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Three experiments were conducted to examine the effects of extraneous speech warnings (i.e., low- 
priority warnings initiated during high-priority tasks) on cognitive performance and whether organizing 
the auditory warnings into streams can attenuate any disruption. Experiment 1 demonstrated that a variety 
of speech warnings can be separated into perceptually distinct streams by allocating them to discrete 
spatial locations. Experiment 2 showed that increasing the rate of presentation of the warnings to promote 
streaming decreased clarity ratings but increased perceived urgency ratings. Experiment 3 demonstrated 
that the disruption to serial memory for navigational information by extraneous speech warnings could 
be attenuated by streaming. Kesults are interpreted in light of previous research, and practical implica- 
tions for auditory warning design are discussed. 

Auditory warnings have an important role in attracting attention 
and conveying information in a number of work domains, includ- 
ing commercial and military aviation. Warnings are a simple but 
vital "first call" to situations in which action might be required to 
alleviate an accident or incident (Edworthy, 1994) and are typi- 
cally used in high-workload, high-stress working environments 
(Edworthy & Adams, 1996). The prevalence of auditory warnings 
is rapidly increasing because of, in part, an increase in technolog- 
ical advances and capabilities (Pritchett, 2001). This trend is likely 
to continue given that designers have tended to operate on the basis 
of a "better safe than sorry" philosophy with regard to the inte- 
gration of auditory warnings into new systems (Edworthy & Ad- 
ams, 1996). 

Designers of auditory warnings seek to improve the efficiency 
of reorienting the attention of the operator toward a critical event 
during the onset of the alarm. Indeed, the majority of research 
conducted on auditory warnings has focused on the factors that 
influence the efficiency of a warning, such as detection (e.g., 
Patterson, 1982), relative discrimination (differentiating between 
two or more warnings presented together; e.g., Deatherage, 1972), 
identification (e.g., Pollack & Ficks, 1954), localization (e.g., 
Caelli & Porter, 1980), and perceived urgency (Edworthy, Loxley, 
& Dennis, 1991). However, relatively little research has addressed 
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the potential side effects of auditory warnings-specifically, the 
effects of extraneous auditory warnings on tasks undertaken con- 
currently. For example, there is relatively little research into what 
occurs when the operator chooses to ignore an active auditory 
warning in favor of concentrating on a more critical task. 

Pritchett (2001) differentiated between a number of warning 
types; however, the simplest and most prevalent are signal detec- 
tors. Typically, the alerting system monitors a sensor input and 
alerts the operator when the input passes a threshold. Because the 
warning is initiated when a certain parameter reaches threshold, it 
is insensitive to what the operator is doing at the time or what 
situation or state the system is in. It is possible, therefore, that an 
auditory warning for a low-priority event may occur during a 
high-priority task and persist until the alarm is manually deacti- 
vated. In this case, the operator is forced to engage in the high- 
priority task while the low-priority warning is active. In this 
article, we seek to examine whether this eventuality can cause 
disruption to working memory (and, in particular, memory for 
order, or serial memory) and how capitalizing on the perceptual 
system's tendency to segregate the auditory scene into coherent 
and distinct streams might attenuate this disruption (see Bregman, 
1990). 

At first blush, it may seem that tasks involving working memory 
are relatively infrequent in applied settings. However, memory is 
viewed by a number of influential authors as pivotal to performing 
real-world tasks that require dynamic and complex processing 
(Durso & Gronlund, 1999; Endsley, 1995). Examples include air 
traffic control (e.g., Gronlund, Ohrt, Dougherty, Perry, & Man- 
ning, 1998), driving (e.g., Gugerty, 1997), instrument flight (e.g., 
Sohn & Dome, 2000), and flight situation awareness (SA; e.g., 
Sohn & Dattel, 2001). Indeed, SA is perhaps one of the most 
important determinants of successful task performance in areas 
such as aviation, air traffic control, large-systems operation, tac- 
tical and strategic systems, and many other everyday activities 
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(Endsley, 1995). Furthermore, Endsley argued that working mem- 
ory is one of the critical factors that limit operators from acquiring 
and interpreting information to form SA. For example, the effec- 
tive monitoring of displays or system parameters over time re- 
quires that the temporal order of this information be kept intact in 
working memory. Doing so enables trend information to be in- 
ferred. We argue that memory for order plays a pivotal role in an 
operator's ability to maintain awareness of system states: specifi- 
cally, the comprehension of the situation and the prediction of 
future states. Given the importance of SA in everyday complex 
activities (for a review, see Endsley, 1995), and given the pivotal 
role of serial memory in the acquisition and maintenance of SA, 
we argue that the study of the effects of extraneous sound on serial 
memory is an important and worthwhile endeavor. 

There is a large body of evidence that suggests that the occur- 
rence of irrelevant auditory material can cause disruption to con- 
current complex mental activities. This phenomenon has become 
known as the irrelevant sound effect (ISE; for a review, see 
Banbury, Macken, Tremblay, & Jones, 2001). In the paradigm that 
has been used to investigate this phenomenon, participants are 
required to undertake a serial memory task (e.g., remembering the 
order of a sequence of digits) in the presence of irrelevant sound 
(e.g., narrative speech or a series of changing tones). The effects of 
irrelevant sound on serial memory are replicable and apply to most 
individuals (e.g., Ellermeier & Zimmer, 1997, reported that ap- 
proximately 85% of participants are disrupted by irrelevant sound). 
Typically, the accuracy of report in the presence of background 
sound declines by some 30% to 50%. In addition, tasks such as 
mental arithmetic (Banbury & Berry, 1998), memory for prose 
(Banbury & Berry, 1997), reading comprehension (Martin, 
Wogalter, & Forlano, 1988), and transcription from video display 
terminals (Morris & Jones, 1991) have also been shown to be 
susceptible to disruption by extraneous sound. Finally, a number of 
researchers have shown changing-state effects, in which repeated 
irrelevant sounds (e.g., repeated utterances of the letter a or re- 
peated presentation of a single tone) show less disruption to 
short-term memory than changing irrelevant sounds (e.g., repeated 
utterances of the letters abcd, or repeated presentation of tones of 
different frequencies; Baddeley, 2000; Jones & Macken, 1993; 
Jones & Tremblay, 2000: Larsen, Baddeley, & Andrade, 2000; 
Neath, 2000). 

There are two types of explanation that have been offered for the 
disruption to working memory by background sound. The first 
type suggests that there is some form of attentional recruitment 
(Cowan, 1995; see also Broadbent, 1982) produced by the sound 
as the to-be-remembered material is registered. For example, 
Cowan proposed that new incoming auditory stimuli, such as 
irrelevant sound, attract attention away from the memory task. 
This attention-based framework is related to the concept of habit- 
uation to the orienting response (i.e., a conscious or unconscious 
shift of attention; see Sokolov, 1963), a phenomenon that design- 
ers of auditory warnings capitalize on to reorient the attention of 
the operator toward a critical event. The orienting response allows 
a neural model of the stimulus to be formed (Cowan, 1995). Each 
incoming stimulus is then compared with the neural model and 
elicits another orienting response only if the neural model is either 
not yet developed enough to describe the stimulus or the stimulus 
has changed in such a way as to make it different from the neural 
model. In light of this, the propensity of a warning to reorient the 

attention of the operator, and disrupt the operator from the task at 
hand, should diminish with repeated exposure. Although this view 
is parsimonious and compelling at first encounter, there are two 
key empirical objections to the habituation-like account of the ISE: 
(a) Contrary to the prediction that one should habituate to the 
presence of irrelevant sound, the disruption by irrelevant sound is 
enduring (Hellbriick, Kuwano, & Namba, 1996; Jones, Macken, & 
Mosdell, 1997; but see Banbury & Berry, 1997, for contrary 
findings), and as exposure is increased (by speeding up the rate of 
presentation or increasing the exposure duration), the disruption 
also increases (Bridges & Jones, 1996); and (b) capture of attention 
should affect all tasks to a similar degree, but the effect is more 
pronounced on tasks involving serial recall (for a review, see 
Banbury et al., 2001). 

The second type of explanation suggests that interference results 
from the similarity of events (i.e., objects and processes) repre- 
sented in memory. However, there is some disagreement between 
researchers as to what similarity refers to. A number of researchers 
have proposed that interference is based on a conflict between 
what is seen and what is heard, either in terms of phonological 
similarity (SalamC & Baddeley, 1982), shared temporal cues 
(LeCompte, 1996), or the overlap of modality-independent fea- 
tures (Neath, 2000). Alternatively, the changing-state hypothesis 
(Jones, Madden, & Miles, 1992) proposes that the level of inter- 
ference is related to the similarity of concurrent processes of 
seriation (i.e., the maintenance of order): one maintaining the order 
of the to-be-remembered material and the other relating to the 
perceptual organization of the irrelevant sound (see Jones, Bea- 
man, & Macken, 1996, for a discussion on the latter hypothesis). 

The phenomena pertaining to the ISE raise some concern over 
the presentation and timing of auditory warnings. For example, it 
is entirely feasible that a low-priority warning may be initiated 
while the operator is performing a higher priority task. In this case, 
the operator may choose to refrain from deactivating the alarm (or 
may be unable to) and attempt to ignore the warning and continue 
with the task. However, the body of evidence suggests that the 
background warning might disrupt performance if the task is 
memory based (and especially if it is also seriation based) and the 
warning consists of a changing sound (e.g., speech or tones). At 
first, there seem to be a number of options open to the system 
designer to reduce the disruptive effects of the irrelevant sound. 
One option would be to reduce the sound pressure level of the 
warning. However, a number of researchers have shown that the 
effect of irrelevant speech is independent of sound pressure level, 
at least between 48 dB (A) and 76 dB (A) (Colle, 1980; Ellermeier 
& Hellbriick, 1998). Clearly, an effective reduction in disruption 
can be achieved only by reducing the level of the sound to that 
below the threshold of audibility, which is of course incompatible 
with the purpose of auditory warnings. Another option would be to 
reduce the disruption by masking the changes in energy within the 
irrelevant stream by degrading the signal or adding white noise 
(see Northwood, Warnock, & Quirt, 1979). Once again, the first 
strategy is incompatible with the purpose of auditory warnings, 
and the success of the second strategy is doubtful given that the 
loudness of the masking noise has to be greater than that of the 
speech signal in order for the disruptive effects to be reduced 
(Ellermeier & Hellbriick, 1998). 

An alternative approach might be to capitalize on the phenom- 
enon of auditory streaming-which refers to the result of percep- 
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tual processes involved in the organization of sound-as it has Experiments 1 and 2: General Introduction 
been shown by a number of researchers to modulate the disruption 
by irrelevant sound (e.g., Jones & Macken, 1995; Jones, Saint- 
Aubin, & Tremblay, 1999). In physical terms, sound appears to be 
a jumble of undifferentiated pressure changes, whereas in percep- 
tual terms it appears to be partitioned into streams of relatively 
stable and distinct auditory objects (see Bregman, 1990). Cru- 
cially, there is evidence that several streams can be formed con- 
currently and that the objects that compose the streams can corre- 
spond to any source of sound. Finally, the organization of sound by 
streaming is mediated by a number of factors, such as pitch and 
location. 

Jones and Macken (1995) investigated the role of organiza- 
tional factors (i.e., streaming) in the ISE paradigm-specifi- 
cally, the role of spatial location and timing. Using a changing 
sequence of simple utterances (i.e., x, j, and w), they compared 
two conditions: one in which each utterance was assigned 
stereophonically to the left, right, or center spatial channel and 
another in which the same utterance sequence was assigned to 
the center channel only (i.e., monophonic presentation). When 
the cycle of events was repeated quickly, participants' percep- 
tion of the auditory scene was different for each condition. In 
the stereophonic condition, participants reported hearing three 
separate repeating streams corresponding to the three spatial 
locations, whereas in the monophonic condition, only one 
changing stream was heard. When these sequences were used as 
irrelevant material, they found that disruption to serial recall 
was significantly less in the stereophonic (three repeating 
streams) condition, compared with the monophonic location 
(one changing stream) condition. 

The challenge is to reduce the disruptive effects of warnings 
(if they are to be ignored in favor of conducting a task of higher 
priority) without diminishing the important characteristics of 
warnings, that of conveying meaning to the operator. In line 
with Jones and Macken (1995), one way of achieving this is to 
capitalize on the perceptual system's tendency to segregate the 
auditory scene into coherent and distinct streams (see Bregman, 
1990). It is thought that doing so may attenuate the disruption. 
In the present study we sought to test these assumptions using 
spoken auditory warnings. Although Tremblay, Nicholls, Al- 
ford, and Jones (2000) found that nonspeech sounds (e.g., 
tones) can be as disruptive to performance as speech when 
equated in terms of their acoustic variation (however, for con- 
trasting views, see Buchner, Irmen, & Erdfelder, 1996; SalamC 
& Baddeley, 1982), speech warnings were used in this study as 
the majority of previous research on auditory streaming has 
used tone or utterance-based stimuli. Furthermore, little is 
known about what effect streaming has on the properties of 
speech-based warnings (e.g., intelligibility). This is an unfor- 
tunate oversight given the increase in the prevalence of speech- 
based warnings due to advances in speech synthesis technolo- 
gies (see Spiegel & Streeter, 1997). 

The attenuation of the disruptive effects of extraneous warnings 
through auditory streaming was investigated in Experiment 3. 
However, it was necessary to conduct two preliminary experiments 
to ascertain whether auditory warnings can be streamed (Experi- 
ment 1) and what effect this has on their properties (Experiment 2). 

The aim of the current study was to ascertain whether auditory 
warnings that are streamed (i.e., components of the warning allo- 
cated to separate spatial locations) are less disruptive than nor- 
mally presented ones (i.e., unstreamed). To this end, two prelim- 
inary studies were conducted. Experiment 1 examined the effects 
of spatial location and timing on auditory warnings, which previ- 
ous research had shown to modulate the phenomenon of streaming. 
Experiment 2 examined the effects of streaming on the properties 
of warnings, in terms of clarity and perceived urgency. 

Experiment 1 

Jones and Macken (1995) used streaming by spatial location as 
a means of manipulating the level of disruption from background 
sound. In the present experiment a similar technique was used to 
examine whether the components of verbal auditory warnings can 
be streamed into three separate spatial locations. Participants were 
presented with verbal auditory warnings consisting of three sylla- 
bles, with each syllable presented to the left, right, or center 
channel. For each warning, the rate of presentation was increased 
systematically, and participants were asked to indicate the point at 
which segregation into three separate streams occurred. 

Method 

Participants. Twelve volunteers were recruited among Cardiff Univer- 
sity students. The age range of participants was 20-35 years old. All 
reported normal hearing and normal (or corrected-to-normal) vision. 

Materials. Eight warnings were selected from a database of helicopter 
voice warnings using the following criteria: first, that the warnings con- 
sisted of exactly three syllables and, second, that the comprehension of the 
warning assumed no technical knowledge of helicopter operations. The 
warnings were: al-ti-tude, $re war-ning, f i f t y  feet, at-ten-tion, e-lec-trics, 
en-gine fail, cab-in hot, and fuel $1-ter. All warnings were edited using 
digital editing software, so that the first syllable was allocated to the left 
channel only, the second syllable to the center channel (simultaneous 
presentation to both left and right channels), and the third syllable to the 
right channel only.' Following this, the rate of presentation for all warnings 
was increased in increments of 10%. Finally, a sound track for each of the 
eight warnings was compiled from these recordings so that the warning 
was presented twice2 each time the rate of presentation increased by 10%. 
Pairs of warnings were separated by 2 s of quiet. Thus, each sound track 
comprised pairs of warnings whose rate of presentation systematically 
increased. The warnings were presented to participants using stereophonic 
headphones. 

Design. For each warning participants were required to indicate the 
pair of warnings in which they perceived streaming to commence. The 

' It has been shown that the changing-state effect is at the phoneme or 
utterance level and not at the word level. For example, Tremblay, Macken, 
and Jones (2000) found that repeating a polysyllabic word is more disrup- 
tive than repeating a monosyllabic word. We would therefore expect 
repeating one polysyllabic word (e.g., monophonic-unstreamed presenta- 
tion of attention) to be more disruptive than repeating three monosyllabic 
words (e.g., stereophonic-streamed presentation of at, ten, and tion). This 
is investigated directly in Experiment 3. 

Bregman (1990) reported that the segregation of tones into separate 
streams does not occur straightaway. The warnings in the present study 
were therefore presented twice and in quick succession to encourage the 
onset of streaming. 
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modal presentation rate (repetitions per second) of each warning (i.e., the 
pair most frequently selected by participants as the threshold for streaming) 
was then calculated from the participant responses. The mode was used, 
rather than the mean, in order to select the pair of warnings that received 
the greatest consensus as to when streaming was perceived to commence. 
The order of presentation of the warnings was counterbalanced between 
subjects. 

Procedure. Participants were tested individually in a soundproof lab- 
oratory. Before beginning the trial, participants were presented with an 
auditory demonstration of streaming by location. After the demonstration, 
the understanding of participants was verified by asking them to verbally 
report what the demonstration had shown. Each of the eight sound tracks 
was then played twice in full to the participants. On the second audition, 
participants were asked to indicate, by way of a button press, the point at 
which they perceived streaming (i.e., three separate streams corresponding 
to the three spatial locations) to occur. Participants were instructed to make 
a response only after the audition of the warning pair (i.e., before the next 
pair was presented). 

Results and Discussion 

The overall length values of each warning (in seconds) are 
presented in Table 1. In addition, the presentation rate (the number 
of repetitions per second) at which participants reported streaming 
to occur and the percentage of agreement between participants are 
presented. It is clear from the results that for some of the warnings 
there was some variation between participants as to the point at 
which streaming was perceived to have occurred. Given that 
fission into separate streams does not necessarily occur immedi- 
ately (see Bregman, 1990), it is probable that if more repetitions of 
the stimuli were given, the consensus between participants could 
be improved and streaming could be perceived at slower rates of 
presentation. However, our intention in the present study was to 
examine whether capitalizing on the phenomenon of streaming can 
reduce disruption from auditory warnings in applied domains. In 
these contexts, it is desirable for fission into separate streams to 
occur as quickly as possible (even if this necessitates higher rates 
of presentation), so that interference with the primary task by 
extraneous warnings is reduced to the minimum. Nevertheless, for 
three of the warnings the consensus was reasonably high: attention 
(83%), engine fail (67%), and fire warning (67%). Furtherrrlore, if 
we consider the percentage of participants who perceived stream- 
ing to occur at these points or slower, the rates of agreement are 
even higher: attention (91%), engine fail (loo%), and fire warning 
(84%). These three warnings were selected for use in Experiment 3 

Table 1 
Modal Warning Length, Presentation Rate, and Percentage of 
Agreement Between Participants for Streamed Warnings 
(Experiment 1 )  

Overall length Presentation rate Percentage of 
Warning (s) (repetitionsls) agreement 

Attention 
Altitude 
Cabin hot 
Electrics 
Engine fail 
Fire warning 
Fifty feet 
Fuel filter 

to examine whether streamed warnings cause less disruption to a 
memory task undertaken at the same time, compared with wam- 
ings that were not streamed. In addition, the results indicate that 
for streaming to occur in voice warnings, the rate of presentation 
has to be relatively high. As such, the effects on the intelligibility 
of the warning are unclear, as are the effects on other character- 
istics of a warning such as perceived urgency (i.e., how pressing 
the warning is perceived to be) and clarity (i.e., how legible the 
warning sounds are). These issues were examined in Experiment 2. 

Experiment 2 

Overview 

This experiment examined two important characteristics of a 
verbal warning: clarity and perceived urgency. The three verbal 
warnings from Experiment 1 that achieved the highest consensus 
as to when streaming occurred were used in the present experi- 
ment. These were attention, engine fail, and fire warning. Using 
the results of the subjective reports of when streaming occurred, 
we decreased the presentation rate of each warning by 10%. In 
addition, all versions of each warning were manipulated digitally 
to create stereophonic (i.e., streamed) and monophonic (i.e., un- 
streamed) versions. The purpose of this manipulation was to as- 
certain whether faster rates of presentation above the threshold of 
streaming (i.e., the stimuli selected from Experiment 1) produce 
less disruption when used as irrelevant material in Experiment 3. 
Conversely, slower presentation rates (below the threshold of 
streaming) were expected to show more disruption. This pattern of 
results was not expected to occur with the monophonic (i.e., 
unstreamed) recordings. 

Perceived urgency. The perceived urgency of auditory warn- 
ings has been investigated at some length (Edworthy, 1994; Ed- 
worthy et al., 1991; Hellier, Edworthy, & Dennis, 1993). It has 
been shown that variations in acoustic features have strong and 
consistent effects on the perceived urgency of warnings. Perceived 
urgency is an important characteristic of warning given that studies 
have shown that increases in perceived urgency correlate with 
increased levels of response, such as a faster reaction time (Burt, 
Bartolome, Burdette, & Comstock, 1995; Haas & Casali, 1995). In 
addition, Edworthy and Stanton (1995) found that the rate of 
presentation was the strongest influence on the perceived urgency 
of a warning. They also argued that increasing the number of times 
a warning is presented also increases its perceived urgency. 
Clearly, the last finding is highly pertinent to the present study in 
that the rate of presentation is increased to encourage streaming to 
occur. A useful, albeit unexpected, side effect of this is that the 
perceived urgency of the warning might be increased. 

Clarity. Given that the purpose of an auditory warning is to 
convey information, it is important that the content of the 
warning can be clearly recognized. However, the effects of 
auditory streaming on warning clarity are untested. Fortunately, 
there are a number of studies that afford some insight into the 
effects of auditory streaming on warning clarity. Bregman 
(1990) showed that as the rate of presentation increases, the 
perception of streaming becomes more salient. However, one 
concern is that participants may find it difficult to reassemble 
the components of the streamed warning into one, coherent 
utterance. For example, Warren, Obusek, Farmer, and Warren 
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(1969) found that participants were unable to identify the tem- 
poral order of items within a rapidly repeated sequence of 
unrelated sounds. Bregman and Campbell (1971) argued that 
was because each of the sounds was allocated to a separate 
stream. As a result, the perception of order was good for items 
within the same stream and poor for items belonging to differ- 
ent streams. Thus, the research of Warren and his colleagues 
has an important implication for the present study. The main 
tenet of the present study is that interference of extraneous 
warnings can be reduced by allocating the components of the 
warning to discrete spatial locations, thereby creating three 
separate streams, and further increasing the propensity for 
streaming to occur by increasing the rate of presentation. This 
endeavor is at odds with Warren et al.'s findings insofar as the 
reconstruction of a streamed warning into a recognizable word 
may prove difficult because of the poor perception of order 
between streams. 

In light of these findings we would expect participant ratings of 
clarity to be lower when the warnings are presented stereophoni- 
cally (i.e., streamed). Moreover, in line with Edworthy and Stanton 
(1995) we would expect that the rate of presentation should in- 
crease ratings of perceived urgency. 

Method 

Participants. Twenty volunteers were recruited among Cardiff Univer- 
sity students. The age range of participants was 20-35 years old. All 
reported normal hearing and normal (or corrected-to-normal) vision. None 
had participated in the previous experiment. 

Materials. Three verbal warnings from Experiment 1-the three that 
had achieved the highest consensus as to when streaming occurred-were 
used in the present experiment. These were attention, engine fail, and fire 
warning. The presentation rate of each warning was also decreased by 10% 
(in relation to the subjective reports from Experiment 1). This procedure 
created two versions of each warning: above threshold and below thresh- 
old. In addition, all versions of each warning were manipulated digitally to 
create stereophonic (i.e., streamed) and monophonic (i.e., unstreamed) 
versions. All warnings were presented through stereophonic headphones at 

a mean sound level of 65 dB (A). Finally, a response booklet was prepared 
containing two 9-cm lines as indices of perceived urgency and clarity for 
all 12 warning presentations. The scale was labeled low on the left side and 
high on the right. 

Design. A 3 (warning: attention, engine fail, and fire warning) X 2 
(presentation: streamed and unstreamed) X 2 (speed: below threshold and 
above threshold) within-subjects factorial design was used. Rating scores 
for clarity and perceived urgency were derived from measuring from the 
left-hand point of the 9-cm line to the point where participants put a cross. 
A score out of nine was calculated whereby the higher the score, the higher 
the rating. The order of presentation of the warnings was counterbalanced 
between subjects. 

Procedure. Participants were tested individually in a soundproof lab- 
oratory. All of the 12 warnings were, in turn, presented twice to partici- 
pants. After the second audition, participants were asked to rate each 
warning's urgency and clarity by making a cross on each line correspond- 
ing to the two indices. 

Results 

Clarity. The group mean ratings for clarity are presented in 
Table 2. A 3 (warning: attention, engine fail, and fire warning) X 2 
(presentation: streamed and unstreamed) X 2 (speed: below 
threshold and above threshold) within-subjects analysis of vari- 
ance (ANOVA) showed a significant effect of warning and pre- 
sentation and a significant Warning X Presentation X Speed 
interaction. This analysis is reported in Table 3. All significant 
statistical differences equate to a large effect size as defined by 
Cohen (1988). 

Perceived urgency. The group mean ratings for perceived 
urgency are presented in Table 2. A 3 (warning: attention, engine 
fail, and fire warning) X 2 (presentation: streamed and un- 
streamed) X 2 (speed: below threshold and above threshold) 
within-subjects ANOVA showed a significant effect of warning, 
presentation, and speed. This analysis is reported in Table 3. No 
significant interactions were found. Once again, all significant 
statistical differences equate to a large effect size as defined by 
Cohen (1988). 

Table 2 
Clarity and Perceived Urgency Ratings for Attention, Engine Fail, and Fire Warning 
(Experiment 2)  

Below threshold" Above threshold" 

Streamed Unstreamed Streamed Unstreamed 

Warning M SD M SD M SD M SD 

Clarity 

Attention 3.98 1.71 6.40 1.66 4.40 2.06 5.23 2.17 
Engine fail 6.75 1.74 6.64 2.06 5.27 2.09 6.28 1.56 
Fire warning 4.38 2.18 6.38 1.86 4.69 2.08 6.62 1.76 

Perceived urgency 

Attention 5.68 1.94 6.05 1.56 5.81 1.80 6.76 1.08 
Engine fail 5.16 2.16 5.28 2.24 6.15 2.15 6.66 1.93 
Fire warning 4.32 1.59 4.40 1.88 4.79 1.95 5.97 1.48 

Note. Ratings could range from 0 to 9. 
"Refers to rate of presentation. 
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Table 3 
Analysis of Variance for Clarity and Percei~ied Clrgency Ratings (Experiment 2 )  

Clarity Perceived urgency 

Source df MSE F Cohen's f d f  MSE F Cohen's f 

Warning 2 30.66 5.45** 0.53 2 32.08 9.47** 0.70 
Error (warning) 38 5.63 38 3.40 
Presentation 1 108.81 28.22** 1.22 1 17.39 5.97* 0.56 
Error (presentation) 19 3.86 19 2.91 
Speed 1 6.94 2.95 0.39 1 45.94 39.91** 1.46 
Error (speed) 19 2.35 19 1.15 
Warning X Presentation 2 12.58 6.29** 0.58 2 0.75 0.62 0.18 
Error (Warning X Presentation) 38 1.99 38 1.22 
Warning X Speed 2 7.19 4.21* 0.47 2 3.24 2.87 0.39 
Error (Warning X Speed) 38 1.71 38 1.13 
Presentation X Speed 1 0.50 0.21 0.10 1 7.14 2.33 0.35 
Error (Presentation X Speed) 19 2.45 19 3.06 
Warning X Presentation X Speed 2 9.23 6.38** 0.58 2 0.68 0.53 0.18 
Error (Warning X Presentation X Speed) 38 1.45 38 1.29 

Discussion 

Overall, the results from the clarity and perceived urgency 
ratings are as expected. First, the findings of Warren and his 
colleagues (1969) are supported insofar as clarity ratings were 
generally poorer when the auditory warnings were presented ste- 
reophonically (i.e., streamed). Warren et al. would argue that this 
is because temporal order is poorly perceived when it involves 
determining the order of items in different streams. In other words, 
the loss of order due to streaming prevented participants from 
reassembling the component words or phonemes. Second, the 
findings of Edworthy and Stanton (1995) are supported insofar as 
perceived urgency ratings were higher for the higher rate of 
presentation. However, these ratings were significantly worse 
when the warnings were streamed. 

A limitation of the present experiment is that there is a potential 
confound between the warnings in terms of both their meaning 
(i.e., perceived urgency) and the rates of presentation needed to 
induce streaming (i.e., clarity). However, the impact of this poten- 
tial confound on Experiment 3 is minimal given the considerable 
body of research that shows marginal or no effect at all of the 
manipulation of meaning on disruption of serial memory (for a 
review, see Banbury, Macken, Tremblay, & Jones, 2001). 

Experiment 3 

The experiment examined the effects of extraneous sound on 
performance on serial memory for longitude and latitude informa- 
tion. Specifically, the aim of the experiment was to test the 
assumption that stereophonically presented warnings (i.e., 
streamed) are less disruptive to serial recall than are monophoni- 
cally presented ones (i.e., unstreamed). In addition, the rate of 
presentation was also manipulated to ascertain whether faster rates 
of presentation (i.e., above threshold) create more salient stream- 
ing effects and, as a result, produce less disruption. Conversely, the 
slower presentation rates below the threshold of streaming were 
expected to show more disruption. For the monophonic (i.e., 

unstreamed) recordings, it was expected that differences in the rate 
of presentation would not produce differences in disruption. 

A total of five conditions were tested: below threshold- 
streamed, above threshold-streamed, below threshold-unstreamed, 
above threshold-unstreamed, and finally a quiet control condition. 
In line with Jones and Macken (1995), it was predicted that only 
the streamed warning (i.e., above threshold-streamed) would pro- 
duce significantly less disruption to the serial memory task com- 
pared with the other warning treatments. 

Participants from Experiment 2 were used in this experiment so 
that the same participants undertook both (a) the ratings of clarity 
and perceived urgency of the warnings and (b) the serial memory 
task in the presence of the warnings. In line with Cowan's (1995) 
account of the ISE, it can be argued that this procedure could lead 
to a potential confound in which prior exposure to the irrelevant 
material could lead to a reduction in the level of disruption. If this 
is the case, it is possible that any reduction in disruption can be 
explained by habituation effects. However, the effect should be 
consistent across all warning conditions (and not differential as we 
are predicting). In addition, studies of habituation within the irrel- 
evant sound paradigm suggest that this is unlikely. For example, 
Banbury and Berry (1997) observed that habituation was attenu- 
ated after relatively short periods of quiet, and Tremblay and Jones 
(1998), using a different methodology, found no evidence of 
habituation. 

Method 

Participants. Participants from Experiment 2 took part in this study. 
None had participated in Experiment 1. 

Materials. Thirty-two navigational messages were presented using a 
personal computer with sound card and external speakers. Sounds were 
presented at a mean sound level of 65 dB (A). Each navigation message 
consisted of the spoken word longitude, followed by 5 digits, and the 
spoken word latitude, followed again by 5 digits. The 10 digits consisted 
of all integers between zero and nine, with no repeats, and were presented 
at the rate of one each second. The background sound comprised the 12 
verbal warnings from Experiment 2. All sounds were presented through 
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stereophonic headphones at a mean sound level of 65 dB (A). Participant 
responses were recorded in a response booklet. 

Design. A 3 (warning: attention, engine fail, and fire warning) X 2 
(presentation: streamed and unstreamed) X 2 (speed: below threshold and 
above threshold) X 10 (serial position: 10 items in the list) within-subjects 
factorial design was used. Responses were scored in terms of a strict serial 
recall criterion; the correct item had to be in the correct position for it to be 
scored as correct. 

Procedure. Participants were tested individually in a soundproof lab- 
oratory and seated directly in front of the computer monitor and speakers. 
Each trial consisted of three discrete phases. The encoding phase consisted 
of a visual cue on the screen to "Listen," followed by the auditory 
presentation of the words longitude and five digits and latitude and five 
digits. The rehearsal phase required participants to maintain the sequence 
of digits in the correct order by subvocal rehearsal. During this phase, a 
visual cue was presented on the computer screen instructing participants to 
"Rehearse" for 10 s. The auditory warnings were presented during this 
phase (and in this phase only) appropriate to condition. The recall phase 
required participants to recall the material, by way of a written response, in 
the order in which it was presented. They had 15 s to do this before the 
message "Next Trial" was displayed on the computer screen. Participants 
were instructed to ignore any background sound presented during the 
experiment. 

Results 

A 3 (warning: attention, engine fail, and fire warning) X 2 
(presentation: streamed and unstreamed) X 2 (speed: below 
threshold and above threshold) X 10 (serial position: 10 items in 

the list) within-subjects ANOVA showed no significant main 
effect of warning and significant main effects of presentation, 
speed, and serial position. In addition, there was a significant 
Presentation X Speed interaction. This analysis is reported in 
Table 4. All significant statistical differences equate to a large 
effect size as defined by Cohen (1988). Finally, there was a 
significant Warning X Presentation X Serial Position interaction, 
equating to a medium effect size (Cohen, 1988). Analysis of the 
main effect of serial position showed that performance was sig- 
nificantly better on List Items 1, 6, and 10 ( p  < .05). This may 
reflect primacy and recency advantages within each of the longi- 
tude and latitude lists (i.e., that the 10-item list was remembered as 
two 5-item lists-longitude and latitude). Analysis of the Presen- 
tation X Speed interaction showed that performance was signifi- 
cantly better in the above threshold-streamed condition ( p  < .05). 
This interaction is presented in Figure 1. Analysis of the Warn- 
ing X Presentation X Speed interaction showed that performance 
was significantly better for unstreamed attention compared with 
unstreamed engine fail and fire warning for Serial Position 8. 

Finally, the warning data were collapsed and the quiet control 
data included so that a 5 (auditory condition: below threshold- 
streamed, above threshold-streamed, below threshold-unstreamed, 
above threshold-unstreamed, and quiet) X 10 (serial position) 
ANOVA could be carried out. Although collapsing across the 
different warnings runs a substantial risk of erroneous interpreta- 
tion (because of the previous determination of significant effects 

Table 4 
Analysis of Variance for Serial Memory Peiformance (Experiment 3) 

Source df MSE F Cohen's f 

Warning 
Error (warning) 
Presentation 
Error (presentation) 
Speed 
Error (speed) 
Serial position 
Error (serial position) 
Warning X Presentation 
Error (Warning X Presentation) 
Warning X Speed 
Error (Warning X Speed) 
Presentation X Speed 
Error (Presentation X Speed) 
Warning X Presentation X Speed 
Error (Warning X Presentation X Speed) 
Warning X Serial Position 
Error (Warning X Serial Position) 
Presentation X Serial Position 
Error (Presentation X Serial Position) 
Warning X Presentation X Serial Position 
Error (Warning X Presentation X Serial Position) 
Speed X Serial Position 
Error (Speed X Serial Position) 
Warning X Speed X Serial Position 
Error (Warning X Speed X Serial Position) 
Presentation X Speed X Serial Position 
Error (Presentation X Speed X Serial Position) 
Warning X Presentation X Speed X Serial Position 
Error (Warning X Presentation X Speed X Serial Position) 
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Figure I .  Overall percentage of error in serial recall when irrelevant 
streamed and unstreamed warnings are presented at two rates of presenta- 
tion (Experiment 3). Error bars represent standard error. 

associated with the different warnings), we believe that such an 
analysis may be illuminating. There were significant main effects 
of both auditory condition and serial position, equating to a large 
effect size (Cohen, 1988). The interaction of the two factors was 
also significant, equating to a medium effect size (Cohen, 1988). 
This analysis is reported in Table 5. The serial position curves for 
each auditory condition are presented in Figure 2. Post hoc 
Newman-Keuls analysis of the main effect of serial position 
showed that recall performance was significantly better on List 
Items 1, 6, and 10 ( p  < .05). Analysis of the main effect of 
auditory condition indicated that performance on all noise treat- 
ments was significantly worse than the quiet control ( p  < .05). 
However, performance on the above threshold-streamed condition 
was also significantly better than those of the other noise treat- 
ments ( p  < .05). Post hoc Newman-Keuls analysis of the inter- 
action showed that for Serial Position 1 there were no significant 
differences between the auditory conditions ( p  > .I), for Serial 
Positions 2 and 5 performance in all auditory conditions was 
significantly worse than in the quiet condition ( p  < .05), and for 
Serial Positions 3, 4, 6, 7, 8, 9, and 10 performance in both quiet 
and above threshold-streamed conditions was significantly better 
than the other auditory conditions ( p  < .05). Furthermore, for 
these positions performance in the quiet condition was signifi- 
cantly better than the above threshold-streamed condition ( p  < 
.05). For the above threshold-streamed condition, then, the dis- 
ruptive effects of extraneous warnings were attenuated for 7 of 
the 10 serial positions. 

Discussion 

The results of this experiment show that extraneous speech 
warnings can disrupt performance on a simple serial memory task. 

Table 5 
Analysis of Variance for Serial Memory Per$orm 

--t Below-Str 

t Above-Str - Below-Unstr 

+ Above-Unstr 

- - -6 - - Quiet 

10 

20 0  c 
1 2 3 4 5 6 7 8 9 1 0  

Serial Position 

Figure 2. Serial recall performance under conditions of quiet and of 
below threshold-streamed (Below-Str), above threshold-streamed (Above- 
Str), below threshold-unstreamed (Below-Unstr), and above threshold- 
unstreamed (Above-Unstr) warnings (Experiment 3). 

The results also support the findings of Jones and Macken (1995) 
insofar as auditory streaming can attenuate the disruptive effect of 
the extraneous speech, but not to the extent of performance in 
quiet. Specifically, above threshold-streamed presentations of the 
warnings produced significantly less disruption than the other 
presentation types for the majority of serial positions, particularly 
the latter half of the list. 

General Discussion 

This series of experiments has shown that extraneous speech 
warnings can disrupt performance on a relatively simple serial 
memory task. Furthermore, the experiments have shown that cap- 
italizing on the perceptual system's tendency to segregate the 
auditory scene into streams can attenuate this disruption (see 
Bregman, 1990). In addition, an increase in the rate of presentation 
of the warning increased subjective ratings of perceived urgency. 
However, these ratings were significantly worse when the warn- 
ings were streamed. Finally, the results have also shown that the 
streaming of warnings had a significant cost (Cohen's f of 0.47) 
insofar as reduced clarity. 

Theoretical Implications 

In the light of these findings, the established explanations re- 
garding the ISE and auditory streaming can be scrutinized. The 
reduction of interference by streaming observed in Experiment 3 
provides more evidence for the assumption that perceptual orga- 
nization of incoming background sound can modulate its disrup- 

ance (Experiment 3) 

Source df MSE F Cohen's f 

Auditory condition 4 49,544.58 88.72** 2.13 
Error (Auditory condition) 76 558.45 
Serial position 9 25,767.41 32.57** 1.31 
Error (Serial position) 171 791.19 
Auditory Condition X Serial Position 36 899.19 2.67** 0.37 
Error (Auditory Condition X Serial Position) 684 336.30 
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tion to short-term memory. The changing-state hypothesis (see 
Jones, Madden, & Miles, 1992) proposes a process-oriented ac- 
count of the ISE. Disruption of serial recall is assumed to be due 
to a concurrence of two processes of seriation: from the deliberate 
rehearsal of the to-be-remembered list and from obligatory preat- 
tentive organization of the irrelevant sound sequences (Jones et al., 
1996). Crucially, evidence is now emerging that seriation is a 
characteristic of preattentive processing of auditory sequences 
also, insofar as the manner in which the sound is sequentially 
organized by perceptual processes is analogous whether the sound 
is attended to or unattended (Jones, Alford, Bridges, Tremblay, & 
Macken, 1999). The magnitude of the ISE seems to be related to 
the extent of change between successive sounds, although this 
relation is far from straightforward. This account can therefore 
explain the finding that the degree of disruption can be modified 
considerably by changing the perceptual organization of the irrel- 
evant sound (generically referred to as auditory streaming), largely 
independent of changes in identity. 

However, theories of interference that invoke mechanisms re- 
lying on similarity of content between the irrelevant sound and the 
to-be-remembered sequence have difficulty in accounting for any 
of these effects. For example, SalamC and Baddeley's (1982) 
phonological similarity account argues that the disruption by ir- 
relevant sound is related to the conflict of phonological code from 
the to-be-remembered material and the irrelevant sound. More- 
over, the level of disruption is related to the degree of similarity 
between these two codes. However, the pattern of results in Ex- 
periment 3 is not consistent with this account. Specifically, the 
relation between the phonology of the to-be-remembered material 
and the irrelevant warnings was identical in both the above 
threshold-streamed and unstreamed conditions, yet the degree of 
disruption was greater in the streamed condition. Similarly, Cow- 
an's (1995) attentional recruitment account, which proposed that 
disruption by irrelevant sound is modulated by the habituation to 
the orienting response, is also not supported for the same reasons; 
given the similarity of content between the streamed and un- 
streamed material, the rate of habituation should be identical, 
leading to similar levels of disruption. 

The presence of streaming effects, on the one hand, and reason- 
ably good recognition and clarity ratings, on the other, needs some 
reconciliation. Recent studies by Macken, Tremblay, Culling, and 
Jones (2002) found a relationship between the level of disruption 
by irrelevant sound and the availability of order information. 
Specifically, when order was difficult to ascertain (because of 
rapid presentations or lack of transitional information), disruption 
was attenuated. When transitional information was provided (by 
connecting sounds with continuous glides), the order report was 
significantly better and disruption by these sounds significantly 
worse. Indeed, the findings of the current study support these 
findings insofar as the above threshold-streamed warnings showed 
slightly reduced levels of disruption at a cost of reduced levels of 
clarity. However, the fact that the warnings were not incompre- 
hensible merits some discussion. We suggest that transitional 
information implicit in the warning itself assists the fusion of the 
three streams into a single, coherent, and comprehensible one. In 
other words, the utterances that make up the warning can be 
recombined in only one unique way: a comprehensible phrase. 
Indeed, there is good evidence for the role of top-down processing 
in the reconstruction of streamed tokens (see Bregman, 1990). 

Our intention in the present study was to demonstrate that 
principles of auditory streaming could be used to reduce the 
deleterious effects of background sound where low-priority warn- 
ings are to be ignored in favor of attending to a high-priority task, 
without the risk of disruption. In this case, the general assumption 
is that the onset of streaming is independent of the locus of 
attention. However, the notion that auditory streaming does not 
require deliberate attention is controversial. Carlyon, Cusack, Fox- 
ton, and Robertson (2001) claimed that attention is required for the 
auditory streaming process to take place, whereas Macken, Trem- 
blay, Houghton, and Jones (2003) argued that preattentive percep- 
tual organization can also occur. In other words, it seems that there 
is a natural tendency for the brain to stream auditory information. 
If this is indeed the case, auditory streaming can be used to 
attenuate disruption by extraneous auditory warnings whether they 
are attended to, partly attended to, attended to at first, or ignored 
completely (i.e., unattended). 

Practical Implications 

As far as the practical implications of this study are concerned, 
the results demonstrate both disruption to serial memory by extra- 
neous background noise and the potential for using the principles 
of auditory streaming to attenuate this disruption. 

The size of the effects found in Experiment 3 is of interest to the 
study of noise abatement in the workplace. The disruption from 
extraneous speech warnings equates to a large effect size (Cohen's 
d of 3.14). Considering that the task of correctly remembering and 
recalling navigation information is safety critical, the results from 
the present study showed that virtually none of the participants 
were able to recall the navigation messages perfectly in the pres- 
ence of extraneous auditory warnings. The attenuation of the 
disruption using auditory streaming is therefore very notable; the 
reduction in disruption by extraneous warnings equates to a large 
effect size (Cohen's d of 2.40). However, the streaming of warn- 
ings also caused a significant reduction in warning clarity. This 
finding is a major concern to designers of auditory warnings as the 
perceived clarity of speech warnings is crucial to their effective- 
ness. Although the ratings for the streamed warnings were signif- 
icantly lower than for the unstreamed ones, these ratings were at 
the midpoint of scale. In other words, participants reported that the 
clarity of the streamed warnings was neither especially good nor 
especially poor. In addition, the warnings were novel to partici- 
pants. Given sufficient exposure to streamed warnings, ratings of 
perceived clarity might improve. On balance, then, the cost of 
reduced clarity is outweighed by the benefit of reduced disruption, 
especially if only secondary warnings are streamed. 

The main premise of the present study is the context in which 
the operator may be undertaking a high-priority task at the same 
time as the presentation of a lower priority warning. However, 
rather than ignore the warning and risk disruption by the extrane- 
ous sound, the operator could choose to interrupt the primary task 
and manually cancel the warning. Unfortunately, the cost to the 
primary task from interruption can also be severe (e.g., Gillie & 
Broadbent, 1989). The findings of the present study are also timely 
given the growing use of the auditory modality, as an alternative to 
the often overloaded visual modality, to present warning and status 
information to the operator (for an overview, see Wickens & 
Hollands, 2000). 
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From a naturalistic point of view, it is a pity that the warnings 
used in the present study were attention, engine fail, and fire 
warning. Clearly, it would be nonsensical to suggest that there are 
more urgent tasks that would require the operator to ignore these 
kinds of warnings. However, the choice of warnings was an 
artifact of the constraints imposed on the selection of suitable 
warning stimuli (i.e., the requirement to have exactly three sylla- 
bles and be generic enough for nonspecialist participants to be able 
to understand them). Further research could make use of more 
realistic scenarios and warnings through the use of three- 
dimensional sound presentation equipment to increase the spatial 
locations available for streaming to above three. Finally, the nov- 
elty of the warnings selected for evaluation is also a limitation of 
the present study, in that the unfamiliarity of the warnings may 
have reduced the ratings of clarity. Further studies could either 
recruit participants familiar with the warning stimuli or incorporate 
a short training phase for nonspecialist participants. 

In summary, the results of the present study have shown that 
extraneous auditory warnings can severely disrupt performance on 
a simple short-term memory task, that these warnings can be 
streamed by manipulating spatial location and timing, and that the 
use of these principles of auditory streaming can attenuate the level 
of disruption. However, operators and system designers may find 
the reduction in clarity when warnings are streamed unacceptable. 
Other means of reducing this disruption will have to be found. One 
option is through the use of context-sensitive management of 
speech and tone warnings so that noncritical warnings or radio 
communications can be suppressed or postponed during safety- 
critical phases of the task. 
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