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Abstract

The phenomenon of attentional capture by a unique yet irrelevant “singleton” distractor 

has typically been studied in visual search. In this thesis I ask whether attention can 

also be captured by auditory singletons in tasks of auditory search. Participants 

searched sequences of sounds for targets defined by frequency, intensity or duration. 

The presence of a “singleton” distractor that was unique on an irrelevant dimension 

(e.g. a low frequency singleton in search for a target of high intensity) was associated 

with search costs in both detection and discrimination tasks. However if the singleton 

feature coincided with the target item, search was facilitated. These results demonstrate 

attentional capture in the auditory domain. Further experiments showed that, like visual 

attentional capture, auditory attentional capture depends on participants adopting an 

“odd-one-out” strategy for attentional allocation. In addition, a final set of experiments 

confirmed that singleton interference could be found in tasks of visual sequential 

search, providing a direct visual analogue for the present auditory effects. Overall, this 

thesis establishes the phenomenon of auditory attentional capture, adding to a growing 

body of research demonstrating similarities between attentional processes in vision and 

hearing.
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Chapter 1

General Introduction



1.1 Preface

The brain receives an overwhelming amount of information from all the senses at the 

same time. In order to respond to this stimulation appropriately, we need to focus our 

attention on stimuli that are relevant to our current goals, while ignoring stimuli that are 

currently less relevant. However, although this process of selective attention is essential 

for coherent behaviour, it is also important that less relevant stimuli can attract 

attention away from the task at hand if they are likely to signal valuable information 

about the environment. In particular, a “singleton” stimulus that is unique against a 

uniform background is likely to indicate an area of the environment that may provide 

important new information. For example, an orange stimulus among many green 

stimuli could indicate a fruit among leaves, and it might therefore be useful to direct 

attention towards this colour singleton even when it is irrelevant to a current task. 

Similarly, a high pitch sound from a baby that has previously been making lower pitch 

noises might suggest that the baby requires attention. Once again, although the baby’s 

noises may have been temporarily irrelevant to the task at hand (e.g. listening to 

someone talking), it is very important to be able to direct auditory attention away from 

that task and towards the baby when auditory information suggests that the baby’s 

behaviour may have changed.

The process whereby attention is drawn towards “singleton” items that are 

unique against the background yet irrelevant to an ongoing task has been termed 

attentional capture (AC). This phenomenon has been the focus of much research, 

although until recently it has been studied almost exclusively in vision. However, in
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order to understand attention more fully, we must aim to characterise the ways in which 

it acts in modalities other than vision. The purpose of this thesis is to examine whether 

unique yet irrelevant auditory singletons can capture attention away from an auditory 

task. As hearing is free from the spatial restrictions of the other senses it is often 

thought of as an early-warning system that can monitor in all directions while vision 

(the only other sense that can operate at long-range) is focused on a much smaller area 

of space. As such, hearing can provide us with advance notice of sudden changes in the 

environment and we might therefore expect auditory attention to be open to capture by 

singleton sounds, even when they are irrelevant to the task at hand.

This chapter begins with a review of the relevant research into selective 

auditory attention and interference effects by irrelevant auditory distractors. In the 

second section I outline the phenomenon of AC as it has been studied within vision and 

examine the principles of visual AC that are likely to be relevant for AC in the auditory 

domain. The auditory search task used throughout my experiments was designed in line 

with these principles, as I discuss in the final section of this chapter.

1.2 Auditory attention

Attentional capture is the process by which singleton items interrupt focused attention 

despite being irrelevant to the task at hand. In order to ask whether this process occurs 

within hearing, it is first important to establish that auditory attention can focus 

selectively on a subset of relevant stimuli at the expense of other stimuli. As I will 

discuss in the following section, there has been a substantial amount of work showing
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that auditory attention can be focused in this way. It will then be important to consider 

previous studies that have asked whether this focused attention can be interrupted by 

the presence of auditory distractors. I will discuss this research in section 1.2.2.

1.2.1 Selective auditory attention

There is considerable evidence that auditory attention can focus on subsets of task­

relevant stimuli if they are separated from task-irrelevant stimuli on the basis of a 

particular auditory feature (such as frequency or intensity). I will outline results from 

several different paradigms that converge on the conclusion that auditory attention can 

be selective in this way.

Dichotic listening

Early studies using the dichotic listening technique found that participants could 

selectively attend to auditory information presented to one ear (which they were often 

asked to shadow) while apparently ignoring information presented to the other ear (as 

indicated by failures to report information presented there, e.g. Cherry, 1953; Moray, 

1959). This selective focusing of attention was found to be greatly improved if the 

relevant and irrelevant messages were distinguished by a simple auditory feature (such 

as the pitch of the voice speaking the words) as well as by ear of presentation. This 

observation p rovided s ome o f  the earliest evidence to suggest that auditory attention 

could focus on stimuli containing a particular auditory feature at the expense of stimuli 

that did not contain that feature.

Further research found that the attentional selection obtained within the dichotic 

listening tasks was not completely effective. Even the earliest experiments found that,

12



while semantic changes in the content of the unattended channel typically went 

unnoticed, changes in the simpler physical characteristics of the unattended stimuli, 

such a s t he p itch o f  the s peaking v oice, w ere o ften detected (Cherry, 1953). Further 

studies found that words in the unattended channel were sometimes noticed if they 

contained very salient semantic information such as the subject’s name (Moray, 1959) 

or if  they were temporarily primed by virtue of their semantic meaning. For example, 

subjects sometimes switched from shadowing the attended message to shadowing the 

message they had been instructed to ignore, if this made semantic sense (e.g. if the 

phrase “dear, four, Jane” was played to the attended ear and the phrase “three, aunt, 

five” was played to the unattended ear, subjects were more likely to shadow the phrase 

“dear aunt Jane” than the phrase “dear four Jane”, even though this involved shadowing 

the word “aunt” from the unattended ear; Gray & Wedderbum, 1960). Overall the 

dichotic listening studies broadly agreed that auditory attention could selectively focus 

on sounds containing a particular auditory feature, with only information that was 

either very basic (e.g. changes in pitch) or semantically primed (e.g. the subject’s 

name) disrupting this attentional focus.

However the dichotic listening tasks typically involved presentation of fairly 

complex speech information and the strength of attentional focus was therefore 

measured with techniques such as semantic priming or recognition memory. As such, 

these studies are subject to semantic processes as well as alternative accounts in terms 

of memory. This prevents clear interpretation of these findings in terms of the extent to 

which selective attention reduces perception of irrelevant information. Clearer effects 

of focused attention on auditory perception have been demonstrated in the studies
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discussed below, which use simpler auditory stimuli (e.g. pure tones) and assess 

performance on the basis of detection or discrimination RTs and accuracy.

Expectancy

There is evidence to suggest that subjects are better at processing sounds at an expected 

frequency or intensity than at an unexpected one. This research has shown that subjects 

are able to focus auditory attention on a band of attended frequencies or intensities, at 

the expense of values failing outside the attended range. For example, Greenberg & 

Larkin (1968) tested subjects’ detection of tones presented at levels that were just 

above threshold. On each trial a tone would be presented in one of two time intervals 

and subjects were asked to indicate in which of the two intervals the tone had appeared 

(this is known as a two-interval forced choice task). Greenberg and Larkin found that 

subjects expecting a frequency of 1100 Hz detected tones with frequencies under 1000 

Hz or over 1200 Hz much less often than they detected tones falling within the range of 

±100 Hz from the expected frequency. Similar results were found (for different 

expected frequencies) in two-interval forced choice tasks with tones presented against a 

background of white noise (e.g. Yama & Robinson, 1982; Scharf et al., 1987).

Expectancy can also be based on the dimension of intensity. For example, 

Nosofsky (1983) asked subjects to judge on each trial whether the second of two 

sounds was louder or softer than the first. On some trials, both sounds were of a 

relatively high intensity, and on other trials both were of lower intensity. Nosofsky 

found that performance on the discrimination task improved as subjects were given 

more examples at a particular intensity range. For example, if  ten successive trials 

involved low intensity sounds, performance would be better by the eighth trial at that
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range than at the beginning. If stimuli then changed to the high intensity range, 

performance dropped back down (but would improve again if several trials were 

presented at this intensity range). These results imply that subjects could focus their 

attention on sounds of a particular intensity, and that it would take several trials at a 

new intensity range before they were able to shift their attention to focus on that range.

There is also evidence that judgements about a particular dimension of a target 

sound can be improved if that sound is at an expected value on a different dimension. 

For example, Mori & Ward (1991) found that subjects’ intensity discriminations were 

more accurate if all tones were of the same frequency, rather than all tones being of 

different frequencies. Mondor, Zatorre & Terrio (1998) also found that participants 

responding to the location of tones performed better if  those tones did not also vary on 

the irrelevant dimension of frequency. Similarly, irrelevant variations in location 

interfered with responses to the frequency of the tones. Luce and Green (1978) asked 

subjects to discriminate the frequencies of successive tones, responding after each tone 

according to which of two possible frequencies had been presented. Performance was 

better if the tones they were judging were at, or close to, an expected rather than an 

unexpected intensity (see also Green & Luce, 1974).

Cuing

Studies of auditory cuing also provide evidence to support the idea that attention can 

focus s electively o n p articular frequencies and intensities. For example, Mondor and 

Bregman (1994) asked participants to judge the durations of target tones (short vs. 

long). Responses were faster and more accurate when a sound preceding the target was 

at the same frequency as the target (75% of trials), than when the two were at different
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frequencies (25%; see also Howard, O’Toole, Parasuraman, & Bennett, 1984; Scharf et 

al., 1987; Ward & Mori, 1996; Ward, 1997). This suggests that auditory attention was 

drawn towards the frequency of the preceding “cue” sound, facilitating performance for 

successive sounds at that frequency but interfering with performance for a following 

sound of a different frequency. Similar studies have shown that auditory attention can 

also b e d  rawn to p  reviously c ued i ntensities a nd d urations. F or e xample, M ondor & 

Lacey (2001) found that subjects were slower and less accurate in identifying the 

duration, intensity or timbre of a target sound when a preceding sound differed from 

the target in duration or intensity (compared with trials in which the target and 

preceding sound shared the same duration or intensity).

Although this type of cuing towards ranges of frequencies, intensities or 

durations is typically considered to be exogenous (e.g. Dai & Buus, 1991; Ward, 1997), 

there is also evidence that attention can be cued endogenously. For example, Hafter, 

Schlauch and Tang (1993) demonstrated that subjects were able to make use of 

“relative” frequency cues. Probe sounds (presented against a background of white 

noise) were detected more accurately when they had frequencies at a certain reliable 

separation from the frequency of the cue sound (e.g. when probe sounds were at the
i L

musical interval of a 5 below the cue sound) than when the cue sound was absent. 

This suggests that subjects were able to use frequency cues endogenously, voluntarily 

allocating attention to the frequency region at the correct separation from the cue 

sound.
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Auditory streaming

Another line of evidence that auditory attention can selectively focus on sounds with a 

particular relevant feature comes from studies of the effects of auditory streaming. This 

research has demonstrated that a single sequence of sounds can, under certain 

conditions, be perceived as two different groups (or “streams”; e.g. Bregman and 

Campbell, 1971). This auditory streaming effect usually occurs when the sounds in the 

sequence are of high and low frequencies alternately (with frequency separations of at 

least 4 semitones) and when rates of presentation are high (e.g. Van Noorden, 1975). 

Under these circumstances, subjects tend to perceive two concurrent streams, one 

consisting of the high frequency sounds and one of the lower sounds.

There is evidence that attention can focus exclusively on one of these perceptual 

streams, at the expense of sounds that are perceived as belonging to another stream. For 

example, Bregman and Campbell (1971) presented subjects with three different high 

frequency tones (ABC) and three different low frequency tones (123) in a repeating 

sequence (e.g. A1B2C3A1B2C3... etc) with frequency differences and timings 

designed to provoke stream segregation. When they were asked to report the order of 

the tones, subjects tended to respond either “ABC 123” or “123ABC”, suggesting they 

had not been able to focus attention on both streams at the same time. It appeared that 

subjects had attended to the order of items within the two segregated frequency streams 

rather than across the sequence as a whole (see also Dowling, 1973). Thus, auditory 

attention appears to be able to focus selectively on particular groups of sounds that are 

distinguished from other groups simply on the basis of frequency.
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There is also limited evidence to suggest that, as is also the case in visual 

attention (e.g. Baylis & Driver, 1992; Duncan & Humphreys, 1989), factors such as 

target-nontarget similarity and nontarget-nontarget similarity can strengthen auditory 

perceptual segregation of attended and unattended groups, increasing efficiency of 

auditory attentional focus. Leek, Brown & Dorman (1991) presented subjects with sets 

of three rapid sequences of nine tones, one after another. The first sequence was always 

the standard and subjects were asked to discriminate between the following two 

sequences, responding according to which of them was the same as the standard. One 

of these following sequences would always differ from the standard, in that one sound 

only (the target) would have a slightly higher frequency than the corresponding sound 

in the standard sequence. Performance on the discrimination task improved 

systematically with increased frequency separation between the “target” and 

“nontarget” tones. Leek et al. (1991) also found that increased intensity separation of 

the target from the nontargets led to improved frequency discriminations of this type. 

Thus the degree of target-nontarget similarity plays a role in determining the 

effectiveness of focused auditory attention. There is also evidence that nontarget- 

nontarget similarity can affect the efficiency of auditory attentional focusing. Bregman 

and Rudnicky (1975) asked subjects to make order judgements about a pair of tones of 

different frequencies, A and B. Although this is an easy task when the tones are 

presented in isolation, it becomes significantly more difficult if  distractor tones (of a 

third frequency, X) are presented before and after the target tones (e.g. producing the 

sequence XABX). However Bregman and Rudnicky found that the interference effects 

of these distractors could be reduced if a series of “captor” tones (of a fourth frequency,
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C, which was similar to the distractor frequency, X) were presented before and after the 

distractors (e.g. producing the sequence CCCXABXC). Distractor interference effects 

decreased with increased similarity of frequency between captor and distractor tones. It 

is likely that the captor tones reduced distractor interference by streaming with the 

distractor tones, leaving the target tones in a separate stream and thus making them 

more easily perceivable. This finding suggests that nontarget-nontarget similarity 

allows more effective perceptual streaming of stimuli and can therefore contribute to 

efficient focusing of auditory attention.

Similarly, Alain and Woods (1993) asked subjects to listen to a sequence of 

sounds and attend to those of a particular frequency (2096 Hz), detecting occasional 

targets defined by either longer duration or higher intensity. Detection performance was 

faster and more accurate if the irrelevant nontargets in the sequence were all of similar 

frequencies (1482 Hz and 1400 Hz) than if the nontargets were of more different 

frequencies (1482 Hz and 1048 Hz). Thus, as in visual attention, the factors of target- 

nontarget similarity and nontarget-nontarget similarity can affect the efficiency of 

auditory selective attention, presumably by allowing stronger streaming into attended 

and unattended groups.

ERP research

The suggestion that focused auditory attention can affect early perceptual processing of 

ignored sounds has also received support from event-related potential (ERP) studies. In 

a typical design, subjects are asked to attend to a sequence of tones defined as having 

an easily discriminable feature (such as a particular frequency or ear of presentation) 

while ignoring stimuli that do not have that feature. ERPs elicited by the attended
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stimulus are then compared with ERPs elicited by the same stimulus when it is 

unattended. Although there is no physical difference between the stimuli, they typically 

elicit very different ERPs even at relatively short latencies, suggesting that selective 

auditory attention can have an important effect even on early perceptual processes. For 

example, there have been many observations of attentional differences starting at 60 to 

80 ms after stimulus presentation (e.g. Hillyard, Hink, Schwent and Picton, 1973; 

Hansen & Hillyard, 1 983; Naatanen, Gaillard & Mantysalo, 1 978) and there is even 

some evidence to suggest that these differences can occur as early as 20 to 50 ms after 

stimulus presentation (e.g. Hoormann, Falkenstein & Hohnsbein, 2000).

Neuroimaging research

There have been very few neuroimaging studies of auditory selective attention. 

However, the limited research in this area agrees that paying attention towards auditory 

stimulation (compared with ignoring the stimulation) activates areas of primary 

auditory cortex as well as temporal lobe auditory association areas (e.g. Grady et al., 

1997; O’Leary et al., 1997), implying, in line with the ERP research, that selective 

attention has an effect on auditory perception.

1.2.2 Distractor interference effects on auditory selective attention

The studies reviewed so far have demonstrated that attention can focus selectively on a 

subset of task-relevant auditory stimuli. The current issue of AC by irrelevant singleton 

distractors concerns the extent to which such focused auditory attention is disrupted by 

the presence of an irrelevant singleton distractor. Although this specific issue has not
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yet been addressed, there has been some research into the more general issue of 

interference by auditory distractors.

Behavioural findings

Some of the earliest research into the behavioural effects of auditory distractors 

concerned the orienting reflex. This is a response that typically involves head and body 

movements towards a novel auditory event occurring against an otherwise empty 

background (e.g. Pumphrey, 1950; Sokolov, 1963). The fact that novel, unique auditory 

events can elicit an orienting reflex is generally encouraging for the present aim of 

demonstrating auditory AC by unique singleton distractors. However, singleton 

distractors in the typical AC paradigm are not novel (rather they are presented on 50% 

of the trials and subjects are aware that they are likely to appear). Research suggests 

that subjects quickly become habituated to such repeated stimuli, so that these stimuli 

cease to elicit an orienting response (e.g. Sokolov, 1963). Furthermore, singleton 

distractors in  the present experiment are typically presented against a background of 

several other stimuli making up a search array, unlike the stimuli used to elicit the 

orienting reflex, which appear against an empty background. It is therefore not clear 

whether the singleton distractors used in the typical AC paradigm would elicit an 

orienting response.

Some more recent studies have found evidence to suggest that auditory 

distractors can interrupt focused auditory attention, leading to interference in 

behavioural t asks, e ven i f  t hey d o n ot c ause a n o vert r esponse s uch a s the orienting 

reflex. Recall that many of the studies of auditory expectancy found that performance 

in judgement tasks on a particular dimension (e.g. intensity) was better when stimuli
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did not vary on another dimension (e.g. frequency) than when they did (e.g. Luce & 

Green, 1978; Mondor, Zatorre & Terrio, 1998; Mori & Ward, 1991). In other words, if 

a target sound contains a distractor feature (i.e. a feature that causes irrelevant variation 

on a non-target dimension), this tends to interfere with performance. However, in these 

studies the irrelevant variation is presented within the target sounds themselves. There 

is evidence that, at least for certain dimensions (including pitch and loudness), auditory 

attention cannot be selectively focused on one dimension o f  a sound while ignoring 

another dimension of the same sound (e.g. Grau & Kemler Nelson, 1988; Melara & 

Marks, 1990; Wood, 1975). The phenomenon of AC involves irrelevant singleton 

features that are presented in a clearly separate nontarget object. The auditory studies 

described above cannot provide information about subjects’ ability to ignore such 

nontarget sounds.

A few of the auditory streaming studies (discussed in section 1.2.1) have looked 

at the behavioural effects of distractors that are presented separately from the target. 

These studies demonstrated that focused auditory attention can be interrupted by 

irrelevant sounds as long as those sounds are perceived as part of the same stream as 

the target. Recall, for example, that Bregman and Rudnicky (1975) found that 

interference from distractor tones could be reduced if they were flanked by “captor” 

tones allowing perceptual segregation of targets and distractors. However, apart from 

these few studies there has been very little behavioural research into auditory 

distraction.
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ERP research

There has been extensive ERP research into the effects of sounds that form a change in 

a repetitive auditory sequence. Although this line of research has rarely addressed the 

effects of distractor items explicitly, singleton distractors are, by definition, unique 

against a relatively homogeneous background, and are thus likely to be perceived as 

causing a change in an ongoing auditory sequence. The ERP research discussed here 

may thus speak indirectly to the issue of singleton distractor interference.

A typical finding is that deviant sounds (i.e. those that differ from the standard 

sounds in the sequence on one or more frequency dimensions) tend to elicit an ERP 

component termed the mismatch negativity (MMN; e.g. Naatanen, 1975, 1979, 1990; 

Naatanen & Gaillard, 1983; Naatanen, Gaillard & Mantysalo, 1978, 1980; Naatanen et 

al., 1989; Sams, Paavilainen, Alho & Naatanen, 1985; Takegata, Paavilainen, Naatanen 

& Winkler, 1999; for review see Naatanen, 1992). This negativity is not elicited at the 

beginning of a stimulus sequence (Sams et al., 1985). Neither is it seen when stimuli 

are presented with inter-stimulus intervals of four seconds or more (Mantysalo & 

Naatanen, 1987). It therefore seems genuinely to be a response to a change in ongoing 

stimulation.

The MMN is generated from supra-temporal brain areas, suggesting that it 

reflects activity in primary or association auditory cortex (eg. Scherg, Vasjar & Picton, 

1989). In line with this possibility, it appears about 100 ms after the onset of the 

deviant s ound, s uggesting t hat i t r eflects a c omparatively 1 ow-level c hange detection 

process that requires little input from higher-order cognitive processes. Together these
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findings strongly suggest that the MMN is unlikely to relate to attentional processes but 

is instead likely to reflect auditory perception of the deviant sound.

However the ERP research has also investigated the question of the attentional 

responses that may follow elicitation of the MMN. There is evidence to suggest that the 

MMN is often followed by a component known as P3 (e.g. Naatanen, Simpson & 

Loveless, 1982; Sams, Paavilainen, Alho & Naatanen, 1985), which is generated at 

around 300 ms after onset of the stimulus and is known to be associated with 

attentional orienting towards novel stimuli (e.g. Knight, 1984; Friedman, Cycowicz & 

Gaeta, 2001). Note that the P3 response to unexpected novel stimuli (referred to as the 

“novelty P3”) is dissociable from the P3 response to target stimuli (referred to as the 

“target P3”) (e.g. Donchin, Spencer & Dien, 1997). In particular, the novelty P3 

response becomes habituated over time (e.g. Cycowicz, Friedman & Rothstein, 1996; 

Debener, Kranczioch, Herrmann & Engel, 2002; Friedman & Simpson, 1994) and is 

not open to top-down influences such as strategies for allocation of processing 

resources (Debener et al., 2002). By constrast, the target P3 does not become 

habituated over time and can be influenced by top-down factors (Debener et al., 2002). 

This suggests that deviant sounds that elicit a novelty P3 response when presented 

within the typical MMN task might capture attention in a bottom-up, stimulus-driven 

manner. However, very few of these studies have measured behavioural responses, and 

without behavioural measures it is hard to tell whether such attentional orienting would 

have an effect on performance of a concurrent task.

There have been a few MMN studies that have also assessed behavioural 

measures of performance. For example, Schroger and Wolff (1998a) demonstrated that
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performance on a duration judgement task was worse if  the sound being judged was of 

low-probability “deviant” frequency, than if it was of standard frequency. They 

presented subjects with a series of sounds, of which 50% were long (200 ms) and 50% 

were short (100ms). Subjects were asked to make a button press whenever they heard a 

long sound. Sounds also varied in frequency, being either standard (90% of sounds) or 

deviant (10%). Reaction times were longer and responses less accurate when the targets 

were of deviant frequency than when they were of standard frequency. The ERP 

recordings from this study indicated that deviant stimuli elicited the MMN as well as a 

P3a response, implying that the behavioural distraction observed may have been due to 

attentional orienting towards the deviant feature. However, as this deviant feature was 

in fact presented within the target sound itself, the deviance was not truly irrelevant to 

the task. As such, this study cannot provide information about the effects of an 

irrelevant singleton feature that is presented in a nontarget object (similarly to Mori & 

Ward, 1991, and Mondor, Zattore & Terrio, 1998).

A more directly-related study was carried out by Schroger (1996). He asked 

participants to make a go/no-go response according to the intensity of a sound 

presented to one ear, while ignoring a preceding sound presented to the other ear. The 

sound in the irrelevant ear could be either of standard frequency (88% of trials) or of 

deviant frequency (12% of trials). Both of these frequencies were irrelevant to the task 

as they were different from the frequency of the target sound. However, participants 

performed worse on the go/no-go intensity task when the preceding irrelevant sound 

was of deviant frequency than when it was of standard frequency. The deviants in this 

study elicited reliable MMNs, and there was also some evidence to suggest that they
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were followed by P3a responses (however precise measurements were made difficult 

by the presence of a second stimulus appearing very soon after the first).

An explanation in terms of AC by the irrelevant deviants would fit these results. 

However as the sounds in the irrelevant ear always preceded the target in the relevant 

ear, participants could have used the irrelevant sounds as temporal precues to the target, 

perhaps willfully paying attention towards them. In other words it is not clear whether 

the deviant sounds really captured attention or whether attention was allocated to all the 

preceding sounds in the irrelevant ear because of their ability to cue the target. In the 

latter case, the interference by the deviant sounds could be explained in terms of the 

attentional cuing effects described earlier (e.g. Mondor & Bregman, 1994), as it is 

likely that attention would focus on the frequency of each preceding sound, producing a 

cost when this frequency did not match that of the subsequent target. In order to 

establish that attention is unintentionally captured by an irrelevant singleton sound it is 

important to ensure that it does not predict the target sound.

Finally, the deviants used in Schroger and Wolff (1998a) and Schroger (1996) 

did n ot h ave to e  ompete f  or a ttentional r esources. P resentation r ates w ere v ery s low 

(typical ISIs were in the range of 1 second, e.g. Schroger & Wolff, 1998a) so that 

subjects would have time to pay attention to each stimulus in turn. Thus neither of these 

studies can provide information about whether responses to stimuli that that are 

irrelevant to the task at hand and must compete for attention with other stimuli under 

speeded presentation can nevertheless capture attention.

A few studies have found evidence to suggest that if  the deviant sound eliciting 

the MMN (and P3a) is “irrelevant” to an ongoing task, the P3a is followed by a frontal
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negativity known as the reorienting negativity as it appears to reflect a process of 

reorienting of attention towards task-relevant stimuli (e.g. Schroger, Giard & W olff, 

2000; Schroger & Wolff, 1998b). However, although this finding indirectly implies that 

attention was oriented towards the deviant sound (and then had to be re-oriented 

towards the target), the same criticisms apply here as mentioned in relation to the 

previous two studies: the tasks were relatively undemanding and the deviants were not 

tmly irrelevant, thus it is not surprising that attention was oriented towards them.

Finally, some studies have addressed the more general question of whether 

attentional processes might be involved in elicitation of (or response to) the MMN. 

There is evidence that the MMN is elicited normally when subjects are reading a book 

(Sams, Paavilainen, Alho & Naatanen, 1985), carrying out demanding problems 

(Duncan & Kaye, 1987; Lyytinen, Blomberg & Naatanen, 1992) and even when they 

are sleeping (e.g. Campbell, Bell & Bastien, 1991). This suggests that attention may not 

be necessary for elicitation of the MMN. However note that the c oncurrent t asks i n 

these examples do not make any demands on auditory attention, and it is therefore 

likely that there are sufficient resources left over to process auditory deviants.

In fact, there is evidence that the MMN can be reduced or even eliminated in 

situations where the deviant sounds are in competition for auditory attention (i.e. they 

are competing with other auditory stimuli rather than with a task in a different 

modality). For example, Woldorff, Hackley & Hillyard (1991) asked subjects to carry 

out a dichotic listening task in which attended and unattended streams were 

differentiated both by ear of presentation and by pitch. The task was to attend to a 

particular stream of rapidly presented stimuli (with ISIs ranging from 120 ms to 320
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ms) and detect occasional targets that deviated very slightly in intensity from the other 

sounds in the stream. The difficulty of the task was titrated for each subject by varying 

the intensity difference between targets and nontargets until a detection rate of 70-80% 

was achieved. Woldorff et al. (1991) found that intensity deviants in the unattended ear 

led to significantly reduced MMNs compared with deviants in  the attended ear, and 

compared with previous measurements of MMNs to similarly sized intensity 

differences. In a second experiment, when the stimuli were presented at even faster 

rates (with ISIs ranging from 65 ms to 205 ms) the MMN was barely present at all. 

Thus it seems that if a demanding task causes auditory attention to be focused strongly 

enough on a particular set of stimuli, irrelevant changes in another set can be ignored to 

such an extent that the MMN which would normally accompany such changes is 

reduced or even eliminated (see also Woldorff et al., 1998).

Moreover, Trejo, Ryan-Jones & Kramer (1995) showed that irrelevant deviants 

could be ignored even without a dichotic listening design. They presented subjects with 

a narrative interspersed with tones. Tones could either be of standard frequency 

(occurring 80% of the time) or of one of two deviant frequencies (each appearing 10% 

of the time). Subjects were asked either to attend to the narrative (listening for target 

words) o r t o a ttend t o t he t ones ( listening f  or a p articular frequency d eviant). When 

subjects were attending to the narrative, the MMN to the interspersed deviant tones was 

reduced compared to the MMN obtained for the same tones when subjects were 

attending to them. Again, this finding suggests that focused auditory attention can 

reduce the MMN to unattended deviants. It is important to note that this result did not 

rely on the highly-focused dichotic set-up used by Woldorff et al., but instead was
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found in a sequential design where unattended and attended stimuli were interspersed 

in a single sound sequence. Thus relevant and irrelevant auditory stimuli do not need to 

be separated in space in order for subjects to be able to ignore the irrelevant ones.

Overall, it seems that the simple detection of a deviant item (as indexed by the 

MMN) can be sufficient to  draw attention towards that item (as indexed by the P3a 

component), as long as there are no other demands on auditory attention. However, in 

situations where there is competition for auditory attention, the MMN to irrelevant 

deviants can be significantly reduced or eliminated. These findings imply that such 

deviants capture attention and indeed depend on attention for their processing. 

However, due to differences in the nature of the stimuli (e.g. the irrelevant singletons 

used in AC tasks typically occur on 50% of trials and are therefore less rare than the 

deviants used to elicit the MMN) and in the tasks used (e.g. the singletons used in AC 

tasks are typically defined on a task-irrelevant dimension and do not predict the target 

in any way), these studies are inconclusive regarding the question of whether an 

irrelevant singleton that is not very rare can capture attention.

1.2.3 Summary

The research described above has shown that auditory attention can focus on a subset 

of stimuli defined as having a particular relevant feature, at the expense of stimuli that 

do not have that feature. The efficiency of this auditory attentional focus depends on 

the extent to which auditory stimuli can be organised by the perceptual system into 

clearly differentiated attended and unattended groups. There is some suggestion that
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auditory distractors can interfere with focused auditory attention, but the effects of 

singleton distractors that are irrelevant to the task at hand have not been studied.

1.3 Attentional capture in vision

Attentional capture has been studied in vision using two main paradigms. The first uses 

the spatial cuing paradigm to  assess the extent to which singleton items can capture 

attention, producing spatial cuing when presented as pre-cues before a search display. 

The second examines whether singletons presented during tasks of visual search can 

capture attention, interfering with responses to the target. The present review describes 

the results from each paradigm in turn. However, as the aim of this thesis is to examine 

whether auditory singletons presented within an auditory search array can produce 

attentional capture, the present review highlights in particular the findings from the 

visual search paradigm.

1.3.1 Attentional capture within spatial cuing tasks

In a typical spatial cuing task, a cue is flashed on screen, followed by a target display in 

which subjects must either detect the presence (vs. absence) of a particular target or 

discriminate between two possible targets (e.g. one letter or another). If the cue is valid 

(i.e. presented in the same location as the subsequent target) target performance 

(measured by reaction times and/or accuracy) is better than if the cue is invalid (i.e. 

presented in another location, e.g. Jonides, 1981; Muller & Rabbitt, 1989). Jonides 

(1981) showed that cuing effects are more difficult to suppress if the cue appears in the
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periphery of the display, adjacent to the subsequent target position than if the cue 

appears in the centre of the screen, indicating subsequent target position by the 

direction in which it is pointing. Indeed, subsequent research has shown that peripheral 

cues can interfere with search even when they are made 100% invalid, i.e. when they 

never indicate the position of the target (Remington, Johnston & Yantis, 1992). Thus it 

seems that peripheral cues “capture” attention in an involuntary way that cannot be 

overridden by prior knowledge of cue invalidity.

Spence and Driver (1997) found similar results. They asked participants to 

judge the elevation (high vs. low) of visual targets presented on the left or right hand 

side of the subject. Responses were faster and more accurate when targets were 

preceded by visual cues on the same rather than the opposite side, suggesting that these 

cues had captured attention despite being valid on only 50% of trials. Interestingly, 

Spence and Driver (1994, 1997) also showed that auditory cues could affect 

performance of an auditory elevation discrimination task in the same way (see also 

McDonald & Ward, 1999; Mondor, Breau & Milliken, 1998; Mondor & Zatorre, 1995; 

Quinlan & Bailey, 1995; Schroger & Eimer, 1997). This provides a demonstration of 

auditory AC within a spatial cuing design.

However the objects (cues) that capture attention in both the visual and auditory 

spatial cuing tasks discussed so far have typically been presented on their own against 

an empty background. As such, attention would have been very likely to be drawn 

towards the cues, as there were no competing items to attract attention. Thus these 

studies do not provide information about AC by a singleton stimulus that is in 

competition for attention with other stimuli. This issue has been addressed most
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thoroughly within the demonstrations of AC that have used a visual search design, as I 

will discuss in section 1.3.2.

However, several studies have used a modification of the spatial cuing design 

that allows them to assess the spatial cuing effects of a singleton stimulus presented 

among other items in a pre-cue display. A typical finding is that AC due to these 

singleton cues is not involuntary (as in the studies of isolated peripheral cues, e.g. 

Remington et al., 1992) but instead is subject to influence by factors such as attentional 

set. For example, Folk, Remington and Johnston (1992) presented subjects with a pre­

cue display followed by a visual search task. However, in contrast with the studies 

discussed above, the pre-cue display contained several items, so the cue was presented 

in competition with other items rather than appearing against an  empty background. 

One of the items in the pre-cue display was unique, either on the dimension of abrupt- 

onset (i.e. appearing in a previously unmasked location while all the other items 

appeared in masked locations) or on the dimension of colour (e.g. red among green). 

As in previous spatial cuing studies, Folk et al. (1992) measured AC in terms of cuing 

effects, such that if a singleton captured attention it would produce a cost (compared 

with a no distractor condition) when presented in an invalid location and a benefit when 

presented in a valid location. They found that invalid precue singletons that were 

unique on the dimension of abrupt-onset captured spatial attention in this way, but only 

if  the target of the subsequent search task was also defined by abrupt-onset. When the 

target was defined on the dimension of colour, the invalid abrupt-onset singleton did 

not capture attention. Broadly the same pattern of results was found for invalid precue 

singletons defined by colour: they appeared to capture attention if the subsequent target
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was also defined by colour (even if it was of a different colour to the singletons) but not 

if it was defined by onset. This implies that a singleton pre-cue presented among other 

competing items will only capture spatial attention if  the subject’s attentional set 

includes the dimension on which the singleton is defined. Note however that Folk et al. 

(1992) made a distinction between static discontinuities (e.g. caused by colour or shape 

singletons) and dynamic discontinuities (e.g. caused by abrupt-onset or motion 

singletons). They did not claim that a subject’s attentional set could distinguish 

between two static discontinuities (e.g. focusing on colour while ignoring shape) or two 

dynamic discontinuities (e.g. attending to motion while ignoring onset), but only that it 

could differentiate between the wider categories of static versus dynamic 

discontinuities in general (e.g. focusing on colour while ignoring onset; see also Folk, 

Remington & Wright, 1994).

Folk & Remington (1998) ran an experiment based on the study of Folk et al. 

(1992) but with the difference that they presented both valid and invalid precue 

singletons within the same block (Folk et al., 1992, had presented valid and invalid 

singletons in separate blocks). The invalid singleton was completely uncorrelated with 

subsequent target position (i.e. it appeared in the same position as the subsequent target 

on 1/n of the trials, where n is the number of elements in the array), thus there should 

have been no incentive to attend to the singleton. Nevertheless, Folk and Remington 

found that subjects searching for a colour singleton target were distracted by the 

appearance of an irrelevant colour singleton in the pre-cue array. However this 

irrelevant singleton only captured spatial attention (as indicated by cuing effects 

depending on whether the singleton and subsequent target were in the same or different
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locations) when it was defined by the same feature value as the target (e.g. when both 

were red among a homogeneous array of white items). When the defining features were 

different (e.g. the target was red, and the singleton was green) the presence (vs. 

absence) of the singleton produced a general cost to search performance that was not 

location-specific. Thus it seems that there may be more than one type of AC: a spatial 

effect that appears to depend at least to some extent on the observer’s attentional set 

(see also Atchley, Kramer & Hillstrom, 2000); and a cost that is not location specific 

and does not depend on attentional set, and that is driven by bottom-up factors such as 

the salience of the items in the array.

Interestingly, there is evidence to suggest that subjects carrying out spatial 

cuing tasks can adopt an attentional set based on features that indicate the presence of 

the whole search array, rather than just the target feature. For example, Gibson and 

Kelsey (1998) found that search for a letter of a particular identity among other letters 

was disrupted by the presence of an irrelevant singleton presented in a precue display, 

as long as the singleton contained one of the features that signalled the appearance of 

the search display. For example, when the letter search array consisted of red letters 

and appeared with abrupt-onset, both red singletons and abrupt-onset singletons 

captured attention. On the other hand, when the letter search array consisted of white 

letters (so that subjects would be unlikely to  adopt an attentional setting for colour) 

only abrupt-onset singletons captured attention. However note that attentional settings 

for display-wide features may be less precise than settings used to identify particular 

targets. For example, Johnson, Hutchinson & Neill (2001) demonstrated that colour 

singletons in the precue array captured attention even when they did not share the same
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colour as the subsequent target array (e.g. when the irrelevant distractor was green and 

the subsequent search array was red). Interestingly, Johnson e t al. (2001) found that 

such singletons did not capture attention if they were presented within the target array 

itself. Thus the results of this type of spatial cuing study are likely to be different from 

the visual search results described in the following section.

1.3.2 Attentional capture within visual search tasks

The issue of AC by a singleton stimulus that is presented among other, competing 

stimuli has also been addressed within the paradigm of visual search. Indeed the 

majority of visual AC studies have used a visual search design. In a typical experiment, 

subjects are asked to search visual arrays for a target item defined on a particular 

dimension (e.g. shape). On a certain percentage of trials, one of the nontargets is unique 

on a dimension that is  irrelevant to  the task (e.g. colour). This unique yet irrelevant 

item is referred to as the “irrelevant feature singleton” or simply the “singleton”. A 

common finding is that the presence of the singleton in the search array interferes with 

visual search performance, even though it is unique on a dimension that is never 

relevant to the task. This interference is explained in terms of AC by the irrelevant 

singleton.

In the following review I will describe the typical findings from the visual 

search AC studies and highlight the important characteristics of AC as it occurs within 

this paradigm. Note that, whereas some of the visual findings provide information 

about general properties of AC that are not modality-specific and may therefore apply 

to auditory AC (e.g. top-down factors), other findings seem more likely to be modality-
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specific (e.g. the particular visual features used for target and singleton definition). My 

review will emphasise those characteristics of visual AC that are unlikely to be 

modality-specific.

Basic findings

The phenomenon of AC in visual search was originally demonstrated in two influential 

studies by Jonides and Yantis (Jonides & Yantis, 1988; Yantis & Jonides, 1984). 

Jonides and Yantis (1988) asked subjects to search arrays of letters for a target letter 

(pre-specified at the beginning of each trial) that was present on 50% of the trials. This 

type of letter search is demanding and tends to be carried out in serial (as indicated by 

reaction times that increase with the number of items in the search array). On every 

trial, one letter, the singleton, differed from the others by virtue of its abrupt onset (i.e. 

the singleton appeared at a position that was previously empty whereas the other items 

were preceded by masks, parts of which were later removed to reveal the items 

themselves). This abrupt-onset singleton was uncorrelated with target position (i.e. on 

target-present trials, the target itself was just as likely to appear with abrupt-onset as the 

other letters), thus there should have been no incentive for subjects to attend to the 

onset item. Nevertheless, search was found to be highly efficient (as indicated by 

reaction times independent of the number of items in the search array) when the target 

letter appeared with abrupt-onset. This suggests that the singleton feature had captured 

attention, despite being uncorrelated with target position. Interestingly, neither colour 

nor luminance singletons captured attention strongly enough in this study to produce 

efficient search when they coincided with the target (see also Gibson & Jiang, 1998; 

Todd & Kramer, 1994). I will return to the issue of whether abrupt-onset singletons are
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more capturing than other types of singleton later in this section (in the sub-section on 

stimulus characteristics).

In contrast to the findings of Jonides & Yantis (1988) there have been several 

clear demonstrations of AC in different visual search tasks by singletons with features 

that do not involve abrupt-onset. For example, Pashler (1988) asked subjects to search 

arrays for a target of unique form (either a circle amongst tilted lines or a tilted line 

amongst circles). On half the trials the form of the target was specified in  advance, 

while on the other half of trials the target form remained unspecified. Random variation 

in the colour of the display elements did not interfere with search (Experiments 1, 2 and 

4). However, when the colour variation involved the presence of two colour singletons, 

search for a target of unspecified form was significantly disrupted (Experiment 6). As 

search for the target was based on form, the result shows AC by colour singletons 

despite their irrelevance to the task at hand. Interestingly, search for a target whose 

form had been pre-specified was not affected. This appears to suggest that AC is not 

completely involuntary but rather depends at least to some extent on the specific 

demands of the task (I will discuss this possibility further in the sub-section on top- 

down factors).

However, Theeuwes ( 1991a, 1992) found evidence that colour singletons can 

capture attention even when the target form is pre-specified. Using only one singleton 

presented at a smaller eccentricity (and therefore with higher retinal acuity) than those 

used by Pashler (1988), he showed that reaction times in search for a pre-specified 

form target (a circle among diamonds) were increased whenever one of the nontarget 

diamonds differed in colour from the rest of the items in the display (see also Turatto &
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Galfano, 2001, for a similar demonstration of AC by colour singletons in a task where 

subjects searched for a pre-specified target: a rotated letter T among rotated letter Ls).

The influential studies discussed above have established visual AC by irrelevant 

singleton distractors defined by both abrupt-onset and colour. Below I discuss several 

aspects of the visual AC findings in more detail.

Facilitation

In most studies of visual AC, the irrelevant singleton feature is presented within a 

distractor item and AC is measured in terms of interference with search, as attention 

should be drawn away from the target towards the irrelevant singleton items (e.g. 

Theeuwes, 1991a, 1992). However, if  this interference reflects genuine AC by the 

irrelevant singleton feature, then search should be facilitated when this singleton 

feature coincides with the target item, as attention should then be drawn towards the 

relevant target object. Recall that the studies of Yantis and his colleagues (e.g. Jonides 

& Yantis, 1988; Yantis & Jonides, 1984) relied on observations of facilitation for their 

demonstrations of AC (i.e. they showed that search for a letter target was efficient if the 

target item was presented with the irrelevant singleton feature of abrupt-onset but 

inefficient if one of the distractors had the singleton feature). Indeed, any AC account 

of interference due to the presence of a singleton feature presented in a distractor object 

must also predict facilitation by a singleton feature presented in a target object. This 

logic applies equally to the auditory domain.
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Stimulus characteristics

a) Abrupt-onset

Recall that Jonides and Yantis (1988) found AC by abrupt-onset singletons but not by 

colour or intensity singletons. This finding suggested that singletons defined by abrupt- 

onset might capture attention under circumstances where other types of singleton did 

not (see also Yantis and Jonides, 1984, 1990). hi particular, Yantis and his colleagues 

have argued that abrupt-onsets are likely to signal new perceptual objects (e.g. Yantis 

& Jonides, 1996) and that this may be the reason that they capture attention so 

effectively. An alternative possibility is that onsets are particularly capturing because 

they involve abrupt changes in luminance. However, several experiments have 

controlled for luminance changes and found that abrupt-onsets capture attention 

nevertheless (e.g. Enns et al., 2001; Gellatly, Cole & Blurton, 1999; Yantis & 

Hillstrom, 1994).

There has also been considerable debate over whether the abrupt-onset results 

can be explained in terms of forward masking of the non-onset stimuli, rather than in 

terms of the strength of AC by abrupt-onsets (e.g. Gellatly, Cole & Blurton, 1999; 

Gibson, 1996a; 1996b; Yantis & Jonides, 1996). However abrupt-offset has also been 

found to capture attention very effectively (e.g. Theeuwes, 1991b; Chastain & Cheal, 

1999), a result that cannot be explained in terms of masking. In fact, the overall display 

change involved when the mask display is removed to reveal the search array, may 

matter more than whether the change involved an onset or offset. For example, Miller 

(1989) showed that onset targets were only identified efficiently in visual search when 

the visual change due to the onset item (i.e. addition of several line segments) exceeded
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the visual change due to the unmasking of the rest of the search items (i.e. removal of 

segments, see also Martin-Emerson & Kramer, 1997). Thus attention seems to be 

drawn to the region where the most segments have been removed or added, suggesting 

that dynamic discontinuities in general are particularly good at capturing attention, with 

the strength of capture determined by the level of change involved.

The apparent strength of visual AC by dynamic discontinuities is perhaps not 

surprising from an evolutionary perspective. An abrupt-onset or -offset singleton is 

likely to signal the appearance or disappearance of a new perceptual object (see Yantis 

& Jonides, 1996) to which attention should be directed as a matter of priority. It seems 

plausible that these sorts of dynamic changes might demand more instant attention than 

static discontinuities (such as colour singletons), and might therefore capture attention 

more strongly.

However, the specific issue of the importance of dynamic versus static 

discontinuities in visual AC is not likely to be especially relevant for auditory AC. 

Whereas abrupt onsets and offsets in vision will almost always occur because of some 

sudden change in the environment, dynamic discontinuities in hearing are far more 

common and do not necessarily signal such vital information. For example, a sequence 

of speech involves countless sounds that appear with abrupt-onset and -offset, yet none 

of them signals a sudden environmental change. Thus abrupt onsets in auditory 

stimulation are much less likely to indicate new perceptual objects than abrupt onsets in 

visual stimulation and the role of abrupt onset (or offset) in auditory AC is therefore 

likely to be less interesting than it has been in visual AC. Instead, it is possible that a 

different singleton dimension may prove to be especially good at capturing auditory
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attention. For example, intensity is likely to be very important within hearing, as the 

loudness o f  a sound can provide information a bout how near a stimulus is and how 

quickly it is approaching. Thus it is possible that intensity singletons will be especially 

good at capturing auditory attention.

b) Salience

Another factor that has been found to affect AC is the relative salience of targets and 

singletons. Theeuwes (1992) found that search for a form target was disrupted by the 

presence of a colour singleton, whereas search for a colour target was not affected by 

the presence of a form singleton, presumably because the form singleton used was less 

distinct among the nontargets than the colour singleton. Indeed, when form singletons 

were made more salient than colour singletons (by using small differences between 

target and nontarget colour and large differences between target and nontarget form), 

form singletons captured attention whereas colour singletons did not (Theeuwes, 1992, 

Experiment 2).

These findings led Theeuwes (e.g. 1992, 1994a) to propose that AC was a 

stimulus-driven process, determined entirely by the relative salience of the target and 

the irrelevant singleton (as long as the target itself was also a feature singleton). Thus it 

is possible that the relative salience of auditory targets and singletons may influence 

auditory AC.

Top-down factors

The fact that a nontarget singleton can interfere with search despite its defining feature 

being irrelevant to the task may at first appear to suggest that visual AC is an
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automatic, involuntary process. However there is evidence that AC in visual search 

tasks may depend, at least to some extent on top-down control.

a) Pre-specified target location

One of the first suggestions that visual AC might not be completely involuntary came 

from Yantis & Jonides (1990). They found that AC by abrupt-onset singletons was 

eliminated if target position was validly cued (on all trials) so that there was no 

uncertainty over subsequent target location. Theeuwes (1991b) also found that pre­

cuing the location of the target in advance (again using 100% valid cues) attenuated AC 

by both onset and offset distractors. However, if the location of the target is known in 

advance, it is unlikely that subjects will carry out any sort of a search process, and it is 

therefore perhaps not surprising that singleton items do not produce any cost to 

“search” performance.

Interestingly though, there is evidence that AC can occur under some 

circumstances even when the search task involves no spatial uncertainty. Folk, Leber 

and Egeth (2002) presented subjects with rapid serial visual presentation (RSVP) 

streams and asked them to report the identity of a target letter defined by colour. As 

array items were presented one after another in the same central location there should 

have been no uncertainty over the target’s spatial location. Nevertheless, Folk et al. 

(2002) found AC ( as i ndicated b y r educed a ccuracy i n t he t arget i dentification t ask) 

due to the presence irrelevant colour singletons that were presented in the periphery of 

the display (see also Egeth et al., 2001). Thus, although conditions of spatial 

uncertainty appear to increase the likelihood that AC by irrelevant singletons will 

occur, AC can still occur when the spatial location of the target is known. This is a
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particularly interesting finding, as two follow-up experiments showed, using priming 

techniques, that attention had been drawn towards the spatial location of the distractor. 

Thus the effect was one of spatial AC and it is therefore especially surprising that it 

was found even when there was no uncertainty about target location. These results 

appear to contradict the finding that AC is eliminated if  the target location is pre­

specified (Theeuwes, 1991b; Yantis & Jonides, 1990). However, as mentioned earlier, 

the tasks in both these experiments involved a spatial search for the target and spatial 

certainty over the target location would have removed the need for any search process 

at all. The crucial difference in Folk et al.’s (2002) study was that, although the spatial 

location of the target was known in advance, the temporal location remained uncertain 

and the need for search was thus not removed altogether. Instead, subjects were 

required to conduct a temporal search for the target, despite being certain of its spatial 

location.

b) Attentional set

Recall that there is considerable evidence from the spatial cuing research to  suggest 

that singletons presented in pre-cue arrays capture spatial attention only if  subjects 

adopt an appropriate attentional set (e.g. Atchley et al., 2000; Folk & Remington, 1998; 

Folk et al., 1992; Folk et al., 1994). However, it seems that AC within the visual search 

design is less open to influence by attentional set. For example, Theeuwes (1994b) 

found, using a visual search design, that onset and colour singletons both interfered in 

search for onset targets as well as in search for colour targets. In other words, an 

attentional set for onset or colour did not prevent AC by singletons that did not also fall 

within the attended set. Indeed Theeuwes & Burger (1998) showed that AC by colour
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singletons in search for a colour target is only eliminated if both the distractor and 

target colours are known in advance. Thus AC can only be prevented if subjects adopt 

an attentional set for a specific target colour as well as preparing to ignore a specific 

singleton colour. These results suggest that AC in the visual search design is less open 

to influence by attentional set than AC in the spatial cuing design.

The difference between the results of the visual search and spatial cuing 

paradigms might be explained by the finding that there appear to be two distinct types 

of AC: a more spatial effect that depends on the subject’s attentional set; and a non- 

spatial effect that is less open to the influences of attentional set (Folk & Remington, 

1998). In most spatial cuing studies a singleton pre-cue is always present and AC is 

measured in terms of location effects due to this cue (i.e. AC by the cue leads to 

facilitation if that cue shares the same location as the subsequent target and interference 

if the two have different locations). By contrast, in the visual search paradigm effects 

are compared between singleton present and singleton absent conditions. It is thus 

likely that the presence (vs. absence) of a singleton (as in the visual search 

experiments) produces stronger effects than variations in singleton position (as in the 

spatial cuing experiments), and that these stronger effects are less dependent on 

attentional set.

c) Search strategy

However AC in visual search does depend on the search strategy available. Recall that 

the task used by Jonides and Yantis (1988), in which they found no AC by colour or 

intensity s ingletons, i nvolved a demanding search for a particular letter among other 

letters. By contrast, Pashler (1988) and Theeuwes (1992) used much simpler search
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tasks (for unique “odd-one-out” targets) in their studies demonstrating interference by 

colour and form singletons. This suggests that the target itself must be a feature 

singleton in order for a non-onset singleton to capture attention. Indeed Bacon and 

Egeth (1994) showed that the singleton interference found in Theeuwes (1992) could 

be eliminated if the target was prevented from being a reliable form singleton (either by 

presenting more than one target in each array, or by including nontargets of s everal 

different forms). Thus it seems that the subject must be looking for a feature singleton 

target in order for AC by irrelevant singletons to take place. Subjects searching for 

singleton targets are likely to adopt what Bacon and Egeth (1994) have termed a 

‘singleton detection mode’ in which they scan the search array for any singleton item, 

and it seems that this search strategy will allow AC to occur whereas a more restricted 

search for the particular target feature (referred to as ‘feature search mode’) will not. 

This would also explain the finding that AC can sometimes be prevented when the 

target is pre-specified (e.g. Pashler, 1988), as subjects looking for pre-specified targets 

are more likely to adopt a feature search mode than a singleton detection mode.

1.3.3 Summary

The research described in this section has demonstrated that a visual singleton can 

capture attention in both spatial cuing and visual search tasks, even when it is defined 

on a dimension that is completely irrelevant to the task. This visual AC leads to 

interference if the singleton item is a nontarget in a visual search display (or an invalid 

precue), but should also be able to facilitate performance if  the target of a visual search 

itself contains the irrelevant singleton feature (or if  the singleton is a valid pre-cue).
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Visual AC depends on a number of factors, including bottom-up factors such as the 

relative salience of target and singleton stimuli as well as more top-down influences 

such as search strategy. It will be interesting to  ask whether similar factors a re a Iso 

involved in mediating auditory AC.

1.4 General Method

The tasks used in the present study were designed in line with the findings of the visual 

and auditory research discussed above. An auditory search task was used, in which 

participants were asked to search for an auditory feature target (e.g. defined by 

frequency) among irrelevant nontargets (with a different frequency) and indicate 

whether it was present or absent (Chapter 2) or discriminate its feature value (e.g. high 

frequency or low frequency, Chapters 3, 4 and 5). As I have discussed, previous 

auditory research has suggested that participants can focus their attention on ranges of 

frequencies, intensities and durations. Thus the participants in the present study should 

have been able to focus on sounds containing the relevant target feature at the expense 

of sounds that did not contain that feature.

The question of current interest was whether the presence of a nontarget with a 

unique singleton feature would disrupt such focused attention. To examine this, an 

irrelevant singleton sound (e.g. with higher intensity than the other sounds) was 

presented on half the trials and target RTs were compared in the presence versus the 

absence of this singleton distractor.
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Participants were presented with rapid serial auditory presentation (RSAP) 

search arrays, in contrast to the spatial arrays typically used in the visual search 

experiments (with the exception of Egeth et al., 2001, and Folk et al., 2002). Sequential 

arrays were used for three reasons: First, most previous research into focused auditory 

attention and the effects of auditory distractors has used temporal rather than spatial 

search arrays. Second, there is evidence to suggest that the auditory system, unlike the 

visual system, processes spatial location with lower priority than other stimulus 

attributes (e.g. Kubovy, 1981). For example, while visual areas of the cortex are 

spatiotopically organised, auditory cortex is organized primarily according to frequency 

(e.g. Merzenich, Colwell & Andersen, 1982). In line with these observations, 

behavioural studies have suggested that, in demanding tasks, participants are better at 

identifying auditory targets defined by frequency than those defined by location (e.g. 

Woods et al., 2001). A third, related point is that, because the auditory system has 

worse spatial resolution than the visual system, it tends to integrate several inputs 

presented from different spatial positions at the same time into a single perceptual 

object. In search tasks such as those used in studies of visual AC it is very important 

that the items to be searched are identifiable as separate perceptual objects (as the aim 

is to demonstrate interference due to an irrelevant singleton feature that is presented in 

a distractor object, clearly separate from the target object). A temporal auditory array 

will allow clearer identification of separate objects than a spatial auditory array.

As mentioned earlier, although there has been limited research into the effects 

of auditory distractors on focused auditory attention, these studies have not looked at 

the effects of singleton features that are made irrelevant to the task. My aim in the
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present experiments was to examine the effects of singletons that were genuinely 

irrelevant, and for this reason singletons in the present experiments (with the exception 

of Experiment 9) never occurred in the same temporal position as the target (c.f. 

Schroger, 1996). Any finding of a cost associated with singleton presence is therefore 

likely to indicate AC by the irrelevant singletons, as there should have been no 

incentive for subjects to attend to the singleton sounds.

Stimuli were presented very rapidly (with ISIs of 50 ms) so that they would 

have to compete for attention. The sequences were also designed to minimise any 

effects of auditory perceptual grouping. Although such auditory streaming can improve 

efficiency of attentional focus (as discussed in section 1.2.1) it was beyond the scope of 

this thesis to examine the possible effects of auditory streaming on AC by irrelevant 

singletons. For this reason, sequences were kept short (containing between four and 

seven sounds), and frequency and intensity separations of targets, nontargets and 

singletons were all kept below the thresholds where perceptual segregation effects have 

been shown to occur (see Van Noorden, 1975).

If irrelevant auditory singletons capture attention in the auditory search t asks 

described, target RTs should be slower in the presence (vs. absence) of these 

singletons. Chapters 2 and 3 address this question. Chapter 4 then assesses whether 

irrelevant singletons can produce facilitation, as well as whether interference due to AC 

can persist when the singleton does not appear directly before or after the target sound. 

Chapter 5 asks whether, like visual AC, auditory AC depends on search strategy. 

Finally, Chapter 6 examines whether AC can be found within a direct visual analogue 

of the auditory tasks used in this thesis.
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Chapter 2

Effects o f irrelevant auditory singletons on target 

detection during auditory search
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2.1 Introduction

In this chapter I ask whether an irrelevant auditory singleton can capture attention in a 

task o f  auditory search. As in  most visual search tasks (including many of the tasks 

used to  examine visual AC), subjects in  the present experiments searched for a pre­

specified feature target (e.g. with higher intensity than the other sounds) and responded 

according to whether the target was present or absent. An irrelevant singleton distractor 

(defined on a different dimension, e.g. with higher frequency than the other sounds) 

appeared on half of the trials. If this type of singleton captures attention despite being 

irrelevant to the task, then detection of the auditory target should be worse in the 

presence (vs. absence) of the singleton distractor.

2.2 Experiment 1

In Experiment 1, subjects were asked to search a sequence of four sounds for a target 

sound defined as being of higher intensity than the nontargets for half of the subjects, 

and of lower intensity than the nontargets for the other half of the subjects. Their task 

was to indicate whether the target was present in the sequence or absent from it. On 

half of the trials, one of the nontarget sounds was presented at a higher frequency than 

the other sounds. If auditory attention, like visual attention, has a tendency to prioritise 

processing of an odd-one-out stimulus that has a unique feature (even when that feature 

is on a dimension never relevant to the current task) then irrelevant high frequency
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singletons should capture attention, leading to a cost in task performance (e.g. slower 

RTs) on singleton present trials compared with singleton absent trials.

2.2.1 Method

Subjects Sixteen paid subjects took part in the experiment. The subjects in all of 

the e xperiments r eported h ere w ere u nder 3 5 y ears o Id a nd t hey a 11 r eported n ormal 

hearing and normal or corrected-to-normal vision.

Apparatus and stimuli The experiments were created and run on a PC using E- 

Prime (version 1.0 beta 5.0), sold by Psychology Software Tools Inc. Auditory stimuli 

were created using the SoundEdit 16 software package, sold by Macromedia Inc., and 

presented through Beyer open-cup headphones.

High intensity stimuli (targets for half the subjects, nontargets for the other half) 

were presented at an intensity of approximately 83 dB SPL. Low intensity stimuli 

(nontargets for half the subjects, targets for the other half) were presented at 

approximately 72 dB SPL. The reported stimulus intensities throughout this thesis were 

measured using a sound pressure level meter in conjunction with an artificial ear at the 

subjects’ ear position. The target and nontargets had frequencies of 440 Hz. The high 

frequency singleton sound had a frequency of 520 Hz. Frequencies and intensities were 

chosen to be easily discriminable, both on the basis of previous research (e.g. Scharf et 

al., 1987) and as verified by pilot testing.1

1 The ranges of frequencies (440 Hz-520 Hz) and intensities (72 dB SPL-83 dB SPL) used in this 
experiment as well as all following experiments were also chosen to minimize any effects of interaction 
between the two dimensions. Although sounds of a high frequency are perceived as louder than sounds 
of a low frequency when the two are presented with the same intensity (e.g. Robinson & Dadson, 1956), 
such interactions between the dimensions would not be noticeable over the ranges used here.
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Design and procedure The start of each trial was signalled by a visual display 

showing the word “ready” for 500 ms. This was followed by a stream of four 

successive tones, each presented for 100 ms over headphones. The tones were 

separated from each other by 50 ms silent intervals. A question mark was presented on 

the screen a 11 he e nd o f  t he s ound s tream. Upon p resentation o f  t his q uestion m ark, 

participants were requested to respond with a key press: “1” for “target present” or “2” 

for “target absent”, using the index and middle fingers of the right hand respectively on 

the numerical keypad of the computer keyboard. Participants were restricted to 

responding at the end of each sequence to ensure that sequences were heard in full 

before response. Visual feedback was provided at the end of each trial, either after a 

response had been collected or after 3 s if no response had been detected. The feedback 

screen displayed either the word “correct” presented in blue, “incorrect” presented in 

red or “no response detected” in red. This screen lasted 1500 ms, after which time the 

next trial began.

Participants were instructed to focus on the target intensity and ignore any 

sounds of the irrelevant intensity. They were informed that there might be some odd 

sounds presented at the irrelevant intensity and were warned that their performance 

might be harmed if they failed to ignore the irrelevant distractors.

Six experimental blocks of 96 trials each were run. Within each block the 

factors of target presence and singleton presence were fully crossed so that there were 

four possible conditions of target and singleton presence, each occurring on 25% of the 

trials selected at random. The first sound in the sequence was always a nontarget. 

When the target and/or singleton distractor were present, they could occur in 2nd, 3rd
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thor 4 position with equal likelihood. Within each of the four conditions of target and 

singleton presence, each of the combinations o fta rg e t and/or s ingleton position w as 

equally likely.

Three practice blocks of 24 trials preceded the experimental blocks. In the first 

practice block, there was no time limit for responses and there was also a break 

between each trial to allow the experimenter to provide more detailed feedback if 

necessary. The second and third practice blocks followed exactly the same procedure as 

the experimental blocks.

The total run-time for this and subsequent experiments (with the exception of 

Experiments 13 and 14) was 40-50 minutes.

Frequency
(Hz)

520 -

440-

target

t i czzz
\
nontarget

I '  ~  I

\
singleton

100 200 300 400 500

i i = low intensity (72 dB SPL)

i < = high intensity (83 dB SPL)

Time
(msec)

Figure 1: schematic representation o f an example trial from Experiment 1.
The figure shows an example o f a trial where both singleton and target are present. This type o f trial 
made up 25% of the total trials, as described in the method (section 2.1.1). In this example the target is 
high intensity among low, however half of the subjects received a low intensity target among high.
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2.2.2 Results and Discussion

RTs RTs were measured from presentation of the question mark at the end of each 

sequence. Table 1 presents mean RTs and error rates across subjects as a function of 

singleton presence (vs. absence), target presence (vs. absence) and target type (high vs. 

low intensity). For the RT analysis, incorrect responses were excluded from the 

analysis, as were RTs longer than 1500 ms. These exclusion criteria were used in all 

the experiments reported in this thesis.

A three-way mixed model ANOVA with the within-subjects factors of singleton 

presence (vs. absence) and target presence (vs. absence) and the between-subjects 

factor of target type (high vs. low intensity) revealed a significant effect of singleton 

presence [F(l,14) = 23.21, MSE = 19760.98, p < .01]. As shown in Table 1, target RTs 

were slower when the singleton was present (M  =309 ms) than when it was absent (M 

= 274 ms). This finding suggests that the singleton distractor captured attention despite 

being irrelevant to the task. There was also a significant main effect of target presence 

[F(l,14) = 4.70, MSE = 4561.15, p < .05] such that detection RTs were slower in the 

absence (M  = 300 ms) versus presence of the target (M  = 283 ms). Such slowing is in 

line with previous findings of slowed RTs in visual search for target absent trials 

compared with target present trials, and may be attributed either to a slower decision or 

to greater scanning of stimuli in the target absent case. Notice also that, due to the 

sequential presentation used, subjects could start preparing responses to target present 

trials somewhat earlier than responses to target absent trials. There was no main effect 

of target type [F(l,14) = 1.31, MSE = 32927.28, p = .271].
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There was a significant interaction between singleton presence and target 

presence [F(l,14) = 7.45, MSE = 4224.19, p < .05] indicating a greater cost when the 

target was absent (mean interference effect = 52 ms) versus present (mean effect = 19 

ms). The finding that AC by the singleton distractor was not as strong when the target 

was also present may have been due to the singleton having to compete for attention 

with the target when both target and singleton were present. Note however that the 

simple main effect of singleton presence was significant even on target present trials 

[t(15) = 3.26, p < .01].

Table 1
Averages o f subjects' mean RTs in ms (RT) with standard errors (SE) and mean error 
rates (%E) fo r Experiment 1, as a function o f target and singleton presence and target 
type

Target type Target

Singleton condition Effect size
Absent (A) Present (P) (P-A)

RT SE %E RT SE %E RT %
High Absent 310 29 0.9 351 36 2.0 41 1.1

intensity Present 293 23 2.5 302 28 2.3 9 -0.2
Low Absent 238 29 3.5 300 36 5.0 62 1.5

intensity Present 254 23 7.0 282 28 11.8 28 4.8

Note: All errors under target absent conditions are “false alarms” and all errors under target present 
conditions are “misses”.

There was also a trend towards an interaction between target presence and the 

target type [F(l,14) = 4.40, MSE = 4267.19, p = .055] such that the main effect of 

target presence was only found when the target was loud (M (target absent) = 331 ms, 

M  (target present) = 298 ms), and not when the target was quiet (M  (target absent) = 

269 ms, M  (target present) = 268 ms). This result is discussed following the report of
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the error rate analyses as these showed an opposite trend. No other interactions reached

• * 0significance (p > .20 for all comparisons).

Errors A three-way mixed model ANOVA with the within-subjects factors of

singleton presence (vs. absence) and target presence (vs. absence) and the between- 

subjects factor of target type (high vs. low intensity) was also run on the error rates. 

Although the main effect of singleton presence did not reach significance [F(l,14) = 

3.30, MSE = 50.77, p = .091], there was a trend for higher error rates when the 

singleton was present (M = 5.3%) versus absent (M  = 3.5%), consistent with the RTs. 

There was a significant main effect of target presence [F(l,14) = 17.73, MSE = 147.02, 

p < .01] such that error rates were higher in the presence (M  = 5.9%) versus absence of 

the target (M  = 2.8%). This may reflect a trade-off with the RTs, such that although 

subjects are slower to respond when the target is absent, they are also more accurate in 

this condition.

There was also a main effect of target type [F(l,14) = 10.29, MSE = 385.14, p < 

.01] indicating that error rates were higher when the target was of low intensity (M = 

5.9%) than when it was of high intensity (M  = 2.8%). It is perhaps unsurprising that 

low intensity targets are harder to detect than targets of high intensity. However, this 

main effect of target type was qualified by a significant interaction with target presence 

[F(l,14) = 8.46, MSE = 70.14, p < .05]. Unlike the RT results, detection accuracy for 

quiet targets was affected by whether the target was present (M  = 9.4%) or absent (M = 

4.3%) so that misses were more likely than false alarms, whereas detection accuracy

2 Because Experiments 1-4 used a detection design, in which the target was absent on 50% of the trials 
and could appear in one of three possible positions when it was present, there were not enough 
observations for each target position to allow a reliable analysis of the singleton’s position in the 
sequence.
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for loud targets was less affected by whether the target was present {M  = 2.4%) or 

absent (.M  = 1.4%), so that misses were about as likely as false alarms. Thus, although 

detection RTs for quiet targets were unaffected by target presence (vs. absence), this 

factor did have an effect on detection accuracy (with subjects making more misses than 

false alarms). By contrast, for loud targets the effects of target presence (vs. absence) 

were fo u n d o n R T sb u tn o to n erro rs . Thispattem m ight simplyreflect greater data 

limits in the input for quiet targets (leading to misses because of greater difficulty in 

detecting low intensity targets) with performance in the case of loud targets only 

suffering from resource limits (e.g. slower search RTs when the target is absent and 

more stimuli must be searched). The other two-way interactions were not significant (p 

> . 20 i n b oth c omparisons), a nd t he t hree-way i nteraction d id not reach significance 

either [F(l,14) = 3.55, MSE = 21.39, p = .080].3

Overall, this experiment has shown that the presence of an irrelevant high 

frequency singleton slows down detection of both high and low intensity targets in 

auditory search. This result is similar to previous studies demonstrating interference 

from irrelevant visual singletons in visual search tasks (e.g. Jonides & Yantis, 1988; 

Theeuwes, 1992).

3 The non-significant trend (p = .08) towards a three-way interaction hinted that the singleton effect for 
loud targets was greater when the target was absent than present (as found in the RTs) whereas the 
singleton effect for quiet targets was more pronounced when the target was present than absent. In other 
words, the presence of the singleton was more likely to lead subjects to miss the quiet target when it was 
present than to make them respond with a false alarm when it was absent. Again, this may reflect the fact 
that detection of quiet targets overall suffers more from misses than from false alarms, and thus misses 
are more affected than false alarms by singleton presence.
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2.3 Experiment 2

It is possible that interference caused by singletons of higher frequency than the other 

sounds could be due to lower-level perceptual factors, rather than auditory AC. In 

particular, the singleton interference observed in Experiment 1 could have been due to 

masking effects of the singleton on the target sound. Although research into auditory 

masking has mainly examined masking effects of two simultaneous sounds on each 

other, it is also possible to observe masking effects from two non-simultaneous sounds 

(as in the present experiments)4. Non-simultaneous sounds can produce both forwards 

masking (when the first of two successive sounds masks the second) and backwards 

masking (when the second of two successive sounds masks the first). Although, unlike 

simultaneous masking, non-simultaneous masking does not eliminate perception of the 

masked sound, some partial masking effects (in which the perceived loudness of the 

masked sound is reduced, without it becoming completely inaudible) are still likely to 

occur (e.g. Scharf, 1971). Such masking can occur for up to 100 ms after the onset or 

offset of the masking sound, an interval longer than the ISIs used in the present 

experiments. There is evidence that partial masking increases both with increased 

intensity (e.g. Stevens & Guirao, 1967) and, at the loudness levels used here, with 

increased frequency (e.g. Scharf, 1971)5. As such, the high frequency singletons used 

in Experiment 1 might have had some masking effects on the lower frequency target

4 As the present thesis deals only with cases of non-simultaneous masking, my consideration of masking 
is restricted to energetic masking (i.e. masking due to physical interactions between the sounds). 
Informational masking (i.e. masking that cannot be attributed to physical interactions) is not considered 
because it only occurs for sounds presented simultaneously (e.g. Pollack, 1975).
5 Although note that as the level of masking increases towards complete masking, the asymmetry 
reverses so that low frequencies become more masking than high frequencies (e.g. Wegel & Lane, 1924).
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and nontargets (at least for the half of the subjects that had targets of lower intensity 

than the other sounds: the other half had targets with higher intensity and these would 

have been less likely to have been masked). Thus masking effects of the singleton may 

have contributed towards the singleton interference observed in Experiment 1. In order 

to control for potential alternative accounts in terms of masking effects, the purpose of 

Experiment 2 was to examine whether the interference effects observed in Experiment 

1 due to high frequency singletons could generalize to singletons that are of lower 

frequency than the other sounds. If interference is found due to low frequency 

singletons, this will not be open to explanations in terms of lower-level factors such as 

masking.

2.3.1 Method

Subjects Sixteen new subjects participated in the experiment.

Stimuli & Procedure The stimuli and procedure were the same as in

Experiment 1, except that the singleton distractor was presented at a lower frequency 

(440 Hz) than the targets and nontargets (520 Hz). All other aspects of the method were 

the same as in Experiment 1.

2.3.2 Results and Discussion

RTs Table 2 presents mean RTs and error rates across subjects as a function of 

singleton presence (vs. absence), target presence (vs. absence) and target type (high vs. 

low intensity). In line with the findings of the previous experiment, the three-way 

mixed model RT ANOVA using these factors revealed a significant effect of singleton
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presence [F(l,14) = 13.07, MSE = 36512.04, p < .01] indicating that target responses 

were slower when the singleton was present (M — 376 ms) versus absent (M =  328 ms). 

Also as in Experiment 1 (and previous visual search studies), there was a significant 

effect of target presence [F(l,14) = 10.63, MSE = 24004.47, p < .01] indicating slower 

responses on target absent (M  = 372 ms) versus target present trials (M =  3 33 ms). 

There was no main effect of target type [F < 1].

As in Experiment 1, there was an interaction between singleton presence and 

target presence [F(l,14) = 16.88, MSE = 28130.42, p < .01] indicating that the 

singleton produced interference when the target was absent (mean interference effect = 

90 ms) but not when it was present (mean effect = 5 ms). This finding suggests that 

interference from the low frequency singletons used in the present experiment might be 

more dependent on the absence of the target than interference from the high frequency 

singletons used in Experiment 1, in which interference effects (although weaker than in 

target absent trials) were still found in target present trials. This may be because high 

frequency singletons are stronger competitors for attention than low frequency 

singletons (an issue that will be explored further in Chapter 3). Although there 

appeared to be a numerical trend for a larger singleton effect when the target was of 

low intensity than when it was of high intensity (see Table 2), the factors of singleton 

presence and target type did not interact significantly (F < l).6 No other interactions 

reached significance (p > .20 in both comparisons).

6 A closer inspection of the individual data indicated that the numerical trend was mainly due to three of 
the 16 subjects showing unusually large singleton interference effects (over 200 ms) when the low 
intensity target was absent.
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Table 2
Averages o f subjects ’ mean RTs in ms (RT) with standard errors (SE) and mean error 
rates (%E) for Experiment 2, as a function o f target and singleton presence and target 
type

Singleton condition____________ Effect size
Absent (A) Present (P) (P-A)

Target type Target RT SE %E RT SE %E RT %
High Absent 310 42 5.4 376 62 9.1 66 3.7

intensity Present 297 38 9.0 303 41 6.8 6 -2.2
Low Absent 344 42 3.6 457 62 8.3 113 4.7

intensity Present 363 38 6.1 369 41 7.8 6 1.7

Note: All errors under target absent conditions are “false alarms” and all errors under target present 
conditions are “misses”.

Errors A three-way mixed model ANOVA with the within-subjects factors of

singleton presence (vs. absence) and target presence (vs. absence) and the between- 

subjects factor of target type (high vs. low intensity) was also run on the error rates. 

This revealed a trend for higher error rates when the singleton was present (M  = 8.0%) 

than when it was absent [M = 6.0%, F(l,14) = 4.09, MSE = 60.06, p = .063]. No other 

main effects reached significance (p > .20 in both comparisons).

Once again, there was an interaction between singleton presence and target 

presence [F(l,14) = 9.07, MSE = 81.00, p < .01], indicating, in line with the RT results, 

that the singleton interference observed on target absent trials (mean interference effect 

= 4.2%, t(15) = 3.44, p < .01) did not occur on target present trials (mean effect = - 

0.3%). No other interactions reached significance (p > .20 in all comparisons).

In conclusion, the present experiment provides further evidence that a unique 

yet irrelevant singleton item slows RTs in an auditory detection task, consistent with 

the hypothesis that auditory singletons can capture attention. This effect cannot be 

explained in terms of masking by the singleton sound, as the lower frequency
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singletons used in the present experiment should have produced smaller masking 

effects than the other sounds.

2.4 Experiment 3

Experiments 1 and 2 have found interference effects due to irrelevant singleton 

distractors of both higher and lower frequency than the other nontargets. The following 

two experiments ask whether these interference effects can generalise to singletons that 

are unique on the dimension of intensity.

Targets were now defined by frequency. For half the subjects, targets were of 

higher frequency than nontargets and for the other half of subjects, targets were of 

lower frequency than nontargets. On half of the trials, one of the nontarget sounds was 

presented at a higher intensity than the other sounds. If the interference effects found in 

the p revious t wo e xperiments r eflect A C b y s ingleton s ounds i n g eneral, r ather than 

being specific to changes in stimulus frequency, then the presence (vs. absence) of an 

intensity singleton should also produce a cost, despite that singleton being irrelevant to 

the task.

2.4.1 Method

Subjects Sixteen new subjects took part in the experiment.

Stimuli & Procedure Targets in the present experiment were defined by

frequency, being of higher frequency (520 Hz) than nontargets (440 Hz) for half of the 

subjects and lower frequency (440 Hz) than nontargets (520 Hz) for the other half of
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the subjects. The singleton distractor was presented at the nontarget frequency with a 

higher intensity (approximately 83 dB SPL) than the rest of the sounds (approximately 

72 dB SPL). All other aspects of the method were the same as in Experiment 1.

2.4.2 Results and Discussion

RTs Table 3 presents mean RTs and error rates across subjects as a function of 

singleton presence (vs. absence), target presence (vs. absence) and target type (high vs. 

low frequency). A three-way mixed model ANOVA using these factors revealed a 

significant effect of singleton presence [F(l,14) = 23.14, MSE = 26578.37, p < .01]. 

Consistent with the findings of both previous experiments, target RTs were slower in 

the presence (M = 301 ms) than in the absence of a singleton distractor (M  = 260 ms, 

see Table 3). This finding suggests that irrelevant singleton distractors defined by 

intensity can capture attention, disrupting performance on a frequency detection task. 

There were no main effects of target presence or target type (F < 1 for both 

comparisons).

Table 3
Averages o f subjects ’ mean RTs in ms (RT) with standard errors (SE) and mean error 
rates (%E) for Experiment 3, as a function o f target and singleton presence and target 
type

Target type Target

Singleton condition Effect size
Absent (A) Present (P) (P-A)

RT SE %E RT SE %E RT %
High Absent 250 31 0.6 313 47 1.8 63 1.2

frequency Present 276 39 1.4 287 43 2.8 11 1.4
Low Absent 239 31 2.4 310 47 5.4 71 3.0

frequency Present 275 39 3.5 292 43 5.1 17 1.6

Note: All errors under target absent conditions are “false alarms” and all errors under target present 
conditions are “misses”.
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As in both previous experiments, there was a significant interaction between 

singleton presence and target presence, [F(l,7) = 20.10, MSE = 11150.57, p < .01], 

reflecting a stronger effect of singleton presence on target absent trials (mean 

interference effect = 67 ms) than on target present trials (mean effect = 1 5  ms), 

although the weaker effect of singleton presence on target present trials was 

nevertheless significant [t(15) = 3.47, p < .01]. No other interactions reached 

significance (F(l,14) < 1 for all comparisons).

Errors A similar ANOVA run on the errors revealed a main effect of singleton

presence [F(l,14) = 11.20, MSE = 50.77, p < .01]. In line with the RTs, error rates were 

higher when the singleton was present (M =  3.8%) than absent (M =  2.0%). No other 

effects or interactions reached significance (p > .15 in all comparisons).

In conclusion, the present experiment has shown that the singleton interference 

effect can generalise to a task where singletons and targets are defined on different 

dimensions from Experiments 1 and 2. This is important in suggesting that the 

interference reflects higher-level processes such as AC, rather than lower-level factors 

associated with the presence of a frequency singleton in an intensity discrimination 

task.

2.5 Experiment 4

As Experiment 3 used high intensity singletons, it was important to rule out alternative 

accounts for the singleton interference observed, either in terms of greater masking of 

the target by higher intensity singletons than by lower intensity nontargets (e.g. Stevens
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& Guirao, 1967), or in  terms o f  a startling effect due to  the presence of a sound of 

higher intensity (e.g. Davis, Gendelman, Tischler & Gendelman, 1982). The present 

experiment used singletons that were of lower intensity than the nontargets so that any 

interference found due to these singletons would not be open to explanations in terms 

of lower-level factors such as masking or startling.

2.5.1 Method

Subjects Sixteen new subjects participated in this experiment.

Stimuli & Procedure The stimuli and procedure were the same as in

Experiment 3 except that the singleton distractor was now presented with a lower 

intensity (approximately 72 dB SPL) than targets and nontargets (approximately 83 dB 

SPL). All other aspects of the method were the same as in Experiment 1.

2.5.2 Results and Discussion

RTs Table 4 presents mean RTs and error rates across subjects as a function of 

singleton presence (vs. absence), target presence (vs. absence) and target type (high vs. 

low frequency). A three-way mixed model ANOVA using these factors revealed a 

significant effect of singleton presence [F(l,14) = 17.11, MSE = 17441.16, p < .01]. 

Consistent with the findings of all previous experiments, target RTs were slower when 

the singleton was present (M  = 327 ms) than when it was absent (M  = 294 ms). This is 

an important result, as the interference effect in the present experiment is due to 

singletons that were of lower intensity than the other sounds, and as such cannot be 

explained in terms of masking or startling effects of the singleton (as these effects

65



should, if anything, be smaller for the low intensity singleton stimuli than for the 

nontarget stimuli, e.g. Stevens & Guirao, 1967). As in Experiments 1 and 2 (and 

previous visual search experiments), there was also a significant effect of target 

presence [F(l,14) = 4.59, MSE = 6442.47, p = .05] such that responses were slower 

when the target was absent (M =  321 ms) versus present (M =  301 ms). Although there 

was a numerical trend for faster RTs for the subjects detecting high frequency targets 

compared with subjects detecting low frequency targets (see Table 4), this trend was 

not statistically significant [F < 1].

Table 4

Averages o f subjects’ mean RTs in ms (RT) with standard errors (SE) and mean error 
rates (%E) for Experiment 4, as a function o f target and singleton presence and target 
type

Target type Target

Singleton condition Effect size
Absent (A) Present (P) (P-A)

RT SE %E RT SE %E RT %
High Absent 266 33 0.6 333 45 3.9 67 3.3

frequency Present 276 38 2.3 272 40 2.8 -4 0.5
Low Absent 303 33 2.1 382 45 8.1 79 6.0

frequency Present 332 38 3.3 324 40 3.6 -8 0.3

Note: All errors under target absent conditions are “false alarms” and all errors under target present 
conditions are “misses”.

Once again, there was a significant interaction between singleton presence and 

target presence [F(l,14) = 28.38, MSE = 24588.59, p < .01]. As in previous 

experiments, the singleton had a stronger effect on target absent trials (mean 

interference effect = 72 ms) than on target present trials, where there was in fact no 

interference effect in the present experiment (mean effect = -6 ms). Thus, unlike the 

high intensity singletons used in Experiment 3, the low intensity singletons used in the
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present experiment did not cause interference when the target was present. This is 

similar to the case of frequency singletons, where high frequency singletons in 

Experiment 1 caused interference on target present and target absent trials, whereas the 

low intensity singletons of Experiment 2 interfered only on target absent trials. Thus 

high values on either frequency or intensity may be better able to compete for attention 

with the targets than low values. This may be because the high value singletons have 

greater salience (relative to the target) than low value singletons, but as I did not 

manipulate salience systematically, the data speak only indirectly to this issue. No other 

interactions reached significance (p > .30 in all comparisons).

Errors A similar ANOVA run on the error rates revealed a significant effect of

singleton presence [F(l,14) = 6.31, MSE = 102.52, p < .05]. Consistent with the RTs, 

error rates were higher when the singleton was present (M = 4.6%) versus absent (M = 

2.1%). No other main effects reached significance (p > .20 in both comparisons)

There was a trend towards an interaction between singleton presence and target 

presence [F(l,14) = 4.02, MSE = 70.14, p = .065], suggesting in line with the RT 

results that the singleton interference effect was greater on target absent trials (mean 

interference effect = 4.6%) than on target present trials (mean effect = 0.9%). No other 

interactions reached significance (p > .20 in all comparisons).

In conclusion, Experiment 4 has demonstrated that low intensity singletons can 

produce interference in an auditory target detection task. This finding is important as 

interference due to a lower intensity singleton cannot be explained in terms of the 

lower-level factors mentioned in association with the high intensity singletons in 

Experiment 3. Taken together, Experiments 3 and 4 therefore suggest that the singleton
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items capture attention because of their uniqueness, rather than because of some lower- 

level property associated with being of either lower or higher intensity than the other 

sounds.

2.6 C h ap te r discussion

The results of the experiments in this chapter are summarised in Figure 2. As shown in 

the figure, the presence of an irrelevant auditory feature singleton interfered with 

auditory detection tasks in all four experiments, resulting in longer RTs and in some 

cases increased error rates. This finding has generalised across singletons of high and 

low frequency and high and low intensity relative to the other sounds (as well as across 

detection tasks based on both intensity and frequency).

650

— 600

550

500
Absent Present

-  4 - Exp 4

■exp o
Exp 1

Singleton

Figure 2: Mean target RTs as a function o f singleton presence fo r  Experiments 1-4.

In all four experiments singleton effects were greater when the target was 

absent than when i t w as p resent. T he r educed o r e  liminated s ingleton c ost o n t arget 

present trials may be due to competition for attention between the target and distractor.
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Interestingly, singleton costs were only eliminated for the low frequency and low 

intensity singletons, whereas high frequency and high intensity singletons produced a 

cost even on target present trials. This may be because the high value singletons have 

greater salience (relative to the target) than low value singletons, and are therefore 

stronger competitors for attention. However I did not manipulate salience 

systematically, and as such the data do not address this issue directly.
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Chapter 3

Effects o f irrelevant auditory singletons on target 

discrimination during auditory search
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3.1 Introduction

The purpose of the present experiments was to extend the observations o f  singleton 

effects to a new search task. The experiments reported in Chapter 2 used auditory 

detection tasks because visual search studies, including the early research into visual 

AC, typically use tasks involving detection of target presence (vs. absence; e.g. Jonides 

& Yantis, 1988; Yantis & Jonides, 1984). However, visual AC has also been examined 

within a search plus discrimination task, developed by Theeuwes (e.g. 1991a; 1992) in 

which, for example, a shape target is present on each trial and subjects are asked to 

discriminate the orientation of a line contained within the shape. The present 

experiments were designed to ask whether irrelevant singleton distractors could 

interfere in an auditory task that is similar to this discrimination task.

In the discrimination task used here, one of two unique targets was present on 

each trial and the task was to indicate which of the two targets appeared. Note that, in 

this way the present discrimination design differs slightly from that of Theeuwes (e.g. 

1991a, 1992). In his tasks, the target-defining feature (i.e. shape in the above example) 

was different from the reported target feature (i.e. line orientation). By contrast, in the 

present design subjects respond to target-defining feature itself (e.g. in a task where the 

target is defined as being of a different intensity from the nontargets, subjects’ 

responses are also made according to the intensity of the target). This slight change to 

Theeuwes’s design was made in  order to  avoid the need for manipulation of a third 

auditory feature dimension in  the discrimination tasks, so that they would remain as 

similar as possible to the detection tasks described in Chapter 2 to allow for easy
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comparison between the two sets of experiments. Note, however, that Chapter 5 uses a 

discrimination design in which the target- and response-defining attributes are 

different, as in Theeuwes’s visual tasks.

As in the previous experiments (and in Theeuwes’s visual studies) a feature 

singleton defined on an irrelevant dimension, was presented on 50% of trials. Target 

performance was then analysed as a function of singleton presence (vs. absence).

As well as generalising the singleton effect to another type of task, the 

discrimination task used here has two other potential advantages. Firstly, recall that the 

experiments presented in Chapter 2 found a reliable interaction between the factors of 

singleton presence and target presence, such that the effect of singleton presence was 

greater when the target was absent than when the target was present. Indeed the 

interference effects of the low value frequency and intensity singletons used in 

Experiments 2 and 4 were eliminated completely when the target was present. The 

discrimination design will provide a further test of whether interference effects due to 

both high and low value singletons c an b e f  ound w hen t he t arget i s p resent. A s t he 

target is present on every trial, this design will have greater experimental power and 

should therefore be more sensitive in either detecting or ruling out any such singleton 

effects.

A second advantage of the discrimination design is that it may be less open to 

an “ odd-one-out” s earch strategy. Experiments 1 -4 are open to  the criticism that the 

task of detecting the presence of a unique target might encourage subjects to listen for 

any unique sound, rather than focusing on the relevant dimension. In other words, the 

detection task used in Chapter 2 may have encouraged subjects to adopt an “odd-one-
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out” detection strategy, making it harder for them to avoid distraction by irrelevant 

“odd-one-out” stimuli such as the singleton. The discrimination design used in the 

present experiments would seem less likely to encourage an “odd-one-out” strategy, as 

the task involves discrimination o f  an exact feature on the target dimension and the 

presence of a unique sound alone cannot inform the participant of the correct response. 

This issue will be addressed more fully in Chapter 5.

3.2 Experiment 5

In Experiment 5, subjects searched sequences of five sounds for targets that were 

defined by intensity. A target was present on each trial and subjects were asked to make 

a speeded discrimination as to whether the target was of higher or lower intensity than 

the nontargets. Singletons were presented on half the trials at the nontarget intensity 

and differed from nontargets on the irrelevant dimension of frequency, being of higher 

frequency than targets and nontargets. I f  these irrelevant singletons capture attention 

despite being irrelevant to the discrimination task, this should lead to interference in 

performance on singleton present trials compared with performance on singleton absent 

trials.

3.2.1 Method

Subjects Eight new subjects took part in the experiment.

Apparatus and stimuli The equipment used was the same as in Experiment 1. 

Targets in the present experiment were defined by intensity, being of higher
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(approximately 83 dB SPL) or lower intensity (approximately 72 dB SPL) than the 

intermediate nontargets (approximately 78 dB SPL). As in Experiment 1, the singleton 

distractor was o f the same intensity as the nontargets with a frequency that was higher 

(520 Hz) than the rest of the sounds (440 Hz).

Frequency
(Hz)

520 -

440-

—  singleton

□ 1...... I
\

target

l  1 i i

\
nontarget

— i---------------1--------------- 1--------------- 1----------------1---------------- 1------------ 1—

100 200 300 400 500 600 700
Time
(msec)

i i = medium intensity (78 dB SPL)

' i = high intensity (83 dB SPL)

Figure 3: sche?natic representation o f an example trial from Experiment 5.
The figure shows an example o f a trial where the target is o f high intensity. As described in the method 
(section 3.2.1), the target was o f low intensity on 50% of trials. Similarly, the figure shows a trial where 
the singleton is present, but the singleton was just as likely to be absent. Finally, the singleton was 
equally likely to appear before the target as after the target (shown here).

Design & Procedure The design and procedure were similar to those of

Experiment 1, except for the following changes. The stream of sounds included five 

rather than four sounds. A target appeared on every trial in either the third or fourth

• • .  • .  7  .

position with equal probability. Subjects were told that a target would always be 

present, and responded “ 1” or “2” at the end of each stream according to which of the

7 Target positions were restricted in this way to allow for sufficient observations for an analysis of the 
effects o f whether the singleton appeared before or after the target.
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two possible targets they had heard. Targets were just as likely to be of high intensity 

as of low. The irrelevant distractor singleton appeared on 50% of trials, directly before
o

or after the target with equal probability. A 96 trial block included a fully- 

counterbalanced mix of the factors of singleton presence, singleton position and target 

position and their combinations. Two practice blocks of 16 trials each preceded the six 

experimental blocks.

3.2.2 Results and Discussion

RTs Table 5 presents mean RTs and error rates across subjects as a function of 

singleton presence (vs. absence) and target type (high vs. low intensity). A two-way 

within-subjects ANOVA using these factors revealed a significant main effect of 

singleton presence [F(l,7) = 9.68, MSE = 23490.82, p < .05]. As in all previous 

experiments, target RTs were slower in the presence (M =312 ms) than in the absence 

(M  = 257 ms) of the singleton distractor, see Table 5. Thus Experiment 5 has replicated 

the singleton interference effect within a discrimination design. There was no main 

effect of target type and no interaction between the two factors (F < 1 for both 

comparisons).

A one-way within-subjects ANOVA on the data from singleton present trials 

with the factor of singleton position (before vs. after the target) revealed a non­

significant trend for a larger effect of singletons occurring before (M  = 334 ms) rather 

than after the target (M  = 295 ms), [F(l,7) = 3.81, MSE = 1569.72, p = .09]. This may

8 The singleton was restricted to appearing directly before or after the singleton so that there would be 
enough observations to allow for an analysis of the effects of singleton position (before versus after the 
target).
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suggest that singletons occurring before the target compete more strongly for attention 

than those occurring after the target. However as the trend was not significant it cannot 

support a firm conclusion about the effects of singleton position.

Table 5

Averages o f subjects' mean RTs in ms (RT) with standard errors (SE) and mean error 
rates (%E) fo r Experiment 5, as a function o f singleton presence and target type

____________Singleton condition____________ Effect size
Absent (A) Present (P) (P-A)

Target type RT SE %E RT SE %E________ RT %E
High int. 253 27 11 315 32 13 62 2
Low int. 263 22 10 309 36 22________ 46 12

Errors In line with the RTs, a two-way ANOVA run on the error rates with the

factors of singleton presence (vs. absence) and target type (high vs. low intensity) also 

found a significant main effect of singleton presence [F(l,7) = 18.55, MSE = .0413, p < 

.01], reflecting higher error rates on singleton present (M  = 17%) versus singleton 

absent trials (M =  10%). There was a trend to suggest that error rates were higher when 

the t arget w as o f  1 ow i ntensity ( M  = 16%) t han w hen i t w as o f  h igh i ntensity (M = 

12%), however this trend was not significant [F(l,7) = 4.55, MSE = .0116, p = .07]. 

There was no interaction between singleton presence and target type [F(l,7) = 2.53, p = 

.16],

A one-way within-subjects ANOVA on the data from singleton present trials 

with the factor of singleton position (before vs. after the target) revealed a significant 

effect of singleton position [F (1, 7) = 12.92, MSE = .00534, p < .01]. Error rates were 

greater when the singleton occurred before (M  = 24%) versus after the target (M  = 

11%). In fact, error rates when the singleton appeared after the target were similar to
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error rates in the singleton absent condition (M  = 10%). This result seems to indicate 

that AC might be more likely to disrupt target perception when the singleton occurs 

before the target than when it occurs after the target (and early perceptual processing of 

the target has progressed without competition).

In conclusion, Experiment 5 has replicated the singleton interference effects 

found in Chapter 2 using a discrimination task rather than a detection task. This is an 

important result, as it shows that the singleton effect can generalise across two different 

tasks and as such suggests that the effect cannot be ascribed to the particular set-up 

used i n t he d etection e xperiments b ut r ather r eflects a m ore g eneral p rocess s uch a s 

auditory AC.

The present experiment was also important in demonstrating reliable 

interference in a task in which the target is always present (recall that the experiments 

presented in Chapter 2 found reliable interactions such that the singleton effect w as 

stronger on target absent versus target present trials).

3.3 Experiment 6

The previous experiment found a significant cost due to the presence of high frequency 

singletons in an intensity discrimination task. The present experiment asks whether low 

frequency singletons can also produce interference in the same discrimination task. 

Note that if such interference were observed, it would not be open to explanations in 

terms of masking, as the lower frequency singletons should produce less masking than 

the nontargets.
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3.3.1 Method

Subjects Eight new subjects took part in the experiment.

Stimuli and Procedure The stimuli and procedure were the same as in 

Experiment 5 except that the singleton distractor was presented at a lower frequency 

(440 Hz) than the targets and nontargets (520 Hz), as in Experiment 2. All other aspects 

of the method were the same as in Experiment 5.

3.3.2 Results and Discussion

RTs Table 6 presents mean RTs and error rates across subjects as a function of 

singleton presence (vs. absence) and target type (high vs. low intensity). As in previous 

experiments, the two-way within-subjects RT ANOVA with these two factors found a 

significant main effect of singleton presence [F(l,7) = 18.19, MSE = 12092.46, p < 

.01], indicating slower target RTs on singleton present (M  = 289 ms) versus singleton 

absent trials {M = 251 ms, see Table 6). In line with Experiment 2 (Chapter 2), this 

suggests that the presence of a unique auditory distractor captures attention even when 

it is of lower frequency than the other sounds. However this finding extends the results 

of Experiment 2, to demonstrate interference due to a low frequency singleton on target 

present trials (recall that the singleton effect in Experiment 2 was only significant when 

the target was absent). There was no main effect of target type and no interaction 

between the two factors (F < 1 for both comparisons).

A one-way within-subjects ANOVA on the data from singleton present trials 

with the factor of singleton position (before vs. after the target) revealed no effect of
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singleton position in the RTs (before (M  = 296 ms) vs. after the target (M  = 282 ms), 

F(l,7) = 1.08, MSE = 703.24, p = .33).

Table 6

Averages o f subjects ’ mean RTs in ms (RT) with standard errors (SE) and mean error 
rates (%E) for Experiment 6, as a function o f singleton presence and target type

____________Singleton condition_______________  Effect size
Absent (A) Present (P) (P-A)

Target type RT SE %E RT SE %E________ RT %E
High int. 248 20 11 292 26 19 44 8
Low int. 255 17 14 288 18 14_________ 33 0

Errors A two-way within-subjects ANOVA with the factors of singleton

presence (vs. absence) and target type (high vs. low intensity) was also run on the error 

rates. This revealed a significant effect o f  singleton presence [F(l,7) = 9.31, MSE = 

.014, p < .05]. Consistent with the RTs error rates were higher on singleton present (M  

= 16%) versus singleton absent trials (M = 12%). There was no effect of target type and 

no interaction between the two factors (p > .20 for both comparisons).

A one-way within-subjects ANOVA on the error data from singleton present 

trials with the factor of singleton position (before vs. after the target) found a 

significant effect of singleton position [F(l,7) = 13.05, MSE = .00161, p < .01], 

suggesting in line with the previous experiment, that error rates were higher when the 

singleton occurred before (M  = 20%) vs. after the target (M =  13%) with error rates in 

the latter condition similar to those in the singleton absent condition (M  = 12%).

Overall the present experiment has demonstrated significant singleton 

interference due to low frequency singletons in a discrimination task. This result 

establishes interference due to low frequency singletons on target present trials (recall
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that Experiment 2 found no such effect) and is strongly suggestive of AC by the low 

frequency singletons, as the singleton interference cannot be accounted for in terms of 

masking.

3.4 Experiment 7

The purpose of Experiments 7 and 8 was to examine whether frequency discrimination 

tasks would be disrupted by singleton distractors defined on the irrelevant dimension of 

intensity. Subjects in the present experiment searched for a target sound that was 

always present and responded according to whether it was of higher or lower frequency 

than the intermediate nontargets. Singletons were presented on 50% of trials, at the 

same frequency as the nontargets but with a higher intensity.

3.4.1 Method

Subjects Ten new subjects took part in this experiment. One subject was replaced 

due to a very high error rate (50% errors).

Stimuli and procedure High frequency targets had a frequency of 520 Hz, low

frequency targets had a frequency of 440 Hz and nontargets had an intermediate 

frequency of 480 Hz. As in Experiment 3, singletons were presented at the nontarget 

frequency (480 Hz) but were of higher intensity (approximately 83 dB SPL) than 

targets and nontargets (approximately 72 dB SPL). All other aspects of the method 

were the same as in Experiment 5.
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3.4.2 Results and Discussion

RTs Table 7 presents mean RTs and error rates across subjects as a function of 

singleton presence (vs. absence) and target type (high vs. low frequency). A two-way 

within-subjects ANOVA using these factors revealed a significant main effect of 

singleton presence [F(l,9) = 7.71, MSE = 6916.11, p < .05]. As in all previous 

experiments, target RTs were slower on singleton present trials (M = 322 ms) versus 

singleton absent trials (M  = 295 ms), in line with predictions of AC by the irrelevant 

singleton distractor. There was no main effect of target type (F < 1) but target type 

interacted with singleton presence [F(l,9) = 12.34, MSE = 8406.23, p < .01] such that 

the singleton interference effect was present only when the target was of low frequency 

and not when the target was of high frequency (see Table 7). Although this is a 

surprising result, the same high intensity singleton has already been shown to produce 

interference in detection of a high frequency target (Experiment 3) and, to anticipate 

somewhat, the following experiment will show that high frequency targets suffer from 

interference by low intensity singletons. Thus, the present finding is unlikely to be due 

either to high intensity singletons being incapable of capturing attention, or to high 

frequency targets being particularly resistant to AC. Instead, it seems more likely to be 

due to the particular combination of the high intensity singleton and high frequency 

target within this particular discrimination design. As this is the only experiment of 

eight (in Chapters 2 and 3) to produce an anomalous result of this kind, it did not seem 

worth pursuing.

There was no effect of singleton position (before vs. after the target, M  = 322 

ms for both singleton positions).
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Table 7

Averages o f subjects ’ mean RTs in ms (RT) with standard errors (SE) and mean error 
rates (%E) for Experiment 7, as a function o f singleton presence and target type

____________Singleton condition____________ Effect size
Absent (A) Present (P) (P-A)

Target type RT SE %E________RT SE %E________RT %E
Highfreq. 315 41 11 313 34 11 -2 0
Low freq. 277 31 6_________ 332 36 11________ 55 5

Errors A two-way within-subjects ANOVA run on the error rates with the

factors of singleton presence (vs. absence) and target type (high vs. low frequency) 

revealed no significant main effects or interactions (p > .20 for all comparisons), 

although the numerical trends for singleton presence were similar to the RT results (see 

Table 7).

A one-way within-subjects ANOVA on the data from singleton present trials 

with the factor of singleton position (before vs. after the target) revealed no effect of 

singleton position (before (M =  12%) vs. after the target (M = 10%), F(l,9) < 1).

In conclusion, Experiment 7 has replicated the singleton interference effect 

found in all previous experiments using a high intensity singleton. This is important in 

generalising the effect to a task in which targets and singletons are defined on different 

dimensions than in Experiments 5 and 6. Although the high intensity singleton did not 

appear to interfere with discrimination of high frequency targets, this appears to be an 

anomalous result when considered in conjunction with the results of the seven other 

experiments in Chapters 2 and 3.
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3.5 Experiment 8

In this experiment I examine the effects of singletons that are of lower intensity than 

the other sounds. Because lower intensity singletons should, if  anything, produce less 

masking than the nontargets, any interference effect found will not be open to accounts 

in terms of masking.

3.5.1 Method

Subjects Eight new subjects took part in the experiment. Four were replaced due 

error rates of 48%, 32%, 21% and 20%, all of which were over 3 SDs from the group 

mean of 6% (calculated with these subjects excluded).

Stimuli & Procedure The stimuli and procedure were the same as in Experiment 7 

except that, as in Experiment 4, the singleton distractor was presented with a lower 

intensity (approximately 72 dB SPL) than targets and non-targets (approximately 83 dB 

SPL). All other aspects of the method were the same as in Experiment 7.

3.5.2 Results and Discussion

RTs Table 8 presents mean RTs and error rates across subjects as a function of 

singleton presence (vs. absence) and target type (high vs. low frequency). As in 

previous experiments, the two-way within-subjects RT ANOVA using these factors 

revealed a significant main effect of singleton presence [F(l,7) = 10.27, MSE = 

1430.99, p < .05], reflecting slower target RTs on singleton present (M  = 262 ms) 

versus singleton absent trials (M  = 249 ms). In line with Experiment 4 (Chapter 2) this
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suggests that a singleton that is of lower intensity than the other sounds can 

nevertheless capture attention despite being irrelevant to the task. As well as ruling out 

accounts in terms of masking (as a singleton of lower intensity than the nontargets 

would produce less masking than each nontarget), this result also establishes 

interference due to low intensity singletons in the presence of the target (recall that the 

low intensity singletons used in Experiment 4 only caused significant interference on 

target absent trials).

There was no main effect of target type and, in a change from Experiment 7, 

there was no interaction b etween s ingleton p resence a nd t arget t ype ( F < 1 f  or b oth 

comparisons). In other words, a singleton effect was now found for both high and low 

frequency targets (see Table 8), whereas in Experiment 7 the effect only appeared on 

trials where the target was of low frequency.

A one-way within-subjects ANOVA on the data from singleton present trials 

with the factor of singleton position (before vs. after the target) revealed no effect of 

singleton position in the RTs (before (M  = 261 ms) vs. after the target (M  = 263 ms), F 

< 1).

Table 8

Averages o f subjects ’ mean RTs in ms (RT) with standard errors (SE) and mean error 
rates (%E) fo r Experiment 8, as a function o f singleton presence and target type

____________Singleton condition____________ Effect size
Absent (A) Present (P) (P-A)

Target type RT SE %E RT SE %E RT %E
Highfreq. 252 38 5 269 39 5 17 0
Low freq. 246 24 6__________256 26 7__________ 10 1
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Errors A two-way error ANOVA with the within-subjects factors of singleton

presence (vs. absence) and target type (high vs. low frequency) found no significant 

effects or interactions (p > .30 for all comparisons). However the subsequent one-way 

within-subjects ANOVA on the data from singleton present trials with the factor of 

singleton position (before vs. after the target) revealed a significant effect [F(l,7) = 

7.62, MSE = .00064, p < .05]. As in Experiments 5 and 6, error rates were higher when 

the singleton occurred before {M  = 8%) as opposed to after the target (M = 5%), and 

error rates in the singleton after target condition were similar to error rates in the 

singleton absent condition (M =  6%).

In conclusion, Experiment 8 has replicated the singleton interference effect 

found in Experiment 7 using low (rather than high) intensity singletons. This is an 

important result as it clearly establishes interference due to low intensity singletons on 

target present trials (recall that Experiment 4, Chapter 2 found no effect of low 

intensity singletons when the target was present). This result is strongly suggestive of 

AC by the low intensity singletons, as it cannot be explained in terms of masking of the 

target.

3.6 Chapter discussion

The experiments reported in this chapter have shown clear interference effects due to 

the presence of an irrelevant feature singleton in an auditory search and discrimination 

task. As illustrated in Figure 4, this singleton interference has generalised across all 

different combinations of target and distractor frequency and intensity. Importantly, 

within each dimension, the singleton interference effect was found for both high and
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low singleton feature values. As accounts in terms of low-level interference due to high 

value singletons (e.g. masking) cannot apply to singletons that are specified as having 

lower features values than the other stimuli, these effects suggest that the singleton 

interference reflects higher-level attentional processes.
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Singleton

Figure 4: Mean target RTs as a function o f singleton presence (vs. absence) for  
Experiments 5-8.

The experiments reported in Chapter 2 found singleton interference effects in 

detection tasks. The present experiments extend those findings to demonstrate that 

irrelevant singletons can also interfere with discrimination tasks. This is important, as 

in these experiments a unique target sound was present on each trial and therefore the 

presence of a unique sound alone could not inform the subject o f the correct response. 

This should have encouraged subjects to attempt to differentiate between relevant and 

irrelevant singleton sounds, perhaps leaving them less open to AC. Nevertheless, with 

the exception of one o f the eight combinations used (high frequency target and high 

intensity singleton), the presence of a singleton sound interfered with target responses, 

and this strengthens the claim that such singletons capture attention despite being 

clearly irrelevant to the task.
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The present findings of singleton interference in discrimination tasks are also 

encouraging as they establish clear singleton effects in the presence of the target (recall 

that interference effects in the experiments in Chapter 2 were stronger on target absent 

versus target present trials). In fact, Experiments 2 and 4 failed to find any interference 

effect on target present trials due to singletons of low frequency and low intensity 

respectively. In this respect, Experiments 6 and 8 are especially important in 

demonstrating clear interference effects due to the same low value singletons when the 

target is present.

Finally, although there was no effect of singleton position on RTs, the presence 

of a singleton before the target appeared to be more detrimental to accuracy than the 

presence of a singleton after the target. This result may have occurred because AC is 

more likely to disrupt target perception, resulting in incorrect discrimination, when it 

occurs before the target than when it occurs after the target (in which case early 

perceptual processing of the target has progressed without competition). The following 

chapter investigates the effects of singleton position further.

87



Chapter 4

Effects o f singleton position on target discrimination

during auditory search
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4.1 Introduction

The experiments in this chapter assess the effects of varying the position of the 

singleton feature within the auditory discrimination task described in Chapter 3. The 

experiments reported in Chapter 3 examined the effects of irrelevant singleton features 

occurring in distractor sounds that were presented immediately before or after the target 

sounds. By contrast, in the first experiment of this chapter I examine the effects of an 

irrelevant singleton feature that occurs within the target item itself. In the second 

experiment I ask whether singleton distractor interference can persist if  the temporal 

separation of the singleton item relative to the target is varied (i.e. if the singleton is no 

longer r estricted to o  ccurring o nly d irectly b efore o r a  fter t he t arget as it was in the 

experiments in Chapter 3). By varying singleton position in this way I will be able to 

test an important prediction of AC regarding the case of irrelevant singleton features 

that are presented within the target stimulus (Experiment 9). I will also be able to ask 

whether the singleton interference effect seen in previous experiments can generalise to 

singletons that are separated from the target by an intervening nontarget (Experiment 

10).

4.2 Experiment 9

In Experiment 9 singleton position was varied so that the singleton feature could appear 

either within a nontarget stimulus (directly before or after the target as before) or within 

the target stimulus itself. This manipulation tests an important prediction of my account
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of previous singleton interference in terms of auditory AC. Whereas a singleton feature 

occurring within a nontarget item should produce a cost in search performance if  it 

captures attention, as attention will be drawn to  the irrelevant nontarget, a singleton 

feature occurring within the target item should facilitate performance, as attention 

should in this case be drawn to the relevant target. Recall that Jonides & Yantis (1988) 

demonstrated facilitation due to visual AC (i.e. the irrelevant singleton feature of 

abrupt-onset led to efficient search if it coincided with the target). The present 

experiment was designed to ask whether the auditory AC observed in previous chapters 

could also produce facilitation in this way.

Singletons were defined by frequency and, in a change from previous 

experiments, targets were defined by duration. The dimension of intensity was not 

used, as there are known to be interactions between the frequency and intensity of a 

particular sound. As mentioned previously, this interaction should not be noticeable 

over the particular ranges used here (see footnote 1, pg. 51). However, in the present 

experiment comparisons of the size of the singleton effect are made between the 

condition where the singleton feature is presented within the target sound (so that the 

singleton and target features could interact) and the condition where the singleton 

feature is presented within a nontarget sound (so that the two features can not interact). 

It was therefore especially important to avoid even slight interactions between the 

target and singleton dimensions, because such interactions would have had different 

effects in the different conditions. For this reason, the dimensions of duration and 

frequency were now used, as these dimensions are known to be independent (e.g. Allan 

& Kristofferson, 1974; Woods, Sorkin & Boggs, 1979). Were the present experiment to
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replicate previous findings of singleton interference, it would therefore generalise the 

interference effect to a new discrimination task in which targets are defined by 

duration, rather than frequency or intensity as in previous experiments.

Subjects searched for a target that was present on each trial, and responded 

according to whether it was of long or short duration. Non-targets were of medium 

duration. An irrelevant singleton feature, defined as a higher frequency than the targets 

and non-targets, was presented on two thirds of the trials. A high value singleton was 

used because there was some suggestion from the previous experiments that high value 

singletons produced stronger interference effects than low value singletons. Thus, were 

these reliable interference effects of high value singletons to be reversed to facilitation, 

simply by varying the position of the singleton feature in the sequence, this would 

provide a very convincing demonstration that the effects of such potent singletons are 

due to capture of attention, rather than to any lower-level factors (e.g. masking).

In a change from previous experiments the target sound itself contained the 

singleton feature on a third of trials. On another third of trials the singleton feature was 

presented in a non-target sound (as in previous experiments). The singleton feature was 

absent from the sequence on the remaining third of trials. If the high frequency 

singleton captures attention to the item within which it is presented, the presence (vs. 

absence) of a nontarget singleton should interfere with performance of the 

discrimination task as before. B y contrast, the presence of a singleton that coincides 

with the target sound should lead to facilitation of performance, by comparison with 

singleton-absent trials.
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4.2.1 Method

Subjects 18 new subjects took part in the experiment. One subject was replaced 

due to an error rate of 39% (over 3 SDs higher than the group mean of 8%).

Stimuli Targets were defined on the basis of duration. Long targets had

durations of 150 ms, short targets lasted 50 ms, and nontargets (including singletons) 

had intermediate durations of 100 ms. The duration of the inter-stimulus intervals (ISIs) 

was varied to ensure that the total duration of stimulus presentation and ISI was kept 

constant at 185 ms for all sound durations.9 Singletons were defined by frequency: 

whereas targets and nontargets were all of a low frequency (440 Hz), singletons were 

presented at the higher frequency of 520 Hz. All sounds had intensities of 

approximately 78 dB SPL.

Procedure Subjects searched a sequence of five sounds for a target tone of

longer or shorter duration than the non-target tones. Targets appeared on every trial in 

either the third or fourth position with equal probability, and were just as likely to be 

longer in duration than the non-targets as shorter. Subjects were informed that a target 

would always be present and were asked to respond either “1” for “short target” or “2” 

for “long target”. The high frequency singleton feature was presented in the target item 

on one third of trials. On another third of trials the singleton feature coincided with a 

distractor item (directly before or after the target with equal probability). On the 

remaining third of trials the singleton feature was absent from the search array. A 96

9 Pilot testing had suggested that a design in which all sounds were followed by the same length ISI 
meant that the time between successive sound onsets changed, producing an uneven rhythmical pattern. 
This encouraged subjects to focus on the overall rhythm of each sequence, rather than focusing 
specifically on the durations of each sound. In addition, there is research to suggest that subjects’ 
judgements about sounds are more accurate if the sounds appear in rhythmically expected temporal 
positions than at unexpected ones (e.g. Jones, Moynihan, MacKenzie & Puente, 2002).
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trial block included a fully-counterbalanced mix of the factors o f singleton condition, 

target position and their combination. Six experimental blocks were run, preceded by a 

single practice block of 24 trials. All other aspects of the method were as described in 

Experiment 1.
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Figure 5: schematic representation o f an example trial from Experiment 9.

The figure shows a trial where the target was of short duration. On the remaining 50% of trials the target 
was o f long duration. The figure shows an example of a trial where the singleton and target features 
coincide within the same tone. This type o f  trial made up 3 3% o f  the total trials, as described in the 
method (section 4.1.1).

4.2.2 Results and Discussion

RTs Table 9 presents mean RTs and error rates across subjects as a function of 

singleton condition (absent; present in target; present in distractor) and target type 

(short vs. long duration). A two-way within-subjects ANOVA using these factors found 

a significant main effect of singleton condition [F(2,34) = 12.29, MSE =  26407.28, p < 

.01]. F-contrasts revealed that, by comparison with the singleton absent condition (M = 

316 ms), RTs were significantly slower when the high frequency singleton feature 

coincided with a distractor sound [M =  343 ms, F(1,17) = 4.64, MSE =  2845.50, p <
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.05] and significantly faster when the singleton feature coincided with the target sound 

[M =  288 ms, F(l,17) = 7.98, MSE = 1469.72, p < .05]. These findings provide support 

for the hypothesis that the irrelevant singleton feature captures attention, leading to 

interference if the object to which attention is drawn is irrelevant and facilitation if the 

object is relevant. There was also a main effect of target type such that RTs were 

slower when the target was of long duration (M = 336 ms) than of short duration [M = 

295 ms, F(l,17) = 29.02, MSE = 46025.75, p < .01]. This finding is simply due to the 

fact that a short duration target will be identified as “short” at an earlier point in time 

than a long duration target will be identified as “long”, and this will allow responses to 

be initiated earlier on trials where the target is short.

Table 9

Averages o f participants’ mean RTs in ms (RT) and mean error rates (%E), with 
standard errors (SE) for Experiment 9, as a function o f  singleton condition and target 
type________________________________________________________________________________

Target Singleton absent Singleton present Facilitation Singleton present Distraction
type (A) in target (PT) effect size in distractor (PD) effect size

(A-PT) (PD-A)
RT SE %E RT SE %E RT %E RT SE %E RT %E

Short 284 37 4 282 43 4 2 0 319 49 12 37 8
Long 347 47 9 295 42 4 52 5 366 53 15 71 11

The factors of singleton condition and target type interacted significantly 

[F(2,34) = 8.80, MSE = 5755.68, p < .01] as shown in Table 9. Singleton effects were 

smaller in general for short targets than for long targets, and this difference was greater 

for the facilitation effects than for interference. This pattern appeared to suggest that 

there might be a floor effect for trials where the target was of short duration. Note 

however that, even though the facilitation effect was reduced for short targets 

compared with long targets, the effect did not reverse into interference. Rather, the
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faster RTs to short targets were simply not facilitated further by the irrelevant 

singleton.

As in previous experiments, a one-way within-subjects ANOVA on the data 

from singleton present trials with the factor of singleton position (before vs. after the 

target) found no significant effect of singleton position (before (M  =351 ms) vs. after 

the target (M =  333 ms), F(l,17) = 3.13, MSE = 1012.32, p = .10).

Errors In line with the RT analysis a two-way within-subjects error ANOVA

with the factors of singleton condition (absent; present in target; present in distractor) 

and target type (short vs. long duration) found a significant main effect of singleton 

condition [F(2,34) = 17.95, MSE = .082, p < .01]. Also as in the RT analysis, F- 

contrasts revealed that, by comparison with the singleton absent condition (M = 7%), 

error rates were greater when the singleton feature coincided with a distractor [M  = 

13%, F(l,17) = 5.8, MSE = .00203, p < .05] and smaller when the singleton feature 

coincided with the target [M =  4%, F(l,17) = 19.65, MSE = .00407, p < .01]. Consistent 

with the RTs, there was also a significant main effect of target type [F(l,17) = 14.63, 

MSE = .022, p < .01] such that there were fewer errors when the target was of short 

duration (M  = 7%) than of long duration (M = 9%). The two factors did not interact 

[F(2,34) = 2.44, MSE = .004, p = .10], although numerical trends were in line with the 

RTs, showing larger effects for long than short targets and more so for facilitation than 

interference (see Table 9).

As in previous experiments the one-way within-subjects ANOVA on the data 

from singleton present trials with the factor of singleton position (before vs. after the 

target) revealed a significant effect of singleton position in the error rates [F(l,17) =
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18.15, MSE = .00467, p < .01] indicating that responses were less accurate when the 

singleton occurred before (M = 18%) vs. after the target (M = 8%), with the latter 

condition resulting in similar error rates to the singleton absent condition (M =  7%).

In conclusion, Experiment 9 has replicated the findings of the experiments in 

Chapters 2 and 3 in demonstrating a significant cost to both RTs and errors associated 

with the presence of an irrelevant feature singleton in an auditory search task. It has 

also generalised this singleton interference effect to a task in which targets are defined 

by duration. In addition, this experiment has found evidence for facilitation of 

responses when the singleton feature is presented within the same sound as the target. 

This is an important finding, as an account of the interference results in terms of AC 

predicts facilitation of this sort.

This experiment also found that the facilitation effect, while strong on trials 

where the target was long, was absent on trials where the target was short. This 

appeared to reflect a floor effect for short targets, such that they were identified so 

quickly and accurately when the singleton was absent that there was no additional 

facilitation effect.

The facilitation effect demonstrated here rules out a potential alternative 

explanation of the singleton interference effects. As reviewed in the general 

introduction, there is evidence to suggest that auditory attention can be cued towards 

ranges of frequencies, intensities and durations. In a typical design, Mondor & 

Bregman (1994) asked subjects to judge the durations of target tones. Responses were 

faster and more accurate when an auditory cue preceding the target was at the same 

frequency as the target, than when the two were at different frequencies. Similar
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techniques have shown that auditory attention can also be  drawn to  previously cued 

intensity ranges (e.g. Leek, Brown and Dorman, 1991; Luce and Green, 1978; Mondor 

& Lacey, 2001; Nosofsky, 1983). This presents a potential problem for the 

discrimination tasks I have used, as they are likely to have been carried out by 

comparing the target with the sound directly before it (and perhaps also the sound after 

it). Thus the interference effect observed might be due to the fact that it is harder to 

compare the target with a singleton sound than with an ordinary nontarget sound, 

because the singleton sound varies on an irrelevant dimension whereas the ordinary 

nontarget does not. The present finding of facilitation due to the singleton cannot be 

explained in these terms. In fact, the target should be less expected when it appears at 

the singleton frequency (33% of trials, vs. 66% for nontarget frequency) and yet 

performance is facilitated in this condition. Thus the present results cannot be 

explained in terms of expectancy.

The presence of a facilitation effect is inconsistent with Schroger & W olffs 

(1998) finding that detection of targets defined by duration is worse when the target 

itself is a frequency deviant. However, this apparent discrepancy is likely to be due to 

the different designs of the two tasks. The present task involved searching for a target 

sound within a short RSAP stream. In this design, stimuli must compete against each 

other for attentional resources and AC by a particular sound will provide it with a large 

processing advantage. B y contrast, stimuli in Schroger & W olffs (1998) study were 

separated by intervals of one second and thus did not have to compete with each other 

for attention. It therefore seems most likely that their findings reflect expectancy 

effects.
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The contrast between the present results and those of Schroger and Wolff 

(1998) demonstrates the importance of behavioural research into auditory distraction, 

to go alongside the ERP research that has been carried out to date. Indeed, the present 

finding provides the first demonstration that deviant sounds (that might be expected to 

elicit both the MMN and the P3a responses) can lead to facilitation rather than 

interference in a concurrent task. For this reason, an interesting follow-up to the present 

study would have been to record ERPs from subjects carrying out the facilitation task, 

however this was unfortunately beyond the scope of the current thesis.

4.3 Experiment 10

The results of Experiment 9 are very encouraging for the hypothesis that an irrelevant 

auditory singleton can capture attention. The present experiment aims to characterise 

the e ffect further, b y asking whether s ingleton interference c an p ersist o ver a 1 onger 

length of time than has been used in previous experiments. Here I compare the 

interference effects of singletons that are presented directly before or after the target, 

with the effects of singletons that are separated from the target by an intervening 

nontarget. If the auditory AC I have demonstrated in previous experiments lasts only 

for very short lengths of time, then interference effects would be eliminated when the 

singleton is separated from the target by an intervening nontarget. If, on the other hand, 

the process of AC is longer-lasting, the interference effect should persist despite such 

separation. In addition, were the singleton interference effect to persist in this way, this
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would provide further evidence the effect is unlikely to be to low-level interactions 

between adjacent sounds (e.g. masking).

4.3.1 Method

Subjects 10 new subjects took part in the experiment.

Stimuli Targets were defined on the basis of duration. Nontargets had durations

of 100 ms, long targets lasted 150 ms, and short targets lasted 50 ms. Singletons were 

presented at the nontarget duration (100 m s) and w ere o f  1 ower frequency (440 H z) 

than targets and nontargets (which were at 520 Hz). All sounds had intensities of 

approximately 78 dB SPL. As in Experiment 9, the duration of the inter-stimulus 

intervals (ISIs) was varied to ensure that the total duration of stimulus presentation and 

ISI was kept constant at 185 ms for all sound durations.

Procedure Subjects searched a sequence of seven sounds for a target tone of

longer or shorter duration than the non-target tones. A target appeared on every trial in 

either the fourth or fifth position with equal probability. Subjects were asked to respond 

either “1” for “long target” or “2” for “short target”. The singleton distractor appeared 

on 50% of trials, before or after the target with equal probability. On half of these 

singleton present trials, the singleton occurred directly before or after the target (I refer 

to this as a singleton-target separation of 0). On the other half, the singleton was 

separated from the target by an intervening nontarget (corresponding to a singleton- 

target s eparation o f  1). A 96 trial block included a fully-counterbalanced mix of the 

following factors and their combinations: target position, target type (long or short 

duration), singleton presence, singleton position (before or after the target) and
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singleton-target separation (0 or 1). Six experimental blocks were run, preceded by a 

single practice block of 24 trials. All other aspects of the method were as described in 

Experiment 9.

4.3.2 Results and Discussion

RTs Table 10 presents mean RTs and error rates across subjects as a function of 

singleton presence/separation (absent; present separation 0; present separation 1) and 

target type (short vs. long duration). A two-way ANOVA with the within-subjects 

factors of singleton presence (present vs. absent) and target type (short vs. long 

duration) revealed a significant main effect of singleton presence [F(l,9) = 10.24, MSE 

= 5974.85, p < .05]. In line with previous results, target RTs were slower in the 

presence (M  = 325 ms) versus the absence (M = 301 ms) of the singleton distractor, 

suggesting that the singleton captured attention. There was also a significant effect of 

target type [F(l,9) = 14.12, MSE = 65782.64, p < .01], such that RTs were slower when 

the target was of long duration (M  = 354 ms) versus short duration (M = 272 ms). As 

mentioned in the results section of Experiment 9, this result is unsurprising as subjects 

are able to start responding earlier after a short target than a long target. Although, as in 

Experiment 9, there was a numerical trend for smaller singleton effects overall for trials 

where the target was short rather than long (see Table 10), the factors of singleton 

presence and target type did not interact significantly (F < 1).

A further three-way ANOVA on RTs from singleton present trials with the 

within-subjects factors of singleton-target separation (0 vs. 1), singleton position 

(before vs. after the target) and target type (long vs. short duration) found no significant
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main effect of singleton-target separation [F(l,9) = 2.08, MSE = 3479.26, p = .183]. 

Thus the interference associated with singleton presence was just as strong for 

singletons that were separated from the target by an intervening nontarget (M = 333 

ms) as for singletons that appeared directly before or after the target (M = 320 ms). 

This suggests that the process of auditory AC as observed in the current experiments 

can last over at least 270 ms and across an intervening item, as it persists even when the 

singleton is separated from the nontarget. As in the previous analysis, there was a main 

effect of target type indicating that responses were slower when the target was of long 

duration (M  = 370 ms) than of short duration (M  = 284 ms). There was no main effect 

of singleton position, and no significant interactions between any of the factors (p > .14 

in all comparisons).

Table 10

Averages o f participants’ mean RTs in ms (RT) and mean error rates (%E), with 
standard errors (SE) for Experiment 10, as a function o f  singleton presence/separation 
from target, and target type__________________________________________________

Target
type

Singleton absent 
(A)

Singleton present 
Separation 0 (P0)

Effect size 
(P0-A)

Singleton present 
Separation 1 (PI)

Effect size
(FI "A)

RT SE %E RT SE %E RT %E RT SE %E RT %E
Short 264 18 4 281 18 10 17 6 286 25 11 22 7
Long 338 31 10 359 39 9 21 -1 380 41 10 42 0

Errors The two-way error ANOVA using the factors of singleton presence

(present vs. absent) and target type (short vs. long duration) revealed a significant 

effect of singleton presence [F(l,9) = 6.41, MSE = .0014, p < .05], such that error rates 

were higher when the singleton was present (M  = 10%) versus absent (M = 7%), 

consistent with the RTs. There was no effect of target type and no interaction between 

the two factors (p > .15 in both comparisons).
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The three-way ANOVA on error data from singleton present trials with the 

within-subjects factors of singleton-target separation (0 vs. 1), singleton position 

(before vs. after the target) and target type (long vs. short duration) indicated no 

difference between the effects of singletons with a separation of 0 (M — 10%) and those 

with a separation of 1 [M =  11%, F(l,9) = 1.01, MSE = 17.11, p = .34]. Thus, as in the 

RTs, the singleton sound interfered just as much with errors when it was separated 

from the target by an intervening nontarget as when it appeared directly before or after 

the target. As in previous experiments, there was a significant main effect of singleton 

position in the error rates [F(l,9) = 8.57, MSE = 714.01, p < .05] such that participants 

were less accurate when the singleton appeared before the target (M =  13%) as opposed 

to after the target (M  = 7%) with the latter condition resulting in the same number of 

errors as the target absent condition (M = 7%). There was no main effect of target type, 

and none of the interactions reached significance (p > .15 in all comparisons).

Overall, Experiment 10 has found no difference between interference effects 

due to singletons that occurred adjacent to the target in the sound stream and effects 

due to singletons that were separated from the target by one intervening nontarget. This 

suggests that auditory AC can persist despite a singleton-target separation of 270 ms in 

which another object is presented.

The finding that the singleton interference can persist across an intervening 

nontarget item is similar to a finding from the visual AC study of Folk, Leber & Egeth 

(2002). As discussed in more detail in the general introduction (Chapter 1), Folk et al. 

(2002) found visual AC due to colour singletons in sequential RSVP streams. This 

singleton interference occurred due to singletons either directly before the target or two
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items before it. In other words, the visual AC they found also persisted across an 

intervening item.

4.4 Chapter conclusions

Experiments 9 and 10 have characterised the auditory AC effect further by varying the 

position of the singleton feature within the auditory discrimination task used 

throughout much of this thesis. Experiment 9 demonstrated that performance in  this 

task c ould b e f  acilitated i f  t he s ingleton f  eature o ccurred w ithin t he t arget s ound. In 

other words, the very same singleton feature can produce facilitation in one trial and 

interference in the next, depending on whether it is part of a target or a nontarget (as 

predicted by an AC account of the previous findings). Experiment 10 then showed that 

singleton interference could persist across an item that separates the singleton from the 

target in the sequence. This provides further evidence that the singleton interference 

observed here cannot be due to low-level interactions between adjacent sounds (as in 

this case the interference effect would not have been present when the target and 

singleton were separated by an intervening sound). Thus, in addition to the 

demonstrations in Chapters 2 and 3 of interference by low intensity singletons (which 

cannot be attributed to low-level masking effects) this experiment provides further 

support for an AC account of the singleton interference demonstrated here.
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Chapter 5

Effects o f search strategy on singleton interference
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5.1 Introduction

The purpose of the experiments described within this chapter was to examine the AC 

account for singleton interference further by asking whether this interference depends 

on subjects’ top-down strategies for allocation of attention. As discussed in the general 

introduction (Chapter 1), AC in visual search tasks has been shown to be dependent on 

the attentional allocation strategy adopted by the observer. Specifically, it seems that 

AC by irrelevant feature singletons can only occur if subjects adopt a singleton 

detection strategy, in which they allocate attention towards any singleton items in the 

search display. In most of the tasks used in the visual AC paradigm, this is an efficient 

search strategy as the target itself is a feature singleton. However a singleton detection 

strategy also leaves the search open to AC by irrelevant singletons. On the other hand, 

if  subjects are prevented from using a singleton detection strategy, visual AC is 

eliminated. Bacon & Egeth (1994) found that AC by colour singletons was eliminated 

if the target was not a reliable form singleton (either by presenting more than one target 

in each array, or by including nontargets of several different forms). Under these 

circumstances, a singleton detection strategy cannot be of use in locating the target, as 

the t arget i s no 1 onger a singleton and as such would not b e selected for attentional 

allocation by a singleton detection search. Thus it is likely that subjects adopt a more 

focused feature search strategy instead, in which they allocate attention only towards 

items with the specific target feature. As the singleton does not contain this target 

feature, it is not selected for attentional allocation and i t  therefore ceases to  capture 

attention.
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The present experiments ask whether the auditory AC demonstrated within this 

thesis is also dependent on subjects’ top-down strategies for allocation of attention. As 

well as providing an interesting comparison between the visual and auditory versions of 

the AC effect, these experiments provide a further test of the AC account of auditory 

singleton effects. If the singleton cost is due to capture of attention, it should depend on 

whether attention is allocated to that singleton or not. Thus, if  interference due to 

auditory singletons can be reduced or eliminated by forcing subjects to focus their 

attention on a particular target feature, this will imply that the interference effect found 

when subjects engage in less focused searches (as in all the previous experiments) 

depends on allocation of attention towards the singleton sound, as predicted by the AC 

account.

In order to examine this possibility, I used a manipulation based on one of those 

adopted by Bacon and Egeth (1994) to force subjects into a feature search mode for 

attentional allocation. Bacon and Egeth (1994, Experiment 3) prevented singleton 

detection mode in a shape detection task by including nontargets of several different 

shapes in the search array, so that the target was no longer a reliable shape singleton 

(and singleton detection mode was therefore prevented). Under these circumstances, 

Bacon and Egeth found no AC by colour singletons, presumably because subjects were 

forced into a focused feature search strategy. In a similar manipulation, the nontargets 

in Experiment 12 were made heterogeneous on the target-defining dimension 

(frequency). Nontargets had one of two different frequencies, so that the target was not 

a frequency singleton and as such could only be identified by a search that focused on 

its particular frequency (rather than by a singleton detection search). Experiment 12
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asks whether preventing a singleton detection strategy in this way will eliminate 

auditory AC, as it does visual AC.

In o rder t o follow B aeon and E geth’s p aradigm as c losely a s p  ossible, I also 

modified the auditory discrimination task to ensure that the manipulation of search 

strategy had an effect purely on search processes, without altering the response. 

Subjects searched for targets on the basis of frequency and based their discrimination 

responses on a different dimension (duration). Specifically, subjects searched for a 

target defined by a single, pre-specified feature (a frequency of 480 Hz among 

nontargets of 780 Hz and 180 Hz) and responded according to whether it was long or 

short. This modified auditory task provides a close analogue of Bacon and Egeth’s task 

(as well as of the task used by Theeuwes, 1992, on which Bacon and Egeth’s task was 

based), in which subjects search for a target defined by shape and discriminate between 

different orientations of lines contained within the shape.

As described above, the task required for Experiment 12 involves several 

changes from the task used in previous experiments. Experiment 11 was therefore run 

to verify that singleton interference would still be found in this new task. In Experiment 

11, singleton detection mode remained available (because the target was presented 

among homogeneous nontargets at 780 Hz) but subjects searched for a pre-specified 

feature target (of 480 Hz) and carried out a discrimination task based on the duration of 

this target.

Although this modification of the task was initially adopted in order to allow 

comparison with Experiment 12, any finding of singleton interference in Experiment 11 

will be interesting in itself. As the target-defining and response-defining features will

107



now be different from each other, subjects will be forced into a compound search 

where the target-defining feature does not also provide information on the response to 

be made. It will be interesting to examine whether or not auditory AC can persist in this 

type of search (as it does in the visual domain, e.g. Theeuwes, 1992).

Note also that this modified design may already go some way towards 

encouraging subjects into more of a feature-based search than the previous 

discrimination experiments. Although in those experiments (Chapters 3 and 4), the 

target was always present, so the simple presence of a unique sound could not inform 

responses (cf. the detection task used in Chapter 2), the target was defined as having 

one of two extreme feature values, so subjects could have adopted a search for any 

higher or lower value (rather than focusing on the precise target feature). By contrast, 

in Experiment 11 the target is always defined by the same pre-specified feature (a 

frequency of 480 Hz) and as such this task would be likely to go some way towards 

encouraging a feature-based search. However, as the target feature is still a unique 

singleton, we should still expect attentional capture, even with this modified design.

Another difference between Experiment 11 and previous experiments is that the 

difference used here between the target frequency (480 Hz) and the nontarget 

frequency (780 Hz) was much larger than in previous experiments. This was necessary 

so that subjects could perform the task accurately in both experiments, as discussed in 

the method (section 5.2.1). This large feature difference between targets and nontargets 

is likely to have increased the salience of the targets relative to the singletons. 

According to Theeuwes’s (1991a, 1992, 1994) salience model of visual AC, the 

relative salience of targets and singletons determines whether or not AC occurs:
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irrelevant singletons will only c apture attention i f  they are more salient than targets. 

The salience of the targets and singletons depends on the size of the featural differences 

they produce when compared with the background nontargets. According to the model, 

each feature dimension (e.g. form, colour etc.) is analysed preattentively, allowing 

identification of items that produce large featural differences when compared with the 

other items in the array. Attention is then directed to these items before others. In this 

way irrelevant singleton items can attract attention, but only if they produce larger 

featural differences than the target (i.e. if they are more “salient” than the target). Note 

that Theeuwes’s model is based on a visual search task where targets and singletons are 

presented simultaneously. By contrast, the present experiments use sequential 

presentation of stimuli therefore it is uncertain whether a similar model would apply. 

Nevertheless, if stimulus salience were to be important for determining AC in the 

auditory domain, the targets used in the present experiment would produce larger 

differences on the target dimension (frequency) than targets used in previous 

experiments, and they would thus be more salient than previous targets. On the other 

hand, the singletons used here would be equally as salient as the high intensity 

singletons used in other experiments. This means that the singletons used in the present 

experiment would be less salient (relative to targets) than singletons in previous 

experiments. Thus, if stimulus salience plays a role in auditory AC, we may expect a 

reduced singleton effect in Experiment 11.

The fact that Experiment 11 is more likely to encourage a feature search mode 

than previous experiments, along with the likelihood that the target is more salient in 

Experiment 11 than before (reducing the salience of singletons relative to targets),
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suggests that singleton interference is likely to be reduced in Experiment 11 compared 

with previous experiments. For this reason, the present experiment uses the 

singleton/target combination that has produced the strongest and most reliable 

interference in the experiments carried out so far: high intensity singletons and targets 

that are of lower frequency than nontargets. This combination produced the strongest 

effect in Chapter 2 (44 ms) and the second strongest effect in Chapter 3 (55 ms).10

A final difference between Experiment 11 and the previous experiments is that, 

because all search items must be of either short or long duration (to allow for the 

duration discrimination aspect of the task), half the singletons in Experiment 11 are of 

short duration and half are of long duration. It is hard to predict how this might affect 

the strength of AC by the singletons. It is seems most likely that, as each type of 

singleton is now half as likely, each one might appear more novel, and the interference 

effect might therefore be strengthened compared with cases when there is only one type 

of singleton. On the other hand, general context effects of this sort (such as how 

probable each particular singleton is) might matter less than the feature differences 

used. If this were the case, variations in singleton duration would not be expected to 

affect the level of AC, as both singletons still involve the same feature difference on the 

singleton dimension (intensity).11

10 Although the combination of a high frequency singleton and high intensity target produced a stronger 
effect (62 ms, Experiment 5, Chapter 3), this combination produced the smallest effect in the detection 
experiments (25 ms, Experiment 1, Chapter 2).
11 In the visual experiments of Bacon and Egeth (1994) the singleton also varied on the response 
dimension (line orientation). However the different features of visual objects are perceived as more 
easily separable than the different features of auditory objects (e.g. Wood, 1975). Thus the orientation of 
the line presented within the singleton object would not affect perception of the colour of that object. By 
contrast, in hearing, an object’s features are perceived as harder to separate, and thus the duration of the 
sound affects perception of the entire sound. This factor will remain constant between Experiments 11 
and 12, and should not affect the critical question of whether the singleton interference effect predicted 
in Experiment 11 will be eliminated in Experiment 12 when singleton detection strategy is prevented.
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5.2 Experiment 11

In this experiment subjects searched a sequence of five tones for a target of lower 

frequency than the other tones. The low frequency target was present on every trial and 

subjects were asked to  respond according to whether this target tone was of long or 

short duration. A high intensity singleton was present on half the trials. If this singleton 

captured attention despite being irrelevant to the task, it would produce a cost to 

performance on singleton present trials compared with singleton absent trials.

5.2.1 Method

Subjects 12 new subjects took part in the experiment. Two were replaced due to 

near-chance level performance (41% and 50% error rates). A third subject was replaced 

due to a mean RT (580 ms) that was over three SDs from the group mean (group M  = 

310 ms, SD = 48.7 ms).

Stimuli Targets were defined by frequency, being lower (480 Hz) than

nontargets (780 Hz). Singletons were presented at the nontarget frequency (780 Hz) 

and w ere o f  h igher i ntensity ( approximately 8 5 d B S PL) t han targets and nontargets 

(approximately 73 dB SPL). Because the task was to respond according to the duration 

of the target, all sounds could have durations of either 100 ms or 300 ms. As in Chapter 

4, sounds were separated by different ISIs depending on their durations. The total 

duration of stimulus presentation and ISI was kept constant at 400 ms: sounds of 100 

ms were followed by 300 ms ISIs and sounds of 300 ms were followed by 100 ms ISIs.
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Figure 6: schematic representation o f an example trial from Experiment 11.

Figure 6 shows an example o f a trial where the target is of short duration. This type o f trial made up 50% 
of the total trials; on the remaining 50% the target was of long duration, as described in  the method 
(section 5.2.1). Note however that the target had a frequency o f  4 80 H z in  every trial. S imilarly, the 
figure shows a trial where the singleton is present (50% of trials). On the other 50% the singleton was 
absent. On half o f these singleton present trials the singleton was o f long duration (as shown), whereas 
on the other half the singleton was of short duration. Finally, the singleton is shown as appearing after 
the target but was equally likely to appear before the target.

Design and Procedure A low frequency target appeared on every trial in either

the third or fourth position with equal probability, and was just as likely to be long in 

duration as short. Subjects responded according to the duration o f the target sound, 

pressing “ 1” for “long target” or “2” for “short target” on the number keypad. A high 

intensity singleton appeared on 50% of trials. Singletons were o f long or short duration 

with equal probability and were just as likely to occur before the target as after it. 

Nontarget durations were assigned at random, with the constraint that there was always 

one nontarget of short duration and one of long duration in every trial.
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A 64 trial block included a fully-counterbalanced mix of the following factors 

and their combinations: target position, target duration (long or short), singleton 

presence, singleton position (before or after the target), singleton duration (long or 

short). Six experimental blocks were run, preceded by two practice blocks, each 

containing 16 trials. In the first practice block, there was no time limit for responses 

and there was also a break between each trial to allow the experimenter to provide 

more detailed feedback i f  necessary. The second practice block followed exactly the 

same procedure as the experimental blocks. All other aspects of the method were as 

described in Experiment 1.

5.2.2 Results and Discussion

RTs Table 11 presents mean RTs and error rates across subjects as a function of 

singleton presence (vs. absence) and target type (short vs. long duration). A two-way 

within-subjects ANOVA on the RTs using these factors revealed a significant main 

effect of singleton presence [F(l,l 1) = 8.72, MSE -  4478.18, p < .05] indicating that 

responses were slower when the singleton was present (M  = 320 ms) than when it was 

absent (M  = 301 ms). Thus the singleton interference effect can still be obtained if 

subjects respond to a non-defining attribute of the target, as in the visual experiments of 

Theeuwes (e.g. 1992). Note however that numerical trends suggest that the present 

singleton effect is smaller in magnitude (M = 19 ms) than the singleton effects 

previously obtained for this combination of high intensity singleton and low frequency 

target (44 ms in the detection task, Experiment 3, and 55 ms in the discrimination task, 

Experiment 7). As mentioned in the introduction, this may have occurred for one of
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two reasons. The design of the present experiment goes some way towards encouraging 

subjects towards adopting a feature-based search, as a target is always present (so the 

simple presence of a unique object cannot inform responses) and is always defined by a 

single feature (rather than changing from trial to trial). In addition, the targets used here 

were more salient than those used in previous experiments. Either of these factors (or a 

combination of the two) could explain the reduced singleton interference here. There 

was no main effect of target type [F(l,l 1) = 1.58, MSE = 1393.53, p = .24] and, despite 

a numerical trend to suggest that the singleton interference effect might be greater on 

trials where the target was long than on trials where the target was short (see Table 11), 

singleton presence and target type did not interact significantly [F(l,l 1) = 1.28, MSE = 

896.75, p = .28].

Finally, as in all previous experiments (with the exception of Experiment 5, 

Chapter 3), there was no difference in RTs between singletons occurring before (M = 

320 ms) versus after the target (M= 319 ms).

Table 11

Averages o f subjects ’ mean RTs in ms (M) and mean error rates (%E), with standard 
errors (SE) for Experiment 11 as a function o f singleton presence and target type

____________Singleton condition____________ Effect size
Absent (A) Present (P) (P-A)

Target RT SE %E_________ RT SE %E________ RT %
Short 300 13 4 310 13 4 10 0
Long 302 16 4 330 20 7 28 3

Errors A two-way within-subjects error ANOVA with the factors of singleton

presence (vs. absence) and target type (short vs. long duration) found a main effect of 

target type [F(l,l 1) = 5.69, MSE = .005, p < .05], indicating that subjects made fewer
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errors on trials where the target was short (M  = 4%) than on trials where the target was 

long (M  = 6%). This is consistent with earlier results (e.g. Experiments 9 and 10, 

Chapter 4) that have suggested that short targets might be easier to detect than long 

ones. Although there was no main effect of singleton presence on the error rates 

[F (l,ll)  = 1.28, MSE = .002, p = .28], there was a significant interaction between 

singleton presence and target type [F(l,l 1) = 6.14, MSE = .004, p < .05], revealing a 

trend towards an effect of singleton presence on trials where the target was long [t(l 1) 

= 1.81, p = .098] but no effect on trials where the target was short (see Table 11). 

Finally, there was no difference between singletons occurring before (M  = 6%) versus 

after the target (M  = 5%).

Overall, Experiment 11 has replicated the singleton interference effect found in 

all of the previous experiments. This replication demonstrates that the auditory AC 

demonstrated within this thesis, like visual AC (e.g. Theeuwes, 1992), can generalize to 

a task involving compound search, where the target-defining attribute does not also 

provide information about the necessary response.

The finding of interference here is also important, as it suggests that auditory 

AC occurs independently of the MMN and associated attentional orienting 

components. Because short and long length stimuli were intermixed at random in each 

sequence, there were no “standard” stimuli with which to contrast a deviant. Recall that 

a main requirement for elicitation of the MMN and associated attentional orienting 

components is that the deviant forms a change in a previously repetitive sequence of 

standard stimuli (see Naatanen, 1992, for review). As the sequences in the present
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1 2
experiment were never repetitive (because there were no “standard” stimuli) it is 

unlikely that the irrelevant singleton would have produced a MMN at all. Yet singleton 

interference was still observed, suggesting that the interference effects found here are 

not simply behavioural correlates of the MMN (or an associated attentional orienting 

component). However, as I did not record ERPs these suggestions remain speculative. 

Indeed, ERP recording might provide and an interesting extension of the present 

experiments.

5.3 Experiment 12

Experiment 11 found a significant interference effect due to the presence of an 

irrelevant high intensity singleton. However, as anticipated from consideration of the 

new design used in that experiment (which might have encouraged feature search to 

some extent, and in which the target to singleton relative salience is likely to have been 

smaller than in previous experiments), numerical trends suggested that the interference 

effect was smaller than the effects previously found for high intensity singletons.

Nevertheless, although the design of Experiment 11 may have encouraged 

feature search, it did not explicitly prevent a singleton-detection strategy. By contrast, 

the target in the present experiment was prevented from being a reliable frequency 

singleton, making it impossible for subjects to perform the task using singleton 

detection mode. This should have forced subjects to adopt a feature-search mode in  

which they focus on the particular specified target feature. Subjects should therefore

12 Although the nontargets in the present experiment varied only on the dimension of duration, this 
should have been enough to prevent elicitation of the MMN, as the standard sounds used in the MMN 
studies are typically identical to one another (i.e. they do not vary on any dimension).
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have been less open to distraction by the irrelevant singleton in the present experiment 

than in previous experiments where singleton detection mode was available (see Bacon 

& Egeth, 1994). If the reliable singleton effect found in Experiment 11 could be 

eliminated simply by manipulation of the search strategy available, this would indicate 

that auditory AC, like visual AC, depends on top-down strategies for attentional 

allocation.

As in Experiment 11, subjects searched for a pre-specified frequency target 

(480 Hz) that was present on each trial and responded according to its duration. 

However, in an important change from the previous experiment, the nontargets in the 

present experiment included tones of both higher (780 Hz) and lower frequencies (180 

Hz). This should have prevented the use of singleton-detection mode as the target was 

no longer a reliable frequency singleton. If auditory AC, like visual AC, depends on 

subjects adopting a singleton detection strategy, then the presence (vs. absence) of the 

high intensity singleton should have no effect in this experiment (as subjects should 

adopt a feature based search and should therefore not be open to AC by the irrelevant 

singleton).

5.3.1 Method

Subjects & apparatus 12 new subjects took part in the experiment. Four were replaced 

due to near-chance level performance (50%, 50%, 49% and 44% error rates).

Stimuli & procedure The stimuli used were similar to those used in Experiment 11, 

except that nontargets and singletons were now of either high (780 Hz) or low
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frequency (180 Hz). Recall that nontargets and singletons in Experiment 11 were all of 

high frequency (780 Hz).

The design was similar to that of Experiment 11 except that nontargets and 

singletons could be of either high or low frequency. Frequencies were assigned at 

random with the following constraints: To ensure that the target was never a frequency 

singleton, each sequence contained at least one stimulus of high frequency and one of 

low frequency, as well as the medium frequency target. Volume singletons were just as 

likely to have high frequencies as they were to have low frequencies, and both types of 

singleton appeared before and after the target with equal probability.
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Figure 7: schematic representation o f an example trial from Experiment 12.
Figure 7 shows a trial where the target was of long duration. The target was o f short duration on the 
remaining 50%. Note however that the target had a frequency of 480 Hz in every trial. The figure shows 
an example of a trial where the singleton is present. This type o f trial made up 50% of the total trials, as 
described in  the method (section 5 .3.1). O n h a lf  o f  these s ingleton p resent trials the singleton was of 
short duration (as shown), whereas on the other half the singleton was o f long duration. Similarly, the 
singleton was just as likely to appear at the lower frequency (as shown) as at the higher frequency. 
Finally, although the singleton is shown as appearing before the target, it was equally likely to appear 
after the target.
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A 96 trial block included a fully-counterbalanced mix of the following factors 

and their combinations (in line with the constraints described above): target position, 

target duration (long or short), singleton presence, singleton position (before or after 

the t arget), s ingleton d uration ( long o r s hort) a nd s ingleton frequency ( high o r 1 ow). 

Four experimental blocks were run, preceded by two practice blocks, each containing 

16 trials.

5.3.2 Results and discussion

RTs Table 12 presents mean RTs and error rates across subjects as a function of 

singleton presence (vs. absence) and target type (short vs. long duration). A two-way 

within-subjects ANOVA using these factors found no significant effect of singleton 

presence (F < 1), indicating that responses were no different on target present trials (M 

= 3 65 ms) than on target absent trials ( M =  368 ms). Thus for the first time in this 

thesis, a high intensity singleton failed to interfere with a task of detecting a frequency 

target. As in Experiment 11, there was no effect of target type (short vs. long) and no 

interaction between singleton presence and target type (F < 1 for both comparisons, see 

Table 12).

A potential account for the failure to find a significant singleton effect in the 

present experiment is that high intensity singletons might be less effective when 

presented at low frequencies than at high frequencies, so that when the effects of both 

are averaged (as in this experiment) a smaller singleton effect is produced than when all 

singletons are presented at high frequencies (in Experiment 11). However a one-way
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within-subjects ANOVA with the factor of singleton presence (vs. absence) using 

singleton-present data only from trials where singletons were of high frequency again 

found no significant effect of the presence ( M=  373 ms) versus absence ( M=  368 ms) 

of high frequency singletons (F < 1). This rules out the possibility that the addition of 

low frequency singletons had masked an interference effect by high frequency 

singletons.

Table 12

Averages o f  subjects ’ mean RTs in ms (M) and mean error rates (%E), with standard 
errors (SE) fo r  Experiment 12 as a function o f singleton presence and target type

____________Singleton condition____________ Effect size
Absent (A) Present (P) (P-A)

Target RT SE %E________ RT SE %E________ RT %
Long 374 33 13 367 27 14 -7 1
Short 363 31 10 363 31 14 0 4

A two-way mixed model ANOVA with the within-subjects factor of singleton presence 

(vs. absence) and the between-subjects factor of Experiment (11 vs. 12) found a 

significant interaction [F(l,22) = 5.36, MSE = 264.53, p < .05] such that the reliable 

singleton effect in Experiment 11 (mean interference effect =19 ms) was eliminated in 

Experiment 12 (mean effect = -3 ms). This elimination in Experiment 12 of the 

singleton effect found in Experiment 11 is exactly as predicted from the hypothesis that 

auditory AC by irrelevant singletons depends on the subject’s strategy for attentional 

allocation. Subjects in Experiment 11, as in previous experiments, were able to adopt a 

singleton-detection strategy because the targets themselves were reliable feature 

singletons, being presented among uniform high frequency nontargets. However, in 

Experiment 12, targets were presented among nontargets of both high and low 

frequency, ensuring that the targets were no longer feature singletons. This would have
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forced subjects to adopt a more specific search strategy, focusing on a single target 

feature rather than scanning the array for any singleton. The fact that singleton 

interference was eliminated under these circumstances provides further support for the 

idea that the singleton interference effects observed throughout this thesis depend on 

high-level attentional allocation to the singleton sound.

The between-experiment comparison also found a trend towards a main effect 

of experiment [F(l,22) = 3.05, p = .095] such that overall RTs were slower in the 

present experiment (M = 366 ms) than in Experiment 11 (M  =310 ms). Note that this 

difference was also apparent in the overall RTs for each experiment in the absence of 

the singleton (Experiment 11, M =  301 ms; Experiment 12, M  = 368) and, to anticipate, 

this difference was also present in the error rates (Experiment 11, M =  5%; Experiment 

12, M  = 14%). This suggests that forcing subjects to  adopt a feature-search strategy 

increased the overall difficulty of the task.

Finally, a further one-way within-subjects ANOVA carried out on data from 

singleton present trials with the factor of singleton position found no difference in the 

effects of singletons occurring before (M  = 367 ms) versus after the target (M = 363 

ms, F < 1).

Errors A two-way within-subjects ANOVA on the error rates with the factors

of singleton presence (vs. absence) and target type (short vs. long duration) revealed no 

main effect of target type, and neither did target type interact significantly with 

singleton presence (p > .15 in both comparisons). However, there was a small effect of 

singleton presence which reached significance [F(l,l 1) = 7.99, MSE = .004, p < .05], 

indicating that subjects made 2% more errors when the singleton was present (M =
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14%) than when it was absent (M = 12%). This could reflect a trade-off between RTs 

and error rates, such that the singleton effect in this experiment simply appears in the 

error rates (whereas in Experiment 11 it had appeared in the RTs). However, a two-way 

mixed model ANOVA using the within-subjects factor of singleton presence (vs. 

absence) and the between-subjects factor of Experiment (11 vs. 12) found no 

significant difference between the singleton effect in the present experiment (M = 2%) 

and that of Experiment 11 (M =  1%), F < 1. Recall that by contrast, the singleton effect 

in the RTs was significantly reduced in the present experiment compared with 

Experiment 11. Thus overall Experiment 12 shows a reduced singleton cost compared 

with Experiment 11.

A further one-way within-subjects ANOVA carried out on data from singleton 

present trials with the factor of singleton position found no difference in the effects of 

singletons occurring before (M  = 14%) versus after the target (M = 13%, F< 1).

Overall, the fact that the AC effect due to high intensity singletons (which is 

usually very robust, perhaps because of their high salience) can be eliminated simply 

by manipulating the search strategy available is important in providing additional 

evidence that the singleton effects found within all the experiments in this thesis relate 

to the higher-level process of attentional capture, rather than to some lower-level 

perceptual factors that might cause interference or facilitation.
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5.4 Chapter discussion

Experiments 11 and 12 have demonstrated that auditory AC can be reduced when the 

search task is changed very slightly so that it cannot be carried out using a singleton 

detection strategy. This finding provides further evidence that singleton interference 

effects relate to processes involved with attentional allocation, as these effects are 

reduced in situations where attention is no longer allocated towards the irrelevant 

singleton feature. It also provides an interesting parallel with the visual version of the 

effect, in demonstrating that auditory and visual AC both depend on subjects’ 

attentional allocation strategies (see Bacon & Egeth, 1994).

Note however that the findings could also be explained in terms of the 

interference effect being eliminated due to higher perceptual load in Experiment 12 

than Experiment 11 (recall that overall responses were slower and less accurate in 

Experiment 12 than in Experiment 11). There is much evidence to suggest that 

irrelevant distractors are rejected more efficiently if  the task at hand is of high rather 

than low perceptual load (e.g. Lavie, 1995; see Lavie, 2000 for review). This is 

typically attributed to target processing under high load occupying the subject’s full 

attention, leaving little or no attention available for processing of irrelevant distractors. 

Thus it is possible that the interference effect from Experiment 11 was eliminated in 

Experiment 12 because the task was of higher perceptual load, rather than because of 

the change in search strategy. Indeed, in their equivalent visual experiment, Bacon and 

Egeth (1994, Experiment 3) found an effect of perceptual load, such that RTs were 

slower when the target was not a form singleton (approximate M  = 620 ms) than when
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it was (approximate M  = 595 ms). However, in both a search strategy account and a 

perceptual load account singleton interference is prevented when attention is withdrawn 

from the singleton items. Thus both accounts support the idea that singleton 

interference is due to the singleton capturing attention away from the target, and thus 

provide further support for an AC account of singleton effects when these are found 

(e.g. in Experiment 11).
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Chapter 6

Effects o f irrelevant visual singletons on target 

discrimination in visual sequential search
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6.1 Introduction

The experiments described so far have found converging evidence for AC by irrelevant 

auditory singletons in auditory search sequences. The fact that these studies have found 

auditory AC using temporal search arrays also provides evidence that attention can be 

captured to an object that is differentiated from other objects in terms of temporal 

position rather than spatial location. The experiments described within this chapter are 

designed to ask whether a similar temporal AC effect can be found in the visual 

domain, i.e. whether the presence of an irrelevant visual singleton (e.g. a red nontarget 

among black) in a sequential search task similar to the tasks used in previous auditory 

experiments will capture attention from a target task based on another dimension (e.g. 

size).

As described in the general introduction (Chapter 1), research into visual AC 

has until recently used visual search arrays in which all stimuli are presented at the 

same time in different spatial locations. However one previous study has examined 

visual AC in a task where all stimuli were presented at fixation, one after another in a 

fast sequence (using rapid serial visual presentation, RSVP). Folk, Leber and Egeth 

(2002) asked subjects to identify a probe letter by its colour and report its identity. On 

some trials, one of the central letters was surrounded by four peripheral distractor 

symbols, in the form of number signs (#). These distractor symbols occupied one of 

four temporal positions relative to the target: they could surround the letter that 

appeared directly before the target (lag 1); the letter that appeared two items before the 

target (lag 2); the target letter itself (lag 0); or the letter that appeared directly after the
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target (lag -1). On 25% of trials these distractor symbols were absent. On a further 25% 

of trials all four distractor symbols were grey (the same colour as the nontargets). On 

another 25% of trials one of the symbols was presented in the same colour as the target, 

while the rest were grey. And on the final 25% of the trials one of the symbols was 

presented in a colour that was different to the target, with the rest of the symbols grey. 

Both colour singleton distractors produced a significant cost to target identification 

accuracy compared with the all-grey and no-distractor conditions (but only when they 

appeared before the target 1 etter, a t 1 ags 1 or 2). However, when singleton-detection 

mode was prevented (by including nontargets of several different colours), the 

distractors only captured attention if they were of the same colour as the target. This is 

similar to the findings of Bacon and Egeth (1994) and the results described here in 

Chapter 5, in suggesting that AC by irrelevant items can be prevented when subjects 

adopt a focused, feature search strategy.

The results of Folk et al. (2002) thus establish spatial AC by an irrelevant 

singleton distractor presented in a peripheral display that surrounds one of the nontarget 

items in an RSVP search task. However the purpose of the experiments described 

within this chapter was to examine whether one of the nontargets could itself capture 

attention when it w as p resented w ith a s ingleton f  eature. I n o ther w ords, F oik e t a 1. 

(2002) added a spatial distractor array to one of the RSVP frames, in which one of the 

items could be a colour singleton. By contrast, the idea behind the present experiments 

was to  test whether an irrelevant singleton within the RSVP sequence could capture 

attention. Were such AC to be found, it would of course be nonspatial, as all RSVP 

items are presented in the centre of the screen. In this way, the visual experiments

127



presented here provide a direct analogue for the auditory experiments presented in 

Chapters 3 to 5.

The possibility of AC by one of the nontarget items in RSVP search has not yet 

been tested. However some indirect implications may be drawn from the “attentional 

blink” paradigm. The term “attentional blink” refers to the finding that subjects fail to 

detect the second of two targets in an RSVP stream (referred to as the ‘probe’) when it 

is presented within 500 ms of the first (referred to as the ‘target’). Performance in trials 

in which subjects must both identify the target letter (typically partially-specified as 

being o f  a c ertain c olour) and report the presence or absence of the probe (typically 

specified as a particular letter) is compared with performance in trials where subjects 

are asked to ignore the target and must only detect the probe. The typical finding is that 

probe detection is significantly impaired when the task involves responding to (rather 

than ignoring) the preceding target, as long as the probe occurs within 500 ms of the 

target (e.g. Broadbent & Broadbent, 1987; Raymond, Shapiro & Amell, 1 992). This 

finding suggests that, once attention is allocated towards the target item, there is a 

certain period of time throughout which it is not available for re-allocation towards the 

subsequent probe. This fits well with the present demonstrations of AC in rapid serial 

auditory arrays, as it suggests that visual items can also capture attention in serial 

search arrays.

However, even though the targets in the attentional blink experiments are 

typically defined as colour singletons, these studies focus on the ability of an attended 

target to capture attention and as such do not relate directly to the AC research (which 

examines the ability of an irrelevant singleton to capture attention). In fact, the
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condition in which subjects are asked to ignore the singleton target is more relevant to 

the present question. However, as the attentional blink experiments do not include a 

condition in which the colour singleton target is  absent, there is  no baseline against 

which to test whether this supposedly ignored singleton may have captured attention 

and interfered with performance. The present experiments were designed to ask 

whether an irrelevant visual singleton in a RSVP search task could capture attention in 

the same way as auditory singletons in RSAP search tasks.

6.2 Experiment 13

Subjects searched a visual sequence of five letters (all Ns) for targets that were defined 

by size. As in previous auditory discrimination experiments (Chapters 3-5) a target was 

present on each trial. Subjects responded according to whether the target was large or 

small. On 50% of trials an irrelevant feature singleton was presented. This item was the 

same size as the nontargets but of a different colour. As in the auditory experiments 

reported previously, the hypothesis that the singletons in such a design should capture 

attention would predict interference to target responses on singleton present trials 

compared with singleton absent trials.

6.2.1 Method

Subjects Eight new subjects were run on this experiment.

Apparatus and stimuli The experiment was created and run on a PC using E- 

Prime (version 1.1), sold by Psychology Software Tools Inc. Visual stimuli, all of
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which had the form of an uppercase letter N, appeared one after another in the centre of 

the screen. At a viewing distance of 60cm, nontargets and singletons subtended a visual 

angle of 1.4° vertically and horizontally. Large targets subtended a visual angle of 1.7° 

vertically and horizontally and small targets subtended a visual angle of 1.1° vertically 

and horizontally. Letters were presented against a white background. For half the 

subjects, nontargets and targets were black in colour, and singletons were red. For the 

other half, nontargets and targets were red and singletons were black.

Design & Procedure As in the auditory discrimination experiments (Chapters

3-5) targets appeared on every trial in either the third or fourth position with equal 

probability. Targets were equally likely to be large or small. Also as in previous 

experiments, irrelevant distractor singletons appeared on 50% of trials, directly before 

or after the target with equal probability. Each sequence started with a black fixation 

cross presented at the centre of the screen for 500 ms. This was followed by a 50 ms 

blank screen, after which the first item in the sequence was presented. Each of the five 

items in the sequence remained on screen for 70 ms and was followed by a 70 ms blank 

screen. (Note that the stimulus durations used here are shorter than those used in the 

auditory experiments, as pilot testing had shown that the visual task was too easy to 

reveal attentional effects when slower stimulus durations were used). After presentation 

of t he 1 ast i tern i n t he s equence, a q uestion m ark w as p resented a 11 he c entre of the 

screen. Subjects were requested to respond with a key press: “1” for “large target” or 

“2” for “small target”, using the index and middle fingers of the right hand 

respectively, upon presentation of this question mark. As in previous experiments, 

visual feedback was provided at the end of each trial, either after a response had been
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collected or after 3000 ms if no response had been detected. The feedback screen 

displayed either the word “correct” presented in blue, “incorrect” presented in red or 

“no response detected” in red. This screen lasted 1500 ms, after which time the “ready” 

display was presented in preparation for the next trial.

N

/
nontarget

N

/
singleton

N

N

/
target N

Figure 8: schematic representation o f an example trial from Experiment 13

Figure 8 shows an example of a trial where the target is smaller than the nontargets. The target was 
larger than nontargets on the remaining 50% of trials. As in previous experiments, the singleton was only 
present on 50% of the total trials, as described in the method (section 6.2.1).

Subjects were instructed that a target would be present on every trial. They were 

asked to focus on the sizes of the stimuli and ignore any variation in other dimensions. 

They were informed that some distractor items of a different colour from the targets 

and nontargets would occur and were warned that their performance might be harmed 

if they failed to ignore these distractors. A short practice block of 16 trials preceded
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two experimental blocks, each containing 80 trials.13 The total run-time for this 

experiment and Experiment 14 was 10-15 minutes.

6.2.2 Results and discussion

RTs Preliminary analysis indicated that singleton colour (red in black streams vs. 

black in red streams) did not interact with the factor of singleton presence (vs. absence) 

and the data is thus pooled across singleton colour. Table 13 presents mean RTs and 

error rates across subjects as a function of singleton presence (vs. absence) and target 

type (large vs. small). A two-way within-subjects ANOVA using these factors revealed 

a significant main effect of singleton presence [F(l,7) = 7.40, MSE = 14573.09, p < 

.05]. As in the previous auditory experiments, target RTs were slower on singleton 

present trials (M  = 426 ms) than on singleton absent trials (M  = 384 ms), suggesting 

that the colour singleton may have captured attention despite being irrelevant to  the 

task. There was also a main effect of target type indicating that responses were faster 

when the target was large (M = 377 ms) than when it was small (M  = 433 ms). This is 

likely to be due to the fact that a large visual target appearing in a stream of smaller 

items occupies some new areas of the display that the smaller items have not previously 

occupied, producing a type of abrupt-onset in those areas. By contrast a small visual 

target in a stream of larger items does not occupy any new area of space and so does 

not produce any abrupt-onset. As such the small target is likely to be harder to detect 

than the large one. This finding is similar to demonstrations of search asymmetries 

within spatial visual search arrays. In particular, there is evidence that items with

13 Although the auditory experiments used six blocks of around 96 trials, pilot testing of the visual task 
confirmed that the AC effect could be found in the first two blocks.
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“more” of a particular feature are often identified faster than those with “less” of that 

feature. For example, search for long lines among short is more efficient than search for 

short lines among long (Treisman & Gormican, 1988).

Although there was a numerical trend for a larger singleton effect on trials 

where the target was small than on trials where it was large (see Table 13), the factors 

of singleton presence and target type did not interact significantly (F(l,7) = 1.98, MSE 

= 1979.31, p = .202). Note however, that the trend appears to be consistent with the 

findings of Chapters 4 and 5, in suggesting that the singleton effect tends to be stronger 

for the target that is harder to identify (as shown by the main effect of target type). This 

may have been due to greater relative salience of the singleton versus the target (i.e. 

targets that are harder to detect are relatively less salient than the singleton by 

comparison with targets that are easier to detect).

A further one-way within-subjects ANOVA on data from singleton present 

trials using the factor of singleton position (before vs. after the target) revealed a 

significant effect, such that responses were slower when the singleton occurred before 

(M = 449 ms) versus after the target [M = 400 ms, F(l,7) = 9.01, MSE = 9381.38, p < 

.05]. Indeed, RTs when the singleton occurred after the target were not significantly 

different from RTs when the singleton was absent (M = 383 ms, t(7) = 1.14, p = .29). 

This result is similar to the finding of Folk, Leber and Egeth (2002) that an irrelevant 

colour singleton in an array of irrelevant distractors only captured attention if this array 

appeared before rather than after the target. A similar pattern of greater interference for 

singletons appearing before (vs. after) the target was also found in previous auditory
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experiments (Chapters 3-5), although this effect was normally found in the error rates 

rather than the RTs (with the exception of Experiment 5, Chapter 3).

Table 13

Averages o f subjects’ mean RTs in ms (RT) and mean error rates (%E), with standard 
errors (SE) fo r  Experiment 13 as a function o f singleton presence and target type

Singleton presence _______ Effect size
Absent (A) Present (P) (P-A)

Target RT SE %E_________RT SE %E________RT %
Large 363 30 7 390 37 8 27 1
Small 404 48 10 462 45 11________ 58 1

Errors The two-way error ANOVA with the factors of singleton presence and

target type revealed no significant main effects or interactions (p > .20 for all 

comparisons). Note, however, that the error rates showed similar trends to the RTs. In 

particular, error rates were 1% greater in the presence (vs. absence) of the singleton and 

subjects made more errors when the target was small (M = 11%) than when it was large 

(M  = 8%). This supports the RT results in suggesting that the small target might have 

been harder to detect than the large target.

In line with the RT results, a further one-way within-subjects ANOVA on error 

data from singleton present trials using the factor of singleton position (before vs. after 

the target) revealed a trend suggesting that subjects made more errors when the 

singleton occurred before (M = 11%) versus after the target [M  = 8%, F(l,7) = 4.94, 

MSE = 36.00, p = .062]. Error rates in the latter condition were very similar to error 

rates when the singleton was absent (M = 9%). Thus, as was found in the RTs of the 

present experiment and in the auditory experiments reported earlier (Chapters 3-5), the 

irrelevant colour singleton appears to cause more interference when it appears before
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rather than after the target. As mentioned in relation to the RT results, this finding is 

consistent with the results of Folk et al. (2002) who found AC by singletons in arrays 

appearing before rather than after the target. As mentioned earlier, it is likely that the 

appearance of a singleton before the target is more damaging to target processing than 

the appearance o f  a singleton after the target (by which time some target processing 

will have occurred without competition).

In conclusion, the present experiment has found significant interference due to 

the presence of an irrelevant colour singleton in an RSVP discrimination task. This 

finding is suggestive of AC by the irrelevant singleton.

6.3 Experiment 14

I have argued that the interference effect found in Experiment 13 is likely to be due to 

AC by the irrelevant colour singleton. Experiment 14 was designed to confirm that this 

interference was due to the presence of a colour singleton in the search stream, rather 

than being due to a lower-level effect associated with the introduction of a differently- 

coloured item to the search array. For example, it is possible that the singleton 

interference observed in Experiment 13 might have been due to contrast effects. Recall 

that the singleton in Experiment 13 always appeared either directly before or after the 

target. Thus the interference effect observed in that experiment could have been a result 

of it being easier to compare the target with a nontarget (of the same colour) than with 

a singleton (of a different colour). The present experiment was designed to  rule out 

such potential low-level effects and thus strengthen the claim that the interference (and
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the AC that it reflects) were due to the irrelevant distractor being singleton stimulus, 

rather than it being different in colour from the other nontargets.

Subjects carried out the size discrimination task used in Experiment 13. On 

50% of trials, stimuli were all the same colour. On the remaining 50% of trials, stimuli 

alternated between the target colour and a distractor colour. These colour alternation 

trials should reveal any contrast effects, as the target was presented in between two 

items of a different colour. If the interference effects seen in Experiment 13 are due to 

contrast effects, they should persist in the alternation condition, as subjects will not be 

able to compare the target with any item of the same colour. By contrast, if the 

interference effects are due to AC by the presence of a unique colour singleton, they 

should be eliminated in the alternation condition.

6.3.1 Method

Subjects Eight new subjects were run on this experiment.

Apparatus and stimuli The equipment used was the same as described for

Experiment 1. Stimulus sizes were as described for Experiment 13. For half the 

subjects, targets and nontargets were black in colour and distractors were red. For the 

other half, targets and nontargets were red and distractors were black.

Design & Procedure On 50% of the trials, sequences were made up only of

nontargets and targets so that each sequence was presented in the target colour only. On 

the remaining 50% of trials, the letters alternated in colour between the target colour 

and the irrelevant distractor colour. Alternating sequences were just as likely to start 

with the distractor colour as with the target colour. In order to avoid any contingency 

between the colour o f  the first letter in the sequence and subsequent target position,
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sequences consisted of either six or seven letters, with equal probability. Targets were 

equally likely to be large or small and they appeared on every trial in the fourth or fifth 

position (with equal probability) of the six-letter sequences and in the fifth or sixth 

position (with equal probability) of the seven-letter sequences. Subjects were told that 

sequences would consist of letters that were either all presented in the same colour or 

presented in alternating colours. They were informed of the target colour and were 

aware that targets would never be presented in the distractor colour. Overall they were 

asked to ignore any colour variation and warned that their performance might be 

harmed if they failed to do so. All other aspects of the design and procedure were the 

same as in Experiment 13.

N

nontargets

N

/

N

Figure 9: schematic representation o f an example trial from Experiment 14 
Figure 9 shows an example of a trial where the target is smaller than the nontargets. On 50% of trials the 
target was larger). Note also that the figure shows a sequence containing six letters, but sequences were 
just as likely to contain seven 1 etters for reasons discussed in the method (section 6.3.1). Finally, the 
colour alternation shown here was only present on 50% of the total trials.
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6.3.2 Results and discussion

RTs As in Experiment 13, target colour (black vs. red) did not interact with the 

presence/absence of alternation, and the data are thus pooled across the different colour 

conditions. Table 14 presents mean RTs and error rates across subjects as a function of 

alternation condition (alternation absent vs. present) and target type (large vs. small). In 

a two-way within-subjects ANOVA using these factors there were no significant main 

effects or interactions (p > .20 for all comparisons). Note however that there was a 

numerical trend for faster responses to large targets than to small targets, as in 

Experiment 13. It is especially important that there was no main effect of the presence 

(M = 290 ms) versus absence (M = 292 ms) of the colour alternation [F(l,7) = .047, 

MSE = 26.74, p = .83]. Moreover, a one-way ANOVA comparison of the effects of 

singleton presence in Experiment 13 and alternation presence in Experiment 14 found a 

significant interaction [F(l,14) = 5.17, MSE = 3211.61, p = .039], confirming that the 

singleton effect in Experiment 13 (M  = 42 ms) was significantly stronger than the 

effects of colour alternation in Experiment 14 (M  = -2 ms). Thus the singleton 

interference effects of Experiment 13 depend on the presence of a single unique item 

and cannot be explained in terms of the simple presence of another colour in the search 

display.

This between-experiment ANOVA also found a significant main effect of 

experiment, such that RTs were faster in the present experiment (M  = 286 ms) than in 

Experiment 13 (M =  402 ms, F(l,14) = 10.12, p < .01). As can be seen in Tables 14 and 

15, this effect was found in the absence as well as the presence of the singleton or 

colour alteration. This may be because the present experiment used stimulus sequences
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of six or seven items, whereas Experiment 13 used sequences of five items. Although 

the “extra” items in the present experiment were presented at the beginning of the 

sequences (so that the time in between the appearance of the target and the response 

window was the same in both experiments), it is possible that the longer sequences 

used here allowed subjects to prepare more effectively for the subsequent target 

presentation, leading to faster target RTs. In any case, note that this finding does not 

bear on the critical aspect of the results presented here, i.e. that the strong interference 

effect found due to the presence of a unique colour singleton in Experiment 13 was not 

found when the singleton was replaced by colour alternation.

Table 14

Averages o f  subjects' mean RTs in ms (RT) and mean error rates (%E), with standard 
errors (SE) fo r  Experiment 14 as a function o f alternation condition and target type

___________ Alternation condition______________  Effect size
Absent (A) Present (P) (P-A)

Target RT SE %E_________RT SE %E________ RT %
Large 282 27 3 278 29 1 -4 -2
Small 298 28 2 306 41 2__________ 8 0

Errors Overall there were a small number of errors in this experiment (M =

2%), and not much variation in errors between experimental conditions. A two-way 

within-subjects error ANOVA with the factors of alternation condition and target type 

showed no main effect of either factor (p > .20 for both comparisons). The interaction 

between alternation presence and target type was not significant [F(l,7)=3.38, MSE = 

9.03, p = .11] and note that any trend towards a higher error rate for large targets in the 

absence (vs. presence) of the alternation (see Table 14) is in the opposite direction to 

the singleton interference effect. In any case this trend towards a facilitatory effect of
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alternation on trials where the target was large was not itself significant [t(7) = 1.70, p 

= .13].

Overall, this experiment has shown that colour alternation in the visual search 

sequences does not produce reliable interference. This suggests that the interference 

effect found in Experiment 13 is likely to have been due to the presence of a unique 

colour singleton, rather than simply to lower-level factors associated with the presence 

of a second colour in the search array.

6.4 Chapter discussion

The two experiments presented within this chapter together suggest that irrelevant 

visual singletons can capture attention in a temporal visual search task. Experiment 13 

found significant interference in RTs due to the presence of an irrelevant colour 

singleton in an RSVP discrimination task. Experiment 14 provided further evidence in 

support of an AC explanation by ruling out the possibility that the interference effect 

was due to lower-level effects associated with the presence of a second colour in the 

search array.

These results have implications for previous RSVP studies of visual AC. Recall 

that Folk, Leber and Egeth (2002) demonstrated spatial visual AC by irrelevant 

singleton distractors that flank the central search stimuli. The present experiments 

extend these findings to show a nonspatial interference effect from one of the 

nontargets in the central stream, appearing either before or after the target (although, as 

in Folk et al., 2002, most of the interference effect was due to singletons that appeared
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before the target). These results support the findings of Folk et al. (2002) in suggesting 

that visual AC can occur even when the target’s spatial location is certain, as long as 

there is some other uncertainty over target appearance (in this case, the target’s 

temporal location is uncertain) so that subjects are still required to carry out some sort 

of search (cf. Theeuwes, 1991b; Yantis & Jonides, 1990).

Interestingly, the nonspatial effect demonstrated here did not depend on 

subjects adopting an attentional set for the particular singleton colour (as targets and 

singletons were different colours, and in fact targets were defined by size and not by 

colour at all). This raises the intriguing possibility that the differences between the 

spatial and nonspatial RSVP effects might be similar to the differences in the spatial 

and nonspatial AC effects described within the spatial cuing and visual search 

paradigms. Recall that Folk and Remington (1998) suggested that there might be two 

different types of visual AC: a spatial effect that was more open to top-down influences 

and thus often depended on the target and singleton sharing the same defining feature 

(e.g. Folk, Remington and Johnston, 1992); and a nonspatial effect that was less open 

to top-down control and tended to persist despite targets and singletons being defined 

by very different features (e.g. Theeuwes, 1992). As the effect observed within this 

chapter is by definition a nonspatial effect, it is particularly interesting that it was 

present despite targets and singletons being defined on different dimensions (recall that 

the effect in Folk, Leber and Egeth’s, 2002, study depended on singletons and targets 

both being defined by colour). Thus the present results provide a hint that similar 

processes may be involved in this RSVP version of the AC phenomenon as in the more 

traditional visual search or spatial cuing versions.
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Taken together, the visual results presented here and the findings of Folk et al. 

(2002) agree with previous research in suggesting that the visual system is tuned to 

detecting items that are unique against the background stimulation yet irrelevant to an 

ongoing task. Although many previous studies have demonstrated that irrelevant 

singletons could capture visual attention in this way if they appeared as part of a single 

spatial array (or as cues appearing immediately before a search task), these are the first 

demonstrations of visual AC by objects that are differentiated from other objects in 

time rather than in space. As such, the present findings suggest that the visual 

attentional system, like the auditory system, can be tuned to detect changes in ongoing 

stimulation (rather than simply detecting discontinuities in  static, spatial displays, as 

has been shown by previous visual search studies of attention).

The findings of this chapter also have implications for the attentional blink 

research, as they suggest that the “targets” in the attentional blink design can capture 

attention even when they are ignored. This possibility had not previously been tested 

within the attentional blink paradigm, which had focused on the effects of attended 

targets on attentional allocation. However, it is interesting that the interference effect 

found here was observed in the RT data but not in the error rates (although note that the 

numerical trends in the error rates were in the direction of singleton interference). This 

is in contrast to the attentional blink findings, which are usually presented in terms of 

error rates rather than RTs.
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Chapter 7

General Discussion
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7.1 Overview of findings and their implications for previous research

The experiments described within this thesis have found significant behavioural costs 

in auditory search tasks due to the presence of an irrelevant auditory feature singleton. 

This finding has generalised across singletons o f  high and low frequency as well as 

high and low intensity, and across search tasks involving detection of whether the 

target was present or absent (Chapter 2) as well as tasks involving discrimination 

between two targets, one of which is always present (Chapter 3). This consistent 

generalisation across different types of singleton and across different tasks indicates 

that the singleton interference effect is associated with the presence of a unique yet 

irrelevant feature singleton, in line with the hypothesis that the singleton interference 

found is due to capture of attention and as such is not confined to any particular 

combinations of singleton and target, or to any lower-level factor associated with 

singleton presence (as such lower-level factors would be expected to vary across 

different types of singletons and different search tasks).

In addition, as singleton interference was found in all the experiments 

irrespective of the particular combination of target and singleton features (with the 

exception of the combination of high intensity singletons and high frequency targets in 

the discrimination task, but not the detection task), this thesis does not find evidence for 

a specific role of relative salience of the singleton feature compared with the target 

feature. This is in contrast to the visual AC research that has suggested that the relative 

salience of the targets and singletons can be important determinants of visual AC (for 

review see Theeuwes, 1994a). Perhaps, then, hearing is especially prone to attentional
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capture because of its role as an early warning system, and thus stimulus salience may 

be less important in determining auditory AC. However the data presented here speak 

only indirectly to this issue, as the salience of singleton and target features was not 

systematically varied. This might be an interesting topic for further investigation. For 

example, it would be useful to examine whether, like visual AC (e.g. Theeuwes, 1992, 

Experiment 2), auditory AC can be eliminated when the singleton item is made much 

less salient than the target item (by using small feature differences between singletons 

and nontargets and large feature differences between targets and nontargets).

Chapter 4 showed that, although the irrelevant singleton feature leads to 

consistent interference when it is presented within a nontarget sound, it causes 

facilitation when presented within the target sound (Experiment 9). Thus the very same 

singleton feature can, depending on the object in which it is presented, cause 

interference in one trial and facilitation in another. This finding provides further 

evidence that singleton interference effects are due to allocation of attention towards 

the singleton feature, as this would be expected to lead to facilitation when the 

singleton feature appears in a target sound (and attention is therefore allocated towards 

the relevant target sound), but to interference when the singleton feature appears in a 

nontarget sound (and attention is therefore allocated to an irrelevant sound).

The facilitation effect shown in Chapter 4 is also important in its contrast with 

previous demonstrations of expectancy effects in auditory attention. A typical 

expectancy finding is that judgements made on stimuli presented at unexpected 

frequencies are impaired relative to judgements on stimuli at expected frequencies (e.g. 

Mori & Ward, 1991; Mondor, Zattore & Terrio, 1998). However the facilitation
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observed in Chapter 4 goes against these effects of expectancy, as the targets are twice 

as likely to appear at the non-singleton frequency than at the singleton frequency, yet 

judgements on targets with the unexpected singleton frequency are faster and more 

accurate than judgements on targets with the more expected non-singleton frequency. 

Thus auditory AC by an irrelevant singleton appears to be strong enough to override 

expectancy effects, presumably because it provides an efficient means of re-focusing 

attention on the singleton object regardless of expectancy.

Chapter 4 also demonstrated that singleton interference could persist when the 

target and the singleton were separated by another sound (Experiment 10). This ruled 

out explanations for singleton interference in terms of lower-level interactions between 

adjacent sounds, such as masking, as any such interactions would have been eliminated 

when the target and singleton were separated by an intervening sound. The findings of 

Experiment 10 also suggested that auditory AC can persist despite a singleton-target 

separation of 270 ms in which another object is presented.

The finding that singleton interference can persist across an intervening 

nontarget is similar to the demonstration by Folk et al. (2002) that the spatial visual AC 

effect they found within an RSVP task also persisted when a nontarget stimulus 

separated the singleton from the target. However, in contrast to Folk et al.’s (2002) 

experiments (where interference was only caused by singletons that appeared before 

rather than after the target), Experiment 10 found interference on RTs from singletons 

appearing both before and after the target. Indeed, this pattern was found throughout 

the auditory experiments in the present thesis. This consistent finding of a cost to RTs 

from singletons occurring after, as well as before, target presentation is likely to be due
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to the design of the auditory tasks used here. As responses were given at the end of 

each stream, it is possible that target search was exhaustive, terminating only at the end 

of the stream. In this case the singleton stimulus would have been processed wherever 

it occurred in the stream. Note however that error rates in the present experiments were 

typically h igher w hen t he s ingleton o ccurred b efore r ather t han after the target. This 

may be because AC is more likely to disrupt target perception when the singleton 

occurs before the target, whereas when the singleton occurs after the target early 

perceptual processing of the target can progress without competition.

Chapter 5 presented evidence that auditory AC depends on subjects using a 

singleton detection strategy in their allocation of attention (i.e. directing attention 

towards any unique singleton item in the array). Experiment 12 prevented this strategy 

by making the nontargets heterogeneous so that the target was no longer a feature 

singleton and a singleton detection strategy would thus no longer be useful in 

identifying the target. Subjects would then have been forced into a feature-based 

search, in which attention would have been allocated only towards the item with the 

particular target feature. Under these circumstances, auditory AC was eliminated. The 

fact that the reliable singleton interference effect found in the previous experiments can 

be modulated by a change in top-down strategies for attentional allocation provides 

further evidence that this singleton interference reflects capture of attention (and as 

such is eliminated when attention is no longer allocated towards the singleton). This 

finding also demonstrates that auditory AC, like visual AC, is not purely stimulus- 

driven, but instead depends on top-down factors as well.
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Overall, the auditory findings described in Chapters 2-5 are best explained in 

terms of AC by the singleton sound and converge to provide a demonstration of AC in 

the auditory domain. Previous research had established that auditory attention could be 

focused on particular ranges of frequencies, intensities or durations at the expense of 

stimuli that fall outside the unattended range (e.g. Greenberg & Larkin, 1968; Luce & 

Green, 1978; Mondor & Bregman, 1994; Mondor & Lacey, 2001; Mori & Ward, 1991; 

Nosofsky, 1983; Schroger and Wolff, 1 998; Scharf e t al., 1 987; Yama & Robinson, 

1982). However, the present results have shown that such focused auditory attention 

can be interrupted by the presence of a unique singleton distractor.

Because the present studies provide the first demonstration of AC in hearing, 

the experimental evidence is not yet sufficient to support a model of the processes that 

might underlie the phenomenon. Such a model will be necessary in the future, however, 

to explain exactly what constitutes AC within the auditory search tasks used within this 

thesis. I t seems possible that a model o f  auditory AC might relate to models of AC 

within the visual domain. For example, recall that Theeuwes (1991a, 1992, 1994) 

suggested a model of visual AC based on the relative salience of targets and singletons. 

According to this model, feature dimensions are analysed separately, allowing pre- 

attentive identification of areas where large feature differences occur between items 

(e.g. a green item among red will produce a large feature difference on a colour map 

whereas a lighter red item among darker red items will produce a small feature 

difference). Attention is then directed first towards items that produce the largest 

feature differences, leading to AC by any irrelevant singleton items that produce larger 

featural differences than the target. This model could also accommodate the present
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findings of auditory AC, with the assumption that subjects treated the short, rapidly- 

presented auditory streams as single search arrays. This assumption seems likely, given 

the fact that short-term echoic memory lasts for around two seconds (Darwin, Turvey 

& Crowder, 1972), which would allow the sounds making up each sequence in the 

present experiments to be stored in a single buffer for simultaneous analysis. Indeed, 

the fact that there were no effects of singleton position (before vs. after the target) on 

RTs (the main performance measure) also supports the idea that the arrays were 

processed as a whole, rather than item-by-item. Given this assumption, it could then be 

proposed (in line with Theeuwes’s model) that auditory attention is simply drawn 

towards whichever items in the array produce the largest differences on preattentively- 

determined auditory feature maps, leading to AC by  singleton items i f  they produce 

larger feature differences than targets. This characterisation remains speculative, but 

further development and experimental investigation o f  a tentative model along these 

lines might be a potentially interesting area for future research.

The present demonstration of auditory AC provides further evidence for the 

view that one function of hearing might be to act as an early warning system, scanning 

the environment for changes in all directions while the other senses typically focus on 

more restricted areas of space (e.g. touch is restricted to areas of space very near the 

body, and vision, while i t  can take in  a very large area of space, is restricted in the 

directions it can cover, e.g. we cannot see behind us). Previous evidence to support the 

idea that the auditory system might be tuned to detect changes had come either from 

responses to single auditory stimuli in an otherwise empty background (e.g. the 

orienting response; Pumphrey, 1950; Sokolov, 1963) o r from responses in  situations
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where there was not much demand on auditory attention (because s low p resentation 

rates were used, as in the typical MMN research) and where the deviant distractors 

used were not irrelevant to the task as they either predicted the target sound (e.g. 

Schroger, 1996) or were contained within the target sound (e.g. Schroger & Wolff, 

1998). In contrast, the present research demonstrates that auditory stimuli can capture 

attention even within a demanding auditory task, and despite being defined on an 

irrelevant dimension, simply by virtue of being unique against a homogeneous auditory 

background (as long as the target is unique as well).

The present demonstration of auditory AC is different from previous visual 

search demonstrations of AC in that the auditory tasks described here used sequential 

presentation of stimuli whereas the visual tasks used spatial search arrays. This change 

to the task was essential simply because of the different ways in which early sensory 

information is processed in the different modalities. Whereas the visual system 

prioritizes the spatial location of incoming stimulation, the auditory system processes 

spatial location with lower priority than other stimulus attributes such as frequency 

(e.g. Kubovy, 1981, Merzenich, Colwell & Andersen, 1982; Woods et al., 2001). For 

this reason, most previous research into focused auditory attention and the effects of 

auditory distractors has used temporal rather than spatial search arrays.

However, as the sequential search task did not provide a direct auditory 

analogue for the previous visual search AC tasks, Chapter 6 presented two final 

experiments demonstrating effects of visual AC in a task that was very similar to the 

tasks used in the auditory AC experiments. These experiments confirmed that visual 

singletons could also produce interference in a size discrimination task in which the
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stimuli were presented within a RSVP stream (Experiment 13, Chapter 6). This 

interference cannot be explained in terms of lower-level factors associated with the 

presence of a second colour in the display (e.g. contrast effects), as removing its 

uniqueness by including an alternation in the display items between the target colour 

and a second colour does not lead to an interference effect (Experiment 14). Thus the 

effect depends on the presence of a unique yet irrelevant colour singleton. Overall 

Chapter 6 demonstrated a nonspatial AC effect due to irrelevant colour singletons in 

RSVP search that is comparable to the auditory AC effect demonstrated in the previous 

experiments.

7.2 Commonalities between attentional processes in vision and hearing

Although the present auditory experiments used a sequential task that was very 

different from the typical visual search AC tasks, they nevertheless identified several 

characteristics of auditory AC that appear very similar to those of visual AC. For 

example, the present findings of singleton interference, although they do not indicate 

spatial interference effects, are still consistent with previous visual search studies that 

have demonstrated behavioural costs associated with AC by an irrelevant singleton 

feature that is presented within a nontarget sound (e.g. Pashler, 1988; Theeuwes, 1992). 

In addition, the demonstration in this thesis of facilitation due to an irrelevant auditory 

feature singleton that is presented within the target sound (Experiment 9, Chapter 4) 

appears similar to previous demonstrations of facilitation due to visual AC (e.g. Jonides 

& Yantis, 1988). Note however that an additional advantage of Experiment 9 is that it
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demonstrates interference and facilitation on different trials within the same 

experiment. To date none of the visual studies has provided a similar demonstration.

The findings of Chapter 5 also suggest that there may be similarities between 

visual and auditory attention in the way that strategies for attentional allocation can 

affect stimulus processing. The results showed that, if the target of auditory search is a 

reliable feature singleton, subjects tend to direct their attention towards any singleton in 

the search array, as this is likely to be an efficient strategy for target detection or 

discrimination. This strategy leads to auditory attentional capture, as it does in vision 

(e.g. Pashler, 1988; Theeuwes, 1991a, 1992). However, if  the target is not a reliable 

feature singleton and subjects are forced into a focused feature search mode (in which 

priority for attentional allocation is given to items containing the specific target feature) 

then attentional capture does not occur, either in hearing (as demonstrated in Chapter 5) 

or in vision (e.g. Bacon & Egeth, 1994).

While Chapters 2-5 established some commonalities between the results of 

spatial visual search tasks and sequential auditory search tasks, Chapter 6 in turn asked 

whether similarities could be found between the results of these auditory search tasks 

and a sequential visual search task. Two experiments confirmed that irrelevant 

singletons could produce interference in a visual sequential task, just as they can in  

similar auditory tasks.

The finding that very similar AC effects can be found in sequential search tasks 

in either modality, along with observations of similarities between previous visual AC 

studies and the current auditory research, provides further support for the idea that there 

might be similarities between attentional processing in vision and hearing. This
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research adds to a growing body of auditory research investigating such potential 

similarities. For example, Dyson & Quinlan (2003) demonstrated that subjects were 

faster to respond to auditory targets defined by a single feature than to auditory targets 

defined by a conjunction of features (see also Dyson & Quinlan, 2002; Woods et al., 

2001; Woods, Alain & Ogawa, 1998). This is a well-established finding in the study of 

visual attention (e.g. Treisman & Gelade, 1980), and the fact that it has also been 

demonstrated in hearing suggests that auditory attention might integrate features in a 

similar way to visual attention (i.e. individual features are processed in  parallel at a 

preattentive stage, before being integrated at a later stage for which attention is 

required). Along similar lines, other researchers have found auditory analogues for 

several well-known visual attentional phenomena including change blindness (e.g. 

Vitevitch, 2003), AC by uninformative spatial cues (e.g. Spence & Driver, 1997) and 

the attentional blink (Duncan, Martens & Ward, 1997). Similarly, the findings 

presented within this thesis establish an auditory version of the phenomenon of AC 

during search tasks, an effect that had previously only been studied in vision. In this 

way, the present research contributes to the auditory research described above, 

demonstrating effects that are analogous to established visual phenomena. Note that we 

might expect higher-level processes such as feature integration, change blindness, 

attentional blink and AC to progress along similar lines in both vision and hearing, as 

these processes operate a t a 1 evel t hat i s 1 ikely t o b e 1 argely i ndependent f  rom e arly 

sensory processing (e.g. Shamma, 2001).
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7.3 Implications for crossmodal research

The fact that there appear to be similarities between attentional processes in vision and 

hearing might suggest that it would also be possible to demonstrate AC crossmodally 

between the two senses. (Indeed, the very idea that the auditory system acts as an early- 

warning system would suggest that it is likely that auditory singletons ought to be able 

to capture attention away from a visual task.)

Spence and Driver (1997) carried out a study with results that are encouraging 

for the possibility of finding crossmodal AC. They asked participants to judge the 

elevation of either auditory or visual targets, presented to one side or another. 

Responses were faster and more accurate for both visual and auditory targets when they 

were preceded by auditory cues on the same rather than the opposite side (at 

intermediate elevation), suggesting that these cues had captured attention despite being 

valid on only 50% of trials. Interestingly, when visual rather than auditory cues were 

used, they only affected performance for visual targets and not for auditory targets. 

Thus, while auditory cues captured both auditory and visual attention, visual cues 

appeared only to capture visual attention. Subsequent research has suggested that this 

asymmetry in Spence and Driver’s (1997) crossmodal cuing results might have been 

due t o v isual c ues d irecting a ttention t owards m ore n arrowly f  ocused a reas o f  space 

than auditory cues. Because Spence and Driver’s (1997) task involved judgements of 

the e levation o f  a target stimulus, the cue stimulus was presented at an intermediate 

elevation and so did not appear at the exact location of the subsequent target. It is 

possible that the difference in elevation between visual cues and auditory targets would

154



have prevented cuing effects, because the auditory target would not fall into the 

relatively narrow attended area. By contrast, the difference in elevation between 

auditory cues and visual targets would not have prevented cuing effects, as the attended 

area due to the auditory cue would be broader than that due to the visual cue, and the 

subsequent v isual t arget w ould fall w ithin i 1.1 n 1 ine w ith t his argument, visual cues 

have been shown to affect performance on auditory tasks using a set-up where visual 

cues are presented at exactly the same location as subsequent auditory targets (e.g. 

Ward, McDonald and Lin, 2000).

In the light of these results, it might be interesting to ask whether cross modal 

AC effects can be found for auditory (or visual) singletons presented during 

performance of a v isual ( or auditory) s earch t ask. T he p resent t hesis h as e stablished 

auditory and visual versions of a rapid serial search task in  which AC by  irrelevant 

singletons can be observed. This provides a basis from which a crossmodal version of 

the effect could be investigated. Rapid serial sequences of sounds and visual stimuli 

could be presented simultaneously giving a set-up in which one could examine the 

effects both of visual singletons in an auditory task and of auditory singletons in a 

visual task.

Note that there is already research to suggest that auditory deviants can interfere 

with behavioural performance in a visual task. For example, Escera, Alho, Winkler & 

Naatanen (1998) showed that responses in a visual discrimination task (in which 

subjects responded according to whether numbers were odd or even) were less accurate 

when the number stimulus followed a sound of deviant frequency than when it 

followed a sound of standard frequency. Similar effects have also been found for
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intensity and duration deviants (e.g. Escera, Corral & Yago, 2002). However, as was 

the case in much of the auditory research, the auditory stimuli in these studies often 

predicted the target, and slow rates of presentation were used so that the overall 

demands on attentional resources were low. Both of these factors mean that there was 

little incentive for subjects to attempt to ignore the auditory distractors in these studies 

and as such the results may be attributable to deliberate allocation of attention to the 

auditory stimuli, rather than capture of attention by those stimuli. It would be 

interesting to ask whether irrelevant auditory singletons can capture attention during a 

visual task even when they do not predict the target and when they are presented in 

conjunction with a more demanding visual task. In addition, the previous crossmodal 

studies have tended to focus on the effects of auditory distractors on visual tasks. A 

fully-factorial design, that also looked at possible visual disruption of auditory tasks, 

might be a interesting extension of the present experiments.

7.4 Underlying neural mechanisms

This thesis has established the behavioural phenomenon of auditory AC. It would also 

be interesting to ask about the neural mechanisms underpinning this AC. The literature 

on the MMN and its associated attentional orienting components suggests that the 

MMN may be involved, at least to some extent. Recall that the MMN is elicited by 

sounds that form a change in a repetitive auditory sequence (e.g. Naatanen, 1975; 

Naatanen, Gaillard & Mantysalo, 1978, 1980; Naatanen, 1979; Naatanen & Gaillard, 

1983; reviewed by Naatanen, 1992). As such, the MMN seems to reflect processes 

involved in detection of deviants and is therefore unlikely to be related to higher-level
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processes such as attentional allocation. However, the MMN is also often accompanied 

by an attentional orienting component, the P3a, suggesting that, under circumstances 

where there is no competition for attention, deviant sounds tend to attract attention (e.g. 

Knight, 1984; Naatanen, Simpson & Loveless, 1982; Sams, Paavilainen, Alho & 

Naatanen, 1985). Thus the P3a may be more likely to reflect neural mechanisms related 

to auditory AC.

For this reason, an interesting extension of the findings would be to record 

ERPs during performance of the tasks reported here. However, as there are many 

differences between the present task and the typical tasks used in the MMN research it 

is not clear whether the target and singleton stimuli used here would elicit the MMN at 

all. For example, in the experiments reported here, two “deviant” sounds (the target and 

the singleton) are often presented in each sequence of four o r five sounds, typically 

occurring one after another. By contrast, the deviants used in the MMN studies appear 

much less frequently. Thus it is unlikely that the unique sounds used here would be 

treated as deviants to the same extent as the odd sounds used in the MMN studies. In 

addition, unlike the present experiments, very few of the MMN studies encouraged 

participants to ignore the deviant sounds. And recall that the few studies that did 

encourage participants to focus attention away from the deviant sounds (using strong 

manipulations of attention, such as dichotic listening tasks) found that this reduced or 

eliminated the MMN (e.g. Trejo et al., 1995; Woldorff et al., 1991; Woldorff et al., 

1998). For both these reasons, it is not clear whether targets and singletons in the 

present experiments would have elicited the MMN at all. And indeed if they did, this 

would merely indicate perception of the deviant sound. A more interesting question
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would be whether any MMN was accompanied by the attentional orienting component 

(P3a) and perhaps followed by a re-orienting negativity, as this might indicate 

involuntary capture of attention by the singleton stimulus.

ERP measurements would have been particularly interesting during Experiment 

9 (Chapter 4), as this experiment found facilitation due to the presence of an irrelevant 

singleton feature within the target sound itself. It would be interesting to compare the 

ERP responses to nontarget singletons (leading to interference) with responses to target 

singletons (leading to facilitation).

The underlying neural mechanisms of auditory AC could also be investigated 

through neuroimaging. A recent event-related fMRI study of visual AC (DeFockert, 

Rees, Frith and Lavie, in press) found that capture of visual attention is associated with 

activity in frontoparietal areas known to be associated with selective attention. It would 

be interesting to run a similar fMRI study to identify the neural correlates of auditory 

AC. In addition, a comparison between the findings of a fMRI study of auditory AC 

and the findings of the DeFockert et al.’s fMRI study of visual AC could reveal 

whether there are any shared neural mechanisms underlying AC in both vision and 

hearing, or whether the activations associated with AC are modality-specific.

7.5 Conclusions

The present thesis has established the phenomenon of auditory AC by irrelevant 

singletons in serial search tasks. This auditory AC leads to interference if  the singleton 

is presented within a distractor item but reverses to facilitation if the singleton occurs
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within a target item. I have also shown that auditory AC is  influenced by  relatively 

high-level factors such as the subject’s strategy for allocation of attention. Finally, the 

current work has established the phenomenon of non-spatial visual AC in RSVP search 

tasks. Overall, these results add to a growing body of research demonstrating 

similarities between attentional processes in vision and hearing.

159



References

Alain, C. & Woods, D. L. (1993). Distractor clustering enhances detection speed and 

accuracy during selective listening. Perception and Psychophysics, 54, 509-514.

Allan, L. G. & Kristofferson, A. B. (1974). Psychophysical theories of duration 

discrimination. Perception and Psychophysics, 16, 26-34.

Atchley, P., Kramer, A. F. & Hillstrom, A. P. (2000). Contingent capture for onsets and 

offsets: Attentional set for perceptual transients. Journal o f Experimental 

Psychology: Human Perception and Performance, 26, 594-606.

Bacon, W. F. & Egeth, H. E. (1994). Overriding stimulus-driven attentional capture. 

Perception and Psychophysics, 55, 485-496.

Baylis, G. C. & Driver, J. (1992). Visual parsing and response competition: the effect 

of grouping factors. Perception and Psychophysics, 51, 145-162.

Benedict, R. H. B., Shucard, D. W., Santa Maria, M. P., Shucard, J. L., Abara, J. P., 

Coad, M . L ., Wack, D ., S awusch, J. & Lockwood, A . (2002). Covert auditory 

attention generates activation in the rostral/dorsal anterior cingulate cortex. 

Journal o f Cognitive Neuroscience, 14, 637-645.

Bregman, A. S. & Campbell, J. (1971). Primary auditory stream segregation and 

perception of order in rapid sequences of tones. Journal o f Experimental 

Psychology, 89, 244-249.

Bregman, A. S. & Rudnicky, A. I .  (1975). Auditory segregation: stream or streams? 

Journal o f Experimental Psychology: Human Perception and Performance, 1, 

263-267.

160



Broadbent, D. E. & Broadbent, M. H. (1987). From detection to identification: 

Response to multiple targets in rapid serial visual presentation. Perception and 

Psychophysics, 42, 105-113.

Campbell, K., Bell, I. & Bastien, C. (1991). Evoked potential measures of information 

processing during natural sleep. In R. Broughton & R. Ogilvie (Eds.), Sleep, 

arousal and performance (pp. 88-116). Cambridge, MA: Birkhauser, Boston.

Chastain, G. & Cheal, M. (1999). Attention effects of abrupt-onset precues with 

central, single-element, and multiple-element precues. Consciousness and 

Cognition: An International Journal, 8, 510-528.

Cherry, E. C. (1953). Some experiments on the recognition of speech with one and with 

two ears. Journal o f the Acoustical Society o f  America, 25, 975-979.

Cycowicz, Y. M., Friedman, D. & Rothstein, M. (1996). A developmental study of the 

effect of temporal order on the ERPs elicited by novel environmental sounds. 

Electroencephalography and Clinical Neurophysiology, 103, 304-318.

Dai, H. & Buus, S. (1991). Effect of gating the masker on frequency-selective listening. 

Journal o f the Acoustical Society ofAmerica, 80, 1816-1818.

Darwin, C.J., Turvey, M.T., & Crowder, R.G. (1972). An auditory analogue of the 

Sperling partial report procedure: Evidence for brief auditory store. Cognitive 

Psychology, 3, 255-267.

Davis, M., Gendelman, D. S., Tischler, M. D., & Gendelman, P. M. (1982). A primary 

acoustic startle circuit: lesion and stimulation studies. Journal o f Neuroscience, 2, 

791-805.

161



Debener, S., Kranczioch, C., Herrmann, C. S. & Engel, A. K. (2002). Auditory novelty 

oddball allows reliable distinction of top-down and bottom-up processes of 

attention. International Journal o f Psychophysiology, 46, 77-84.

DeFockert, Rees, Frith and Lavie (in press). Neural correlates of attentional capture 

during visual search. Journal o f Cognitive Neuroscience.

Donchin, E., Spencer, K. M. & Dien, J. (1997). The varieties of deviant experience: 

ERP manifestations of deviance processors. In: G. J. M. van Boxtel & K. B. E. 

Bocker (Eds.), Brain and Behaviour: Past, Present and Future (pp. 67-91). 

University Press, Tilburg, The Netherlands.

Dowling, W. J. (1973). Rhythmic groups and subjective chunks in memory for 

melodies. Perception and Psychophysics, 14, 37-40.

Duncan, C. C., & Kaye, W. H. (1987). Effects of clonidine on event-related potential 

measures of information processing. In R. Johnson, Jr. & R. Parasuraman (Eds.), 

Current trends in event-related potential research (pp. 527-531). (Supplement 40 

to Electroencephalography and Clinical Neurophysiology). Amsterdam: Elsevier.

Duncan, J. (1984). Selective attention and the organization of visual information. 

Journal o f Experimental Psychology: General, 113, 501-517.

Duncan, J. & Humphreys, G. W. (1989). Visual search and stimulus similarity. 

Psychological Review, 96, 433-458.

Duncan, J., Martens, S. & Ward, R. (1997). Restricted attentional capacity within but 

not between sensory modalities. Nature, 387, 808-810.

162



Dyson, B. J. & Quinlan, P. T. (2002). Within- and between-dimensions processing in 

the auditory modality. Journal o f Experimental Psychology: Human Perception 

and Performance, 28, 1483-1498.

Dyson, B. J. & Quinlan, P. T. (2003). Feature and conjunction processing in the 

auditory modality. Perception and Psychophysics, 65, 254-272.

Egeth, H. E., Folk, C. L., Leber, A. B., Nakama, T. & Hendel, S. K. (2001). Attentional 

capture in the Spatial and Temporal Domains. In: Folk, C. L. & Gibson, B. S. 

(Eds.), Attraction, distraction and action: Multiple perspectives on attentional 

capture. Advances in psychology, 133 (pp. 93-119). New York, NY: Elsevier 

Science.

Enns, J. T., Austen, E. L., Di Lollo, V., Rauschenberger, R. & Yantis, S. (2001). New 

objects dominate luminance transients in setting attentional priority. Journal o f  

Experimental Psychology: Human Perception and Performance, 27, 1287-1302.

Escera, C., Alho, K., Winkler, I. & Naatanen, R. (1998). Neural mechanisms of 

involuntary attention to acoustic novelty and change. Journal o f Cognitive 

Neuroscience, 10, 590-604.

Escera, C., Corral, M. J. & Yago, E. (2002). An electrophysiological and behavioural 

investigation of involuntary attention towards auditory frequency, duration and 

intensity changes. Cognitive Brain Research, 14, 325-332.

Folk, C. L., Leber, A. B. & Egeth, H. E. (2002). Made you blink! Contingent 

attentional capture produces a spatial blink. Perception and Psychophysics, 64, 

741-753.

163



Folk, C. L. & Remington, R. W. (1998). Selectivity in distraction by irrelevant featural 

singletons: evidence for two forms of attentional capture. Journal o f  

Experimental Psychology: Human Perception and Performance, 24, 847-858.

Folk, C. L., Remington, R. W. & Johnston, J. C. (1992). Involuntary covert orienting is 

contingent on attentional control settings. Journal o f Experimental Psychology: 

Human Perception and Performance, 18, 1030-1044.

Folk, C. L., Remington, R. W. & Wright, J. H. (1994). The structure of attentional 

control: Contingent attentional capture by apparent motion, abrupt onset, and 

color. Journal o f Experimental Psychology: Human Perception and

Performance, 20, 317-329.

Friedman, D., Cycowicz, Y. M. & Gaeta, H. (2001). The novelty P3: An event-related 

brain potential sign of the brain's evaluation of novelty. Neuroscience and 

Biobehavioral Reviews, 25, 355-373.

Friedman, D. & Simpson, G. (1994). Amplitude and scalp distribution of target 

andnovel events: Effects of temporal order in young, middle-aged and older 

adults. Cognitive Brain Research, 2, 49-63.

Gellatly, A., Cole, G. & Blurton, A. (1999). Do equiluminant object onsets capture 

visual attention? Journal o f Experimental Psychology: Human Perception and 

Performance, 25, 1609-1624.

Gibson, B. S. (1996a). Visual quality and attentional capture: A challenge to the special 

role of abrupt onsets. Journal o f  Experimental Psychology: Human Perception 

and Performance, 22, 1496-1504.

164



Gibson, B. S. (1996b). The masking account of attentional capture: A reply to Yantis 

and Jonides (1996). Journal o f Experimental Psychology: Human Perception and 

Performance, 22, 1514-1520.

Gibson, B. S. & Jiang, Y. (1998). Surprise! An unexpected color singleton does not 

capture attention in visual search. Psychological Science, 9, 176-182.

Gibson, B. S. & Kelsey, E. M. (1998). Stimulus-driven attentional capture is contingent 

on attentional set for displaywide visual features. Journal o f Experimental 

Psychology: Human Perception and Performance, 24, 699-706.

Grau, J. W. & Kemler Nelson, D. G. (1988). The distinction between integral and 

separable dimensions: Evidence for the integrality of pitch and loudness. Journal 

o f Experimental Psychology: General, 117, 347-370.

Gray, J. A. & Wedderbum, A. A. I. (1960). Grouping strategies with simultaneous 

stimuli. Quarterly Journal o f Experimental Psychology 12, 180-184.

Grady, C. L., Van Meter, J. W., Maisog, J. M., Pietrini, P., Krasuski, J. & Rauschecker, 

J. P. (1997). Attention-related modulation of activity in primary and secondary 

auditory cortex. NeuroReport, 8, 2511-2516.

Green, D. M. & Luce, R. D. (1974). Variability of magnitude estimates: A timing 

theory analysis. Perception and Psychophysics, 15, 291-300.

Greenberg, G. & Larkin W. (1968). Frequency response characteristic of auditory 

observers detecting signals of a single frequency in noise: The probe signal 

method. Journal o f the Acoustical Society o f America, 44, 1513-1523.

165



Hafter, E. R., Schlauch, R. S. & Tang, J. (1993). Attending to auditory filters that were 

not s timulated d irectly. Journal o f  the A coustical S ociety o f  A merica, 9 4, 743- 

747.

Hansen, J. C. & Hillyard, S. A. (1983). Selective attention to multidimensional auditory 

stimuli. Journal o f Experimental Psychology: Human Perception and 

Performance, 9, 1-19.

Hillyard, S. A., Hink, R. F., Schwent, V. L. & Picton, T. W. (1973). Electrical signs of 

selective attention in the human brain. Science, 182, 177-179.

Hoormann, J., Falkenstein, M. & Hohnsbein, J. (2000). Early attention effects in human 

auditory-evoked potentials. Psychophysiology, 37, 29-42.

Howard, J. H., O’Toole, A. J., Parasuraman, R. & Bennett, K. B. (1984). Pattern- 

directed attention in uncertain-ffequency detection. Perception and 

Psychophysics, 35, 256-264.

Johnson, J. D., Hutchison, K. A. & Neill, W. T. (2001). Attentional capture by 

irrelevant color singletons. Journal o f Experimental Psychology: Human 

Perception and Performance, 27, 841-847.

Jones, M. R., Moynihan, H. MacKenzie, N. & Puente, J. (2002). Temporal aspects of 

stimulus-driven attending in dynamic arrays. Psychological Science, 13, 313-319.

Jonides, J. (1981). Voluntary vs. automatic control over the mind’s eye’s movement. In 

J. B. Long & A. D. Baddeley (Eds.), Attention and performance IX  (pp. 187-203). 

Hillsdale, NJ: Erlbaum.

Jonides, J. & Yantis, S. (1988). Uniqueness of abrupt visual onset in capturing 

attention. Perception and Psychophysics, 43, 346-354.

166



Knight, R. T. (1984). Stimulus deviance and evoked potentials.

Electroencephalography and Clinical Neurophysiology, 59, 9-20.

Kubovy, M. (1981). Concurrent-pitch segregation and the theory of indispensable 

attributes. In M. Kubovy & J. R. Pomerantz (Eds.), Perceptual organization (pp. 

55-98). Hillsdale, NJ: Erlbaum.

Lavie, N. (1995). Perceptual load as a necessary condition for selective attention. 

Journal o f Experimental Psychology: Human Perception and Performance, 21, 

451-468.

Lavie, N. (2000). Selective attention and cognitive control: Dissociating attentional 

functions through different types of load. In: Monsell, S. & Driver, J. (Eds.), 

Control o f cognitive processes: Attention and performance XVIII (pp. 175-194). 

Cambridge, MA: MIT Press.

Leek, M. R., Brown, M. E. & Dorman, M. F. (1991). Informational masking and 

auditory attention. Perception and Psychophysics, 50, 205-214.

Luce, R. D. & Green, D. M. (1978). Two tests of a neural attention hypothesis for 

auditory psychophysics. Perception and Psychophysics, 23, 363-371.

Lyytinen, H., Blomberg, A. P. & Naatanen, R. (1992) Event-related potentials and 

autonomic responses to a change in unattended auditory stimuli. 

Psychophysiology, 29, 523-534.

Mantysalo, S. & Naatanen, R. (1987). The duration of a neuronal trace of an auditory 

stimulus as indicated by event-related potentials. Biological Psychology, 24, 183- 

195.

167



Martin-Emerson, R. & Kramer, A. F. (1997). Offset transients modulate attentional 

capture by sudden onsets. Perception and Psychophysics, 59, 739-751.

McDonald, J. J. & Ward, L. M. (1999). Spatial relevance determines facilitatory and 

inhibitory effects of auditory covert spatial orienting. Journal o f Experimental 

Psychology: Human Perception and Performance, 25, 1234-1252.

Melara, R. D. & Marks, L. E. (1990). Perceptual primacy of dimensions: Support for a 

model of dimensional interaction. Journal o f  Experimental Psychology: Human 

Perception and Performance, 16, 398-414.

Merzenich, M. M., Colwell, S.A., & Andersen, R. A. (1982). Thalamocortical and 

corticothalamic connections in the auditory system of the cat. In: S. N. Woolsey 

(Ed.), Cortical Sensory Organization III (pp.43-57), Humana, Clifton, New 

Jersey.

Miller, J. (1989). The control of attention by abrupt visual onsets and offsets. 

Perception and Psychophysics, 45, 567-571.

Mondor, T. A., Breau, L. M. & Milliken, B. (1998). Inhibitory processes in auditory 

selective attention: Evidence of location-based and frequency-based inhibition of 

return. Perception and Psychophysics, 60, 296-302.

Mondor, T. A. & Bregman, A. S. (1994). Allocating attention to frequency regions. 

Perception and Psychophysics, 56, 268-276.

Mondor, T. A. & Lacey, T. E. (2001). Facilitative and inhibitory effects of cuing sound 

duration, intensity, and timbre. Perception and Psychophysics, 63, 726-736.

168



Mondor, T. A. & Zatorre, R. J. (1995). Shifting and focusing auditory spatial attention. 

Journal o f Experimental Psychology: Human Perception and Performance, 21, 

387-409.

Mondor, T. A., Zatorre, R. J. & Terrio, N. A. (1998). Constraints on the selection of 

auditory information. Journal o f Experimental Psychology: Human Perception 

and Performance, 24, 66-79.

Moray, N. (1959). Attention in dichotic listening: Affective cues and the influence of 

instructions. Quarterly Journal o f Experimental Psychology, 11, 56-60.

Mori, S. & Ward, L. M. (1991). Listening versus hearing: Attentional effects on 

intensity discrimination. Technical Reports on Hearing: Acoustical Society o f  

Japan, No. H-91-36.

Muller, H. J. & Rabbitt, P. M. A. (1989). Reflexive and voluntary orienting of visual 

attention: Time course of activation and resistance to interruption. Journal o f  

Experimental Psychology: Human Perception and Performance, 15, 315-330.

Naatanen, R. (1975). Selective attention and evoked potentials in humans -  A critical 

review. Biological Psychology, 2, 237-307.

Naatanen, R. (1979). Orienting and evoked potentials. In H. D. Kimmel, E. H. van Olst 

& J. F. Orlebeke (Eds.), The orienting reflex in humans (pp. 61-75). Hillsdale, 

NJ: Lawrence Erlbaum Associates.

Naatanen, R. (1990). The role of attention in auditory information processing as 

revealed by event-related potentials and other brain measures of cognitive 

function. Behavioral and Brain Sciences, 13, 201-288.

169



Naatanen, R. (1992). Attention and brain function. Hillsdale, NJ: Lawrence Erlbaum 

Associates Inc.

Naatanen, R. & Gaillard, A. W. K. (1983). The N2 deflection and the orienting reflex. 

In A. W. K. Gaillard & W. Ritter (Eds.), EEG correlates o f information 

processing: Theoretical issues (pp. 119-141). Amsterdam: North Holland.

Naatanen, R., Gaillard, A. W. K. & Mantysalo, S. (1978). Early selective attention 

effect on evoked potential reinterpreted. Acta Psychologica, 42, 313-329.

Naatanen, R., Gaillard, A. W. K. & Mantysalo, S. (1980). Brain potential correlates of 

voluntary and involuntary attention. In H. H. Komhuber & L. Deeke (Eds.), 

Motivation, motor and sensory processes o f  the brain: Electrical potentials, 

behaviour and clinical use, Progress in Brain Research, 54 (pp. 343-348).

Naatanen, R., Paavilainen, P., Alho, K., Reinikainen, K., & Sams, M. (1989). Do event- 

related p otentials reveal the mechanism o f  the auditory sensory memory in the 

human brain? Neuroscience Letters, 98, 217-221.

Naatanen, R., Simpson, M. & Loveless, N. E. (1982). Stimulus deviance and evoked 

potentials. Biological Psychology, 14, 53-98.

Nosofsky, R. M. (1983). Shifts of attention in the identification and discrimination of 

intensity. Perception and Psychophysics, 33, 103-112.

O’Leary, D. S., Andreasen, N.C., Hurtig, R.R., Torres, I. J., Flashman, L. A., Kesler, 

M. L., Arndt, S. V., Cizadlo, T. J., Ponto, L. L. B., Watkins, G. L., & Hichwa, R. 

D. (1997). Auditory and visual attention assessed with PET. Human Brain 

Mapping, 5, 422-436.

170



Pashler, H. (1988). Cross-dimensional interaction and texture segregation. Perception 

and Psychophysics, 43, 307-318.

Pumphrey, R. J. (1950). Hearing. Symposium o f the Society fo r Experimental Biology: 

Physiological Mechanisms in Animal Behaviour, 4, 3-18.

Quinlan, P. T. & Bailey, P. J. (1995). An examination of attentional control in the 

auditory modality: Further evidence for auditory orienting. Perception and 

Psychophysics, 57, 614-628.

Raymond, J. E., Shapiro, K. L. & Amell, K. M. (1992). Temporary suppression of 

visual processing in an RSVP task: An attentional blink? Journal o f Experimental 

Psychology: Human Perception and Performance, 18, 849-860.

Remington, R. W., Johnston, J. C. & Yantis, S. (1992). Involuntary attentional capture 

by abrupt onsets. Perception and Psychophysics, 51, 279-290.

Robinson, D. W. & Dadson, R. S. (1956). A redetermination of the equal-loudness 

relations for pure tones. British Journal o f Applied Physics, 7, 166-181.

Sams, M., Paavilainen, P., Alho, K. & Naatanen, R. (1985). Auditory frequency 

discrimination and event-related potentials. Electroencephalography and Clinical 

Neurophysiology, 62, 437-448.

Scharf, B. (1971). Fundamentals of auditory masking. Audiology, 10, 30-40.

Scharf, B., Quigley, S., Aoki, C., Peachey, N. & Reeves, A. (1987). Focused auditory 

attention and frequency selectivity. Perception and Psychophysics, 42, 215-223.

Scherg, M., Vajsar, J. & Picton, T. W. (1989). A source analysis o f  the latehuman 

auditory evoked potentials. Journal o f Cognitive Neuroscience, 1, 336-355.

171



Schroger, E. (1996). A neural mechanism for involuntary attention shifts to changes in 

auditory stimulation. Journal o f Cognitive Neuroscience, 8, 527-539.

Schroger, E. & Eimer, M. (1997). Endogenous covert spatial orienting in audition: 

“Cost-benefit” analysis of reaction times and event-related potentials. Quarterly 

Journal o f Experimental Psychology: Human Experimental Psychology, 50(A), 

457-474.

Schroger, E., Giard, M. H. & Wolff, C. (2000). Auditory distraction: event-related 

potential and behavioural indices. Clinical Neurophysiology, 111, 1450-1460.

Schroger, E. & Wolff, C. (1998a). Behavioral and electrophysiological effects of task- 

irrelevant sound change: a new distraction paradigm. Cognitive Brain Research, 

7, 71-87.

Schroger, E. & Wolff, C. (1998b). Attentional orienting and reorienting is indicated by 

human event-related potentials. NeuroReport, 9, 3355-3358.

Shamma, S. (2001). On the role of space and time in auditory processing. Trends in 

Cognitive Sciences, 5, 340-348.

Sokolov, E. N. (1963). Perception and the conditioned reflex. New York: Macmillan.

Spence, C. & Driver, J. (1994). Covert spatial orienting in audition: exogenous and 

endogenous mechanisms. Journal o f Experimental Psychology: Human 

Perception and Performance, 20, 555-574.

Spence, C. & Driver, J. (1997). Audiovisual links in exogenous covert spatial orienting. 

Perception and Psychophysics, 59, 1-22.

Stevens, S. S. & Guirao, M. (1967). Loudness functions under inhibition. Perception 

and Psychophysics, 2, 459-465.

172



Takegata, R., Paavilainen, P., Naatanen, R. & Winkler, I. (1999). Independent 

processing of changes in auditory single features and feature conjunctions in 

humans as indexed by the mismatch negativity. Neuroscience Letters, 266, 109- 

112.

Theeuwes, J. (1991a). Cross-dimensional perceptual selectivity. Perception and 

Psychophysics, 50, 184-193.

Theeuwes, J. (1991b). Exogenous and endogenous control of attention: The effect of 

visual onsets and offsets. Perception and Psychophysics, 49, 83-90.

Theeuwes, J. (1992). Perceptual selectivity for color and form. Perception and 

Psychophysics, 51, 599-606.

Theeuwes, J. (1994a). Endogenous and exogenous control of visual selection. 

Perception, 23, 429-440.

Theeuwes, J. (1994b). Stimulus-driven capture and attentional set: selective search for 

colour and visual abrupt onsets. Journal o f  Experimental Psychology: Human 

Perception and Performance, 20, 799-806.

Theeuwes, J. & Burger, R. (1998). Attentional control during visual search: The effect 

of irrelevant singletons. Journal o f Experimental Psychology: Human Perception 

and Performance, 24, 1342-1353.

Todd, S. & Kramer, A. F. (1994). Attentional misguidance in visual search. Perception 

and Psychophysics, 56 198-210.

Treisman, A. & Gelade, G. (1980). A feature-integration theory of attention. Cognitive 

Psychology, 12, 97-136.

173



Treisman, A. & Gormican, S. (1988). Feature analysis in early vision: Evidence from 

search asymmetries. Psychological Review, 95, 15-48.

Trejo, L. J., Ryan-Jones, D. L. & Kramer, A. F. (1995). Attentional modulation of the 

mismatch negativity elicited by frequency differences between binaurally 

presented tone bursts. Psychophysiology, 32, 319-328.

Turatto, M. & Galfano, G. (2001). Attentional capture by color without any relevant 

attentional set. Perception and Psychophysics, 63, 286-297

Van Noorden, L. P. (1975). Temporal coherence and the perception of temporal 

position in tone sequences. Netherlands: Institute for Perception Research.

Vitevitch, M. S. (2003). Change deafiiess: The inability to detect changes between two 

voices. Journal o f Experimental Psychology: Human Perception and

Performance, 29, 333-342.

Ward, L. M. (1997). Involuntary listening aids hearing. Psychological Science, 8, 112- 

118.

Ward, L. M., McDonald, J. A., & Lin, D. (2000). On asymmetries in cross-modal 

spatial attention orienting. Perception and Psychophysics, 62, 1258-1264.

Ward, L. M. & Mori, S. (1996). Attention cueing aids auditory intensity resolution. 

Journal o f the Acoustical Society o f America, 100, 1722-1727.

Woldorff, M. G., Hackley, S. A. & Hillyard S. A. (1991). The effects of channel- 

selective attention on the mismatch negativity wave elicited by deviant tones. 

Psychophysiology, 28, 30-42.

Woldorff, M. G., Hillyard, S. A., Gallen, C. C., Hampson, S. R. & Bloom, F. E. (1998). 

Magnoencephalographic recordings demonstrate attentional modulation of

174



mismatch-related neural activity in human auditory cortex. Psychophysiology, 35, 

283-292.

Wood, C. C. (1975). Auditory and phonetic levels of processing in speech perception: 

Neurophysiological and information-processing analyses. Journal o f  

Experimental Psychology: Human Perception and Performance, 1, 3-20.

Woods, D. D., Sorkin, R. D. & Boggs, G. J. (1979). Stimulus context and duration 

discrimination. Perception and Psychophysics, 26, 127-132.

Woods, D. L., Alain, C., Diaz, R., Rhodes, D. & Ogawa, K. H. (2001). Location and 

frequency cues in auditory selective attention. Journal o f Experimental 

Psychology: Human Perception and Performance, 27, 65-74.

Woods, D. L., Alain, C. & Ogawa, K. H. (1998). Conjoining auditory and visual 

features during high-rate serial presentation: Processing and conjoining two 

features can be faster than processing one. Perception and Psychophysics, 60, 

239-249.

Yama, M. & Robinson, D. (1982). Comparison of frequency selectivity for the 

monaural and binaural hearing systems: Evidence from a probe-frequency 

procedure. Journal o f the Acoustical Society o f America, 71, 694-700.

Yantis, S. & Hillstrom, A. P. (1994). Stimulus-driven attentional capture: Evidence 

from equiluminant visual objects. Journal o f  Experimental Psychology: Human 

Perception and Performance, 20, 95-107.

Yantis, S. & Jonides, J. (1984). Abrupt visual onsets and selective attention: Evidence 

from visual search. Journal o f Experimental Psychology: Human Perception and 

Performance, 10, 601-621.

175



Yantis, S. & Jonides, J. (1990). Abrupt visual onsets and selective attention: Voluntary 

versus automatic allocation. Journal o f Experimental Psychology: Human 

Perception and Performance, 16, 121-134.

Yantis, S. & Jonides, J. (1996). Attentional capture by abrupt onsets: New perceptual 

objects or visual masking? Journal o f  Experimental Psychology: Human 

Perception and Performance, 22, 1505-1513.

176


