -
18dB, -21dB,-24dB,-27dB).

We used a standardized set of speech phrases from the coordinated response measure
(CRM) task for speech intelligibility assessment in multichannel environments (Bolia et al.,
2000). All phrases consisted of the following structure “Ready (call sign), go to (colour)
(number) now”. We created 216 combinations for our target phrase using the call sign “baron”,
four colours (red, green, blue, white) and four numbers (1,2,3,& 4). To create distractor phrases
we randomly choose two phrases from callsigns (Arrow, Charlie, Eagle, Hopper, Laker, Ringo,
Tiger), colour (red, green, blue, white), number (1,2,3,4) combinations.

Procedure

Consent and Musical Questionnaire.

Participants first gave informed consent, then completed a brief questionnaire on
demographics, musical experience, and music listening habits, adapted from the Goldsmith MSI
questionnaire (Miillensiefen, Gingras, Stewart, & Musil, 2013).

Experimental Procedure.

Participants concurrently completed two tasks (i) a speech comprehension task and a (ii)
signal detection task. The speech comprehension task used three CRM phrases a target phrase
and two distractors. CRM phrases were played 500 ms apart, with the first distractor phrase,
followed by the target phrase, and then the second distractor phrase. Participants indicated what
colour — number was spoken by the Baron speaker by clicking on screen. For the signal detection
task participants indicated when they heard a tone by pressing the space bar. The tone appeared
on half of the speech comprehension trails at one of three possible tone onsets (750ms, 1250ms,

2000ms) for a total of 216 experimental trials.
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Experiment 2

Experiment two consisted of paired annoyance ratings of the target tones used in
experiment one. It did not include any detection or speech comprehension task. Since the SNR of
each tone was relative to the speaker babble in experiment one these tone conditions are relative
loudness levels. The average root mean squared (RMS) level of each tone was -22dB (4dB
SNR), -37dB (-11dB SNR), -44dB (-18dB SNR), -47dB (-21dB SNR), -50dB (-24dB SNR), and
-53dB (-27dB SNR).
Participants

Thirty-five participants recruited from Prolific, an online recruitment service (Prolific,
2021), completed the experiment. They received compensation of 7.50 GBP an hour prorated, as
per Prolific’s compensation guidelines. All participants gave informed consent prior to the study
in accordance with the university ethics board protocols.
Procedure

Participants completed the same consent and questionnaire as in experiment one. Using
the target tones used in experiment one, participants indicated which of a pair of tones they
found the most annoying. We presented all envelope and RMS combinations counterbalanced for

presentation order resulting in 132 trials.
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Results

Experiment 1
Signal Detection

We calculated d’ (Macmillan & Creelman, 2005) for each participant in each tone
condition (flat, percussive), at each SNR (4dB,-11dB,-18dB,-21dB,-24dB,-27dB). These results
are shown in Figure 1. We analyzed the effects of envelope and with a two-way ANOVA. This
revealed a significant main effect of envelope F(/,708) = 6.35, p < 0.05, and a fallow-up t-test
found that d’ was higher for percussive (M = 1.59, SD = 0.99) tones compared to flat (M = 1.42,
SD = 0.89), 1(710.34) = -2.45, p < 0.05. We also found a main effect of SNR, F(5,708) =9.03, p
< 0.05, reflecting an expected relationship between sound level and detectability. The two-way
interaction was not significant, F(5,708) = 0.69, p = 0.62, suggesting the envelope’s effect does
not vary significantly across SNR. We further explored envelope by analyzing the simple main
effect of envelope at each SNR. We found that d’ was significantly higher for percussive tones
(M=1.33, SD = 0.86) than flat tones (M = 0.97, SD=0.55) at the -27 dB SNR condition but not in
others F(1,708) = 4.43, p < 0.05, but not at the other SNRs.
CRM Performance

Performance in the speech task is plotted in Figure 2. We analyzed speech task
performance in the different target tone conditions with a two way ANOVA. This revealed a
non-significant main effect of envelope F(/,712947)=2.03, p > 0.05, a significant main effect of
SNR F(6,12947)=3.07, p < 0.05, indicating the level of the tone signal affected participants
performance in the speech task. Additionally, we found a significant interaction between SNR

and envelope F(5,12947)=2.65, p < 0.05.
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Experiment 2

The results of experiment two are shown in Figure 3. To evaluate tone annoyance, we first
assessed the effect of SNR using a generalized linear model with a Poisson link function. Across
SNR levels, percussive tones are rated significantly less annoying than flat tones (-23.7%, p <
0.001). Across envelopes, annoyance in all conditions is significantly lower than the -22dB
condition: -37dB (-31.2%, p < 0.001), -44dB(-47.2%, p < 0.001), -47dB (-51.2%, p < 0.001), -

50dB (-58.0%, p < 0.001), and -53dB (-61.5%, p < 0.001) conditions.
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Discussion

Here we show that in relation to standard flat tones, percussive tones offer a reduction in
annoyance paired with improved detection accuracy—without harming comprehension in a
concurrent speech task. Together, these findings hold tremendous potential for improving the
design of auditory alarms. This is crucial insight extending current approaches, as existing efforts
to mitigate alarm issues rarely explore the alarm sounds themselves. Therefore, our finding that
simple changes in acoustic properties can improve their efficacy (while retaining any
pitch/timing patterns currently used) holds great promise and applicability.
Tone Detection Task
Amplitude Envelope

In previous investigations participants detected percussive tones significantly better than
flat tones when solely focused on detection (Chapter 2). One important consideration for applied
purposes is whether these detection benefits translate to situations when attention is divided into
two or more tasks. In many real world uses of alarms (e.g. hospitals), staff need to attend to a
variety of auditory signals, including speech, concurrent with alarms. It is critical that new
sounds do not impair effective speech communication as well as maintain signal detectability.
Therefore our results showing that temporal variation enhances tone detection while preserving
speech comprehension and maximizing ergonomic utility (i.e., minimizing annoyance) further
strengthens the case for exploring a wider palate of temporally variable sounds in auditory
interface design.
Signal-to-Noise Ratio

Our results indicating alarm sounds do not need to greatly exceed background noise

levels to be detectable are consistent with previous findings (Chapter 2; Schlesinger et al., 2018),
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but are contrary to conventional design beliefs that louder is more detectable and thus better. Our
results suggest that it may be time to re-think practices in healthcare environments, where overall
noise levels are often above recommended safe levels (Oleksy & Schlesinger, 2019). As alarm
rate is very high in many contexts (e.g., hospitals, airline cockpits, nuclear power plants), we
believe the option to manipulate the temporal structure of alarms to reduce annoyance and
preserve detectability at lower SNRs holds significant potential for improving the auditory
environment of many workplaces.
CRM Task Performance

Performance in the CRM task is consistent with previous findings showing a trade-off
between performance in the speech comprehension and detection tasks (Schlesinger et al., 2018).
Here, louder tones (i.e., the higher SNR condition) lead to increased accuracy in the detection
task but decreased accuracy on the CRM, whereas quieter tones lead to decreased detection but
increased CRM accuracy. Importantly, tone envelope had no effect on this trade-off, suggesting
that the use of more temporally varied tones as alarm sounds would not affect known trade-offs
related to signal level. This again suggests it to be a fruitful parameter to explore to improve

alarm efficacy without distracting from users’ needs for speech communication.

Annoyance Rating Task

Consistent with our previous investigations, we find percussive tones rated as significantly
less annoying than flat tones (Chapter 2; Sreetharan et al., 2021). Additionally we see a decrease
in annoyance ratings for relatively softer tones, consistent with general findings that relative
intensity correlates well with annoyance ratings (Berglund et al., 1990; Fucci et al., 1997; Steele

& Chon, 2007).
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As many alarm systems have high rates but low reliability, mitigating annoyance will
help garner more user acceptance of alarm systems (Lerner et al., 1996). Importantly these
reductions in annoyance do not come at the cost of detectability. Despite detectability often
correlating with annoyance ratings (Fidell & Teffeteller, 1981; Sneddon et al., 1996), here we
provide more evidence that although annoyance is sufficient for detection, it is not necessary.
Connection to Literature
This investigation adds to a growing understanding of how temporal variation can be a useful
albeit underexplored acoustic property for improving auditory alarms. Through the use of
temporal variation we can create more effective alarms by not only improving detection, but also
improving recognition (Gygi, Kidd, & Watson, 2004; Zeng & Shannon, 1995), preventing
masking (Buus, 1985; Rayo, Patterson, Abdel-Rasoul, & Moffatt-Bruce, 2019), and maintaining
learnability (Sreetharan et al., 2021), which is low in some alarm standards (Sanderson, Wee, &
Lacherez, 2006).

Further, the current study adds to our understanding the role temporal variation plays in
annoyance and preference of sounds (McDermott, 2012). Although annoyance is correlated with
perceived intensity, the association between annoyance and intensity can be modulated
(particularly at low levels) by other factors. These include preference of the sound (Fucci et al.,
1997), sharpness (Berglund et al., 1990), onset, duration, grouping (Marshall et al., 2007), as
well as our findings here regarding amplitude envelope. Future exploration and applications of
temporal variation could help create more effective and less obtrusive alarms sounds.

Sound Design as Alarm Intervention
Manipulations of amplitude envelope are trivial from the perspective of sound synthesis. In video

games, sounds often exhibit great temporal variation creating acoustic realism to further immerse
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the user (Salselas, Penha, & Bernardes, 2020). Ironically, sounds often are overly simplistic in
applications where sounds are integral to user safety. Although historically technological
limitations may have limited the scope of what sounds could be used (Edworthy & Hards, 1999),
today’s sounds reflect limitations of imagination, rather than technical constraints—which has
resulted in an unfortunate situation where many of the most important alarms sound the worst.

The need for better alarms is paramount because the number of alarms is likely to increase in
many industries (Borowski et al., 2011). Improving alarms aesthetics is important, as it can
directly lead to users belief in their usability and acceptance (Kiefer et al., 1999). Merely
dismissing alarms on their aesthetic merits set back usability in medical alarms (Block, 2008),
however, we should also be critical of accepting future alarms without perceptually validated
backing to avoid new alarms that sound ‘better’ but are problematic form other perspectives.
Limitations

Due to the covid-19 pandemic this study was completed online and participants
completed the experiment using their own computer and headphones. Compared to traditional in-
lab testing approaches, our lack of control over equipment likely introduces more variability into
the data. However, given the broad implementation of alarms in environments that are not
tailored for pristine auditory playback, the lack of control over testing may add a degree of
robustness to our results.
Conclusion
Simple manipulations of a sound’s envelope can help to address problems with auditory

alarms, that are prevalent in many safety critical areas such as medicine (Sanderson, Liu, &
Jenkins, 2009), industrial processing (Laberge et al., 2014), aviation (Bliss, 2003; Dehais, Roy,

Gateau, & Scannella, 2016), and the automotive industry (Marshall et al., 2007). Rather than
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recommending a specific sound, we see this work as the basis for larger future inquiries into the
role of temporal variation as an invaluable acoustic parameter for auditory interfaces. Our data
add to mounting evidence that temporal variation holds is an incredibly valuable design
parameter. Particularly in improving detection, while minimising annoyance. Through more
perceptually validated sound design, environments can be less noisy, sound better, and most

importantly, safer.
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Figures

Figure 1. Tone Detection Performance for Flat and Percussive Tones Across SNR. Error bars

denote standard error.
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Figure 2. Speech Task Performance Across Tone Detection Conditions. Error bars denote

standard error.
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Figure 3. Annoyance Rating Across Envelope and Loudness
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Chapter 4
General Conclusion

Together, these investigations show that temporal variation in acoustic properties can reduce
annoyance without hindering detectability. This provides further evidence that temporal variation
is both an important factor in understanding our perception of sound (Schutz & Gillard, 2020),
and a fruitful design parameter for applications such as auditory alarms (Foley, Anderson, &
Schutz, 2020). In chapter two we found that temporal variability in a sounds spectral structure
and envelope significantly decreased annoyance while maintaining detection accuracy, and even
improving detection accuracy in low levels. The detection advantage observed is consistent with
evidence showing temporal fluctuations aid in segregation (Bendixen, Denham, Gyimesi, &
Winkler, 2010; Iverson, 1995; Moore & Gockel, 2002) and reduces masking (Buus, 1985). These
findings are also consistent with previous investigations showing temporally variable envelopes
in auditory alarms can reduce annoyance without harming learnability of alarms (Sreetharan,
Schlesinger, & Schutz, 2021).

In chapter three we extended our investigation of envelope by studying tone detectability
with a concurrent speech task to better simulate applications such as auditory alarms. Consistent
with chapter two we found temporally variable percussive tones to be rated as significantly less
annoying while maintaining detection accuracy in relatively high signal levels and improving
detection in low signal levels. By employing a dual-task paradigm, chapter three further
strengthens our finding that temporal variation would improve the efficacy and usability of

auditory alarms.
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Further experimentation is needed to clarify the underlying mechanisms of our observed
detection advantage in chapters two and three. Separating the role of peak amplitude, and overall
variation in envelope will help clarify the difference between percussive and flat tones in low
signal level detection. Additionally future directions exploring differences in perceived intensity
of stimuli such as those used here will help contextualize these results. Although efforts were
made to equate overall loudness by matching average RMS values, further loudness matching
experiments are needed to ensure this.

Combined together chapters two and three show that temporal variation in acoustic
properties, something present in natural sounds (Foley & Schutz, 2021), may help the usability
of auditory alarms. By reducing annoyance without harming the detectability, alarms can be
more useful and effective to users. Employing perceptually validated alarm sounds will help

create environments that not only sound better, but are safer.
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