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ABSTRACT
Auditory alarms that repeatedly interrupt users until they
react are common, especially in the context of alarms. How-
ever, when an alarm repeats, our brains habituate to it and
perceive it less and less, with reductions in both percep-
tion and attention-shifting: a phenomenon known as the
repetition-suppression effect (RS). To retain users’ percep-
tion and attention, this paper proposes and tests the use
of pitch- and intensity-modulated alarms. Its experimen-
tal findings suggest that the proposed modulated alarms
can reduce RS, albeit in different patterns, depending on
whether pitch or intensity is the focus of the modulation.
Specifically, pitch-modulated alarms were found to reduce
RS more when the number of repetitions was small, while
intensity-modulated alarms reduced it more as the number
of repetitions increased. Based on these results, we make
several recommendations for the design of improved repeat-
ing alarms, based on which modulation approach should be
adopted in various situations.
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1 INTRODUCTION
Auditory alarms are widely used in our daily life, notably
in the information-dense environments (e.g., cockpits and
operation rooms) where auditory alarms usually are used
to assist users to monitor contextual information and alert
them when unusual events happen [16, 41, 51]. In this sce-
nario, alarms will keep ringing repeatedly within a short
period of time until the events are handled. When they are
designed appropriately, such alarms help us to communicate
efficiently, keep to our schedules, and react to dangers swiftly.
Conversely, poor alarm design may fail to attract users’ at-
tention or convey the intended messages clearly.Moreover,
in the multitasking scenarios like operation rooms, cockpits
or clinical applications where multiple alarms with different
levels of urgency and meanings would ring simultaneously,
the recognizability of these alarms becomes critical for users
to react accurately and timely [16, 41, 51].

Therefore, many studies have investigated various aspects
of auditory alarms, including their sound properties (harmon-
ics, tempo, and pitch [10, 13, 49]); how they are generated
(auditory icons and earcons [5, 20, 21]); and their higher-level
properties (e.g., intuitiveness [19, 20], learnability [20], and
perceived urgency [16, 17]). While this has led to some pro-
posed design guidelines for creating better auditory alarms
[9, 30], most such studies have regarded each alarm in a
series as an independent stimulus, without considering the
separate effects of serial delivery or the interactive effects of
a series’ member alarms. This paper therefore investigates
this important, yet rarely addressed issue.
Fundamentally, the purpose of auditory alarms being re-

peated is to attract more attention from their hearers than
a single alarm would. However, when an auditory alarm
repeats identically, human brain cells perceive it less and
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less strongly, due to fatigue and facilitation [22]. Neuroscien-
tists refer to this habituation phenomenon as the repetition-
suppression effect (RS). To the extent that we can reduce RS,
we can boost individuals’ awareness of repeating auditory
alarms, and thus improve such alarms’ efficiency.

In the case of visual warnings, the habituation problem has
been addressed through the use of polymorphic warnings
[2] and different attractor designs [7, 8]. Similarly, in the
auditory sphere, a simple solution to reducing RS might be
to insert a totally different alarm into a succession of identical
ones. However, this could induce another problem: the extra
effort users would need to expend to memorize the multiple
sounds associated with a single alarm. Therefore, the present
research adopted a ‘middle way’ approach to reducing RS, by
inserting pitch- or intensity-modulated versions of a alarm
into a series of otherwise identical ones.
Prior studies have measured degrees of habituation by

observing users’ behaviors [7, 8]. However, habituation is a
complex cognitive process that cannot be captured via behav-
ioral data alone. Electroencephalography (EEG), in contrast,
provides direct, in-depth data on users’ cognitive states, un-
obtrusively and without their conscious participation; and it
has been applied to evaluation and usability testing in the
field of human-computer interaction (HCI) [12, 13, 28, 50].
We, therefore, conducted an EEG experiment to examine the
effects on RS of the modulated alarms.

Prior studies of RS [34, 45, 46] have used the conventional
oddball paradigm, and only repeated their deviant sounds
twice each. To simulate a more realistic scenario, the present
study examined the RS effects of five repetitions against the
background noise of a coffee shop. This combination of mod-
ulated alarms, rather than totally different alarms, a higher
number of repetitions, and a realistic auditory background
render this study a unique contribution to the literature.

2 BACKGROUND AND RELATEDWORK
EEG-based Evaluation of Auditory Notifications
Auditory notifications are widely used in our daily lives
to convey important messages, and many studies have in-
vestigated how changes in their musical parameters (e.g.,
intensity, pitch and tempo [13, 16, 49]) affect their usability
(e.g., intuitiveness [19, 20], learnability, memorability [20],
and perceived urgency [10, 17, 24]) and users’ preferences for
some notifications over others [20]. Such research has often
relied on questionnaires or measures of users’ behavioral
performance, such as response time and hit rate [1, 19, 20].
However, since the process of being notified by sounds in-
cludes covert aspects of human cognitions (e.g., perception
of the notification, and attention shifting), users’ behavioral
performance is at best an indirect approximation of their
cognition, and at worst, highly inconsistent [16, 42, 52].

For these reasons, EEG - an electrophysiological moni-
toring method using non-invasive electrodes placed on the
scalp to record the electrical activity of the brain - has been
utilized in the fields of ergonomics and HCI. Burt et al. [10],
for example, observed how the three different auditory warn-
ing signals they had designed influenced humans’ urgency
perceptions, reaction times, arousal, relaxed wakefulness and
alert attentiveness by analyzing EEG frequencies alongside
their behaviors.

Along with frequency domain analysis, event-related po-
tential (ERP) is another EEG analysis method that prior stud-
ies have used to capture humans’ various cognitive functions
[10, 13, 28]. By averaging the EEG waveform according to
the onset of different stimuli, the ERPs can directly reflect
specific sensory, cognitive or motor events. Different ex-
perimental paradigms and tasks can elicit various ERPs in
different brain regions [31].

Two ERP components - mismatch negativity (MMN) and
P3a - reflect the effects of auditory alarms. MMN is a pre-
attention deviance-detection ERP component elicited 150-
250 ms after novel stimuli occur [35, 36]. Previous studies
have shown that MMN responds to change in pitch, duration,
and sound-source location [39, 40].
P3a, meanwhile, occurs 250-300 ms after stimuli onset

[18, 44]. It is one of the two subcomponents of P300, which
is considered to be a compound cognitive phenomenon that
reflects an information processing involved both attentional
and memory mechanisms. Polich indicated that high cogni-
tive demand tasks would cause large P300 amplitude [44].
P3a is related to the attention orientation and the other sub-
component P3b is related to working memory updating [44].
P3a’s amplitude increases when the stimulus attracts more
attention from a participant.
Lee et al. [28] proposed an EEG-based method for mea-

suring the MMN and P3a responses of participants as they
passively listened to auditory notifications in a relatively
realistic scenario that did not require behavioral responses.
Cherng et al. [13] further developed this method as a means
of evaluating how the acoustic features of auditory notifi-
cations affected their participants’ awareness and attention-
shifting. Taken together, these findings of these previous
studies demonstrate that the use of physiological measures,
in conjunction with behavioral and self-report measures, can
reveal otherwise hidden cognitive aspects of human percep-
tion of auditory alarms; and that this has the potential to
drive important refinements in auditory-display design.

Habituation and Repetition Suppression
Though habituation can facilitate human response in the
circumstances that require skilled and repetitive actions, it is
not usually desirable for users to be habituated to messages
that require them to pay attention, such as warning sounds.



Anderson et al. [2] used functional magnetic resonance
imaging (fMRI) to examine habituation, and identified huge
drops in the brain’s visual-processing activities when the
same visual warning was presented even for just a second
time, reflecting how easily their participants were habituated
to such warnings. The same authors also found that when
the same warnings were presented in different design for-
mats whenever they appeared, their participants were more
resistant to habituation.
In RS, the neuroscience paradigm of habituation [2], de-

viant sound’s MMN and P3a amplitudes both decrease if it
occurs repetitively [26, 34, 45, 46]. In other words, when we
hear successive identical sounds, our brain cells are activated
less and less due to fatigue, sharpening, and/or facilitation
[3, 22, 43]. Previous studies of RS have usually used just two
consecutive sounds, but nevertheless have indicated that it
significantly reduces the MMN amplitude elicited by the sec-
ond identical sound [34, 46]. Successive deviants with one or
more different features (e.g., pitch and duration [14, 34, 37]
and source location [34]) can reduce RS’s impact, as indicated
by their elicitation of full MMN responses. Unlike prior RS
studies, however, the present research used five successive
sounds rather than two; and employed ambient coffee-shop
sound as a background, rather than simply repeating single
tones in a setting that was otherwise silent.

3 EXPERIMENT
Research Goal andQuestions
This study’s goal, of arriving at an effective method for main-
taining users’ auditory perception of and attention to re-
peated auditory alarms by reducing RS, was pursued via an
experiment guided by two research questions. A detailed
explanation of each is provided below.
RQ1. What, if any, are the effects on RS of repeating
auditory alarms against realistic backgroundnoise rather
than standardized tones? Prior studies’ experiments often
used the oddball paradigm to measure how their participants’
MMN and P3a responses changed due to RS [34, 35, 45, 46].
In that paradigm, frequently repeating standard sounds and
infrequent deviant sounds are played as stimuli, with the lat-
ter type serving as targets that elicit the participants’ MMN
and P3a. Such studies have, however, only ever used single
tones as either the standard or the deviant sounds. To more
closely approximate reality, the present experiment followed
the methodology proposed by Lee et al. [28], in which the
standard sound consists of real-life background noise. Be-
cause this study’s method differs sharply from those used by
prior RS studies, its first research question examines whether
we can induce and observe RS in our experimental setting,
i.e., whether the amplitudes of MMN and P3a decrease when
a sound occurs repetitively [34, 45, 46].

RQ2.Can the proposedmodulationmethod reduceRS?
In terms of this research’s potential goal, the key questions to
be considered are whether the proposed modulation method
can reduce RS effect happening when a sound is displayed
repetitively, and if so, whether the two variants of thismethod
have different effects. As mentioned in RQ1, since the am-
plitudes of MMN and P3a are used as the metric of RS effect
by prior studies [34, 45, 46], the modulation method could
maintain or increase the MMN and P3a amplitude of a series
of auditory alarms if it successfully reduces RS effect.

Participants and Devices
We recruited 14 participants (six females and eight males,
21-26 years old), none of whom reported any hearing prob-
lems, brain disease, or brain injury. We played a subtitled
silent movie on a laptop placed in front of each participant,
and used speakers (Altec Lansing 2.0 ch, VS2620) to present
the audio stimuli. The movie is used to prevent participants
from focusing on the notifications. The participants were
instructed to only concentrate on the movie during the ex-
periment. Before the experiment, a decibel meter was used
to adjust the intensity of the stimuli to appropriate levels.

Stimuli
We conducted several pilot studies to decide the number of
repetitions and intensity of the standard and deviant stimuli.
The results of these studies revealed that five repetitions
are the smallest unit to induce repetition suppression and
increasing the pitch of sound by 1000 Hz or the intensity
of sounds by 9 dB enable the modulation to be perceived
by general people. Another finding from the pilot studies
is that adding rise and fall for each deviant can prevent
participants from overly shocking by the sudden appearance
of sounds, which would cause unwanted attention-shifting
at the beginning and end of stimuli. The method was also
adopted by the prior study [25].
Based on the above research questions and the results of

the pilot studies, three kinds of auditory alarms were de-
signed. The first, a 1000 Hz sine wave, was the basic alarm
(hereafter, “A”). The second , a 1500 Hz sine wave, was the
pitch-modulated alarm (“P”). A and P were played with in-
tensity of 70 dB SPL. Lastly, the intensity-modulated alarm
(“I”) was a 1000 Hz sine wave with an intensity of 79 dB SPL.
All three types of auditory alarms were 125 ms long with 5
ms of rise and fall time. We did not test more levels of pitch
and intensity in the experiments since the goal of the present
research is to evaluate the effectiveness of the pitch and in-
tensity modulation instead of suggesting an exact increment
of intensity or pitch for the modulation.

To simulate a noisy real-world environment, the standard
stimuli consisted of ambient sound recorded in a coffee shop,
with an average intensity of 70 dB SPL and a range of 68-72



dB SPL. All deviants comprised five alarms, and followed one
of three patterns: AAAAA (Dev1), APAPA (Dev2), or AIAIA
(Dev3). The loudness of the standard stimuli was tuned to
70 dB, and each deviant was 79 dB for all participants.

The inter-stimulus-interval (ISI) between any two alarms
was set at 300 ms, based on a previous study’s finding [48]
that when the time elapsed between the onsets of two suc-
cessive stimuli was shorter than 150 ms, only one MMN
response would be elicited. The onsets of the five alarms
within a given deviant were therefore set at 0 ms, 425 ms,
850 ms, 1275 ms, and 1700 ms from the start of the deviant,
as shown in Figure 1.

Deviant Deviant Deviant Time7.544 - 13.144 s

… …

300 ms

0 425 850 1275 1700 (ms)

Standard Trial

Background  Sound

Dev i

Dev1

Dev2

Dev3

A
A
A

A
I
P

A
A
A

A
I
P

A
A
A

125 ms

Figure 1: Experiment design. Each occurrence of each type
of deviant comprised five 125 ms-long alarms separated by
300ms intervals. The stimuli were randomly scatteredwhile
the background sound played continuously. The intervals
between deviants were deemed standard trials.

Procedure and Paradigm
Each participant sat on a chair in a noise-filtered chamber,
and was instructed to focus on the silent movie while listen-
ing to the stimuli. No voluntary response to either the audio
or the video was required. Each person’s participation was
divided into two sessions: isolated, and mixed. The aim of
the isolated session was to observe whether a repeating au-
ditory alarm induced RS in the researchers’ modified oddball
paradigm (RQ1), so it contained only Dev1. The mixed ses-
sion, on the other hand, examined the effects of the proposed
modulation method on regaining the participants’ auditory
awareness by reducing the RS effect (RQ2), and hence in-
cluded Dev1, Dev2 and Dev3.
The order of the two sessions was counterbalanced be-

tween participants. A mixed session consisted of four 15
min blocks separated by three 5 min rest periods, while an
isolated session comprised two 10 min blocks with one 5 min
rest period between them. The order of Dev1-Dev3 in the

mixed sessions was random, and in both session types, the
inter-stimuli intervals ranged from 7.544 to 13.144 s, 10.344 s
on average. Since the alarms were randomly scattered, each
participant heard alarms at different times under the same
background sound. The EEG data recorded between each
pair of consecutive deviants were deemed the standard trials,
and those recorded while each audio alarm was playing were
deemed the deviant trials (Figure 1).

In all, there were 45 deviant trials per block in the mixed
session, and 40 deviant trials per block in the isolated session.
Thus, there were 260 deviant trials per participant; a total
of 3,640 deviant trials for all 14 participants; and the same
overall number of standard trials. The probability of each
deviant occurring was the same, and deviants comprised 15%
of the total experiment time.

EEG Recording and Data Analysis
A non-invasive 32-channel EEG cap was used to measure
the participants’ brain activity. Its data was recorded using
a NeuroScan system with Ag-AgCl electrodes and a band-
pass filter of 0.01-100 Hz with sampling rate of 1000 Hz. All
electrodes were gelled to the participants’ scalps (Quik-Gel,
PJT Project-Tech Ltd.) to ensure that resistance remained
below 5 micro Ohm.
An open-source MATLAB toolbox, EEGLAB [15], was

used to process the EEG data. To remove electrical noise,
a bandpass filter of 1-30 Hz was applied. The epochs used
for computing ERP were 2700 ms long, starting 250 ms be-
fore and ending 2450 ms after the first stimulus onset. The
pre-stimuli period (-250 ms to 0 ms) was set as the baseline.
All epochs with voltage variations exceeding 80 µV were
automatically rejected to remove artifacts such as DC bias,
blinks, and slow eye movements [11]. The data was down-
sampled to 250 Hz, as this allowed independent component
analysis (ICA) to be sped up without the loss of relevant
information [4, 6, 32]. Then, ICA was used to remove ocular
artifacts, including the noise caused by facial-muscle and eye
movements [33]. The procedure of removing artifacts first
and then performing ICA is suggested by the prior studies
[12, 28], which can purify the input data for ICA.
MMN and P3a magnitudes were calculated by subtract-

ing each participant’s EEG response to the standard stimuli
from his or her EEG response to each deviant. Based on pre-
vious studies’ findings that MMN amplitude is maximal at
the frontal electrode (Fz), which is generally considered the
representative location/source of MMN [35, 38], the current
study’s statistical analysis utilized Fz ERP. Prior works also
used Fz to derive P3a along with MMN, which are often
inseparable [35, 36]. Calculation of the amplitude of MMN
(P3a) in each trial relied on a 52 ms window centered at the
most negative (positive) peak within 150-250 ms (200-300
ms) after stimuli onset, the data within which was averaged



to arrive at the amplitude of MMN (P3a). The latency of
MMN (P3a) was calculated by subtracting the onset time of
the stimulus from the occurring time of the most negative
(positive) peak. The MMN/P3a elicited by the j-th alarm of
deviant i was denoted as Devi MMNj/P3aj (e.g., the MMN
elicited by the third alarm of deviant one was called Dev1
MMN3).

Levene’s test was used to confirm the equality of variance
of MMN and P3a in the case of each deviant [29]. Repeated-
measures analysis of variance (RM-ANOVA) was then ap-
plied to the MMN and P3a amplitude and latency results.
The independent variable of the RM-ANOVA for the inter-
deviant analysis is the number of repetition, and for the
intra-deviants analysis, the independent variable is the de-
viant type, i.e., Dev1 (isolated), Dev1, Dev2, Dev3. Lastly,
post-hoc Tukey’s HSD test were used to determine which
pairs of MMN or P3a exhibited significant differences.

4 RESULTS
Figure 2 shows the ERP curves elicited on the Fz channel
by each deviant stimulus. This section first compares the
results of MMN and P3a responses of the five alarms of
Dev1 across the isolated and mixed sessions, to establish
whether RS was induced by the repetition of identical audi-
tory alarms amid natural ambient sound. Then, it compares
MMN and P3a responses across the isolated and (entire)
mixed sessions, to evaluate whether the designed pitch- and
intensity-modulated alarms alleviated RS.

RS Effect
As Figure 3 shows, the average amplitude of the MMN2
elicited by Dev1 in the isolated sessions was significantly
greater than that of the MMN3 elicited by the same deviant
in the same sessions (F(1,1120)=78.1231, p<.001, Figure 3a).
This suggests that, in those sessions where only sound “A”
was played, the participants’ pre-attentive auditory detection
of that sound decreased when it was repeated a third time.
However, there was no significant difference between the
latencies of MMN elicited by the alarms in the same sessions.
Nor was any RS effect on the participants’ attention-shifting
identified, insofar as there were no significant differences
among the P3a amplitudes of separate alarms or P3a latencies
within the isolated sessions.

From Figure 3b, it is clear that there were no significant dif-
ferences between theMMN amplitude and latency associated
with Dev1 in the mixed sessions. This indicates that the par-
ticipants’ pre-attentive auditory detection did not decrease
when they received Dev1 under conditions where Dev2 and
Dev3 were also present: presumably, because modulation
of the latter two sounds (i.e., the second and fourth alarms
within a deviant) led them to expect that the deviants in the
mixed sessions were characterized by constant change. This

change in expectations would also tend to explain the rela-
tive stability of MMN amplitudes of different alarms within
Dev1 in the mixed session, as compared to the isolated ses-
sion. No main effect of alarm order on the participants’ P3a
amplitude and latency was found in either session.

Notably, RS only affected MMN amplitude: the amplitude
of MMN3 was significantly decreased compared with the am-
plitude of MMN2. This finding differs slightly from those of
previous studies [34, 45, 46] in which RS appeared to decrease
the amplitudes of both MMN and P3a. This discrepancy will
be explored in the Discussion section, below. In any case,
because the present study only detected RS effects on MMN
amplitude, the remainder of this paper will focus mainly on
MMN rather than P3a.

Effect of Modulated Alarms
The MMN amplitudes elicited by modulated alarms (i.e.,
by Dev2 and Dev3) exhibited different patterns from those
elicited by non-modulated (Dev1) alarms in the isolated
condition. From Figure 3c, it can be seen that within Dev2
(APAPA), there was no main effect of alarm order on the par-
ticipants’ MMN amplitude or latency. This finding indicates
that there was no RS effect within Dev2 from the perspective
of MMN amplitude.

In the case of Dev3 (AIAIA), the comparison of MMN1,
MMN3, and MMN5 amplitudes exhibited no significant dif-
ferences (Figure 3d), which indicated that there was no RS
effect happened in Dev3. However, Dev3’sMMN2 andMMN4
amplitudes were, respectively, significantly larger than its
MMN1 and MMN3 amplitudes. This was because MMN2 and
MMN4 were elicited by intensity-modulated alarm I (MMN2
> MMN1 (F(1,896) = 8.5041, p = 0.0036), MMN2 > MMN3
(F(1,896) = 6.9481, p = 0.0084), MMN4 > MMN3 (F(1,896) =
3.9394, p = 0.0472); see Figure 3d); and the amplitudes of
MMN2 and MMN4 (all alarm I) had no significant differences
between them. Interestingly, in Dev3, MMN2 is significantly
larger than both MMN1 and MMN3, yet MMN4 is signifi-
cantly larger than only MMN3. This result might indicate
that the modulation effect varies with the alarm order, which
is worth further investigations in the future.

Having thus confirmed that there was no RS effect within
either Dev2 or Dev3, we further investigated whether these
modulated alarms induced higher levels of auditory percep-
tion in the participants than Dev1 did, taken in isolation.
As shown in Figure 4, at the first alarm, there were no sig-
nificant differences between the three deviants’ MMN1s,
which was unsurprising given that the first alarm in Dev2,
Dev3 and Dev1 (isolated) were all the same sound, A. At
the third alarm, however, the MMN3 amplitude of Dev2 was
significantly larger than that of Dev1 (isolated) (F(1,1025)
= 14.0984, p = 0.0002); and the MMN5 amplitude of Dev3
was significantly larger than that of both Dev2 (F(1,904) =
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Figure 2: MMN and P3a curves of all deviants. The y axes represent the voltages (µV ) of the MMN and P3a amplitudes, and the
vertical lines, the onset times of each alarm.
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Figure 3: Averaged MMN amplitudes of each alarm of each deviant. The y axes represent the voltages (µV ) of the MMN ampli-
tudes, and the error bar, the standard error.
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Figure 4: Comparison ofMMN amplitudes of alarmA across
Dev2, Dev3, and Dev1 (isolated sessions). The y axis shows
the voltages (µV ) of theMMNamplitudes ofMMN; the figure
indicates that Dev2 reduced RS effect at earlier repetitions,
whereas Dev3 reduced RS effect at later repetitions.

1.3253, p=0.02497) and Dev1 (isolated) (F(1,1020) = 7.8282, p
= 0.0052). These findings indicate that modulation of alarms
can reduce RS. Notably, the pitch- and intensity-modulated
alarms reduced it in different ways: P being more effective
in the case of MMN3, and I with MMN5.

Priming Effect
Although this study yielded no definite findings regarding
how MMN latency related to the confirmation of the RS
effect, or how/why modulated alarms reduced that effect,
some interesting results in MMN and P3a latencies were ob-
served. Firstly, when MMN latencies were compared within
deviants (Figure 5a), it was found that the latency elicited
by the second alarm of Dev1 was shorter than those elicited
by the first, fourth or fifth alarms (MMN2 < MMN1, MMN4
and MMN5, p < 0.05). Figure 5b reveals a similar trend in
P3a latencies among the different alarms of Dev1: with the
latency of P3a2 being significantly shorter than that of P3a4
(F(1,930) = 6.8118, p = 0.0091). The shorter latencies of the
second responses in series of identical repeating alarms sug-
gest that there might be a priming effect, i.e., an acceleration
of response due to the preceding stimulus [47]. However, no
priming effect was identified in Dev1 (isolated), despite it
also consisting of identical repeating alarms. As such, the
hypothesized priming effect will require further empirical
confirmation.
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Figure 5: MMN and P3a latencies of each deviant.

5 DISCUSSION
Repetition-suppression Effect of Repeating Auditory
Alarms
With regard to this paper’s first research question, which
asked whether repeating identical auditory alarms would
lead to RS in a realistic auditory scenario, it was found that
when the participants only listened to identical repeating
alarms (i.e., Dev1 in the isolated sessions), their MMN3 was
significantly smaller than their MMN2. This means that RS
effect could happen on users’ pre-attentive auditory detec-
tion while listening to identical repeating alarms.

Prior studies that investigated the RS effect based on just
two successive identical single-tone alarms, using the tra-
ditional oddball paradigm [34, 46], have shown that second
alarms are associatedwith significant reductions inMMNam-
plitude. In the present results, in contrast, MMN amplitudes
(in the Dev1 isolated condition) only differed significantly
between the second and the third responses (Figure 3a). The
other key difference between the present results and those
of prior studies is that, in the Dev1 (isolated) condition, no
RS effect on P3a amplitude could be identified. There are two
potential explanations for these two discrepancies.
First, both might have been caused by the similarities

in intensity between Dev1 (isolated) and the background

sound, i.e., 70 dB. Five of the 14 participants reported that
they did not notice there were five repetitions of an identical
alarm in some trials where this had in fact occurred; and
if they simply failed to notice some repeating alarms, the
participants could hardly be expected to become habituated
to them. This lack of habituation, in turn, could have led to
both the late appearance of RS effects on MMN amplitude
and the non-observation of such effects on P3a amplitude.
As our participants’ brains might be not activated enough
to cause habituation until the second repetition, RS effect
happened at the third repetition due to the fatigue after their
brain cells were fully activated.
Second, the present study’s experimental paradigm dif-

fered from those of the prior studies in question. Specifically,
the earlier studies [34, 46] adopted the traditional oddball
paradigm, in which alarms are played without any back-
ground sound, which meant that their participants received
entirely identical successive auditory stimuli besides stan-
dard single tones appearing regularly; whereas in the present
experiment, reliance on ambient sound recorded in a coffee
shop meant that the successive auditory stimuli - consid-
ered as alarm plus background - all differed somewhat, even
when their foreground alarms were identical. Because the
background recorded in a real environment was full of un-
expected bursts of different sounds (e.g., human speech and
footsteps), its overlapping with the successive auditory stim-
uli also probably inhibited habituation to the repetitive iden-
tical alarms. Moreover, as shown by the results of Dev1 in
the mixed sessions, participants’ expectations regarding the
next alarm were continuously changed by the prior deviant
and background. Therefore, the RS effect on MMN and P3a
in the present study is not as evident or clear-cut as in previ-
ous research. A future study, which adopts the traditional
oddball paradigm with the standard and deviants overlap-
ping with a real-world background sound, could arrive more
conclusive evidences on how the background sound inhibits
the habituation to repetitive identical alarms.

For why there was no significant RS effect on MMN ampli-
tude after the third repetition of Dev1 (isolated) in the present
study, one possible explanation is the influence of attention.
RS effect was found to comprise both attention-independent
and attention-dependent processes [23, 27], which indicates
that whether the participants attend to the stimuli would
influence the RS effect. In the present study, because most of
the participants’ attention had already been directed to the
audio alarms by the third repetition, it is expectable that the
RS effect on MMN amplitude in the fourth and fifth repeti-
tions would not be the same as it is in the earlier repetitions.
Moreover, prior studies only investigated RS effect on MMN
and P3a in two successive single-tone sounds without ex-
ploring human’s brain reaction to the subsequent repetitions
after RS effect occurred [34, 46]. Hence, the conclusion that



RS effect happens in the third repetition of Dev1 (isolated)
can be at least ensured. However, more future studies are
needed to understand and confirm the occurrence of RS effect
in the successive repetitions.
On the other hand, since the current study’s experiment

integrated more features pertinent to the real world than its
predecessors did, its results may be a more realistic reflection
of users’ cognitive states under the influence of RS. For exam-
ple, the formation of habituation to a stimulus in a noisy place
could require more time than such formation would take in
an otherwise quiet controlled environment. Additionally,
real-world users’ attention might be relatively insensitive to
RS due to the distractions of continually changing events.
Nevertheless, the RS effect in the isolated session suggested
audio alarm design in monotonous-sound or safety-critical
scenarios [41, 51], e.g., aircraft cockpits, automobiles, or op-
erating rooms, should take the RS effect into account and
adopt the proposed modulation for repeating alarms.

Modulated Auditory Alarms Reduce the
Repetition-suppression Effect
When humans hear a series of incoming auditory stimuli,
their brains receive the new sounds and update the “stan-
dard” repertoire of sounds in their memory traces [46]. This
could explain why, in the present research’s isolated sessions,
identical auditory alarms elicited smaller MMN amplitudes
than the modulated auditory alarms [34]. In the mixed ses-
sion, on the other hand, the modulated auditory alarms (P
or I) inserted into Dev2 and Dev3 had higher novelty values
than the un-modulated alarms in the same deviants. This led
to larger MMN amplitudes and thus benefits alarm design
because this finding indicates that the participants can detect
the modulated alarms more easily. As such, it appears that
modulated alarms can reduce RS and cause individuals to
perceive repeating alarms more strongly.

When Dev1 (isolated), Dev2 and Dev3 were directly com-
pared (Figure 4), it was found that the proposed modula-
tion method can reduce the RS effect by interrupting the
adaptations of the participants’ brains. However, pitch- and
intensity-modulated alarms behaved differently as the num-
ber of repetitions increased (i.e., the pitch-modulated alarm
reduced the RS effect at the third repetition, while the intensity-
modulated alarm reduced it at the fifth repetition). Thismight
indicate that the former could perform better over a short
sequence of alarms, and the latter, better over a somewhat
longer series. Future studies with shorter and longer alarm
series are needed to confirm this assumption.

Design Implications
The current study results provide the following design im-
plications.

• [Figure 3a; Dev1 (isolated): MMN2>MMN3] Based on
the results of MMN amplitude elicited by Dev1 (iso-
lated), it is suggested that the designers should avoid
using repeating identical sounds as auditory alarms be-
cause the RS effect has been confirmed to reduce users’
pre-attention auditory detection even in naturalistic
auditory settings.

• [Figure 4; MMN3: Dev2>Dev1 (isolated)] When de-
signing alarms for time-sensitive real-world situations
in which, ideally, RS should be prevented from oc-
curring at all, the use of pitch-modulated alarms is
recommended, since their reductions to the RS effect
occur earlier than those of intensity-modulated alarms
do.

• [Figure 4; MMN5: Dev3>Dev2 & Dev1 (isolated)] Al-
though intensity-modulated alarms regained the par-
ticipants’ auditory perception (as measured by MMN
amplitude) later, i.e., at the fifth repetition, the success
with which they recovered it was higher than either
their pitch-modulated or un-modulated counterparts.
Thus, especially in an environment with fluctuating
intensities of random ambient sound (as replicated in
the experiment), using intensity modulation will ren-
der alarms more prominent, provided only that there
are at least five of them per series. Therefore, design-
ers should consider using intensity modulation if they
expect their alarms to be heard in noisy places, and if
immediate responses from users are not crucial to the
application.

To give a specific example: for alarm-clock alarms, the
simplest design would be to repeat the same alarm again and
again (AAAAA). To avoid the RS effect, based on the design
implications provided above, the designer could insert some
modulated alarms between the A tones. If his/her priority is
to definitely regain users’ auditory awareness at some point,
rather than to attract and retain it as rapidly as possible,
he/she should use intensity-modulated alarms (AIAIA). Oth-
erwise, the designer could choose pitch-modulated alarms
(APAPA), but with the caveat that their RS benefits will be
diminished if the number of repetitions is too large.

6 LIMITATIONS AND DIRECTIONS FOR FUTURE
RESEARCH

Several limitations of the present research should be noted.
First, it was found that the playing of multiple deviants in a
session affected the RS effect of Dev1, raising the possibility
that the Dev2 and Dev3 results might also be affected to some
extent if they, too, were isolated; however, the experimen-
tal design did not include Dev2 (isolated) or Dev3 (isolated)



conditions. To control for any interactive effects of multi-
ple deviants, future work should include such additional
sessions.

Second, to control for other possible confounding factors,
the experiment only used sine waves as auditory alarms,
which contrasted with the wide array of auditory alarms
people experience in their daily lives. Future studies on this
topic should therefore include real-world auditory alarms, to
increase the ecological validity of their results and proposed
methods.
Third, the present work only used one pattern to exam-

ine the effect of modulated alarms, i.e., APAPA and AIAIA.
In further studies, we plan to examine the effects of modu-
lated alarms that occur in a wider range of patterns (AAPAA,
APIA, and so forth). Moreover, pitch and intensity are not
the only categories of modulation that could be applied to
alarms: with other potentially useful acoustic parameters be-
ing duration, harmonic richness and timbre. We believe that
exploring additional methods of modulation will broaden
and enrich the design space of how to moderate the RS effect.

7 CONCLUSION
Repeating identical tones can induce RS and reduce users’
awareness of the alarms in question. By inserting pitch-
and intensity-modulated alarms between identical repeating
alarms, this study succeeded in reducing the RS effect with-
out resorting to multiple, wholly different tones, which could
require unacceptably high levels of user effort to memorize.
EEG was also found to be a useful technique for examining
the effects of modulated alarms on RS in a more realistic
scenario than has hitherto been used in RS research. De-
spite this greater realism, it was confirmed that repeating
identical auditory alarms do induce an RS effect; and the
experiment further demonstrated that the use of modulated
alarms could reduce it. Lastly, it was shown that pitch- and
intensity-modulated alarms had different influences on RS:
with the former acting more quickly, but the latter, more
strongly. It is hoped that, based on these findings and the
design implications highlighted by the researchers, design-
ers will be able to create more effective repeating auditory
alarms.
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