
 

 

 

ABSTRACT 

TAYLOR, JESSECA ROSANNE ISRAEL.  Speed It or Repeat It: The Effects of Non-Speech 

Alarm Features on Alarm Awareness. (Under the direction of Dr. Christopher B. Mayhorn). 

  

Although several well-known warning processing models indicate that attention is 

necessary for information processing of warnings, few empirical studies have sought to conduct 

auditory warning research using explicit attentional capture approaches.  The overall goal of this 

dissertation research was to examine conscious awareness of alarms that were unexpected by 

participants.  Scenarios involving detection of unexpected alarms typically have not been 

addressed in the warning literature even though evidence from basic cognitive research shows 

expectancy increases event detection.  Alarm speed and alarm repetition have been shown to 

influence subjective impressions and objective responses to unexpected alarms.  Assessed were 

people’s ability to detect alarms presented at different speeds and repetitions while performing 

visual and auditory tasks concurrently. Participants were not informed of the alarms prior to task 

completion.  In this study, participants rated the slower alarm as less urgent, but they were more 

accurate in detecting it compared to the fast version of the alarm that was rated significantly 

more urgent.  Additionally, detection was better when an alarm was repeated during a task trial 

compared to when the alarm was presented once.   

 

Keywords:  auditory alarms, speed, urgency, repetition, inattentional deafness, awareness, 

modality 
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INTRODUCTION 

Dr. Jen Thomas, an anesthesiologist, is in the operating room monitoring a patient 

during cardiac surgery. She has already administered anesthesia to the patient, Mr. Johnson, 

and she is providing ventilation with manual bagging. Early in the surgery, an alarm sounds 

when Mr. Johnson’s heart rate climbs above 90.  A heart rate in this range may require drug 

intervention, so Dr. Thomas is intently scanning the visual and auditory physiological monitors 

to watch for changes in Mr. Johnson’s condition.  The ventilator alarm begins to sound because 

the assisting nurse stopped squeezing the ventilator bag. She shifts her attention to the 

capnography and oximetry monitors to check for normal respiration and oxygenation. Dr. 

Thomas does not notice a drug infusion pump is disconnected from an AC receptacle, and it is 

running on a nearly-depleted battery.  She does not notice the audible, distinctly-patterned alarm 

that is being emitted from a chip on the pump. Furthermore, she does not see the accompanying 

visual warning displayed on a monitor behind her.  Unfortunately for the patient and her, the 

drug pump is going to stop working shortly, and the patient will not receive the drugs needed for 

anesthesia. Why is the doctor missing this loud, distinct alarm? (adapted from Seagull & 

Sanderson, 2004) 

Warnings are used to bring awareness to critical events including unexpected ones such 

as equipment malfunctions and other unforeseen changes resulting in hazards such that people 

need to engage in immediate protective action. There are several warning processing models that 

show warnings are processed across different  perceptual and cognitive stages, and one stage that 

is common among the models is attentional capture of warnings (e.g., Lehto & Miller, 1986; 

Rogers, Lamson, & Rousseau, 2000; Wogalter, 2006).  Figure 1 shows the Communication-

Human Information Processing (C-HIP) model, which is one example of a warning processing 
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model (Wogalter, 2006).  A warning is processed in a sequence of stages in the C-HIP model.  It 

is first distributed by a source using a sensory channel and medium, and then is passed to 

intended receivers.  At the receiver end, a warning passes through various stages of cognitive 

processing.  Attention must be directed and maintained on a warning until the receiver is able to 

comprehend the information presented by the warning extracted.  Warnings are often used as a 

last resort to protect people and property from harm when hazards are difficult to eliminate or 

guard against, especially in highly complex and dynamic tasks and situations.  Sometimes, 

people are occupied with resource-demanding tasks that leave few attentional resources to attend 

to other stimuli in the environment, such as warnings, and the warning process is not completed.  

 

 

Figure 1. Communication-Human Information Processing (C-HIP) model. 

 

Warning salience is considered important for capturing attention from other competing 

environmental stimuli (Wogalter & Vigilante, 2006).  However, basic attention research suggests 
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salient stimuli do not automatically capture attention. Phenomena such as inattentional blindness 

(IB) and inattentional deafness (ID) are terms used to describe the reduced or complete inability 

of a warning to capture a person’s attention and gain awareness of a task-irrelevant and possibly 

unexpected event.  IB is the failure to notice an irrelevant and/or unexpected visual event or 

object that is visible because most resources are expended on another challenging task (e.g., 

Simons & Chabris, 1999; Strayer, Drews, & Johnston, 2003).  ID, the lesser-studied of the two 

phenomena, is the auditory analog of IB (Macdonald & Lavie, 2011; Mack & Rock, 1998).  The 

unexpected event is auditory, and like its visual counterpart, is not noticed when attention is 

allocated to another task.  However, in the case of both phenomena, research demonstrates the 

surprise event is noticed when attention is directed towards it. (Cartwright-Finch & Lavie, 2007; 

Kreitz, Furley, Simons, & Memmert, 2016; Macdonald & Lavie, 2011; Mack & Rock, 1998).  IB 

is a potential issue for visual warnings (Wogalter & Vigilante, 2006), but ID is not discussed 

even though it was introduced in Mack and Rock (1998)’s seminal investigation on inattention.  

ID has not received as much attention in the warnings literature even though knowledge on it 

may inform warnings research and design (e.g., Baldwin, 2012; Stanton & Edworthy, 1999).  

Since the 1980s, there has been increased focus by researchers on using the auditory modality to 

communicate emergency and hazard information in mobile phones, car navigation and collision 

systems, medical equipment, and aircraft (e.g., Baldwin, 2011; Patterson, 1982, 1990; Edworthy 

& Hellier, 2000; Graham, 1999; Nees, Helbein, & Porter, 2016).   

Inattentional Blindness 

Evidence for IB has been established across different experimental settings.  In perhaps 

the most popular demonstration of IB, roughly half of viewers miss a gorilla that walks across a 

video scene, beats its chest, and walks off the screen while two teams pass basketballs (Simons 
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and Chabris, 1999).  The viewers missed the gorilla because their attentional resources were 

allocated to the task of counting bounces rather than by background distractors, such as the 

gorilla.  A more recent investigation revealed that 75% of cell phone users missed a clown 

unicycle across their path despite the clown being dressed in a bright purple and yellow costume 

with large red shoes and a red nose (Hyman, Boss, Wise, McKenzie, & Caggiano, 2010).   

Studies that have used more controlled methodologies provide supporting evidence for 

detection failures of less bizarre but visible surprise stimuli.   Mack and Rock (1998) had 

participants perform several trials that involved making a judgment of the longest arm of a cross.  

During one later trial, approximately 25% (on average) missed a task-irrelevant object (e.g., 

square, diamond) that was displayed briefly near the cross at or near fixation (Mack & Rock, 

1998).  In another study, researchers used the same task paradigm to evaluate perceptual load’s 

effect on inducing IB (Cartwright-Finch & Lavie, 2007).  The researchers manipulated the 

perceptual load in the line judgment task by varying the lines’ lengths with a larger difference 

between the lines in the low load conditions and smaller difference in the lines in high load 

conditions.  Awareness to an unexpected, task-irrelevant square was lower when perceptual load 

increased, but awareness was never 100% even when perceptual load was lower.  These findings 

replicated Mack and Rock’s (1998) study showing that people miss objects when they are 

attending to another task.  Simons and Chabris (1999) reported that 35% of participants missed 

an opaque (i.e., more visible) version of the gorilla, and 42% missed a partially transparent 

version of the gorilla that appeared in the video while they counted basketball passes. These 

studies suggest physical salience and novelty are not sufficient for events to gain awareness; 

however, there appears to be a relationship between awareness of an unexpected event and its 

physical features.  For example, Simons and Chabris (1999) reported fewer people missed the 
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black gorilla when they were instructed to count the passes of the team in black shirts as opposed 

to the misses occurred while watching the team in white shirts.  Another study revealed more 

people miss moving discs that change to a different color from the target’s disc color compared 

to the proportion of people that missed the moving discs when the discs change to the same color 

as the target (Welk, Creager, & Gillan, 2014).   

Researchers in another study (Most, Simons, Jimenez, Clifford, & Chabris, 2001) utilized 

a visual monitoring task that involved tracking black or white T and L letters moving around a 

display; the task was to keep count of the number of times white or black (depending on the 

condition) shapes bounced off the display borders.  They found awareness increased when they 

presented an unexpected ‘X’ that was in a similar luminance to that of the target-colored shapes. 

This result shows unexpected events that share physical resemblance with task stimuli are 

noticed more.  Across all of the studies mentioned, awareness reports were never 100% when 

participants attended to another task.  However, detection was near perfect during full attention 

trials indicating the surprise stimuli were perceivable.  During full attention trials, participants 

are instructed to ignore the stimuli from the previously performed task and direct their attention 

towards detecting the surprise event or to unusual things. 

Although many studies have examined visual awareness as a function of the unexpected 

event’s physical features, there is also research on semantic relatedness of the surprise stimulus 

and task-relevant stimuli.  Semantic relatedness refers to the meaning of the surprise stimulus 

and how it is connected to the task-relevant stimuli and the task.  In a study on semantic 

relevance of events and IB (Welk & Gillan, 2015), participants counted the number of target 

transfers that occurred during a visual monitoring task.  The researchers manipulated the 

semantic content of the unattended targets with numbers: a number close to the actual number of 



 

6 

 

target transfers in the trial (close relevance), a number far from the actual transfers (slight 

relevance), and a letter (no relevance).  The results revealed the semantic relevance did not have 

a significant effect on unattended target detection. One interpretation given by the researchers is 

perceptual content receives more thorough processing than semantic content when attention is 

directed towards another demanding task.  

Inattentional Deafness 

Several studies report diminished processing of irrelevant auditory information when 

resources are allocated to another demanding task, which has been shown at the behavioral level 

in task performance  (Dehais, Causse, Vachon, Régis, Menant, Tremblay, 2014; Macdonald & 

Lavie, 2011; Raveh & Lavie, 2015) and the neural level (e.g., Molloy, Griffiths, & Lavie, 2015; 

Giraudet, St-Louis, Scannella, & Causse, 2015; Scheer, Bülthoff, & Chuang, 2018). ID studies 

have published similar findings regarding factors that influence IB.  Researchers used a three-

dimensional auditory version of the infamous gorilla paradigm to evaluate ID (Dalton & 

Fraenkal, 2012).  The paradigm consisted of a man repeating the utterance “I’m a gorilla” for 19 

seconds while people listened to one of two unrelated conversations about preparing for a party.  

Even with sustained presentation of the unexpected, irrelevant gorilla statement, the proportion 

of participants’ awareness of the statement never reached 100%. Another study of participants’ 

ID to a 25 second e-guitar solo embedded in orchestra music produced similar results 

(Koreimann, Gula & Vitouch, 2014).  It has been shown that people experience ID to sounds 

with less shock value—for example, to simple pure tones while performing visual air traffic 

control tasks (Causse, Imbert, Giraudet, Jouffrais, & Tremblay, 2016) and visual cross arm 

discrimination tasks (e.g., Macdonald & Lavie, 2011).  Furthermore, ID research findings 

parallel IB studies regarding the physical similarity between unexpected events and task-related 
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stimuli.  For example, Dalton and Fraenkal (2012) manipulated the gender of the speakers in the 

attended and unattended conversations.  More people reported hearing the gorilla statement when 

they attended to men conversing (their gender matched the gender of the gorilla statement 

speaker) compared to reports after attending to women conversing (speakers’ gender did not 

match gender of the gorilla statement speaker).   

Similar to the IB studies showing that a person’s awareness of an unexpected visual event 

depends on the relationship between the unexpected visual event and the visual target, research 

has shown the same relationship exists in the auditory modality.  In a series of experiments 

(Tellinghuisen, Cohen, & Cooper, 2016), researchers manipulated the relationship between 

visual targets and auditory distractors to examine for distractor effects.  In one experiment, the 

auditory distractors were categorized as compatible (same letter as visual target), incompatible 

(different letter than the visual target, but a possible target), and neutral (letter was not a possible 

target).  The auditory letters were presented while participants searched a visual array of letters 

for the letter target.  The researchers found incompatible auditory letters to be distracting during 

the visual task as response times were longer. In a more recent investigation, event-related 

potentials (ERPs) were used to measure brain processing of irrelevant auditory sounds in 

conditions where auditory task relevance was manipulated (Scheer et al., 2018).  The 

investigators reported that processing of unexpected auditory sounds was diminished when the 

auditory modality was irrelevant to the task.  

Bottleneck Theories 

Although ID is a relatively new phenomenon in attentional capture research, some 

questions that researchers seek to answer about ID were the focus of the selective attention 

research conducted in the 1950s and 1960s.  One topic of interest is how much processing an 
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unattended stimulus receives when it is irrelevant to the current task being performed.  Does 

processing stop at surface, perceptual features, or does processing continue until semantic 

information is extracted?  Typically in listening studies, a binaural or a dichotic shadowing task 

was used to present various speech messages, and it was discovered that few aspects (e.g., 

gender, listener’s name in content) of unattended messages were reported when attention was 

directed towards another task-relevant message (e.g., Cherry, 1953; Moray 1959).  

Such research lent credence to the early filter theory (also known as the classic bottleneck 

theory) that posits irrelevant messages are filtered out because they do not share the same 

sensory features with the attended message; the attended message is the only one that is further 

processed at the semantic level (Broadbent, 1958).  Cherry’s (1953) finding that names were 

noticed in the irrelevant message was not explained by the early filter theory, and opposing 

theories were developed as a result.  One such opposing late filter theory was the attenuation 

theory that postulates unattended messages are examined at different stages—separate stages for 

sensory, pattern, and semantic processing—for characteristics that match those of the attended 

message (Treisman, 1964a, 1964b).  At each stage, the filter passes attenuated forms of the 

unattended messages that do not possess the features of the attended message. 

On the surface, IB and ID appear to support the early filter view because these terms have 

been associated with lack of awareness of a stimulus.  However, some investigations showed that 

even though people were unaware of the presence of a surprise stimulus, the stimulus was 

processed for perceptual features (Mack, 2003; Mack & Rock, 1998).  For instance, Mack and 

Rock (1998) presented a word prime as the task-irrelevant, unexpected stimulus during the cross 

line discrimination task, and presented a word stem afterwards.  The researchers concluded that 

unexpected stimuli are processed outside of awareness because participants were more likely to 
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complete the word stems with the word primes instead of using other words that were possible 

answers.  Similarly, in another study (Moore & Egeth, 1997), participants’ judgments during the 

line length discrimination task were affected by the presence of dotted patterns of the Müller-

Lyer illusion even though they did not report seeing the illusion.  These findings contradict the 

early filter views because the unattended stimuli were shown to receive implicit perceptual 

processing, and the early filter theory posits unattended stimuli are filtered out at the sensory 

level before higher-level aspects are noticed. 

IB and ID research show people notice higher-level, semantic features in unattended, 

surprise stimuli.  For example, Mack and Rock (1998) reported higher awareness when the 

participant’s name was presented as the surprise stimulus, and they found higher awareness for 

happy face icons compared to other icons.  Additionally, a recent investigation reported 

unattended auditory stimuli were noticed more when they shared the same meaning or category 

designation as the visual target (Tellinghuisen, Cohen, & Cooper, 2016).  These findings support 

the late filter theories’ that state unattended stimuli are not filtered out at the sensory level.        

 In addition to both paradigms focusing on the same question about how much processing 

unattended stimuli undergo, early listening studies and some ID studies used the same 

methodological approach.  In the early research done using dichotic listening tasks, participants 

knew the unattended content would not help with shadowing the attended message, and in some 

studies (e.g., Treisman, 1964a), they were instructed to ignore the other message(s).  Similarly, 

in some contemporary studies (e.g., Dalton & Lavie, 2007; Giraudet, St-Louis et al., 2015; 

Tellinghuisen et al., 2016), participants were instructed to ignore certain events that are irrelevant 

to tasks they are performing, and those events were considered distractors if their presence leads 

to task performance decrements.  However, in other ID studies, participants were not informed 
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that irrelevant information will be presented while they perform tasks, nor that they will be 

evaluated on their ability to detect that irrelevant, unexpected information.    

According to Dalton and Hughes (2014) and Simons (2000)’s reviews on attentional 

capture literature, explicit attentional capture paradigms are appropriate for studying explicit 

attentional capture, which addresses whether an event is processed to the degree that it reaches 

consciousness.  Typically, those paradigms measure attentional capture of unexpected events by 

incorporating probes such as “did you notice anything unexpected or different?” and descriptions 

of that unexpected event.  The inability to notice a task-irrelevant, surprise stimulus is the most 

powerful demonstration of selective attention limitations because participants are typically 

unable to deliberately allocate attention or create task strategies around that stimulus (Simons, 

2000).  Explicit attentional capture paradigms may help warning designers assess an alarm’s 

ability to capture attention.  Designers need to know that an alarm will be processed enough to 

gain awareness so that it is recognized as an alarm, particularly in unpredictable situations.      

Applications with Auditory Warnings 

Auditory alarms are displays composed of tones, bells, buzzers, beeps, and other non-

speech components, and they are used to alert, direct attention to another display, and 

communicate information (Haas & Edworthy, 2006).  Alarms can be simple, consisting of a 

single sound that repeats, or more complex, with several sounds that have different spectral and 

timing patterns.  Complex alarms offer more flexibility in what they can communicate because 

different spectral and timing combinations can be chosen to convey different information.  One 

challenge in alarm design (and other types of auditory displays) is to create alarms that are 

audible when juxtaposed with background noise without being too loud because extremely loud 

alarms can lead to negative effects on cognition and task performance and induce alarm fatigue 
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(Edworthy, 2013; Edworthy & Hellier, 2000; Horkan, 2014; Keller, Tschan, Beldi, Kurmann, & 

Semmer, 2016).   Fortunately, there are research-based guidelines (Patterson, 1982) and warning 

detection models (e.g., Laroche, Tran Quoc, Hetu, & McDuff, 1991) that address warning 

audibility.   

Edworthy and Hellier (2006) assert the most challenging aspect of auditory warning 

design is creating a warning that will be perceived as acceptable and important enough to 

encourage receiver compliance; this impression of importance is linked to the level of urgency 

conveyed through a warning.  Urgency is a subjective impression of how important or urgent it is 

for receivers to respond to a particular warning.  Sound urgency needs to match the urgency of 

the hazard situation to avoid confusion about the severity of the situation.  Edworthy, Loxley, 

and Dennis, (1991) ranked sounds with ratings according to the level of urgency conveyed in a 

thorough investigation where the sounds used as stimuli varied in spectral, melodic, and 

temporal parameters.  They reported several parameters increased subjective urgency including 

increased presentation speed, more repeated sound pulses, and higher pitch.   

Investigators applied Stevens’ Power law to show a measurable relationship between 

objective changes in sound acoustics and perceived differences in urgency of those sounds 

(Hellier, Edworthy, & Dennis, 1993).  Among the acoustic features related to changes in 

perceived urgency, speed and number of repeating units had the highest exponents; the 

investigators concluded that changes to the above-mentioned features have the largest effects on 

perceived urgency.  Evidence of a relationship between urgency and physical warning properties 

was confirmed in a more recent study (Guillaume, Pellieux, Chastres, & Drake, 2003) using a 

multidimensional scaling technique where participants made dissimilarity ratings to pairs of real 

emergency alarms (and sounds similar to those used in Edworthy et al., 1991).  Haas and Casali 
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(1995) had participants perform a visual monitoring task and respond to auditory signals that 

varied in pulse formatting, speed (duration of silence between pulses), and intensity level.  

Signals presented with no silent periods between pulses were perceived as more urgent than 

those with silent periods between pulses.  Suied, Susini, and McAdams (2008) confirmed that the 

duration between the onsets of one pulse to the next pulse affects response times to auditory 

signals; these results held when sounds were presented at equal intensity and equal perceived 

loudness levels.                

This research suggests that temporal features of auditory alarms consistently have a 

significant effect on subjective urgency and response.  Although attentional capture is inferred 

when responses are made to alarms, one can argue that participants’ expectancy of alarms 

confounds the measurement of attentional capture (though explicit attentional capture was not 

the primary focus of the studies).  Typically, ID studies show awareness reports close to 100% 

when attention is directed to unexpected sounds and lower reports when attention is directed to 

another task.  Several studies (Dalton & Fraenkel, 2012; Koreimann et al., 2014; Mack & Rock, 

1998) have systematically varied perceptual features and revealed ID manifests even in the 

presence of salient, surprise events.  Mack and Rock (1998) found that 33% of participants did 

not report a surprise clarinet tone that sounded while participants listened for the letter ‘A’ in a 

stream of letters even though the tone and the letters were presented at the same intensity level.  

Koreimann and colleagues (2014) reported that 76% of a sample missed the e-guitar and 21% 

missed a more salient version of the guitar while those participants counted timpani beats in an 

orchestra piece.  Dalton and Fraenkel’s (2012) investigation revealed 55% to 70% of participants 

missed the gorilla statement when there was a larger difference in acoustic features of the 
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statement (spoken in male’s voice) compared to the shadowed conversation (dialogue between 

female speakers).  

Despite research showing that physically salient (e.g., intense or unique) objects go 

undetected, warning literature seems to emphasize salience as a key factor in attentional capture.  

In the non-speech alarm research much focus has been on designing appropriate acoustic 

features.  Alarm loudness is one feature that influences salience, but it has limited application 

because startle, fatigue, and annoyance factors increase as alarm loudness increases (Baldwin, 

2011, 2012; Edworthy & Hellier, 2006; Patterson, 1982).  Evidence-based guidelines (Patterson, 

1982) indicate alarm temporal patterns facilitate detection.  As shown in warnings studies, 

people report higher urgency ratings and respond faster to anticipated alarms that have repetitive 

pulse units and faster presentation speed (Edworthy et al., 1991; Hellier et al., 1993; Suied et al., 

2008).  However, these temporal manipulations have not been examined with different 

paradigms that involve unexpected alarm presentations.  In terms of speed (duration), although 

faster alarms are perceived as more urgent, longer alarms may be more detectable while people 

are engaging in a demanding task.  This alternative view is supported by the recent work of 

Taylor and Wogalter (2019) that revealed longer, more detailed speech warnings were perceived 

to be more acceptable compared to shorter warnings.  The current research uses an inattention 

paradigm to explore whether increased alarm speed increases participants’ alarm detection.        

Detection of Repeated Unexpected Events 

Previous research has investigated the effects of a primed sound on awareness of that 

same sound in subsequent trials.  Findings illustrate awareness is higher when people are 

exposed to the surprise event more than once.  Mack and Rock (1998) measured ID to a triple-

beat sound presented among evenly-spaced, single tones in the last (critical) trial while 
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participants shadowed digits as the primary task and found 65% of participants did not report 

hearing anything other than the task stimuli.  They followed up with another study where the 

trials were reversed such that participants completed a full attention control trial (i.e., instructed 

to listen for the different beat while ignoring task-relevant digits) first and the digit shadowing 

trials later.  ID decreased from 65% to 7% with the trial reversal.  This finding was significant 

because it showed participants were able to detect the odd sound if their attention was directed 

towards it in earlier trials.  In Dehais et al.’s (2014) investigation, a sample of pilots performed 

two simulation procedures that involved landing aircraft during a landing gear failure.  One 

procedure was more demanding in that pilots experienced wind shear that induced a drastic 

decrease in aircraft speed along with the landing gear issue that was present.  Pilots who 

completed the easier procedure first were 4.89 times more likely to notice the alarm in the 

following (more difficult) scenario compared to pilots who completed the procedures in reverse 

order.  The authors asserted that pilots detected the alarm during the easier procedure, which led 

them to expect the alarm in the other procedure (Dehais et al., 2014).   

Both of the abovementioned studies show detection of unexpected sounds increases when 

attention is directed towards them or when attentional demands are low.  Welk et al. (2014)’s 

investigation on IB provides additional evidence that repetition of surprise events decreases 

inattentional failures and increases conscious awareness.  In their investigation, surprise visual 

events were presented in 36 trials randomly dispersed among 72 trials, and awareness rates 

improved in the later trials compared to earlier trials.  Welk and Gillan (2015) also replicated and 

reported the same finding.    

In the current research study, repetition effects were examined in two ways.  First, 

repetition was manipulated by the number of times the alarm was repeated in one trial.  Second, 
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the alarm was presented in more than one trial to examine awareness over trials.  Unlike most of 

the other ID studies mentioned, participants completed multiple trials with and without the 

unexpected event (alarm) instead of completing one trial with the event.    Thus far, this review 

has focused mostly on unattended stimulus features.  Another factor that may influence 

participants’ performance is the sensory modality of the unattended, unexpected stimulus and the 

modality of the target stimuli.  

Modality of Unexpected Stimulus 

There are practical reasons to consider sensory modality’s effect on awareness.  Sensory 

modality refers to the perceptual system or channel involved in stimulus presentation.  The visual 

and auditory systems are frequently used to present warning information, but others exist, 

including the tactile modality. Warning design guidelines recommend the use of auditory 

warnings when the visual system is taxed (e.g., Proctor & Van Zandt, 2008; Stanton & 

Edworthy, 1999).  This recommendation is grounded in the idea that each modality has its own 

separate pool of limited resources.  In line with this notion, the multiple resource theory explains 

that two tasks sharing the same modality will interfere with each other more so than tasks using 

different modalities (Wickens, 1980).  For instance, Soto-Faraco and Spence (2002) revealed 

targets presented in separate streams (at different times) were detected when one was auditory 

and the other was visual.  However, the second target was not detected when both were presented 

within the same modality.  Detection of one target in one modality did not affect detection of 

another target in another modality.  These findings offer supporting evidence that cross-modal 

targets are processed with different, independent attentional resources.   

There is also a notion that IB and ID have different underlying mechanisms.  Indeed there 

are fundamental differences in visual and auditory processing.  The visual system prioritizes 
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spatial processing, and audition prioritizes temporal processing (Kubovy, 1981).  Audition has 

the advantage that the ears cannot be “turned off,” and it has been called “an early warning 

system” (Dalton & Lavie, 2007) because it is omnidirectional.  The ears can listen in all 

directions without head movement; they do not close like the eyes.  As such, awareness rates of 

unexpected auditory events may be better than awareness of visual events.  

CURRENT RESEARCH 

The current research sought to answer the following main questions:  

1) Do acoustic parameter levels connected to higher levels of warning urgency (e.g., faster speed, 

repetition of alarm) increase conscious awareness rates (i.e., less ID) of unanticipated auditory 

alarms compared to alarms with parameter levels associated with lower urgency (e.g., slower 

speed, fewer repetitions)?  

2) Does alarm awareness increase over trials?  

3) Does awareness vary depending on whether events are related or independent?  

This research used an explicit measure (awareness reports of alarms) and implicit 

measures (performance on primary tasks) to evaluate detection of unexpected auditory alarms.  

Instead of using a traditional, singular approach (i.e., presenting the unexpected alarm in one 

trial) to measure IB and ID, a multi-trial paradigm, similar to the paradigm in Welk et al. 

(2014)’s IB investigation, was used.  The goal of the current research was to use a paradigm that 

exhausts enough perceptual and cognitive resources to reduce attention to unexpected events.  

Utilizing a dual task set-up was more likely to accomplish that goal.  Thus, participants 

completed a visual task and an auditory task concurrently as dual primary tasks.   

Participants were instructed to complete a visual task that requires monitoring one of two 

targets and respond to specified changes in the attended target.  In addition to that task, a second 
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task involved listening for an oddball sound in a serial stream of sounds.  A third secondary task 

involving alarm detection was not explicitly disclosed to participants.  A fourth secondary task 

involved detecting a change to an unattended visual target; participants were not informed that 

these changes would occur.  Compared to the selective attention set-up where participants 

engage in one explicit task, this multi-task procedure is more ecologically valid for the dynamic 

nature of social and occupational settings where warnings are presented.  Often in real-world 

situations, people perform multiple, cross-modal tasks simultaneously.  One example of such a 

situation is provided in the opening anesthesiology vignette.  Another, more mundane example is 

driving.  Drivers engage in visual tasks, such as scanning and monitoring the road for pedestrians 

and signs, and they may need to listen to auditory directions delivered by navigation systems.  

Detection of unexpected events in this study is an approximation of unclearly-defined or 

unpredictable situations, similar to cars veering into drivers’ blind spots.  Alarms are designed to 

capture awareness to those kinds of events.  

Discrete auditory alarms used in this research simulated medical alarms that tend to have 

pulse bursts with melodic, musical patterns that vary in pitch and timber (Edworthy, 2013).  

Moreover, they are longer than the alarm-like sounds used in other studies.  Despite these alarms 

being longer, they are considered discrete signals, and not continuous signals like those used in 

sonification displays.  It was expected that the alarm’s meaning would be unknown to most 

participants, and that this awareness would be influenced by the manipulated physical features 

instead of influenced by meaning.  The hypotheses tested are provided below. 

Research Hypotheses 

H1. There will be significant higher alarm awareness rates when the faster alarm is 

presented compared to when the slower alarm is presented.  People perceive an alarm with little 
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to no silence between pulse bursts to be more urgent and respond faster compared to responses to 

the same alarm with longer silent periods between its pulse bursts (Haas & Casali, 1995; Suied et 

al., 2008).  Given evidence that faster alarms are perceived to be more urgent and produce faster 

response times, explicit attentional capture (awareness) of an unexpected alarm should increase 

as a function of alarm speed. 

H2a. The proportion of alarm awareness will be significantly higher when the alarm is 

repeated during a trial compared to awareness for an alarm presented once during a trial.  

People perceive alarm-like alerts as more urgent when they are repeated (Edworthy et al., 1991; 

Hellier et al., 1993).  Furthermore, repeated presentations offer more opportunities for alarms to 

be detected.    

H2b. The proportion of alarm awareness across the first half and second half of the trials 

will be significantly different.  Some previous studies varied attentional demands across trials and 

showed increased detection rates of repeated unexpected events.  For instance in Mack & Rock 

(1998), attention was directed towards the unexpected sound in some conditions; doing so led to 

better detection of the sound in later trials even though attention was directed away from the 

sound and to another task.  Similarly, Dehais and colleagues (2014) reported detection increased 

when participants completed a less demanding task followed by a more demanding task as 

compared to when participants were exposed to tasks in the reverse order.  In Welk et al. (2014), 

the researchers used a different paradigm: Participants were exposed to unexpected events 

multiple times but were always instructed to attend to the primary task.  The researchers reported 

detection rates improved across time (or trials).   

H3a. There will be no significant correlation between alarm awareness and unexpected 

visual event awareness; performance on these two tasks will be independent of one another.  
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Detection rates of the two events should not be related to each other because attentional 

resources are modality-specific and independent (Wickens, 1980). 

 H3b.  There will be a significant difference in average proportion of alarm awareness 

and proportion of visual event awareness across conditions.  Alarm awareness will be 

significantly higher than the proportion of awareness for unexpected visual events because of 

audition’s unique abilities in sound detection (Dalton & Lavie, 2007).  

PRELIMINARY EXPERIMENT 

 This preliminary, formative experiment was conducted to select the auditory stimulus to 

serve as the unexpected alarm in the subsequent studies.  This stimulus was chosen from a set of 

existing alarm sounds.       

Method 

 Sample. Twelve students from North Carolina State University participated.  The sample 

used for analyses consisted of six males (50%) (M = 19 years, SD = 0.79).  The reported 

ethnicities were Caucasian (9), African-American (2), and Asian (1). All reported English as 

their native language, and none reported having hearing impairments.  Five (42%) participants 

indicated they had musical training.  

 Stimuli. Twenty-one alarms from http://www.anaesthesia.med.usyd.edu.au/ 

resources/alarms/ were used in the experiment.  The alarms are designed according to the 

ISO/IEC 60601-1-8 medical alarm standard and/or Patterson (1982)’s auditory warnings 

guidelines.  They vary based on the urgency level of the situation (medium, high severity) and 

event type (e.g., ventilator, cardiovascular).   

Procedure.  Participants were tested alone in a quiet, well-lit room.  They sat at a 

desktop furnished with a computer. First, participants gave consent by reading and signing an 
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online informed consent on a survey that was created using Qualtrics©, an online survey 

platform survey.  All participants completed a quick hearing test that was administered with a 

Micro Audiometrics Earscan® 3M Audiometer.  An experimenter presented pure tones of 

various frequencies (250, 1000, 2000, 4000, 8000 Hz) at a threshold of 25 dB separately at each 

ear to assess for possible hearing loss.  Participants had their backs facing the experimenter 

during the test, and they raised their hand to respond to tones.  The experimenter altered the pace 

and order of tone presentation to prevent anticipated responses and recorded responses.  All 

participants included in subsequent analyses responded to all of the pure tones presented. 

After providing informed-consent, participants wore Sennheiser HD 280, circumaural 

headphones for the remainder of the session.  A sound level meter was used to measure loudness.  

A sound level meter showed the alarm stimuli were approximately 60 dB at the earphone level.  

The room had a sound level of approximately 40 dB, which is appropriate for a quiet room.  The 

computer volume was kept constant across all participants. 

The first section of the survey involved participants providing detailed descriptions of 

each alarm.  This section was organized such that a link to one alarm was provided along with 

the following statement: “Listen to the sound that appears with this question. Click on the link to 

listen and provide a detailed description of what you heard.”  Participants typed their 

descriptions in the text box that accompanied each link.  The link, statement, and text box for an 

alarm were presented together on one page, separate from the other alarms; alarm presentation 

order was randomized.  Participants were not given the chance to revisit previous responses.  The 

purpose of this section was to formulate a list of possible alarm descriptions that would be used 

as guidance for scoring open-ended responses in subsequent studies.    
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 In the next section, participants rated urgency conveyed by each alarm.  The following 

scenario was provided to give context to participants as they rated the alarms:  

Please read the following scenario completely.  Imagine you work as a nurse in the 

intensive care unit. You are currently in the room of a patient who survived a massive 

stroke.  She is connected to more than five monitors that are tracking her vital signs.  

Some monitors give continuous sound alerts to communicate the patient’s condition, 

which could change very quickly due to her medically-fragile state. You are in the corner 

of the room on the computer, and you are focused on updating the patient’s chart.  The 

room is noisy due to all of the sound alerts going off, but while you are typing, you also 

are listening for alerts or alarms that indicate the patient needs immediate attention from 

you.   

In this section of the survey, you will listen to a series of medical alarms. Please rate each 

alarm according to how urgent the alarm would sound if it were given as an alarm in the 

scenario provided above. Think of urgency in terms of the alarm signaling the patient 

needs immediate action or attention from you. Indicate your rating of urgency using 

a number 0 to 100. Zero indicates the alarm does not sound urgent at all, and you 

can continue charting.  One hundred indicates the alarm sounds extremely urgent, 

and you must stop charting and quickly check the patient because she is in 

immediate danger. Please use a whole number between 0 to 100 (no decimal numbers) 

for your ratings. 

 The organization of this section in the survey was similar to the first section. One alarm 

link, statement (i.e., “Use the scenario you read to rate how urgent the alarm would sound if it 

were given as an alarm. Use a number 0 to 100. Higher numbers indicate higher urgency”), and 
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text box were shown for each alarm. Participants listened to and rated each alarm separately.  

After completing this section, participants listened to the same alarms (randomly ordered), rating 

them on urgency again.  Thus, each participant provided two ratings for each alarm. 

Next, participants listened to the same 21 alarm sounds but rated them on loudness.  They 

were instructed to rate each alarm on how loud it sounds, using a number from 0 to 100: 0 

indicated the alarm was not audible; 100 indicated the alarm was extremely loud.  The procedure 

and presentation was similar to previously described sections of the survey.  Participants heard 

the alarms in this section once; each participant contributed one loudness rating for each alarm.  

Loudness ratings were used as a measure to ensure urgency ratings were not correlated with the 

perceived alarm loudness.          

The last section consisted of demographic questions pertaining to gender, age, education, 

medical training, and musical training.  Upon completion of this section, participants were 

thanked for participating and debriefed prior to dismissal.   

Results 

 A mean rating for each alarm was computed for each participant.  Overall mean ratings 

for each alarm were computed across the participant sample.  The descriptive statistics for 

urgency ratings were: M = 41.89, Median = 43.96, and SD = 17.70. The data suggest the urgency 

ratings were from a normal distribution (skew = .17, SEskew = .50, kurtosis = -1.20, SEkurtosis = 

.97); visual examinations of the histogram and Q-Q plot provided additional evidence of this 

interpretation.  Loudness ratings had a mean of 54.03, median of 57.50, and standard deviation of 

14.34. The data suggest loudness ratings from the alarm set are from a normal distribution (skew 

= -.73, SEskew = .50, kurtosis = -.76, SEkurtosis = .97).  A correlation test revealed there was no 

significant relationship between the urgency and loudness ratings, rs (19) = -0.30, p = .19. 
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These findings suggested that the most appropriate alarm to use for the subsequent 

studies would be one that is in the middle range in terms of urgency. Using an alarm rated in the 

middle would leave room for adjustments to that sound’s urgency.  An alarm with a high 

urgency rating would likely produce a ceiling effect (i.e., adjusting the alarm’s physical features 

would have little effect on its perceived urgency because it would already be perceived as 

extremely urgent). The high urgency oxygen alarm and medium urgency artificial perfusion 

alarm were considered as choices based on central tendency measures.  The oxygen alarm had 

the median urgency rating, but its loudness mean rating (70.42) was higher than the median and 

mean loudness ratings.  The perfusion alarm had mean urgency rating of 44.67, and its loudness 

rating (57.50) was closer to the median and mean loudness ratings.  The perfusion alarm was 

selected as the alarm to be used as it had ratings closest to the median and mean rating in both 

urgency and loudness.  Furthermore, the standard deviation in urgency ratings was slightly lower 

for the perfusion alarm (SD = 24.36) compared to the oxygen alarm (SD = 27.20), which 

indicates more consistent ratings for the former.  

The website described the artificial perfusion alarm to convey medium urgency and has 

three tones in the notes C4-F4-C4.  It was likened to the sound "Yo-ee-oh" of the Munchkins in 

"The Wizard of Oz" film.  As mentioned previously, participants gave descriptions of the alarms, 

without context or meaning of the alarms.  The descriptions of the perfusion alarm provided by 

the participants are shown in Table 1. 

  



 

24 

 

Table 1. 

Text Descriptions of the Artificial Perfusion Alarm  

Three beeps 

Soft sound 

Two flat notes with high note between  

Three notes, the first and third note are the same. but the second note is slightly 

higher 

Three sounds of similar cadence. (e.g. Boop BOOP Boop) 

Three beeps at different pitches like this: medium - high - medium. Each beep 

was somewhat drawn out in length.  

This sounds like you get an answer wrong on a test and it plays in a 1 2 1 pattern 

 

EXPERIMENT 2  

Explicit attentional capture (awareness reports) and implicit attentional capture (task 

performance) to unanticipated alarms were examined in this experiment.  The alarms used in this 

experiment varied in inter-pulse intervals (IPI) of silence between sound pulses: 8 ms (fast) or 

300 ms (slow).   

Method 

Sample.  A convenience sample of 42 student volunteers from the North Carolina State 

University PSY 200 research pool participated.  Three participants were excluded from data 

analyses because they failed to detect the alarm when it was presented during both the 

experimental trials and the full attention trial.  The final sample consisted of 18 (46.2%) male 

and 21 (53.8%) female students (Mage = 19 years, SD = 1.17), all of whom reported being full 

time students, except for one participant.  The sample reported ethnicity as follows: 26 (66.7%) 

Caucasian, 9 (23.1%) Asian, 1 (2.6%) Hispanic or Latino, 1 (2.6%) Native American, and 2 
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(5.1%) Mixed Race.  Thirty-four (87.2%) reported English as their native language.  All reported 

normal or corrected-to-normal vision.  All participants correctly identified three or more number 

plates in color vision screening.  Two reported diagnosed hearing problems, including otitis 

media and eardrum scarring, but they did not miss any tones during the hearing screen test.          

Computer program.  To evaluate ID in this experiment, a multi-task paradigm including 

a visual task and an auditory task was used.  These tasks were presented as a modified version of 

the computer program used in a previous IB investigation (Welk et al., 2014).  The program was 

developed in a Unity game environment and designed to play on a Windows computer.  The 

visual task involved 20 two-dimensional pucks moving around a square display.  Each puck had 

a 2.79 cm diameter with a smaller 1.71 cm center for a target.  These pucks moved freely in all 

directions and had the ability to collide with each other and the borders of the game display; they 

changed direction upon collisions.  Each trial had a randomly appointed scenario that defined the 

puck-puck collisions, initial puck positions, and velocity directions, and each scenario was 

unique to ensure variation across trials.  A subset of scenarios from Welk and her colleagues 

(2014) was used in this experiment.                   

White noise (54 dBA) played continuously to both ears in the background during each 

trial.  The auditory task involved presentation of a serial stream of 13 pure tones during each 

puck trial. Each tone had a duration of 750 milliseconds, and the silence inter-stimulus interval 

(ISI) between tones varied randomly (0.9 s, 1 s, 1.2 s, 1.5 s, or 1.7 s) to increase variability of 

tone presentation. The stream began playing when the pucks began moving, and the stream 

finished by the end of the trial, which was approximately 15 to 20 seconds.  The distractor tones 

in the stream were 460 Hz or 700 Hz.  An oddball tone was played in 50% of the trials, and it 

was 900 Hz.  All tones were approximately 74 dBA.  The position in the stream and ear for each 
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tone were randomized.  A WAV file was generated for each frequency tone. All sounds were 

recorded and measured using a sound level meter to be roughly equal in sound level.  Sound 

volume was adjusted in the program to ensure tones and alarms were not masked by the white 

noise.   

In some trials, a version of the non-speech alarm was randomized to play monaurally 

within the stream of auditory tones.  The position and ear that the alarm was played were 

randomized.  Alarms were not presented at the first or last four serial positions to ensure there 

was sufficient time to hear the entire alarm.  Other aspects of the alarms were configured 

according to trial conditions described in later sections.   

The program collected participants’ data.  Variable levels for each condition were 

collected and saved to spreadsheet format.  All auditory stimuli were prepared with Audacity 

sound editing software.   

Colorblindness assessment. An abbreviated, online version of the PseudoIsochromatic 

Plate Color Vision Test was administered to ensure all participants could perceive colors such as 

red and green because color perception is needed for the visual task (Waggoner, 1999).  The test 

consisted of 5 plates, all of which have a colored number on a different-colored background. 

Participants had 5 seconds to identify the number and were instructed to verbally indicate their 

answers to the experimenter.  The answers were recorded on paper.   

Hearing screening. A hearing test using a Micro Audiometrics Earscan® 3M 

Audiometer was administered to ensure participants had normal hearing. Pure tones of 250 Hz, 

1000 Hz, 2000 Hz, 4000 Hz, and 8000 Hz were presented monoaurally at each ear.  Results were 

recorded on paper.   
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Post-test questionnaire. A questionnaire was administered to collect data on 

demographics (e.g., gender, education), vision and hearing problems, and experience working in 

the medical field, and musical training. Participants also rated each alarm on perceived urgency 

using a scale of 0 to 100, with higher values indicating greater urgency.  This information was 

recorded using Qualtrics©.   

Design 

 A 2 (Unexpected Visual Target Change: present, absent) X 2 (Oddball Tone: present, 

absent) X 2 (Unexpected Alarm: present, absent) X 2 (Alarm Speed: slow, fast) within-subjects 

factorial design was used.  The first factor determined the presence or absence of an unexpected 

visual event in a trial.  The second factor is associated with the oddball tone detection task; in 

50% trials the oddball tone target was presented.  The remaining factors are associated with the 

unexpected alarm: one controlled the presence or absence of the alarm during each trial, and last 

factor controlled the IPI of the presented alarm.    

Alarm speed was determined by the IPI, which is the period of silence between each 

sound pulse presentation.  The slow alarm stimulus’ waveform and spectrogram are shown in 

Figure 2, on the top and bottom respectively.  The three shaded areas represent the sound pulses 

of the alarm, and non-shaded area (as seen in the top-half) are the intervals of silence. Each IPI 

for the slow alarm version was 300 milliseconds; the pink area is highlighted to depict one IPI.  

The duration of that alarm was 1437 milliseconds.  
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Figure 2. The waveform and spectrogram for the slow alarm with 300 IPI. 

   

Alarms played at the fast speed had shorter, IPIs of 8 milliseconds (767 ms total 

duration).  Alarms were played at 46 dBA.  Extraneous factors such as presentation ear and 

presentation order were randomized. 

 There were seven dependent variables: two for visual task performance (puck tracking 

transfer error and confidence in performance in that task), one for performance in detection of 

unexpected changes in non-tracked visual target, two for auditory task performance (oddball 

detection error and confidence in performance), one for detection of unexpected alarms, and one 

for confidence in performance in detecting unexpected events.             

Procedure   

Participants were tested alone in a quiet, well-lit room.  They sat at a desktop furnished 

with a computer to complete the tasks and questionnaire. After filling out an online informed-

consent form, they completed the color blindness assessment. Next, participants completed the 

hearing screening. Participants wore Sennheiser HD 280, circumaural headphones to help with 

concentration and block out extraneous noise from surrounding rooms.  An experimenter read 
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aloud from a script that summarized the tasks’ instructions and goals.  Participants also read the 

instructions on the display after the computer program began.  Prior to the start of each trial, the 

screen displayed a numeric countdown from three seconds to give participants time to prepare.   

During the first experiment block, participants performed one practice trial and 20 trials 

of the oddball detection task as a single task.  In this block, stationary white pucks were 

displayed on the screen (See Figure 3 for screenshot). Participants were instructed to focus their 

gaze on those pucks.  Participants had the opportunity to listen to each tone prior to the onset of 

each trial.  The instructions were to remember the target tone’s presence or absence during the 

current trial and answer the prompt, “Was the target sound presented during the task?” They then 

rated their confidence in their answer as part of the post-task questions.  No post-task feedback 

was given.   

 

Figure 3. Screenshot of oddball-only task block. Pucks were used as a fixation point. 

 

 

 During the second experiment block, participants performed one practice trial and 32 

trials in which the visual puck tracking task and the oddball detection task were performed 
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simultaneously (See Figure 4 for screenshot).  Images of the possible target and puck 

combinations were given visually.  In the pre-trial instructions, participants received a visual 

indicator (the word “white” or “black”) for the puck they were to monitor.  The attended target 

color (green or red) changed across trials with the unattended target always starting as a different 

color than the attended.  The task was to press the spacebar key when the specified target 

transferred to other pucks of the same color.   

Figure 4. Screenshot of puck tracking task. Pucks moved around the screen. 

 

The oddball detection task was the same as described previously.  Participants 

remembered the target tone’s presence or absence during the current trial and were prompted for 

their answers after the trial was completed.  Participants were urged to spend equal time on both 

tasks and to focus on accuracy.   
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Prior to the start of a trial, the screen displayed a numeric countdown from three seconds 

to give participants time to prepare for the tasks.  Participants answered the following questions 

after each trial: 1) How confident are you that you recorded the correct number of transfers (by 

hitting the spacebar) during this trial? 2) Which base color target puck were you tracking? 3) 

Was the target sound presented during the task? 4) How confident are you that you heard (or 

didn’t hear) the target sound this trial? 5) Did you notice anything unexpected? 6) If participants 

indicated yes to the previous question, they explained their answer. 7) How confident are you in 

that assertion? 

In the practice trial, the unexpected visual target change and unexpected alarm were not 

presented.  Following the practice trial, the unattended target puck changed in 50% of the trials.  

Additionally, within 50% of the trials, the unexpected alarm was presented with 300 ms IPI or 8 

ms IPI.    

Following the experimental trial block, participants performed one full attention trial.  

During that trial, the stimuli involved in the visual and auditory tasks were presented.  Both 

unexpected visual and auditory events occurred.  The difference in this trial was participants 

were instructed to ignore the visual task stimuli and auditory primary tasks’ stimuli, and to watch 

and listen for things that were irrelevant to the previously completed tasks.  This trial served as a 

manipulation check to ensure participants were able to perceive the auditory alarm. 

The last part of the experiment was a post-experiment questionnaire covering questions 

about demographic information, completed psychology course(s), musical training, medical 

training, and urgency ratings of slow and fast alarms played during the experiment.       
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Results 

For the primary visual task, there were two performance measures: transfer errors and 

confidence in performance.  For each trial, transfer error was computed by subtracting the 

number of actual spacebar presses from the number of presented transfers, using the absolute 

value of that number.  Across trials, the average number of transfer errors was computed.  

Performance confidence was recorded as a percentage and averaged across trials.   

For the primary auditory task performance, there were two performance measures: 

oddball detection error and confidence in performance.  For each trial, detection error had a 

dichotomous outcome (error = 1, no error = 0).  In the target absent trials, indicating that the 

target was present was coded as “1” for an incorrect response. Across those trials, the proportion 

of error was computed as the number of errors divided by the number of target absent trials.  In 

the target present trials, indicating that the target was absent was coded as “1” for incorrect.  

Across those trials, the proportion of error was computed by dividing the number of errors by 

number of target present trials.  Overall performance (in terms of error) was calculated as the 

total number of errors divided by total trials.  Confidence in performance was recorded and 

averaged.       

Unexpected visual event awareness was computed similar to how oddball tone detection 

was handled, except awareness was measured in terms of correctness. The dichotomous 

outcomes were that “1” was assigned for correct answers (i.e., correctly reporting the unexpected 

change when it occurs and correctly reporting the absence of the unexpected change when it does 

not occur) and “0” for incorrect answers.  Participants’ answers were parsed for responses to the 

question “Did you notice anything unexpected?” and their descriptions of the unexpected event.  

Reports of unexpected changes were classified as correct if they provided correct descriptions 
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and responded that they noticed the unexpected changes.  Unexpected alarm awareness was 

coded and calculated similar to unexpected visual event awareness.   

Correlations were run to determine which dependent variables were significantly related.  

Oddball error was negatively correlated with confidence in oddball detection, r (37) = -.67, p < 

001; more errors in oddball detection was related to less confidence in the task. Note Spearman’s 

rho test showed that a correlation between oddball error and transfer error reached marginal 

significance, rs (37) = .31, p = .05. Oddball error was negatively correlated with confidence in 

unexpected event detection, r (37) = -.38, p = 02; more errors in oddball detection was related to 

less confidence in detection of unexpected events. Confidence in oddball detection was 

positively correlated with confidence in unexpected event detection, r (37) = .60, p < 001; 

confidence in oddball detection was positively correlated with confidence in puck transfer 

tracking performance (primary visual task), r (37) = .75, p < .001. Lastly, confidence in puck 

tracking performance was positively correlated with confidence in unexpected event detection, r 

(37) = .43, p = .007.  Overall, high confidence in one task was related to high confidence in the 

other tasks.  The correlation test with alarm detection accuracy and puck change detection 

accuracy was run to address Hypothesis 3a, which stated there would be no significant 

correlation between the two dependent variables.  The results confirmed the hypothesis that there 

was no relationship between performance on the two secondary tasks (alarm detection and puck 

change detection); the correlation not significant, r (37) = .18, p = .27.  There were no other 

significant correlations among the dependent variables. A MANOVA was not used for 

subsequent analyzes because there were no significant correlations among all of the variables.  

Repeated measures ANOVAs were run for each dependent variable and are reported below. 
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Alarm Detection Accuracy 

Overall, participants were highly accurate in alarm detection.  Descriptive statistics for 

alarm accuracy for all conditions are shown in Table 2.  The overall mean accuracy was .84 (SD 

= .15) with the accuracy score range of .50 to 1.00. The distribution of scores was negatively 

skewed (skewness = -1.08, SD = .38).  Skewness was .95 (SD = .38) when the scores were 

reverse coded (highest score obtained + 1 - score) and a log transform was applied to the scores.  

The transformed scores were used in analyses when noted.  A 2 (Oddball Presence) X 2 (Puck 

Change Event Presence) X 2 (Alarm Presence) X 2 (Alarm Speed) ANOVA was run to address 

Hypotheses 1, and all of the results are reported.   

There was no significant main effect of oddball presence on alarm accuracy, F(1, 38) = 

.024, p = .90, η2
p = .0.  There was no significant main effect of puck change event presence on 

alarm accuracy, F (1, 38) = 1.16, p = .29, η2
 p = .03.  There was a significant main effect of alarm 

presence, F (1, 38) = 27.06, p < .001, η2
 p = .42. Participants were better at detecting an absent 

unexpected alarm (M = .97, SD = 0.07) than detecting a present alarm (M = .70, SD = .31).  Note 

a Wilcoxon test (p < .001) and an ANOVA using the transformed values (p < .001) were both 

significant. 

The following test addressed Hypothesis 1 that stated alarm detection would be 

significantly better for faster alarms, and results did not support the hypothesis.  There was a 

significant main effect of alarm speed, F(1, 38) = 16.22, p < .001, η2
 p = .30. However, 

participants had better accuracy at detecting the slow alarm (IPI of 300 ms) (M = .86, SD = .14) 

compared to detecting the fast alarm (M = .81, SD = .16). Note a Wilcoxon test (p = .001) and an 

ANOVA using the transformed values (p < .001) were both significant.  
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Table 2. 

Mean Accuracy of Alarm Detection based on the Presence of an Oddball, Unexpected 

Puck Change, and Unexpected Alarm and Alarm Speed 

Oddball 

Presence 

Puck 

Change 

Presence 

Alarm 

Presence 

Alarm 

Speed M SD 

95% Confidence 

Interval 

Lower 

Limit 

Upper 

Limit 

Absent 

Absent 

 

Absent 

Fast .96 .14 .92 1.01 

Slow .99 .08 .96 1.01 

Present 
Fast .65 .43 .51 .79 

Slow .77 .34 .66 .88 

Present 

Absent 
Fast .96 .14 .92 1.01 

Slow .96 .14 .92 1.01 

Present 
Fast .62 .41 .48 .75 

Slow .77 .36 .65 .89 

Present 

Absent 

Absent 
Fast .99 .08 .96 1.01 

Slow .99 .08 .96 1.01 

Present 
Fast .64 .41 .51 .77 

Slow .77 .34 .66 .88 

Present 

Absent 
Fast .99 .08 .96 1.01 

Slow .96 .14 .92 1.01 

Present 
Fast .65 .40 .52 .78 

Slow .71 .37 .58 .83 

 

 

The following tests involved interaction effects.  The Oddball Presence X Puck Change 

Event interaction was not significant, F(1, 38) = .01, p = .91, η2
 p = .00.  The Oddball Presence X 
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Alarm Presence interaction was not significant, F(1, 38) = 1.09, p = .30, η2
 p = .03.  The Puck 

Change Event X Alarm Presence interaction was not significant, F(1, 38) = .09, p = .77, η2
 p = 

.002. The Oddball Presence X Puck Change Event X Alarm Presence interaction was not 

significant, F(1, 38) = .01, p = .92, η2
 p = .00.  The Oddball Presence X Alarm Speed interaction 

effect was not significant, F(1, 38) = 1.26, p = .27, η2
 p = .03.  The Puck Change Event X Alarm 

Speed interaction effect was not significant, F(1, 38) = .75, p = .39, η2
 p = .02.  The Oddball 

Presence X Puck Change Event X Alarm Speed interaction effect was not significant, F(1, 38) = 

.77, p = .39, η2
 p = .02. 

The following result addressed Hypothesis 1 that stated detection would be significantly 

better for the fast alarm version. There was a significant Alarm Presence X Alarm Speed 

interaction effect, F(1, 38) = 10.15, p = .003, η2
 p = .21. There was a significant difference in 

alarm detection when the alarm was present; detection was better for the slow alarm (M = .75, 

SD = .29) as opposed to the fast alarm (M = .64, SD = .34); these results did not support 

Hypothesis 1. Note an ANOVA with transformed values (p = .005) was significant. Figure 5 

shows the interaction effect graphically. 
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  Figure 5. Line graph of Alarm Presence X Alarm Speed interaction effect. 

 

The Oddball Presence X Alarm Presence X Alarm Speed interaction effect was not 

significant, F(1, 38) = .08, p = .78, η2
 p = .002.  The Puck Change Event X Alarm Presence X 

Alarm Speed interaction was not significant, F(1, 38) = .01, p = .91, η2
 p = .00.  The 4-way 

interaction was not significant, F(1, 38) = .95, p = .34, η2
 p = .02.  

Puck Change Detection Accuracy 

 Overall, participants were less accurate in detecting puck changes.  Mean accuracy was 

.61 (SD = .14) with the proportion of accuracy ranging from .47 to .94.  The distribution was 

positively skewed (skewness = .88, SE = .38). When a log (score + 1) transform was applied, 

skewness was .81 (SE = .38). 



 

38 

 

  There was a significant Oddball Presence main effect on puck change detection accuracy, 

F(1, 38) = 7.60, p = .01, η2
 p = .17.  Participants were better at detecting puck changes when the 

oddball was present (M = .63, SD = .15) compared to when the oddball was absent (M = .59, SD 

= .14). Note the Wilcoxon test (p = .01) and an ANOVA with transformed values (p = .007) were 

significant.  There was a significant Puck Change main effect on puck change accuracy, F(1, 38) 

= 256.33, p < .001, η2
 p = .87. Puck change accuracy was better for detection of absent puck 

changes (M = .96, SD = 0.06) compared to detection for present puck changes (M = .25, SD = 

0.27).  Note the Wilcoxon test (p = .01) and an ANOVA with log transformed values (p = .01) 

were significant.  There was no significant Alarm Presence main effect, F(1, 38) = 1.79, p = .19, 

η2
 p = .05.  There was a significant Alarm Speed main effect, F(1, 38) = 6.59, p = .01, η2

 p = .15.  

Participants were significantly better at detecting puck changes in the slow alarm conditions (M 

= .63, SD = 0.15) compared to detection in the fast alarm conditions (M = .59, SD = 0.14).  Note 

the Wilcoxon test (p = .04) and an ANOVA with log transformed values (p < .001) were 

significant. 

The following tests involved interaction effects.  There was a significant Oddball 

Presence X Puck Change Event interaction effect, F(1, 38) = 5.95, p = .02, η2
 p = .14. The 

interaction was decomposed and revealed participants were better at detecting a present puck 

change when the oddball was present (M = .30, SD = 0.29) compared to detection when the 

oddball was absent (M = .21, SD = 0.26).  There was no significant Oddball Presence X Alarm 

Presence interaction effect, F(1, 38) = .19, p = .67, η2
 p = .01.  There was no significant Puck 

Change Event X Alarm Presence interaction effect, F(1, 38) = .03, p = .86, η2
 p = .001.  There 

was no significant Oddball Presence X Puck Change X Alarm Presence interaction effect, F(1, 

38) = 1.94, p = .17, η2
 p = .05.  There was no significant Oddball Presence X Alarm Speed 
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interaction effect, F(1, 38) = .06, p = .81, η2
 p = .002.  There was no significant Puck Change 

Event X Alarm Speed interaction effect, F(1, 38) = 2.18, p = .15, η2
 p = .05.  There was no 

significant Oddball Presence X Puck Change Event X Alarm Speed interaction effect, F(1, 38) = 

2.30, p = .14, η2
 p = .06.  There was no significant Alarm Presence X Alarm Speed interaction 

effect, F(1, 38) = .28, p = .60, η2
 p = .01.  There was no significant Oddball Presence X Alarm 

Presence X Alarm Speed interaction effect, F(1, 38) = .15, p = .71, η2
 p = .004.  There was no 

significant Puck Change Event X Alarm Presence X Alarm Speed interaction effect, F(1, 38) = 

.32, p = .58, η2
 p = .01.  There was no significant 4-way interaction effect, F(1, 38) = 1.46, p = 

.24, η2
 p = .04.  

Confidence in Unexpected Event Detection 

 The overall mean of confidence in detection was 79.96% (SD = 15.13), indicating 

participants were fairly confident in their ability to detect unexpected events. The data 

distribution was slightly negatively skewed (skewness = -.38, SD = .38), which suggests the data 

were approximately normal. 

 There was no significant Oddball Presence main effect on confidence of detecting 

unexpected events, F(1, 38) = 3.10, p = .09, η2
 p = .08.  There was a significant Puck Change 

Event main effect on confidence, F(1, 38) = 11.57, p = .002, η2
 p = .23. Participants were more 

confident in their ability to detect unexpected events when a puck change occurred (M = 81.78%, 

SD = 14.54) compared to when a puck change did not occur (M = 78.26%, SD = 16.37).  There 

was no significant Alarm Presence main effect, F(1, 38) = 3.14, p = .08, η2
 p = .08.  There was no 

significant Alarm Speed main effect, F(1, 38) = 1.64, p = .21, η2
 p = .04.   

The following involved tests for interactions.  There was no significant Oddball Presence 

X Puck Change Event interaction effect, F(1, 38) = 1.37, p = .25, η2
 p = .04.  There was no 
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significant Oddball Presence X Alarm Presence interaction effect, F(1, 38) = .00, p = .99, η2
 p = 

.00.  There was a significant Puck Change X Alarm Presence interaction effect, F(1, 38) = 4.85, 

p = .03, η2
 p = .11. The decomposed interaction indicated when the unexpected alarm was 

present, there was no difference in confidence ratings based on the presence of puck changes.  

However, when the alarm was absent, confidence was higher when the puck change occurred (M 

= 81.12%, SD = 15.52) compared to confidence when the puck change did not occur (M = 

76.14%, SD = 19.10). There was no significant Oddball Presence X Puck Change Event X Alarm 

Presence interaction effect, F(1, 38) = .02, p = .88, η2
 p = .001.  There was no significant Oddball 

Presence X Alarm Speed interaction effect, F (1, 38) = .18, p = .67, η2
 p = .005.  There was no 

significant Puck Change X Alarm Speed interaction effect, F(1, 38) = .24, p = .63, η2
 p = .006.  

There was no significant Oddball Presence X Puck Change Event X Alarm Speed interaction, 

F(1, 38) = .18, p = .67, η2
 p = .005.  There was no significant Alarm Presence X Alarm Speed 

interaction effect, F (1, 38) = 2.08, p = .16, η2
 p = .05.  There was no significant Oddball 

Presence X Alarm Presence X Alarm Speed interaction effect, F(1, 38) = .02, p = .89, η2
 p = .000.  

There was no significant Puck Change Event X Alarm Presence X Alarm Speed interaction 

effect, F (1, 38) = .02, p = .90, η2
 p = .000.  There was no significant 4-way interaction effect, F 

(1, 38) = .001, p = .98, η2
 p = .000.  

Oddball Detection Error 

Participants did well in the oddball detection task as the overall mean proportion of 

oddball error was .14 (SD = .12).  The data distribution was positively skewed (skew = .99, 

SEskew = .38). When a log (x + 1) transform was applied to the distribution, skewness was .62.  

There was no significant main effect of oddball presence on oddball error, F (1, 38) = .70, 

p = .41, η2
 p = .02.  There was no significant main effect of unexpected puck change event on 
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oddball error, F (1, 38) = .01, p = .93, η2
 p = .01.  There was a significant main effect of alarm 

presence on oddball error, F(1, 38) = 5.37, p = .03, η2
 p = .12; there were more errors in oddball 

detection when an alarm was present (M = .17, SD = .14)  compared to errors when an alarm was 

absent (M = .12, SD = .12).  There was no significant main effect of alarm speed on oddball 

error, F (1, 38) = .14, p = .71, η2
 p = .004. 

The following results involved analyses of interaction effects.  There was no significant 

Oddball Presence X Puck Change Presence effect on oddball error, F (1, 38) = .49, p = .49, η2
 p = 

.01.  There was a significant Oddball Presence X Alarm Presence on oddball error, F (1, 38) = 

7.30, p = .01, η2
 p = .16.  The interaction was decomposed and revealed when the oddball was 

present the presence of the alarm did not affect performance on oddball detection.  The 

difference in detection error was introduced when the oddball was absent: Error was significantly 

higher when the alarm was present (M = .21, SD = .23) compared to when the alarm absent (M = 

.11, SD = .22).  Note p = .02 with log transformed data.  There was no significant Puck Change 

Presence X Alarm Presence on oddball error, F (1, 38) = .09, p = .76, η2
 p = .002.  There was no 

significant Oddball Presence X Puck Change Presence X Alarm Presence on oddball error, F (1, 

38) = .19, p = .67, η2
 p = .01.  There was no significant Oddball Presence X Alarm Speed on 

oddball error, F (1, 38) = 1.67, p = .20, η2
 p = .04.  There was no significant Puck Change 

Presence X Alarm Speed on oddball error, F(1, 38) = .18, p = .68, η2
 p = .01.  There was no 

significant Oddball Presence X Puck Change Presence X Alarm Speed on oddball error, F (1, 

38) = .15, p = .70, η2
 p = .004.  There was a significant Alarm Presence X Alarm Speed on 

oddball detection error, F (1, 38) = 4.9, p = .03, η2
 p = .11. Note p = .04 with log transformed 

data.  The decomposed interaction revealed oddball error was significantly higher when a slow 

alarm (M = .19, SD = .17) was presented as compared to when the slow alarm was absent (M = 
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.11, SD = .12). There were no differences found in oddball error when the fast alarm was present 

(M = .14, SD = .15) or absent (M = .14, SD = .15).  The interaction is shown graphically in 

Figure 6.  

Figure 6. Line graph of Alarm Presence X Alarm Speed interaction on oddball error. 

 

There was no significant Oddball Presence X Alarm Presence X Alarm Speed on oddball 

error, F (1, 38) = .07, p = .79, η2
 p = .002. There was no significant Puck Change Presence X 

Alarm Presence X Alarm Speed, F (1, 38) = .07, p = .79, η2
 p = .002. There is no significant 4-

way interaction, F (1, 38) = .51, p = .48, η2
 p = .01. 
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Oddball Detection Confidence 

Participants were confident in their ability to detect oddballs.  The overall mean for 

confidence in oddball detection was 81.52% (SD = 13.07).  Data appeared to be approximately 

normal (skewness = -.32, SD = .38). 

There was a significant main effect of oddball presence on oddball task confidence, F (1, 

38) = 26.89, p < .001, η2
 p = .41. Confidence in detection was higher (M = 85.61%, SD = 11.79) 

when the oddball was present compared to confidence when the oddball was absent (M = 

77.46%, SD = 15.84).  There was no significant main effect of puck change event on oddball task 

confidence, F (1, 38) = .08, p = .78, η2
 p = .002.  There was a significant main effect of alarm 

presence on oddball task confidence, F (1, 38) = 5.85, p = .02, η2
 p = .13. Confidence in oddball 

detection was higher when the alarm was absent (M = 82.54%, SD = 13.46) compared to when 

the alarm was present (M = 80.52%, SD = 13.20). There was no significant main effect of alarm 

speed on oddball task confidence, F (1, 38) = .09, p = .77, η2
 p = .002. 

The following tests involved interaction effects.  The Oddball Presence X Puck Change 

Event interaction was not significant, F (1, 38) = .79, p = .38, η2
 p = .02.  The Oddball Presence 

X Alarm Presence interaction was not significant, F(1, 38) = .57, p = .45, η2
 p = .02.  The Puck 

Change Event X Alarm Presence interaction was not significant, F (1, 38) = .22, p = .64, η2
 p = 

.01.  The Oddball Presence X Puck Change Event X Alarm Presence interaction was not 

significant, F (1, 38) = .01, p = .93, η2
 p = .00.  The Oddball Presence X Alarm Speed interaction 

was not significant, F (1, 38) = .64, p = .43, η2
 p = .02.  The Puck Change Event X Alarm Speed 

interaction was not significant, F (1, 38) = .28, p = .60, η2
 p = .01.  The Oddball Presence X Puck 

Change Event X Alarm Speed interaction was not significant, F (1, 38) = 1.20, p = .28, η2
 p = 

.03.  The Alarm Presence X Alarm Speed interaction was not significant, F (1, 38) = .00, p = .99, 
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η2
 p = .00.  The Oddball Presence X Alarm Presence X Alarm Speed interaction was not 

significant, F(1, 38) = .09, p = .76, η2
 p = .002.  The Puck Change Event X Alarm Presence X 

Alarm Speed interaction was not significant, F (1, 38) = .48, p = .49, η2
 p = .01.  The Oddball 

Presence X Puck Change Event  X Alarm Presence X Alarm Speed interaction was not 

significant, F (1, 38) = .24, p = .63, η2
 p = .01. 

Puck Tracking Transfer Error 

Overall, participants missed few transfers in the puck tracking task.  The overall mean 

number of transfer errors was 0.48 (SD = 0.27), and the distribution was positively skewed 

(skewness = 1.03, SE = .38). The skewness was .79 (SE = .38) when the data were transformed 

with log (score + 1).   

The Oddball Presence main effect was not significant, F (1, 38) = 1.53, p = .22, η2
 p = .04.  

The Puck Change Event main effect was not significant, F (1, 38) = .05, p = .83, η2
 p = .001.  The 

Alarm Present main effect was not significant, F (1, 38) =3 .94, p = .05, η2
 p = .09.  The Alarm 

Speed main effect was not significant, F (1, 38) = .09, p = .76, η2
 p = .002.   

The Oddball Presence X Puck Change Event interaction effect was not significant, F(1, 

38) = 2.94, p = .10, η2
 p = .07.  The Oddball Presence X Alarm Presence interaction effect was 

not significant, F(1, 38) = .03, p = .86, η2
 p = .001.  The Puck Change Event X Alarm Presence 

interaction effect was not significant, F (1, 38) = .49, p = .49, η2
 p = .01.  The Oddball Presence X 

Puck Change Event X Alarm Presence interaction effect on transfer error was significant, F(1, 

38) = 6.56, p = .02, η2
 p = .15. Note p = .02 on transformed data. When the alarm was absent, 

there were no significant difference in transfer tracking error based on the presence of the 

oddball and puck change; Figure 7a shows this visually.  However, when the alarm and the puck 

change were present, there was a significant increase in transfer error when the oddball was 
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present (M = .66, SD = .71) compared to when it was absent (M = .36, SD = .44). The interaction 

is shown graphically in Figure 7b on the line representing present puck changes. 

 

 

Figure 7a. Line graph of Oddball Presence X Puck Change Presence X Alarm Presence 

interaction for conditions in which alarms were absent. 
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Figure 7b. Line graph of Oddball Presence X Puck Change Presence X Alarm Presence 

interaction for conditions in which alarms were present. 

 

 

 

The Oddball Presence X Alarm Speed interaction effect was not significant, F(1, 38) = 

.54, p = .47, η2
 p = .01.  The Puck Change Event X Alarm Speed interaction effect was not 

significant, F(1, 38) = .80, p = .38, η2
 p = .02.  Oddball Presence X Puck Change Event X Alarm 

Speed interaction effect was not significant, F(1, 38) = .001, p = .98, η2
 p = .00.   Alarm Presence 

X Alarm Speed interaction effect was not significant, F(1, 38) = .84, p = .36, η2
 p = .02.  The 

Oddball Presence X Alarm Presence X Alarm Speed interaction effect was not significant, F(1, 

38) = 1.71, p = .20, η2
 p = .04.  The Puck Change Event X Alarm Presence X Alarm Speed 



 

47 

 

interaction on transfer error was significant, F(1, 38) = 9.09, p = .01, η2
 p = .19. Note p = .02 on 

transformed data.  However, when the interaction was decomposed using the transformed data, 

there were no significant differences among the variables.  There was no significant 4-way 

interaction effect, F(1, 38) = .10, p = .75, η2
 p = .003. 

Confidence in Transfer Tracking Performance 

The average confidence rating for puck transfer task performance was 81.94% (SD = 

10.56). Based on the central tendency measures, the distribution appeared to be normal 

(skewness = .06, SE = .38). There was a significant main effect of oddball presence on 

confidence on the transfer tracking task, F(1, 38) = 4.69, p = .04, η2
 p = .11.  Participants were 

more confident on the transfer tracking task when the oddball was absent (M = 83.19%, SD = 

11.40) as compared to when the oddball was present (M = 80.50%, SD = 11.11). There was a 

significant main effect of puck change event presence on confidence of tracking puck transfers, 

F(1, 38) = 6.07, p = .02, η2
 p = .14. Confidence was higher when the unexpected puck change did 

not occur (M = 83.40%, SD = 11.39) compared to when the puck change occurred (M = 80.29%, 

SD = 11.16). There was no significant main effect of alarm presence, F(1, 38) = .01, p = .91, η2
 p 

= .00.  There was no significant main effect of alarm speed, F(1, 38) = .19, p = .67, η2
 p = .01. 

The following tests involved interactions.  There was no significant Oddball Presence X 

Puck Change Event interaction effect, F(1, 38) = .54, p = .47, η2
 p = .01.  There was no 

significant Oddball Presence X Alarm Presence interaction effect, F(1, 38) = 2.18, p = .15, η2
 p = 

.05.  There was no significant Puck Change Event X Alarm Presence interaction effect, F(1, 38) 

= .01, p = .91, η2
 p = .00.  There was no significant Oddball Presence X Puck Change Event X 

Alarm Presence interaction effect, F(1, 38) = .06, p = .80, η2
 p = .002.  There was no significant 

Oddball Presence X Alarm Speed interaction effect, F(1, 38) = 1.60, p = .21, η2
 p = .04.  There 
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was no significant Puck Change Event X Alarm Speed interaction effect, F(1, 38) = .14, p = .71, 

η2
 p = .004.  There was a significant Oddball Presence X Puck Change Event X Alarm Speed 

interaction effect, F(1, 38) = 4.39, p = .04, η2
 p = .10. The interaction was decomposed, and 

revealed there were no significant differences in confidence in transfer tracking based on the 

oddball presence and puck change events in the fast alarm conditions (Figure 8a).  The 

interaction appeared in the slow alarm conditions when the oddball was present: There was a 

significant increase in confidence when the puck change was absent (M = 84.15%, SD = 12.95) 

compared to conditions where the puck change was present (M = 78.98%, SD = 14.36). This is 

shown in Figure 8b in the rightmost data points on the line representing absent puck changes and 

the line representing present puck changes. 
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Figure 8a. Line graph of Puck Change Presence X Oddball Presence X Alarm Speed for fast 

alarm conditions. 
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Figure 8b. Line graph of Puck Change Presence X Oddball Presence X Alarm Speed for slow 

alarm conditions. 

 

 

There was no significant Alarm Presence X Alarm Speed interaction effect, F(1, 38) = 

.17, p = .68, η2
 p = .004.  There was no significant Oddball Presence X Alarm Presence X Alarm 

Speed interaction effect, F(1, 38) = .20, p = .66, η2
 p = .01.  There was no significant Puck 

Change Event X Alarm Presence X Alarm Speed interaction effect, F(1, 38) = .14, p = .71, η2
 p = 

.004.  There was no significant 4-way interaction effect, F(1, 38) = 3.40, p = .07, η2
 p = .08.  
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t-Tests Alarm Awareness Accuracy 

 To address Hypothesis 2b that stated alarm awareness would increase significantly in the 

second half of the trials alarm awareness was averaged across the first half of trials (16) with 

present alarms and the second half of the trials.  A t test revealed no significant difference in 

alarm awareness, t (76) = -.04, p = .97. Another exploratory analysis involved comparing alarm 

awareness for the first alarm presentation and the subsequent alarm presentations (15 trials).  The 

Levene’s Test was significant, F = 58.25, p < .001; therefore, the degrees of freedom were 

adjusted. A t test revealed a significant difference in alarm awareness, t (63.87) = -2.94, p = .004; 

alarm awareness was significantly lower for the first alarm presentation (M = .44, SD = .50) 

compared to awareness for subsequent presentations (M = .71, SD = .31).  These results show 

alarm detection was significantly better after the first presentation. 

t-Tests - Unexpected Event Detection Accuracy 

 To address Hypothesis 3b that stated performance on the auditory secondary task would 

be significantly better than performance on the visual secondary task, a t test was run to 

determine if there was a significant difference between accuracy in detecting unexpected visual 

events (unattended target changes) and unexpected auditory events (alarms).  The test revealed a 

significant difference in accuracy based on the task, t (38) = 7.90, p < .001; participants were 

more accurate in alarm detection (M = .84, SD = .15) compared to puck change detection (M = 

.61, SD = .14). 

Demographics and Manipulation Checks 

The following test was a manipulation check to ensure that the faster alarm was perceived 

to be more urgent than the slower alarm.  A t-test was run to test for a difference in urgency 

ratings, and it revealed a significant difference in urgency ratings of the slow and fast versions of 



 

52 

 

the alarm, t (38) = 4.26, p < .001.  On a scale of 0 to 100, the fast alarm was rated more urgent 

(M = 33.56, SD = 25.71) compared to the slow alarm (M = 20.15, SD = 18.20).   Several analyses 

were run to determine whether factors such as gender and formal music training influenced alarm 

awareness. A 2 (Gender) X 2 (Alarm Presence) X 2 (Alarm Speed) ANOVA revealed alarm 

awareness was not affected by participant gender (Male: 18; Female: 21), F(1, 37) = .20, p = .66, 

and there were no significant interactions.  A 2 (Formal Music Training) X 2 (Alarm Presence) X 

2 (Alarm Speed) ANOVA revealed alarm awareness was not affected by formal music training 

(training: 17; no training: 22), F(1,37) = .002, p = .97.  Medical experience was not analyzed 

because only one participant reported having medical experience. 

 A t-test revealed there was no significant difference between oddball error in the single 

task block and dual primary task block (oddball task and puck tracking task), t (76) = -.27, p = 

.98.  Furthermore, there were no significant differences in oddball detection confidence in the 

single task block and dual primary task block, t (76) = .00, p = 1.0.   

Summary of Results 

 Various ANOVAs, t tests, and correlations were run.  In general, participants’ gender 

designation and formal music training did not have significant effects on participants’ ability to 

detect alarms.  Hypothesis 1 stated that alarm detection would be significantly more accurate for 

the fast alarm because it conveys greater urgency.  An ANOVA revealed a significant main 

effect of alarm speed and a significant interaction effect of alarm speed and alarm presence on 

alarm detection accuracy.  The results did not support the hypothesis: Accuracy in alarm 

detection was significantly higher for slow alarms compared to fast alarms.  As expected, based 

on other studies that have shown a relationship between warning speed and perceived urgency, 
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the slow alarm was perceived to be significantly less urgent compared to the fast alarm 

(Edworthy et al., 1991; Haas & Casali, 1995; Hellier et al., 1993).   

Hypothesis 2b stated that alarm detection would be significantly more accurate after 

repeated presentation of the alarms across trials.  The results did not provide support for 

Hypothesis 2b.  A t-test revealed there was no significant difference in accuracy in the first half 

of the trials compared to the second half of the trials.  However, a test showed accuracy in alarm 

detection was significantly lower for the first alarm presentation compared to the subsequent 

presentations.   

An analysis of the relationship between performance on detecting unexpected alarms and 

detecting unexpected puck changes was conducted to address Hypothesis 3a that stated there 

would be no significant correlation between performance on alarm detection and performance on 

puck change detection.  Correlation tests revealed there was no significant relationship between 

the performance measures on these two tasks, which supports Hypothesis 3a. Furthermore, there 

was no relationship between alarm detection and confidence in detecting unexpected events, and 

there was a positive relationship between puck change detection and confidence in detecting 

unexpected events.  Several factorial ANOVAs provided results pertaining to cross-modal effects 

in the tasks involving detection of unexpected events.  One ANOVA showed no significant main 

effect of unexpected puck change (visual) event presence on (auditory) alarm detection accuracy.  

In contrast, looking at the task performance in reverse order, there was a significant main effect 

of alarm speed (auditory) on (visual) puck change detection accuracy. Accuracy was 

significantly higher in slow alarm conditions compared to fast alarm conditions. 

In addition to looking for potential cross-modal effects in the secondary tasks, tests 

revealed results pertaining to the cross-modal, primary tasks.  Although there was a positive 
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correlation between confidence in performing (auditory) oddball detection and confidence in 

(visual) tracking pucks, there was no significant relationship between actual performance in 

oddball detection and transfer tracking.  There was a significant Oddball Presence X Puck 

Change Presence X Alarm Presence effect on puck tracking transfer error.  There was 

significantly higher transfer tracking error when all events (oddball, puck change, and alarm) 

were present as opposed to when the other primary task’s target (the oddball) was absent from 

among the other targets.  Regarding confidence in tracking the puck transfers, there was a 

significant Oddball Presence X Puck Change Presence X Alarm Speed effect on confidence.  In 

slow alarm conditions with a present oddball, confidence was significantly lower when the visual 

puck change event was excluded as opposed to being included in trials.   

Tests also provided results pertaining to cross-modal tasks that consisted of a primary and 

a secondary task.  There was no significant main effect of (visual) puck change presence on 

(auditory) oddball detection error.  Furthermore, confidence in oddball detection was not affected 

by puck change presence.  In contrast, there was a significant main effect of oddball presence on 

puck change detection accuracy; accuracy was higher when the oddball was present. 

Tests also provided results pertaining to examination of intra-modal tasks.  There was a 

significant main effect of alarm presence on oddball detection error; error was significantly 

higher when the alarm was present.  In addition to the main effect, there were significant 

interaction effects involving alarm variables.  There was a significant Oddball Presence X Alarm 

Presence interaction effect.  When the oddball was absent, oddball detection error increased 

significantly when the alarm was presented compared to when the alarm was absent.  

Furthermore, there was a significant Alarm Presence X Alarm Speed interaction effect on 

oddball detection error; error significantly increased when the slow alarm was presented.    
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A t-test was run to address Hypothesis 3b that stated performance on alarm detection 

would be significantly better than performance on puck change detection, and it revealed a 

significant difference in task accuracy based on task type (detecting puck change vs detecting 

alarm). It showed participants were better at detecting alarms compared to detecting the puck 

changes in an unattended puck target.  This result supported Hypothesis 3b.   

Discussion 

 This experiment employed a multi-task, multi-trial approach to examine whether 

detection of unexpected alarms was affected by the alarms’ physical features, specifically alarm 

speed and repeated presentations across trials.  In the main experimental task block, participants 

performed two cross-modal tasks simultaneously—oddball tone detection and puck transfer 

tracking.  Participants were not informed that they also were evaluated on their ability to detect 

auditory and visual surprise events.  The auditory events were comprised of non-verbal auditory 

alarms that were derived from alarms typical of those used as medical equipment alarms; the 

intervals of silence between bursts of pulse sounds in the alarms were manipulated for the 

experiment.   

 Hypothesis 1 predicted there would be significantly better alarm detection for faster 

alarms compared to slow alarms.  This was predicated on previous research suggesting faster 

alarms garner faster responses (Suied et al., 2008) and convey higher urgency from warning 

receivers (Edworthy et al., 1991; Haas & Casali, 1995; Hellier et al., 1993; Suied et al., 2008).  

The experiment results did not support this hypothesis.  Although results indicated participants 

perceived the slower alarm to be less urgent than the fast alarm, participants were better at 

detecting the slow alarm. The alarm stimuli durations seem to offer an explanation for this 

finding.  Although both versions of the alarm had the same number of pulses and bursts, the total 
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duration of the fast alarm was shorter.  It is likely the longer presentation of the slower alarm 

provided participants with more time to notice it.  Moreover, the alarms were presented among 

other auditory distractors, and the shorter, faster alarm may have been more susceptible to partial 

masking by the other sounds.  In terms of warning design, increasing the duration of an alarm 

with longer pauses between pulses will enable it be heard among other noises in the environment 

(Haas & Edworthy, 2006).  Furthermore, design guidelines (Haas & Edworthy, 2006; Patterson, 

1982) indicate the periods of silence allow people more time to communicate while the alarm is 

being presented. 

 Hypothesis 2b predicted there would be an improvement in alarm detection (i.e., learning 

effect) in the second half of the trials; the results did not support this hypothesis.  There was no 

difference in detection in the first and second halves of the trials.  However, another analysis 

revealed detection of the first alarm presentation was less accurate than detection of subsequent 

alarm presentations.  A number of participants commented they heard the alarm early during the 

task, but they were not sure if it should be considered as an unexpected event or background 

noise.  This observational data may offer more perspective on studies that used a single 

inattention trial to present surprise events (e.g., Macdonald & Lavie, 2011; Mack & Rock, 1998). 

It is possible that in those studies, actual detection of unexpected sounds was better than 

reported, but the methodologies used did not allow for examination of this possibility. 

The alarms’ loudness seems to have driven there being no difference in accuracy across 

the first half and second half of the task trials.  Overall, alarm detection accuracy was high, 

which suggests the alarm was clearly distinguishable from the other sounds.  Pilot runs were 

used to ensure the alarm was audible, but additional adjustments to loudness may have been 

necessary to lower the signal-to-noise ratio further to drive lower detection accuracy.  Indeed, 
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warnings research shows warning intensity (or loudness) affects warning detection (Haas & 

Casali, 1995).  Also, it was reported that inattentional deafness rates increased from 33% to 

100% when an unexpected sound’s signal-to-noise ratio was decreased from 0 dB to -30 dB 

(Mack & Rock, 1998).  Likewise, Koreimann and colleagues (2014) reported lower inattentional 

deafness to a musical piece when that piece was more salient in terms of distinctiveness and 

loudness.  This study suggests event detection is influenced by the event’s presentation loudness.  

The results provided support for Hypothesis 3a; the unexpected, cross-modal events did 

not correlate, suggesting the unexpected events could be performed independently of each other, 

and participants did not prioritize one task over another.  Additionally, there was no correlation 

between the cross-modal primary tasks.  Although this finding (no correlation) supported the 

hypothesis, the interpretations of this finding may not provide support for (or against) the idea 

that attentional resources are modality specific.  To determine whether task resources are 

modality specific, one task would need to be difficult enough that all resources would be 

consumed during the execution of that task.  Therefore, performing an additional task in a 

different modality would be possible if there are separate pools of resources.  Conversely, if 

performing a demanding task in one modality prevented execution of another task in another 

modality, there would be evidence supporting the notion that resources are shared across 

modalities.  In this experiment, results suggest the primary tasks did not consume enough 

resources to exceed or reach the capacity limit for each modality; descriptive statistic showed 

visual tasks were relatively easy and auditory tasks were easier.  According to correlation tests, 

participants did not prioritize one primary task over the other primary task, and they did not 

prioritize one secondary, loosely defined task over another secondary task.  There was a 

significant increase in error in transfer tracking only when the oddball target was presented along 



 

58 

 

with the other unexpected visual and auditory events.  Therefore, participants were able to 

perform that task without problem until the perceptual load was increased to include all targets, 

which led to a small but significant increase in transfer error.  This appears to suggest some 

resources are shared among modalities because if the resources were modality specific, the 

addition of an auditory stimulus would not have introduced a decrement in primary visual task 

performance.  Nevertheless, overall transfer tracking error was low, so modifications in task 

demands are warranted to look more into this with future studies.      

  A look into the auditory, primary task shows there were no significant differences in 

oddball detection error when the perceptual load was increased by including both the visual and 

auditory unexpected events.  In other words, there was no significant change in detecting 

oddballs when all of the visual and auditory targets were presented.  Also, given that the results 

showed performance on oddball detection was the same when it was performed as a single task 

and when it was performed along with other tasks, the evidence shows the oddball detection task 

was relatively easy to do.  The overall proportion of error was low in both task blocks.   

The oddball detection task seemed easy because the oddball target tone appeared to 

“stand out” among all of the other distracting sounds.  As mentioned earlier, decreasing the 

loudness (signal-to-noise) of the alarm might increase difficulty in its detection.  In a similar 

vein, the oddball tone may need to be presented in a frequency closer to the distractor tones to 

reduce its salience among the other potentially distracting stimuli, resulting in increased task 

difficulty.  In this study, these two ideas were incorporated into a small experiment that is 

reported later.    

Regarding the comparison of performance in the secondary, unexpected visual task and 

unexpected auditory task, detection was significantly higher for auditory events.  This provides 
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support for Hypothesis 3b that stated performance on alarm detection would be significantly 

better than performance on puck change detection. This finding does not provide evidence that 

there are separate pools of attentional resources for each modality.  The results suggest each task 

alone did not use or exceed available attentional resources.  

There were some interesting results from the analyses that were not planned originally.  

In some cases, the auditory target stimuli acted to facilitate events during tasks.  For instance, 

puck change detection improved when the oddball was present during a trial or in trials with 

slower alarm conditions. Thus, the oddball tone and the alarm served as facilatory cues for 

detecting changes to the non-tracked target puck.    The faciliatory cue finding converges with 

research on cross-modal links in exogenous alerts and visual spatial attention.  Research 

demonstrates that a task-irrelevant, non-predictive auditory cue is able to capture attention in 

some instances and enhance visual processing (see Spence, 2014 for review).  In previous 

research on cueing effects, the auditory cue usually precedes or coincides with the visual target 

of interest.  In the current experiment, the auditory targets were not linked to the timing of the 

visual targets.  In fact, during some trials, the target sounds were presented after the visual target 

change happened.  It may be important to note that in studies on exogenous cues (or orienting), 

facilitation of responses is assessed using online measures such as response latency and response 

times.  The facilitation effect found in this experiment was an improvement on accuracy of 

responses collected post-task. 

In the current study, participants seemed to have created a relationship between the 

presence of the auditory targets and the unexpected visual change in the non-tracked puck target 

even though the oddball tone and alarm did not predict the occurrence of the visual change.  

During the study, some participants commented that they believed the oddball was a signal 
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indicating the non-tracked puck target would change colors.  This finding has implications in 

warning design. If warning receivers have not learned the meaning of an auditory signal and how 

it relates to a task, they may make spurious or erroneous connections with the tasks they are 

performing.  Thus, designers need to carefully develop alarms to be easily understood by the 

receivers to avoid confusion. 

   Although the discussion has focused on auditory stimuli acting as facilitating cues in 

this experiment, there was evidence of auditory target stimuli acting as distractors.  When the 

oddball tone was absent and the alarm was present, there was a significant increase in oddball 

detection error compared to the error experienced when the alarm was absent.  The results imply 

that participants did not have an issue detecting and discriminating the alarm from the oddball 

tone.  The alarm interfered with oddball detection only when the oddball was absent.  The results 

also showed confidence in the task was significantly lower when the alarm was present.  One 

plausible interpretation is participants were uncertain about the oddball presence because they 

thought there was a possibility the oddball was masked by the alarm because the oddball was 

shorter.  This idea is supported by the finding that oddball detection error was significantly 

higher for slower alarms, which played for longer durations.  Given the number of tasks and 

conditions used in this experiment, it was impossible to ensure all oddball tones were not masked 

by the alarms.  Nevertheless, the set-up in this research is more realistic to what would occur in 

real settings where many sounds from alarms and auditory play simultaneously.    

Overall, this experiment demonstrated an alarm’s speed influences whether it will capture 

attention such that that people will become consciously aware of its presence.  Additionally, 

alarm speed affected performance on other tasks that were irrelevant to the alarm.  In the next 

experiment, the repetition of the alarm pulse bursts was manipulated to determine how this 



 

61 

 

feature affected conscious awareness reports of the alarms and task performance on other 

irrelevant tasks.   

EXPERIMENT 3 

The alarm varied in the number of times it was repeated in one trial (once or twice).  

Experiment methodology was the same as Experiment 2 with differences discussed below. 

Design 

 A 2 (Unexpected Unattended Puck Target Change: yes, no) X 2 (Oddball Tone: yes, no) 

X 2 (Unexpected Alarm: yes, no) X 2 (Alarm Repetition in Trial: yes, no) within-subjects 

factorial design was used.  

Repetition was defined as successive presentation of an entire alarm during one trial. The 

“no” repetition condition means the alarm played once during a trial.  The “yes” condition means 

the alarm played twice in succession during a trial.  The single alarm was 767 milliseconds in 

duration.  The repeated alarm consisted of two bursts of the pulses in the single alarm with 100 

milliseconds of silence between the sound bursts.  The repeated alarm was a total of 1611 

milliseconds. 

Sample 

A convenience sample of 51 student volunteers from the North Carolina State University 

PSY 200 research pool participated.  A total of 11 participants were excluded: six participants’ 

failed to detect the alarm when it was presented during the experimental trials and the full 

attention trial; two did not look at the computer screen or use the keyboard during the tasks; and 

two reporting being colorblind (one failed to detect all puck changes and the other could not 

complete the practice trial).    
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The final sample consisted of 25 (62.5%) male and 15 (37.5%) female students (M age = 

19 years, SD = 1.10) all of whom reported being full time students.  The sample reported 

ethnicity as follows: 33 (82.5%) Caucasian, 1 (2.5%) Asian, 2 (5.0%) African-American, 2 

(5.0%) Hispanic or Latino, and 2 (5.0%) Mixed Race.  Thirty-eight (95%) reported English as 

their native language.  Fourteen (35%) indicated they wore glasses or contact lenses.  One 

participant indicated having a form of color blindness, but this participant had few transfer errors 

(M = .34) and was able to detect some puck change events (M = .13). No one reported hearing 

problems. 

Results 

 Pearson correlation tests were run to determine which dependent variables were 

significantly related. Spearman Rho correlation tests were also ran, and they revealed the same 

results unless noted otherwise.  Oddball error was negatively correlated with confidence in 

oddball detection (r (38) = -.58, p < .001), positively correlated with transfer error (r (38) = .58, 

p < .001), and negatively correlated with confidence in unexpected event detection (r (38) = -.38, 

p = .02).  Confidence in oddball detection was positively correlated with confidence in 

unexpected event detection (r (38) = .63, p < .001) and positively correlated with confidence in 

tracking puck transfers (r (38) =.62, p < .001).  Puck transfer tracking error was negatively 

correlated with alarm detection accuracy (r (38) = -.44, p = .005), negatively correlated with 

confidence in unexpected event detection (r (38) = -.45, p = .004), and negatively correlated with 

confidence in tracking puck transfers (r (38) = -.41, p = .009) (Spearman’s rho was p = .07).  

Alarm detection accuracy had a positive correlation with confidence in tracking puck transfers (r 

(38) = .34, p = .03).  Confidence in unexpected event detection was positively correlated with 

confidence in tracking puck transfers (r (38) = .52, p = .001). A correlation test was run to 
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address Hypothesis 3a, and it revealed there was no significant relationship between alarm 

detection accuracy and puck change detection accuracy, r (38) = -.06, p = .71. 

Alarm Detection Accuracy 

 The average overall accuracy for alarm detection was .78 (SD = .19) with the accuracy 

score ranging from .50 to 1.00. Descriptive statistics for alarm accuracy for all conditions are 

shown in Table 3.  Skewness of the distribution was -0.45 (SE = .37) and kurtosis -1.36 (SE = 

.73), which indicate the distribution was approximately normal.  A 2 (Oddball Presence) X 2 

(Puck Change Event Presence) X 2 (Alarm Presence) X 2 (Alarm Repetition) ANOVA was run 

to address Hypotheses 1 and 2a, and all other results are also reported. 
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Table 3. 

Mean Accuracy of Alarm Detection Based on the Presence of an Oddball, Unexpected 

Puck Change, and Unexpected Alarm and Alarm Repetition 

Oddball 

Presence 

Puck 

Change 

Presence 

Alarm 

Presence 

Alarm 

Repetition 
M 

Std. 

Error 

95% Confidence 

Interval 

Lower 

Limit 

Upper 

Limit 

Absent 

Absent 

Absent 

Once .963 .028 .907 1.018 

Twice .975 .025 .924 1.026 

Present 

Once .575 .068 .437 .713 

Twice .650 .070 .509 .791 

Present 

Absent 

Once .950 .024 .901 .999 

Twice .963 .021 .920 1.005 

Present 

Once .525 .071 .380 .670 

Twice .588 .069 .448 .727 

Present 

Absent 

Absent 

Once .988 .013 .962 1.013 

Twice .988 .013 .962 1.013 

Present 

Once .575 .073 .428 .722 

Twice .663 .068 .525 .800 

Present 

Absent 

Once .938 .026 .884 .991 

Twice .963 .021 .920 1.005 

Present 

Once .625 .066 .491 .759 

Twice .613 .068 .475 .750 
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There was no significant main effect of oddball presence on alarm accuracy, F (1, 39) = 

1.67, p = .20, η2
 p = .04.  There was no significant main effect of puck change presence, F (1, 39) 

= 3.53, p = .07, η2
 p = .08.  There was a significant main effect of alarm presence, F (1, 39) = 

32.96, p < .001, η2
 p = .46. Participants were better at detecting an absent unexpected alarm (M 

=.97, SD = 0.09) compared to detecting a present alarm (M =.60, SD = .37).  The following test 

addressed Hypothesis 2a that stated alarm detection would be significantly better when the alarm 

was presented twice compared to once during a trial; the results supported the hypothesis.  There 

was a significant main effect of alarm repetition, F (1, 39) = 5.12, p = .03, η2
 p = .12. Participants 

had better accuracy at detecting the repeated alarm (M = .80, SD = .19) compared to detecting the 

non-repeated alarm (M = .77, SD = .19) in a single trial.    

 The following interactions were not significant: Oddball Presence X Puck Change, F (1, 

39) = .37, p = .55, η2
 p = .009; Oddball Presence X Alarm Presence, F (1, 39) = .85, p = .36, η2

 p 

= .02; Puck Change X Alarm Presence, F (1, 39) = .01, p = .92, η2
 p = .000; Oddball Presence X 

Puck Change X Alarm Presence, F (1, 39) = 2.09, p = .16, η2
 p = .05; Oddball Presence X Alarm 

Repetition, F (1, 39) = .21, p = .65, η2
 p = .005; Puck Change X Alarm Repetition, F (1, 39) = 

.49, p = .49, η2
 p = .01; Oddball Presence X Puck Change X Alarm Repetition, F (1, 39) = .24, p 

= .63, η2
 p = .006; Alarm Presence X Alarm Repetition, F (1, 39) = 1.82, p = .19, η2

 p = .04; 

Oddball Presence X Alarm Presence X Alarm Repetition, F (1, 39) = .30, p = .59, η2
 p = .008; 

Puck Change X Alarm Presence X Alarm Repetition, F (1, 39) = 1.64, p = .21,  η2
 p = .04; and 4-

way interaction, F (1, 40) = .85, p = .36,  η2
 p = .02. 

Puck Change Detection Accuracy 

 Overall accuracy in detecting puck changes in the unattended puck target was .56 (SD = 

.11).  The distribution was approximately slightly positively skewed (skewness = .55, SE = .37) 
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and leptokurtic (kurtosis = 2.70, SE = .73).  Note skew was increased and kurtosis did not 

decrease when a log transform was applied to the data.  Also, skewness and kurtosis did not 

change when an arcsine transform was applied.  Therefore, transformed data were not used in the 

following tests. 

 There was no significant main effect of Oddball Presence, F (1, 39) = 1.43, p = .24, η2
 p = 

.04. There was a significant main effect of Puck Change Presence, F (1, 39) = 439.42, p < .001, 

η2
 p = .92.  Participants were significantly better at detecting absent puck changes (M = .94, SD = 

0.12) compared to detecting present puck changes (M = .18, SD = 0.19). Note the Wilcoxon test 

was significant (p < .001).  There was no significant main effect of Alarm Presence, F (1, 39) = 

.26, p = .62, η2
 p = .007. There was no significant main effect of Alarm Repetition, F (1, 39) = 

.43, p = .51, η2
 p = .01.  

 The following were tested for interaction effects. There was a significant Oddball 

Presence X Puck Change Presence interaction, F (1, 39) = 5.49, p = .02, η2
 p = .12. The 

interaction was decomposed and reflected the puck change main effect.  In both absent and 

present oddball conditions, puck change detection was significantly more accurate for absent 

puck changes compared to present puck changes. There was no significant Oddball Presence X 

Alarm Presence interaction, F (1, 39) = .12, p = .73, η2
 p = .003. There was significant Puck 

Change Presence X Alarm Presence interaction, F (1, 39) = .54, p = .47, η2
 p = .01. There was no 

significant Oddball Presence X Puck Change Presence X Alarm Presence interaction, F (1, 39) = 

.04, p = .84, η2
 p = .001. There was no significant Oddball Presence X Alarm Repetition 

interaction, F (1, 39) = 1.11, p = .30, η2
 p = .03. There was no significant Puck Change Presence 

X Alarm Repetition interaction, F (1, 39) = .11, p = .74, η2
 p = .003. There was no significant 

Oddball Presence X Puck Change Presence X Alarm Repetition interaction, F (1, 39) = .06, p = 
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.82, η2
 p = .001. There was no significant Alarm Presence X Alarm Repetition interaction, F (1, 

39) = .04, p = .85, η2
 p = .001. There was no significant Oddball Presence X Alarm Presence X 

Alarm Speed interaction, F (1, 39) = .14, p = .71, η2
 p = .004. There was no significant Puck 

Change Presence X Alarm Presence X Alarm Repetition, F (1, 39) = .71, p = .41, η2
 p = .02. The 

4-way interaction was not significant, F (1, 39) = 2.77, p = .10, η2
 p = .07. 

Confidence in Detecting Unexpected Events 

 The overall mean of confidence in detection was 83.75% (SD = 12.23), indicating 

participants were fairly confident in their ability to detect the unexpected events. The data 

distribution was negatively skewed (skewness = -.76, SD = .37; kurtosis = .02, SD = .73). When 

scores were reverse coded and a log transform was applied, skewness was -.32 (SD =.37).   

 There was no significant Oddball Presence main effect, F (1, 39) = 1.76, p = .19, η2
 p = 

.04. There was no significant main effect of Puck Change Presence, F (1, 39) = .03, p = .86, η2
 p 

= .001. There was a significant main effect of alarm presence on confidence in detecting 

unexpected events, F (1, 39) = 6.22, p = .02, η2
 p = .14. Participants were more confident in 

detecting unexpected events when the alarm was present (M = 86.09%, SD =11.70) compared to 

when the alarm was absent (M =81.40%, SD =15.27).  Note the Wilcoxon test was significant (p 

=.02). However, when the ANOVA was run with log transformed scores, the test reached p = 

.06. There was no significant Alarm Repetition main effect, F (1, 39) = .10, p = .76, η2
 p = .002. 

 The following tests focused on interaction effects.  There was no Oddball Presence X 

Puck Change Presence interaction effect, F (1, 39) = 2.86, p = .10, η2
 p = .07. There was no 

significant Oddball Presence X Alarm Presence interaction effect, F (1, 39) = .14, p = .72, η2
 p = 

.003. There was no significant Puck Change Presence X Alarm Presence interaction effect, F (1, 

39) = .74, p = .40, η2
 p = .02. There was no significant Oddball Presence X Puck Change 
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Presence X Alarm Presence interaction effect, F (1, 39) = .004, p = .95, η2
 p = .000. There was 

Oddball Presence X Alarm Repetition interaction effect, F (1, 39) = 2.15, p = .15, η2
 p = .05. 

There was no significant Puck Change Presence X Alarm Repetition, F (1, 39) = .08, p = .77, η2
 p 

= .002. There was no significant Oddball Presence X Puck Change Presence X Alarm Repetition 

interaction effect, F (1, 39) = 1.56, p = .22, η2
 p = .04. There was no significant Alarm Presence 

X Alarm Repetition interaction effect, F (1, 39) = 2.44, p = .13, η2
 p = .06. There was no 

significant Oddball Presence X Alarm Presence X Alarm Repetition interaction effect, F (1, 39) 

= 0.23, p = .64, η2
 p = .006. There was no significant Puck Change Presence X Alarm Presence X 

Alarm Repetition interaction effect, F (1, 39) = .03, p = .87, η2
 p = .001. There was no significant 

4-way interaction effect, F (1, 39) = 1.37, p = .25, η2
 p = .03. 

Oddball Detection Error 

The overall proportion of oddball error was .19 (SD = .02). The distribution of error 

scores was positively skewed (skewness = 1.07, SE = .37; kurtosis = .35, SE = .73).  Skewness 

and kurtosis increased when data were transformed so all tests were run with non-transformed 

data. There were no significant main effects or interaction effects.  

Confidence in Oddball Detection 

Overall, the mean rating for confidence in oddball detection was 79.80% (SD = 17.17). 

The distribution was negatively skewed (skewness = -1.76, SE =.37; kurtosis = 4.69, SE = .73). 

The distribution skewness was decreased (skewness = -0.11; kurtosis = -0.63) when scores were 

reversed (subtracting score from maximum score) and log transformed (reversed score + 1).  

There was a significant main effect of oddball presence, F (1, 39) = 23.10, p < .001, η2
 p = 

.37.  Note an ANOVA with the transformed values was significant (p < .001). Participants were 

more confident in the oddball detection task when the oddball was present (M = 84.11%, SD = 
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17.97) compared to when the oddball was absent (M = 75.49%, SD = 18.19). There was no 

significant main effect of puck change presence, F (1, 39) = .001, p = .98, η2
 p = .000. There was 

no significant main effect of alarm presence, F (1, 39) = 0.95, p = .34, η2
 p = .02. There was no 

main effect of alarm repetition, F (1, 39) = .15, p = .70, η2
 p = .004.   

The following tests involved interaction effects.  There was no significant Oddball 

Presence X Puck Change Presence effect, F (1, 39) = .001, p = .98, η2
 p = .000.  There was no 

significant Oddball Presence X Alarm Presence effect, F (1, 39) = .16, p = .69, η2
 p = .004. There 

was no significant Puck Change Presence X Alarm Presence effect, F (1, 39) = 1.83, p = .18, η2
 p 

= .05. There was no significant Oddball Presence X Puck Change Presence X Alarm Presence 

effect, F (1, 39) = .67, p = .42, η2
 p = .02. There was no significant Oddball Presence X Alarm 

Repetition effect, F (1, 39) = .25, p = .62, η2
 p = .006.  There was no significant Puck Change 

Presence X Alarm Repetition, F (1, 39) = .19, p = .66, η2
 p = .005. There was no significant 

Oddball Presence X Puck Change Presence X Alarm Repetition, F (1, 39) = .02, p = .89, η2
 p = 

.001. There was no significant Alarm Presence X Alarm Repetition effect, F (1, 39) = .65, p = 

.43, η2
 p = .02.  There was no significant Oddball Presence X Alarm Presence X Alarm 

Repetition effect, F (1, 39) = .40, p = .53, η2
 p = .01.  There was no significant Puck Change 

Presence X Alarm Presence X Alarm Repetition effect, F (1, 39) = .16, p = .69, η2
 p = .004. 

There was no significant 4-way interaction effect, F (1, 39) = .22, p = .65, η2
 p = .006.   

Puck Tracking Transfer Error 

The overall mean number of transfer errors was .50 (SD = .45). The distribution was 

positively skewed (skewness: 2.48, SE = .37). The data were transformed several ways before 

running the ANOVAs.  First, scores that were greater than two standard deviations above their 

respective means were changed to 2SD + respective mean score.  The descriptive statistics based 
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on those changes were: M = .44, SD = .32, Skew = 1.88. Second, the new scores were 

transformed using log (score + 10). Skewness still remained highly positive (1.83) after the 

transformation. There were no significant main effects, and the only significant interaction was 

the 4-way interaction.  The 4-way interaction is likely spurious due to the highly skewed data 

distribution and the absence of no other significant results.  

Confidence in Puck Transfer Tracking 

 The overall mean rating of confidence in the transfer tracking task was 81.09% (SD = 

11.79). The distribution was negatively skewed (skewness = -.50, SE = 0.37). There were no 

significant main effects or interaction effects. 

t-Tests - Alarm Awareness 

 To address Hypothesis 2b that stated performance on alarm detection would be 

significantly better than performance on puck change detection, alarm awareness was averaged 

across the first half of trials (16) with present alarms and the second half of the trials.  The results 

did not support Hypothesis 2b; a t-test revealed no significant difference in alarm awareness, t 

(78) = -.04, p = .97 (first half: M = .60, SD = .38; second half: M = .60, SD = .41). Another 

exploratory analysis involved comparing alarm awareness for the first alarm presentation and the 

subsequent alarm presentations (15 trials). A Levene’s Test was significant, F = 29.06, p < .001; 

therefore, the degrees of freedom in the t-test were adjusted.  A t-test revealed there was no 

significant difference in alarm awareness, t (73.23) = -1.61, p = .11; (first alarm: M = .45, SD = 

.50; subsequent presentations (M = .61, SD = .39). 

t-Tests - Unexpected Event Task Accuracy 

 To address Hypothesis 3b, a t-test was run to determine if there was a significant 

difference between accuracy in detecting unexpected visual events (puck changes) and 
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unexpected auditory events (alarms).  The results provided support for Hypothesis 3b. The test 

revealed a significant difference in accuracy based on the task, t (39) = 6.34, p < .001; 

participants were more accurate in alarm detection (M = .78, SD = .19) compared to puck change 

detection (M = .56, SD = .11). 

Demographics and Manipulation Checks 

 A t-test was run to test for a difference in urgency ratings, and it revealed a significant 

difference in urgency ratings and alarm repetition, t (39) = -6.71, p < .001.  On a scale of 0 to 

100, the repeated alarm was rated more urgent (M = 42.18, SD = 23.33) compared to the single 

presented alarm (M = 25.78, SD = 20.71).   Several analyses were run to determine whether 

factors such as gender and formal music training influenced alarm awareness. A 2 (Gender) X 2 

(Alarm Presence) X 2 (Alarm Speed) mixed model ANOVA revealed alarm awareness was not 

affected by participant gender (Male: 25; Female: 15), F(1, 38) = 1.47, p = .23, η2 = .04.  A 2 

(Music Training) X 2 (Alarm Presence) X 2 (Alarm Speed) mixed model ANOVA revealed no 

significant main effect of formal music training (training: 13, no training: 27), F (1, 38) = 2.08, p 

= .16.  Medical experience was not analyzed because only one participant reported having 

medical experience.  An analysis was run to determine if participants’ gaming experience 

affected their ability to detect alarms. Participants selected one of the following descriptors that 

best described their gaming experience: not a gamer, casual gamer, hardcore gamer, and 

professional gamer.  The sample consisted of 14 non-gamers, 20 casual gamers, and two 

hardcore gamers.  Participants’ responses were re-coded to include those with gaming experience 

in one group and non-gamers as the other group. A 2 (Gaming Experience: non-gamer, gamer) X 

2 (Alarm Presence: yes, no) X 2 (Alarm Repetition: yes, no) mixed-model ANOVA showed no 
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significant main effect of gaming experience on alarm accuracy, F (1, 38) = 3.18, p = .08, η2
 p = 

.08. 

 A t-test was run to assess for a difference in performance in the task block that consisted 

of oddball detection only and the block that included the puck tracking and oddball detection 

tasks. Four participants were not included in the analysis because they did not complete the 

single task block due to time constraints.  There was a significant increase in oddball detection 

error from the single task block (M = .08, SD = .13) to the dual primary task block (M = .17, SD 

= .14), t (70) = -2.90, p = .005.   Furthermore, there was a significant difference in oddball 

detection confidence in the single task block and dual primary task block, t (54.58) = 2.96, p = 

.005; Degrees of freedom were adjusted due to a significant Levene’s Test for equal variances, F 

= 5.64, p = .02.  

Summary of Results 

Various ANOVAs, t-tests, and correlations were run to address the hypotheses.  

Hypothesis 2a stated that detection would be significantly more accurate for an alarm that was 

repeated consecutively in a single trial compared to an alarm presented once.  An ANOVA 

revealed a significant main effect of alarm repetition, and the results supported the hypothesis.  

Accuracy in alarm detection was significantly higher for alarms that repeated twice in the trial. 

Hypothesis 2b stated that alarm detection would be significantly more accurate after 

repeated presentation of the alarms across trials.  A t-test revealed there was no significant 

difference in accuracy in the first half of the trials compared to the second half of the trials.  

Demographics including participant gender and formal music training did not have a significant 

effect on alarm detection. 
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An analysis of the relationship between performances on detecting unexpected alarms 

and detecting unexpected puck changes was conducted to address Hypothesis 3a.  Correlation 

tests revealed there was no significant relationship between the performances on these two tasks. 

Furthermore, there was a positive relationship between alarm detection and confidence in 

detecting unexpected events, and no relationship between puck change detection and confidence 

in detecting unexpected events.     

A t-test was run to address Hypothesis 3b, and it revealed a significant difference in task 

accuracy based on task type (detecting puck change vs detecting alarm). It showed participants 

were better at detecting alarms compared to detecting the puck changes in an unattended puck 

target.   

Discussion 

 In this experiment, alarm stimuli were manipulated to present once or twice in succession 

in a single trial.  As predicted in Hypothesis 2a, alarm detection was significantly more accurate 

when the alarm was repeated twice in a trial as opposed to when it was presented once.  

Moreover, the results showed the repeated alarm was perceived to be significantly more urgent 

compared to the single alarm.  These results support the idea that auditory warnings perceived to 

be more urgent are more effective in capturing attention from the intended audience.       

Similar to Experiment 2, there was no improvement in alarm detection in the second half 

of experimental block as was predicted to occur.  It is likely that an adjustment in the alarm 

stimuli’s loudness would make alarm detection more difficult overall; this was examined in a 

small post-study.  In contrast to what was found in Experiment 2, there was no significant 

difference in detection of the first alarm occurrence and the subsequent occurrences.  In this 

experiment, the repeated alarm was longer than both alarm versions in Experiment 2.  The 
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increase in duration increased the likelihood that the alarm would not be masked, and it gave 

more time for people to detect it, reducing the chance the alarm would be missed. 

The results provided additional support for Hypothesis 3a; the unexpected, cross-modal 

events did not correlate.  However, there was a positive correlation between performances in the 

cross-modal primary tasks, meaning better performance in one task was related to better 

performance in the other.  It cannot be said with confidence that the results support the idea that 

people are able to perform a visual task and an auditory task simultaneously because the 

resources needed for both tasks are separated by different sensory modalities (Wickens, 1980).  

The results in this study suggest the lack of correlation can be linked to the tasks, particularly the 

auditory ones, being easy to perform.  The same can be said about the significant difference in 

alarm detection compared to puck change detection.  Differences in detection performance may 

have been linked to the alarm detection task being easy because the alarm was easy to detect 

because of its loudness levels instead of the differences being attributed to the auditory system’s 

unique detection abilities.   

There were fewer significant results in this experiment compared to the previous 

experiment, and a number of tests produced divergent results.  This sample produced data that 

were more skewed and kurtotic.  Also, more individuals were eliminated from analyses because 

they were not attending to the tasks or did not pass the screening tests.  Although the sample was 

recruited from the same participant pool as used in the other experiments, recruitment began later 

in the semester compared to the other experiments.  Differences in the results may be attributed 

to the time differences in recruitment.  Nevertheless, the processes used to screen, clean, and 

transform the data in Experiment 2 were used in this experiment, too. 
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Post Study 

The purpose of this small pilot study was to determine whether increasing difficulty in 

oddball and alarm detection might influence oddball detection error and alarm detection 

accuracy.  Twelve undergraduate students participated in a post-study follow-up, but eight were 

used in analyses.  Four participants’ data were excluded for the following reasons: three did not 

report any visual or auditory unexpected events in the main experiment block and full attention 

trial, and one failed to detect the unexpected alarm in the main experiment block and full 

attention trial. 

 The same methodology used in Experiment 2 and 3 was used with the exceptions of 

changes to the oddball tone and alarm.  The oddball tone’s frequency (720 Hz) was changed to a 

frequency closer to the other distractor tones, but it was still higher than the other tones.  The 

alarm signal-to-noise ratio was decreased by lowering the loudness level to 42 dBA to make the 

alarm less discriminable but audible among the other sounds. The fast and slow versions of the 

alarms from Experiment 2 were presented. 

 Below, descriptive statistics are reported, and show the changes made to the auditory 

stimuli increased detection difficulty.   

Oddball Detection Error 

 The overall mean error rate was .29 (SD = .17).  The mean error rate for detecting present 

oddballs was .23 (SD = .20), and the mean error rate for absent oddballs was .34 (SD =.34).  

Mean oddball detection error when alarms were present was .33 (SD = .19) and .25 (SD = .18) 

when alarms were absent.  The changes in oddball tone frequency produced a higher proportion 

of error as shown in the means.  
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Confidence in Oddball Detection 

The overall mean rating of confidence in oddball detection was 74.96% (SD = 17.29).  

Overall confidence in detecting present oddballs was 79.34% (SD = 15.70), and overall 

confidence in detecting absent oddballs was 70.57% (SD = 22.42).  Overall confidence in 

oddball detection was 71.11% (SD = 17.35) when alarms were present and 78.81 (SD = 17.95) 

when alarms were absent.  Confidence in oddball detection was slightly lower compared to 

confidence reported in the other experiments. 

Alarm Detection Accuracy 

 Overall accuracy in detecting alarms was .74 (SD = .16).  Overall accuracy for detecting 

present alarms was .52 (SD = .33) and .97 (SD = .05) for absent alarms.  Overall accuracy for 

detecting slow alarms was .58 (SD = .36) and .45 (SD = .32) for fast alarms.   

  GENERAL DISCUSSION 

This research focused on assessing detection (i.e., becoming aware and being able to 

report) of alarms that were not disclosed to participants, and the alarms were irrelevant in 

performing cross-modal dual tasks.  In Experiment 2, there were two alarm versions that varied 

on the speed (fast or slow), and speed was defined based on the interval of silence between sound 

bursts in the alarm.  In Experiment 3, there were two alarm versions that varied on repetition of 

the alarm content during a single trial.   

The findings in Experiment 2 revealed the slower alarm produced higher detection rates 

even though it was perceived less urgent compared to the fast alarm.  As mentioned earlier, total 

duration was not controlled, so duration was a possible confound. The operational definition 

used in this study has been used in previous research (Haas & Casali, 1995). A future study 
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could study speed effects with a different definition, such as increasing the number of pulses per 

time unit while keeping duration approximately equal. 

In Experiment 3, repetition was shown to increase ability to detect the alarms. This was 

demonstrated when comparing detection when alarms were played once or twice in succession 

during a trial that was approximately 20 seconds.  Detection was more accurate for the alarm that 

was perceived to be more urgent.  These findings are consistent with warnings research 

(Edworthy et al., 1991; Hellier et al., 1993).  

Although repetition was shown to affect alarm detection when alarms were repeated 

within short periods, repetition was not shown to increase detection across the first and the 

second halves of the experimental task block.  In the second experiment, detection was 

significantly worse for the first alarm occurrence, but these results were not replicated in the 

third experiment. The inconsistency in the findings seems to stem from the differences in the 

alarms’ duration periods in both experiments. In the earlier study, the alarms were shorter in 

general, leaving more opportunity to miss them.  Nevertheless, even if the alarms were longer in 

the study, practical application of alarm repetition has its limits.  Research shows that when 

alarms are considered annoyances, occupational operators, such as nurses and surgeons, will 

disable them to cope with the already-noisy environment (Edworthy, 2013; Edworthy & Hellier, 

2000; Horkan, 2014; Keller et al., 2016).  Furthermore, over-repetition of alarms may lead to 

habituation that is defined as a reduced cognitive response to a stimulus after repeated exposure 

to a stimulus.  Kim and Wogalter (2009) reported habituation occurred to visual warning signs 

after participants were exposed to the signs repeatedly.  

One purpose of this research was to obtain supporting evidence towards there being 

separate attentional resources for each modality.  Both experiments showed there was no 



 

78 

 

relationship between the performances in the secondary visual task and secondary auditory task 

that were both unclearly-defined.  In one experiment, there was no relationship between 

performances on the visual and auditory primary tasks, but there was a positive relationship in 

the other experiment. In general, these findings show participants were able to perform the tasks 

relatively independent of each other without prioritizing one over the other, but these findings do 

not provide evidence that attentional resources are separate.  On the other hand, there was a 

significant decrement in tracking target pucks when perceptual load was increased from 

including both unexpected events (visual and auditory) to also including the oddball tone.  If 

resources were completely separate, the inclusion of the oddball tone should not have affected 

the primary visual task.  This suggests attentional resources are shared across modalities for 

some stages of processing as suggested in other studies (Kreitz et al., 2016; Macdonald & Lavie, 

2011), but additional research is needed for more insight. 

To further explore the shared versus separate attentional resources debate, the auditory 

and visual tasks used in this study would need to be modified to ensure they are difficult enough 

to consume participants’ attentional resources.  In one study, the primary goal was to examine 

cross-modally induced IB and ID in a full cross-modal task setup, and the investigators 

calibrated primary laboratory tasks to be approximately equal in difficulty according to each 

participant’s working memory capacity (Kreitz et al., 2016).  They did so to ensure the primary 

tasks would consume enough resources that there would be little remaining to detect unexpected 

events.  More work is needed in the current research to determine appropriate task difficulty by 

either using an approach similar to Krietz et al. (2016) or another method.   

As mentioned previously, oddball tone and alarm detection appeared to be relatively easy 

because the sounds were salient.  A small, follow-up study showed that by decreasing the 
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loudness of the alarm and changing the oddball tone to be less discriminable detection was more 

difficult.  However, even with those changes, accuracy was on the high end.  Future research 

could explore using loudspeakers instead of headphones to increase alarm detection difficulty 

and ecological validity.  Headphones were used in the study as an experimental control, but in 

some real world scenarios, alarms will come from different directions and different sources in 

the environment.  Loudspeakers would better approximate sound presentation in these scenarios.  

Other modifications may need to be considered to increase task load.   

In addition to the alarm’s physical attributes influencing alarm detection, task goals and 

engagement appeared to play a role.  Research shows when a primary task involves searching for 

a singleton target tone (for example, searching for a tone in a different frequency than the other 

tones), a non-target tone will interfere if it is different from the other tones in another feature 

(Dalton & Lavie, 2007).  If the task involves searching for a singleton target, then an irrelevant, 

non-target singleton will capture attention and interfere with target search. Dalton and Lavie 

(2007) posited that people adopted a search strategy in which attention was directed towards 

listening for sounds that stood out as being unique or odd.  Because of this search strategy, any 

odd sounds are noticed.  In this study, the primary auditory task required participants to listen for 

a pure tone that was different from the other tones, essentially making it a singleton target.  The 

alarm might have captured attention because the implicit task rule was to listen for a unique 

target.  Doing so may have influenced participants to listen for any unique sound, and the alarm 

served as a singleton distractor because it was unique compared to the other sounds.  In another 

study, the relationship between visual targets and auditory distractors influenced whether 

participants were distracted while completing a visual search (Tellinghuisen et al., 2016).  Visual 

search performance was negatively impacted by auditory stimuli with features that were part of 
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the task attentional set (e.g., presenting opposing target letter) or indirectly involved due to task 

requirements (e.g., presenting category word that describes opposing target category).  

Tellinghuisen and colleagues (2016) concluded top-down guidance (task rules) influences 

attentional capture of auditory events in a cross-modal set-up.  A change in the oddball task may 

be needed because task engagement may be the factor driving participants to inadvertently look 

for the alarm. 

Dalton and Lavie (2007) eliminated the singleton distractor effect when they changed the 

primary task such that the target sound was a singleton, and participants could not use a singleton 

search strategy to find the target.  One example of a successful task modification was to include 

two targets to eliminate the chance that a target could be a feature singleton.  If recommendations 

from that study are applied to the oddball task in the current study, difficulty in alarm detection 

and tone detection may be increased. 

Theoretical Implications and Limitations 

 The findings in this study provide insight on the amount of processing that an unexpected 

target will incur.  The findings suggest conscious awareness of a task-irrelevant, unexpected 

alarm requires processing of physical features and some semantic information (applying a 

name/title/meaning) for it to reach awareness to the degree that a receiver notices the alarm, 

encodes it in memory, can retrieve it from memory and describe the alarm.  These findings align 

with the theory that attention filters information later during processing instead of early before 

perceptual content is processed (Treisman, 1964a, 1964b).   

 There are several limitations that need to be addressed.  Although this research was 

focused on unexpected targets, some may argue that the events were expected because of the 

query asked after each trial. Asking participants if they noticed anything unexpected might have 
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changed how they engaged with the tasks.  If they go into the task being aware of the possibility 

that irrelevant information may be presented, they may develop strategies, including occasionally 

searching for the unattended material.  Simons (2000) argues that the one shot approach to 

studying IB and ID is the most powerful demonstration of attentional failures because there is no 

expectancy established.  Unfortunately, the one shot approach is not the panacea on how to 

investigate conscious awareness failures.  The current evidence revealed that although alarm 

detection for the first alarm presentation was significantly different from later presentations in 

Experiment 2, some of those participants did not miss the first alarm occurrence.  They did not 

report hearing the alarm because they were unclear about its purpose during the tasks.  In this 

study, to reduce any expectations due to the repeated query, the query was also asked during the 

single task block where unexpected events were absent.  In doing so, participants were expected 

to build an expectation that there were no unexpected events so that they would not actively 

search during the experimental task block.  Even with the possibility that participants searched 

for the task-irrelevant targets, all of the participants were not able to detect the alarm, despite 

repeated exposure to the alarm. 

 In addition to the limitations of using a single trial to present unexpected events, there is 

real world application for the current study’s paradigm.  Some warnings are designed to repeat 

until a receiver intervenes with a response.  The paradigm used here is more suitable for that type 

of situation.   

The other limitation is that this study used samples of college students.  Detection and 

performance would likely be worse with an older population due to changes in perception, motor 

skills, and cognition (McLaughlin & Mayhorn, 2014).  Furthermore, populations with physical, 

perceptual, or intellectual disabilities may have difficulty detecting the unexpected events, 
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especially while other tasks are being performed.  These vulnerable populations are typically in 

unfavorable conditions that may hinder warning processing and performance in general (Stough 

& Mayhorn, 2012).  Future research should include more diverse samples such as older adults or 

other vulnerable populations. 

Conclusion 

This study used a different approach to assess attentional capture of medical alarms that 

were presented during a cross-modal dual task.  An explicit attentional capture paradigm was 

used to determine whether an alarm physical features that have been shown to increase urgency 

and decrease response time will increase awareness or capture attention even though attention 

has been directed to other tasks. Utilizing this paradigm allowed alarm awareness to be assessed 

over repeated trials.  Furthermore, this paradigm enables researchers to measure alarm 

effectiveness to an alarm that has not been clearly-defined and receivers are not expecting it. 

The results suggest receivers will detect a longer alarm more easily compared to a shorter 

alarm in a noisy environment.  Additionally, warning repetition is a feature that can facilitate 

detection, but repetition can become a problem due to habituation if a warning is repeated 

excessively.  
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