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Lay Abstract 

Alarms in intensive care units are perceived as annoying, ultimately negatively affecting both 

clinicians and patients. These alarms are mandated by the International Electrotechnical 

Commission to have sustained or flat amplitude envelopes (i.e., referring to the change in 

loudness over time), which does not reflect naturally occurring stimuli that typically have 

decaying or percussive amplitude envelopes. The current experiments assessed the effect of 

percussive envelopes on alarm learnability and annoyance. We showed in a series of experiments 

that there is no difference in learning alarms with flat or percussive envelopes. However, we 

showed that alarms with percussive envelopes are perceived to be less annoying than alarms with 

flat envelopes. These results offer one potential solution to reduce alarm annoyance in intensive 

care units without harming the learnability of these alarms.  
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Abstract 

Auditory alarm annoyance plagues clinicians, which results in alarms desensitization and 

ultimately affects patient care. Contributing to this problem are the International Electrotechnical 

Commission (IEC) 60601-1-8 alarms, a standardized set of melodic alarms used to convey 

information to clinicians in intensive care units. By design, IEC alarms employ flat amplitude 

(i.e., amplitude invariant) envelopes and are not reflective of naturally occurring sounds with 

percussive amplitude (i.e., decaying) envelopes. We present a series of three experiments 

evaluating the effect of amplitude envelope manipulation (i.e., incorporating percussive 

envelope) on memory and annoyance in IEC alarms synthesized using pure tones (experiment 1), 

complex tones (experiment 2) and assessing annoyance pre and post memory assessment 

(experiment 3). For the memory assessment, participants were assigned to learn either the flat 

alarms or percussive alarms. During the memory assessment, participants were informed of the 

alarm–referent pairings (study phase), practised identifying alarms (training phase), had a short 

break, and tested on their ability to identify alarms (evaluation phase). The annoyance 

assessment was a two alternative forced choice task where participants identified which alarm 

they perceived to be more annoying from a pair of alarms differing in either envelope-type or 

alarm-type. Across all experiments there was no difference in alarm learnability between those 

learning either flat or percussive alarms during the memory assessment. Annoyance assessments 

revealed that all participants chose the flat alarms to be more annoying than the percussive 

alarms, independent of the memory assessment condition. These results showcase the potential 

of using percussive alarms to reduce alarm annoyance without harming learnability, a cost-

efficient manipulation.  
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1. Introduction 

1.1 Alarm Annoyance 

Auditory alarms in the hospital setting employ non-speech, short melodic sequences to 

convey messages to clinicians. Compared to speech-based alerts, auditory alarms have better 

temporal resolution, offer greater privacy for patients, and are universally recognizable (Sodnik 

& Tomazic, 2015). For example, the International Electrotechnical Commission (IEC) 60601-1-8 

(henceforth ‘IEC alarms’), which is the global medical standard, employs short melodic 

sequences to convey messages about patient and machine status to clinicians (Comission, 2006).  

Yet, despite their utility these alarms are very annoying, ultimately negatively impacting patient 

safety (Edworthy & Hellier, 2005). 

Sound annoyance is defined as “an evaluative response towards [a] sound and its source, 

including both emotional (‘nuisance, ‘unpleasantness’) and cognitive aspects (‘disturbance’, 

‘interference)” (Guski, Felscher-Suhr, & Schuemer, 1999).When creating alerting alarms, 

designers typically adopt  a “better-safe-than-sorry” approach (i.e., through increasing the 

volume and frequency of alarms), even when action is not needed. Human perceptual systems 

have evolved to “tune in” to meaningful stimuli and “tune out” (or habituate) to whatever doesn’t 

require action (Wilcox, 2011). Consequently, efforts to make alarms more annoying ironically 

also may accidentally make them less alerting. Thus, annoyance is an important factor of 

consideration in designing warning systems, including auditory alarms (Fagerlonn, 2011).  

Alarm fatigue is defined as the desensitization to alarms as a result of sensory overload 

when exposed to an excessive number of alarms (Sendelbach & Funk, 2013). As a result, 

clinicians are more likely to ignore or even miss critical alarms. One report stated that on average 

two critical alarms are missed per hospital, per day (Donchin et al., 2003). Moreover, users might 
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even turn off alarms due to their unpleasantness (Block, Nuutinen, & Ballast, 1999) as they 

believe they can work more effectively without the cacophony of the alarms.  However, this can 

have dire consequences for patients. For example, in an unfortunate incident, while a patient was 

undergoing abdominal surgery, the clinicians turned off all alarms on equipment in the operating 

room because they found them to be annoying. During the procedure the respirator was 

temporarily turned off but never turned back on since the alarms did not sound when the patient 

was under duress. The patient suffocated and entered a vegetative state, eventually dying 11 days 

later (“Alert fatigue leads to OR fatalities”, 2010). By creating less annoying and more 

ergonomic alarms, we can reduce the likelihood of alarms being ignored, missed, or turned off. 

In this paper, we investigate the potential of designing less annoying but equally effective alarms 

by varying the amplitude envelopes (i.e., the shape of sound over time) used in individual tones.  

1.2 Amplitude Envelope                                                                                                                                                             

Amplitude envelope (hereafter referred to as ‘envelope’) is an acoustical property of 

sound referring to changes in a sound’s amplitude (i.e., intensity or loudness) over time, 

specifically in reference to a sound’s offset. We will focus on two types of envelopes: percussive 

and flat. Percussive sounds (i.e., sounds with percussive envelopes) have an abrupt onset 

reaching maximum amplitude quickly, followed by an exponential decay (Figure 1A). 

Percussive sounds are characteristic of naturally occurring impact sounds, such as the sound 

produced by two glasses clinked together. Flat sounds (i.e., sounds with flat envelopes) have 

both abrupt onsets and offsets that flank an amplitude invariant, with a period of sustain at the 

maximum amplitude level (Figure 1B). Most artificially synthesized sounds are flat, such as the 

sound emitted by a truck backing up or the emergency broadcast tone. Differences in envelope 

are salient, as they affect our ability to identify everyday objects (Giordano, Rocchesso, & 
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McAdams, 2010; Lutfi, 2001), make duration judgements (Vallet, Shore, & Schutz, 2014), and 

bind together multimodal stimuli (Chuen & Schutz, 2016; Grassi & Casco, 2009; Schutz & 

Bamikole, 2015; Schutz & Kubovy, 2009). Additionally, envelope can play a role in learning and 

memory of sound-object associations. A series of experiments showed those who heard 

percussive sounds learned sound-object associations faster and correctly recalled more 

associations than those who heard flat sounds (Schutz et al., 2017).  

Previous work conducted by our group expanded on these associative memory findings 

investigating applications of envelope manipulation to IEC alarms. By design, the IEC alarms 

have a flat envelope shapes (Wee & Sanderson, 2008); in particular, each note in the tone 

sequence has a flat envelope shape. Previously, the effect of envelope manipulation on IEC 

alarm learnability was evaluated by changing the envelope shape of each note in the alarm to 

non-overlapping, percussive envelopes. Participants learned either flat or percussive versions of 

the IEC alarms and completed a memory assessment task to measure learning and recall. 

Envelope manipulation did not affect learning or recall of IEC alarms (Gillard & Schutz, 2016). 

 Here we evaluated the effect of differing envelopes on annoyance, as well as learning and  

short-term memory, but used overlapping percussive envelopes with varying lengths (see section 

2.1.2 for details). Participants learned either flat or percussive alarms during the memory 

assessment task (consisting of a study phase, training phase, distractor phase and evaluation 

phase). Additionally, participants assessed annoyance for both flat and percussive alarms during 

a two-alternative forced choice (2AFC) task to evaluate the effect of envelope on alarm 

annoyance (see Figure 3 for overview of methods). In this paper, we present a series of three 

experiments looking at the effect of envelope manipulation on memory and annoyance in IEC 

alarms synthesized using pure tones (experiment 1), complex tones (experiment 2) and assessing 
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annoyance pre and post exposure (experiment 3). We hypothesized that envelope would not play 

a role in learning and memory but would affect annoyance. Specifically, we predicted that there 

would be no difference in performance during the training and evaluation phases for those 

learning either flat or percussive alarms. We also predicted that flat alarms will be perceived to 

be more annoying, regardless of whether participants learned flat or percussive alarms.  

2. Methods and Results 

2.1 Experiment 1 

2.1.1 Methods 

 We recruited 40 participants (35 female, 5 male) ranging in age from 18 – 23 years (M = 

19.08, SD = 1.40) from McMaster University through the Psychology and Linguistics SONA 

online research participation systems. All participants had corrected-to-normal vision and 

received course credit as compensation.    

 We generated both flat and percussive versions based on the pitch, timing, and envelope 

parameters of the eight, medium-priority IEC 60601-1-8 alarms using the MAPLE Lab Auditory 

Exploration Suite for Teaching, Research, and Observation or MAESTRO (Ng & Schutz, 2017). 

The flat versions of the IEC alarms (hereafter referred to as “flat alarms”) consisted of pure tones 

(i.e., sine waves). We synthesized the flat alarms according to the envelope specifications 

outlined by the current IEC alarm guide (Block, Rouse, Hakala, & Thompson, 2000); each tone 

had a 20 millisecond (ms) onset/offset and 200 ms period of sustain. Successive tones had inter-

stimulus onset intervals of 400 ms (See Figure 2 for visual depiction of stimulus timing). All 

notes in the flat alarm had an amplitude of “1.0”. The percussive versions of the IEC alarms 

(hereafter referred to as “percussive alarms”) consisted of pure tones with percussive envelopes. 

All tones within the percussive alarms had 20 ms onsets, no periods of sustain, and varying 



M.Sc. Thesis – S. Sreetharan; McMaster University – Psychology, Neuroscience & 
Behaviour 

 

5 

offsets. The offsets for the first, second, and third notes in each tone sequence were 1020 ms, 640 

ms, and 380 ms, respectively. Consistent the flat alarms, successive tones had inter-stimulus 

onset intervals of 400 ms. Since percussive tones are perceived to shorter than equivalent flat 

tones (Vallet et al., 2014), we extended the length of the final note in the percussive sequence in 

order to roughly equate for similar perceived durations. We equated for perceived duration 

through an informal assessment.  

 Upon arrival, participants completed the consent form as well as a short survey inquiring 

about demographic information (e.g., age, gender) and musical training. A research assistant 

(RA) conducted the experiment in a sound-attenuating booth while physically separated from the 

participant by a partition to reduce experimenter bias. We randomly assigned participants to hear 

either the flat IEC alarms or the percussive IEC alarms during the memory assessment. The 

memory assessment consisted of four phases: a study phase, a training phase, a break phase, and 

an evaluation phase.  

Study phase.  The RA explained that, “The alarms you will be asked to learn today are 

used in the ICU to inform doctors about a patient’s condition or a machine’s status. You will be 

asked to identify eight different alarms represented by melodic tone sequences.” Afterwards, the 

RA gave participants a short description of all eights alarms and gave the participant cue cards 

with the alarm names that they were allowed to manipulate in any way to help them remember 

the alarm–referent pairings. The RA played each alarm twice, mentioning the correct referent 

(i.e., the associated alarm name) after each presentation. White noise presented between different 

alarm presentations prevented practise. To avoid order effects, we randomized alarm 

presentation order.     
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Training phase.  After being informed of the alarm–referent pairings, participants 

practised identifying the alarms. After each alarm was played, participants guessed the referent. 

At the end of each trial, participants were told whether they were correct/incorrect and were 

reminded of the correct alarm–referent pairing regardless of whether they were correct/incorrect. 

We played white noise between each alarm presentation to mask echoic memory to minimize 

rehearsal. This continued for each training block (consisting of all eight alarms) until participants 

reached our learning criterion of correctly identified 7/8 alarms correctly on two consecutive 

blocks or until a maximum of 10 blocks were reached. keep up morale, participants received 

positive reinforcement every other block (e.g., “you are doing very well”) regardless of 

performance.  

Distracter phase. Participants had a five-minute break. During this time, they played a 

silent game of online mini-putt. We included this break to prevent practise and to measure the 

effects of short-term memory in the subsequent phase.  

Evaluation phase. Participants were tested on their ability to remember the association 

after a single presentation of each tone sequence (i.e., one block of trials). Alarm presentation 

was randomized for each participant. After identification, participants reported the confidence of 

their response on a 6-point Likert scale (from 1 = “Not confident at all” to 6 = “Very 

confident”). Participants received no feedback after their response. At the end, we asked 

participants for any techniques they used to help them remember the alarm–referent pairings.  

Annoyance task. After the memory assessment, participants completed an annoyance 

task. This involved making a 2AFC decision about annoyance for pairs of alarms. In half the 

trials participants heard alarms with matched pitch sequences but different envelopes (i.e., the 

percussive and flat versions of one pitch sequence). The other half of the trials used different 
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pitch sequences with matched envelopes (e.g., two flat alarms). We fully randomized the trials to 

reduce the transparency of the task and subject bias. Participants identified whether they 

perceived the first or the second tone sequence in the pair as more annoying. Participants training 

on flat alarms had not previously heard the percussive alarms, and vice-versa.  In this paper, we 

report the results of trials from when we forced assessment based on envelope (e.g., flat general 

alarm vs. percussive general alarm). 

2.1.2 Results 

We conducted Mann-Whitney tests evaluating the effect of envelope condition on alarm 

learnability as measured by the number of blocks required to meet our criterion (i.e., correctly 

identifying 7/8 alarms correctly on two consecutive blocks to a maximum on 10 blocks). We 

found no difference for those trained on flat alarms (Mdn = 10) and percussive alarms (Mdn = 

10) on alarm learnability, U = 187.5, p = .72. We conducted Mann-Whitney tests evaluating the 

effect of envelope condition on alarm identification after a short break. We found no difference 

in alarm identification for those evaluated on the flat alarms (Mdn = 7.0) or percussive alarms 

(Mdn = 5.5), U=263, p = .08.  

We performed chi-square tests of goodness-of-fit tests to examine whether flat alarms 

and percussive alarms are perceived to be equally annoying for those that learned the percussive 

or flat alarms during the memory assessment. Participants that learned the percussive alarms 

during the memory assessment chose the flat alarms to be significantly more annoying than the 

percussive alarms X2(1, N=160) = 115.60, p < .001. Similarly, participants that learned the flat 

alarms during the memory assessment chose the flat alarms to be significantly more annoying 

than the percussive alarms X2(1, N=160) = 11.03, p < .001.  
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2.2 Experiment 2 

We conducted experiment 1 with pure tones to begin understanding the effects of 

envelope on alarm annoyance and learnability. For experiment 2, we replicated experiment 1 

using complex tones instead of pure tones as complex tones allow for great localizability and 

provide greater resistance to masking (Edworthy et al., 2017; Patterson, 1982).   

2.2.1 Methods 

We recruited 40 participants (35 female, 5 male) ranging in age from 18 – 27 years (M = 

18.75, SD = 1.56) from McMaster University through the Psychology and Linguistics SONA 

online research participation systems. All participants had corrected-to-normal vision. Upon 

completion, participants received course research credit as compensation. As in experiment 1, we 

generated both flat and percussive versions of the eight, medium-priority IEC 60601-1-8 alarms 

using MAESTRO. Uniquely, we synthesized “complex tones” with notes in the tone sequences 

containing the first three harmonics above the frequency and each harmonic exhibiting half the 

amplitude of the preceding harmonic. In other words the first harmonic had an amplitude of 

“0.5”, the second harmonic had an amplitude of  “0.25”, and the third harmonic had an amplitude 

of  “0.125”. Amplitudes were consistent for both flat and percussive versions of the IEC alarms. 

We used the same procedure as in experiment 1.  

2.2.2 Results 

We conducted Mann-Whitney tests evaluating the effect of envelope condition on alarm 

learnability as measured by the number of blocks required to meet our criterion (i.e., correctly 

identifying 7/8 alarms correctly on two consecutive blocks to a maximum of 10 blocks). We 

found no significant difference between those learning flat alarms (Mdn = 6.0) and percussive 

alarms (Mdn = 9.5) on alarm learnability, U = 130.5, p = .057. We also conducted an 
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independent samples t-test evaluating the effect of envelope condition on alarm identification 

after a short break. We found no significant difference in alarm identification for those evaluated 

on the flat alarms (M= 6.40, SD =1.54) and percussive alarms (M= 5.30, SD =1.92), t(38)=2.00, 

p = .053.  

We performed chi-square tests of goodness-of-fit to examine whether flat alarms and 

percussive alarms are perceived to be equally annoying for those that learned the percussive or 

flat alarms during the memory assessment. Participants rated flat alarms significantly more 

annoying regardless of whether they heard percussive (X2(1, N=160) = 108.90, p < .001) or flat 

(X2(1, N=160) = 4.23, p =.04.) sequences during the memory assessment. 

2.3 Experiment 3 

 To further explore the effect of exposure on alarm annoyance, we took two steps to 

control for potential confounds related to training prior the annoyance task. First, in experiments 

1 and 2, participant’s performance on the training phase determined the overall amount of 

exposure (i.e., participants performing worse took longer to reach our criterion and had more 

alarm exposure). In principle this differential amount of exposure (which varied by envelope 

condition) could affect annoyance ratings. In experiment 3, we assessed annoyance after a fixed 

amount of training to match exposure. We used seven training blocks—the average required to 

reach the criterion in experiment 2. Secondly, our previous experiments could not account for 

pre-existing differences in annoyance as we assessed it only after exposure. To account for this, 

we assessed alarm annoyance prior to the influence of exposure to either the flat or percussive 

alarms (i.e., memory assessment). However for consistency with previous experiments we also 

administered the annoyance task after the memory assessment. This allowed for exploration of 

changes due to exposure to the memory assessment.  



M.Sc. Thesis – S. Sreetharan; McMaster University – Psychology, Neuroscience & 
Behaviour 

 

10 

2.3.1 Methods 

We recruited 72 participants (48 female, 24 male) ranging in age from 18 – 23 years (M = 

18.94, SD = 1.14) from McMaster University through the Psychology SONA online research 

participation system and the Introduction to Music Cognition course. All participants had 

corrected-to-normal vision. Upon completion, participants received course research credit as 

compensation.  We used the same alarms synthesized with complex tones as in experiment 2.

 The memory assessment and the annoyance tasks were similar to the previous 

experiments with the following exceptions. First, participants completed the annoyance task, 

identical to the annoyance task in the previous experiment, hereafter referred to as time 1. After, 

participants completed the memory assessment comprised of the same four phases: study phase, 

training phase, distracter phase, and evaluation phase (see section 2.1.1 for a detailed 

breakdown). All participants completed a total of seven blocks, regardless of performance (i.e., 

even if they passed the criterion). At the end of the memory assessment, participants completed 

the annoyance task once again, hereafter referred to as time 2 (See Figure 3 for overview of 

paradigm for all experiments).  

2.3.2 Results 

We conducted Mann-Whitney tests evaluating the effect of envelope condition on alarm 

learnability as measured by the number of blocks required to meet our new criterion (i.e., 

correctly identifying 7/8 alarms correctly on two consecutive blocks to a maximum of seven 

blocks). We found no difference for those trained on flat alarms (Mdn = 5.5) and percussive 

alarms (Mdn = 5.0) on alarm learnability, U = 691.5, p =.61. We conducted Mann-Whitney tests 

evaluating the effect of envelope condition on alarm identification after a short break. We found 
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no difference in alarm identification for those evaluated on the flat alarms (Mdn = 8.0) or 

percussive alarms (Mdn = 8.0), U = 647, p =1.00.   

Time 1 (Pre Memory) Annoyance Assessment. We performed chi-square tests of 

goodness-of-fit to examine whether flat alarms and percussive alarms are perceived to be equally 

annoying for all participants for the time 1 annoyance task. Participants rated flat alarms 

significantly more annoying regardless of whether they were assigned to the percussive (X2(1, 

N=288) = 141.68, p < .001.) or flat (X2(1, N=288) = 159.01, p < .001) memory assessment 

conditions. Additionally, we performed a chi-square test to examine differences in annoyance 

ratings between participants before random assignment to the flat or percussive condition for the 

memory assessment. We found no difference in annoyance ratings between assigned groups 

(percussive, flat) before exposure, X2(1, N=288) = 0.95, p = .33, indicating no bias in our random 

assignment.   

 Time 2 (Post Memory) Annoyance Assessment. We performed chi-square tests of 

goodness-of-fit to examine whether flat alarms and percussive alarms are perceived to be equally 

annoying for those that learned percussive or flat alarms during the memory assessment for the 

time 2 annoyance task. Participants that learned the percussive alarms during the memory 

assessment chose the flat alarms to be significantly more annoying than the percussive alarms 

X2(1, N=288) = 144.5, p < .001. Similarly, participants that learned the flat alarms during the 

memory assessment chose the flat alarms to be significantly more annoying than the percussive 

alarms X2(1, N=288) = 148.27, p < .001. We performed McNemar’s tests to evaluate changes in 

annoyance ratings from time 1 to time 2 by memory assessment condition. We found no change 

in annoyance ratings for those than learned flat alarms, X2(1, N=288) = 0.17, p >.05, or 

percussive alarms X2(1, N=288) = 0,  p >.05 from time 1 to time 2.  
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3. General Discussion 

3.1. Alarm Annoyance 

In experiments 1 and 2, we found that flat alarms are perceived to be more annoying than 

percussive alarms for those who learned either percussive or flat alarms (Figure 4A, 4B). 

According to the mere exposure effect, we would expect that participants in the flat condition, 

who had greater exposure to the flat alarms than the percussive alarms, would perceive the 

percussive alarms to be more annoying. However, the mere-exposure effect does not fully 

explain our results; both participants trained on percussive and flat sequences found flat more 

annoying in pure tones (experiment 1) and complex tones (experiments 2 and 3), implicating the 

role of envelope in annoyance judgements. In our experiments we did not directly compare the 

role of overtones in annoyance ratings since harmonics play an important role in addressing 

psychoacoustic concerns of localizability and providing resistance to masking (Edworthy et al., 

2017; Patterson, 1982). 

In experiment 3, when participants rated annoyance at time 1 (pre memory assessment), 

flat alarms were rated to be more annoying than the percussive alarms. This revealed that in the 

absence of alarm exposure, the flat alarms were perceived to be more annoying. At time 2 (post 

memory assessment), participants in both experimental groups rated the flat alarms to be more 

annoying than the percussive alarms. Furthermore, comparing annoyance ratings across times 1 

and 2, participants consistently chose the flat alarms to be more annoying than the percussive 

alarms (Figure 4C), independent of memory assessment condition. This may suggest that after 

exposure to both flat and percussive alarms, participants have an intractable preference for 

percussive alarms unaffected by further exposure to one type of alarm; however, we speculate 

that we are observing carryover effects due to repeated annoyance measurements presented 
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within a short time period. The inclusion of two identical annoyance tasks likely resulted in 

practise or carryover effects (Cleophas, 1999) as participants might have wanted to respond 

consistently during both annoyance assessments, effectively resisting any effects of memory 

assessment condition. To further understand the effect of envelope exposure in annoyance 

assessment, we contend that longer exposure periods should be examined to understand if 

envelope preferences are malleable.  

Despite the potentially confounding carryover effects, experiment 3 demonstrates a 

preference for percussive alarms in the absence of exposure. Consistent with the results from 

experiments 1 and 2, it suggests that percussive alarms are less annoying than equivalent flat 

alarms—even when controlling for exposure time. Additionally, it illustrates that flat tones are 

more annoying than percussive even prior to exposure during the assessment condition. These 

results are consistent with previous work showing that stimulus intensity (i.e., loudness) 

accounted for more variability in preference ratings for pure tones than musical dissonance (i.e., 

harshness or lack or harmony). Specifically, loudness was the most important factor in 

participants’ ratings of preference (Martindale & Moore, 1990). Although envelope is not 

synonymous with intensity, sounds with percussive envelopes exhibit exponential decaying 

levels in intensity and overall lower intensity levels compared to equivalent sounds with flat 

envelopes. We roughly equated perceived loudness between the sequences based on informal 

listening.  Although future research could use a more formalized approaches (i.e. through pilot 

studies addressing perceived loudness explicitly), we do not think the strong differences in 

annoyance observed can be explained by subtle potential differences in perceived loudness. 

Since we held all other factors (e.g., pitch, timing, rhythm) constant and only varied envelope for 
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the trials assessing annoyance, we suggest that envelope differences are an important factor in 

annoyance assessments.  

Although further research is needed to clarify the basis for these differences in 

annoyance, we propose the preference for percussive alarms can be attributed in part to their 

prevalence in our natural environment. Percussive tones are prevalent in the natural world; many 

small animals use alarm vocalizations with varying percussive envelopes to convey signals to 

conspecifics without revealing their location (Bradbury & Vehrencamp, 1998). In our daily 

interactions with our environment, percussive sounds are heard as we produce impact-type 

events (e.g., placing an object on a surface) and are characteristic of many instruments (e.g., 

xylophone, piano) that have pleasant timbres (Gabrielsson & Juslin, 1996). We have become 

both habituated and reliant upon percussive tones to inform us about our surroundings and guide 

our behaviours whereas flat tones are novel sounds we have not yet habituated to providing little 

meaningful information. 

3.2. Learning and Memory  

Given that medical professionals must recall the meaning associated with each alarm, it is 

important to assess whether changes in their envelope structure harm the learning and recall of 

alarm messages.  To assess this crucial issue, each experiment included assessment of learning 

and memory in addition to annoyance. Our results suggest that envelope does not harm learning 

of IEC alarms. Across all three experiments, we found no difference in the number of blocks 

required to reach our learning criterion (i.e., alarm learnability) between those that learned 

percussive or flat alarms. Additionally, we found no difference in performance after a short break 

between those that learned percussive or flat alarms (i.e., short-term memory) across all three 

experiments. However, we find a strong trend suggesting that both learning and short-term 
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memory for flat alarms is better than percussive alarms. We suspect that the overlapping tones 

present in the percussive alarms may contribute to alarm confusion leading to poorer results. 

Although we did not test whether non-overlapping percussive alarms harm learnability, 

previously Gillard and Schutz (2016) showed that non-overlapping percussive alarms do not 

harm learning or short-term memory.   

In contrast to our results, previous work demonstrated that percussive tone sequence–

object associations facilitate faster learning and retention than flat tone sequence–object 

associations (Schutz et al., 2017). Whereas Schutz et al. (2017) paired tone sequences with 

common household objects (e.g., keys, books), we paired tone sequences with their alarm–

referent (i.e., alarm name). An important distinction between theses associations is that 

household objects are considered to be concrete objects (i.e., having physical referents) whereas 

most of the IEC alarm–referents are either abstract concepts (power failure) or specific patient 

states (blood pressure is problematic). There is generally stronger representation for concrete 

concepts than abstract concepts; concrete concepts are supported by greater semantic features 

(Plaut & Shallice, 1991), more contextual information (Schwanenflugel & Shoben, 1983), and 

have structurally different representational frameworks (Crutch & Warrington, 2004). In the 

present work, it is possible that these object categorization differences led to a null result 

between short-term learning and memory of sound-object association.  

Despite their utility, the IEC alarms are widely recognized to be difficult to learn 

(Edworthy, 2011, 2013; Edworthy et al., 2017; Sanderson, Wee, & Lacherez, 2006; Wee & 

Sanderson, 2008). It is likely the difficulty in learning IEC alarms can be attributed to the 

homogeneity in the alarm tone sequences. All medium-priority IEC alarms use three-note tone 

sequences, are synthesized within a narrow frequency range (262-523 Hz) and have similar 
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melodic contours (i.e., rise/fall pattern of tones). In adherence to IEC 60601-1-8 standard, we 

maintained the same pitch, rhythm, and timing in our stimuli. Of the nine possible permutations 

of rise/fall patterns for three-note tone sequences (Block et al., 2000), the IEC alarms employ 

only six of these permutations. Due to the importance placed on melodic contour in learning 

these alarm–referent pairings (Dowling & Fujitani, 1971; Gillard & Schutz, 2013), the similarity 

in melodic contour is one possible reason that we did not find any effect of envelope.  

IEC alarms are designed with the mnemonics to aid in learning (Block et al., 2000), but 

we did not mention these mnemonics to participants as previous studies have documented that 

these mnemonics are not effective at reinforcing alarm–referent pairings  (Edworthy & Hellier, 

2006; Wee & Sanderson, 2008; Wee & Sanderson, 2005).  One study investigating the ability of 

22 critical care nurses (i.e., clinicians responsible for responding to IEC alarms) to learn and 

discriminate IEC alarms over two training sessions with and without mnemonics. IEC alarm 

identification accuracy was poor; only one nurse identified the alarm accurately after two 

training sessions. Furthermore, they found no difference in overall identification accuracy for 

those that learned the alarms with mnemonics (56%) and without mnemonics (55%) (Wee & 

Sanderson, 2008). It is unlikely that a lack of learning differences in our experiments can be 

attributed to the absence of mnemonics.  

3.3. Implications  

 Our results show that alternative envelopes to those mandated in IEC standards such as 

percussive envelopes lower alarm annoyance without harming the alarm learnability. Although 

this insight holds potential for applied use in alarm design, some may be concerned about 

volume reduction; percussive alarms have less energy than flat alarms (although this does not 

mean they are less salient—merely that their decay allows for less overall energy in the tone). 
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Although contrary to the “better-safe-than-sorry” approach taken by alarm designers by making 

alarms as loud as possible ensuring they are heard above background noises, softer alarms are 

equally effective. One study found that clinicians’ performance on a cognitively-demanding and 

clinically-relevant task (i.e., requiring responses to alarms) when the alarm volume was +4 dB 

above background noise levels was comparable to when the alarm volume -11 dB below or 

softer than background noise levels (Schlesinger et al., 2018). Moreover, at a larger scale, 

reducing noise levels has potential benefits for clinicians and patients alike. In an observational 

study, nurses provided saliva samples and subjective stress ratings every 30 minutes while 

continuous measurements of sound level and heart rate were recorded for a three-hour period. 

Higher sound levels were predictive of subjective stress and annoyance in addition to being 

correlated with faster heart rates (Morrison, Haas, Shaffner, Garrett, & Fackler, 2003). Excess 

noise also affects a patient’s healing processes and negatively impacts sleep quality (Konkani, 

Oakley, & Penprase, 2014). 

 Alarms are ubiquitous; an analysis of the alarms at the John Hopkins Hospital indicated 

that on average each bed alerts 350 alarms per day (Jones, 2014). Although amplitude envelope 

manipulation is highly unlikely to solve the alarm fatigue problem, any improvement, even 

incremental is beneficial. Between 2005 and 2008, there were 566 reports of alarm-related deaths 

(Cvach, 2012). Through creating less annoying and ergonomic alarms, we can help reduce the 

prevalence of alarm fatigue and create a safer environment for both patients and clinicians.  
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Figure 1. Sample amplitude envelope shapes. Each panel represents changes in amplitude (i.e., 

loudness) over time highlighting the difference in offset between (A) percussive tones and (B) 

flat tones. 
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Figure 2. Timing information for (A) flat and (B) percussive alarms. Colours are used to 

distinguish the time and amplitude differences for each note during overlapping notes.  
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Figure 3. Overview of methods. Summary of the methods for all three experiments. Unique to 

experiment 3 (shown in purple) is the addition of the annoyance task before the memory 

assessment referred to as “Time 1” and the annoyance after memory assessment referred to as 

“Time 2”. 
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Figure 4. Annoyance task results for all experiments. In (A) experiment 1 and (B) experiment 

2, participants in both flat and percussive memory assessment conditions chose the flat alarms to 

be more annoying than the percussive alarms. In (C) experiment 3, participants chose the flat 

alarms to be more annoying than the percussive alarms at both times 1 and 2. Participants were 

relatively consistent in their annoyance ratings, with no significant changes in envelope choices 

from time 1 to time 2 based on memory assessment condition. *p < .05, **p < .01, ***p < .001.  
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