
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=pecp21

Download by: [Eastern Michigan University] Date: 14 July 2017, At: 05:33

Journal of Cognitive Psychology

ISSN: 2044-5911 (Print) 2044-592X (Online) Journal homepage: http://www.tandfonline.com/loi/pecp21

Auditory statistical learning: predictive
frequency information affects the deployment of
contextually mediated attentional resources on
perceptual tasks

Doug Alards-Tomalin, Nicholaus P. Brosowsky & Todd A. Mondor

To cite this article: Doug Alards-Tomalin, Nicholaus P. Brosowsky & Todd A. Mondor (2017):
Auditory statistical learning: predictive frequency information affects the deployment of contextually
mediated attentional resources on perceptual tasks, Journal of Cognitive Psychology, DOI:
10.1080/20445911.2017.1353518

To link to this article:  http://dx.doi.org/10.1080/20445911.2017.1353518

Published online: 13 Jul 2017.

Submit your article to this journal 

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=pecp21
http://www.tandfonline.com/loi/pecp21
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/20445911.2017.1353518
http://dx.doi.org/10.1080/20445911.2017.1353518
http://www.tandfonline.com/action/authorSubmission?journalCode=pecp21&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=pecp21&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/20445911.2017.1353518
http://www.tandfonline.com/doi/mlt/10.1080/20445911.2017.1353518
http://crossmark.crossref.org/dialog/?doi=10.1080/20445911.2017.1353518&domain=pdf&date_stamp=2017-07-13
http://crossmark.crossref.org/dialog/?doi=10.1080/20445911.2017.1353518&domain=pdf&date_stamp=2017-07-13


Auditory statistical learning: predictive frequency information affects the
deployment of contextually mediated attentional resources on perceptual
tasks
Doug Alards-Tomalina, Nicholaus P. Brosowskyb and Todd A. Mondora

aDepartment of Psychology, University of Manitoba, Winnipeg, MB, Canada; bDepartment of Psychology, The Graduate Center of the
City University of New York, New York, NY, USA

ABSTRACT
Statistical learning is a general phenomenon in which environmental regularities are
implicitly acquired through repeated exposure to those environments. Sometimes, that
information can be utilised to affect various aspects of cognitive performance (e.g.
reaction time) on tasks that utilise selective attention (e.g. visual search). In the current
study, we examined the effect of passively listening to predictive auditory contexts in
facilitating attention to a certain frequency or frequency range. In doing so, we found
that there is a general tendency for attentional resources to be negatively affected
when the context sequences are made novel after context–target associations have
been formed (Experiment 1), and when the context no longer reliably cues the
previous target (Experiment 2). The experiments are framed to contrast Associative
Learning and Memory Hypothesis perspectives.
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Given the limited capacity of human attention and
visual working memory mechanisms (Fougnie &
Marois, 2006; Huang & Pashler, 2005; Pashler,
1988), the ability to encode and comprehend large
quantities of information from the environment is
impressively adept. For example, when the circum-
stances allow for the parallel processing of visual
features, the ability to detect a target amongst dis-
tractors is nearly instantaneous (Egeth, Jonides, &
Wall, 1972; Nakayama & Silverman, 1986; Treisman
& Gelade, 1980). Alternatively, conjunctive (serial)
searches tend to be slow and consume a great
deal of attentional resources (Scholl, 2001; Treisman
& Sato, 1990). One means by which attentional
resources are preserved during cognitively demand-
ing tasks is via implicit (statistical) learning, in which
information about contextual regularities and
redundancies in the environment are gradually
acquired and used to impact the allocation of
limited attentional resources.

It has been recently proposed (see the Memory
Hypothesis of Contextual Control) that the retrieval
of past attentional control settings and filters is
largely context dependent, contingent on re-experi-
encing the context in which that control setting was

originally used (Brosowsky & Crump, 2016; Crump,
2016). One outcome of this is that selective attention
tasks occurring within a previously experienced
context will receive a processing advantage from
having a control setting automatically retrieved
versus having to generate a new setting. This
serves as one account for why acquiring information
about patterns and regularities from large quantities
of sensory data (i.e. statistical learning) can benefit
the deployment of resources on selective attention
tasks.

Contextual control can exert a variety of effects
on selective attention tasks. For example, the atten-
tional costs related to task switching are offset when
some feature of the target display is made predictive
of an upcoming task switch (Leboe, Wong, Crump, &
Stobbe, 2008). Stroop effect sizes can be influenced
by varying the total proportion of congruent trials
(RED printed in red ink) versus incongruent trials
(RED in blue ink) across the experiment (Jacoby,
Lindsay, & Hessels, 2003) or on the basis of nominally
irrelevant shape/location contextual information
(Bugg & Crump, 2012; Corballis & Gratton, 2003;
Crump, Brosowsky, & Milliken, 2016; Crump, Gong,
& Milliken, 2006; Crump & Milliken, 2009), while
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number priming effects have been found to be
greater in conditions where most of the trials
feature congruent, as opposed to incongruent
primes (Heinemann, Kunde, & Kiesel, 2009). Finally,
while the impact of contextual control is generally
thought to be implicit, some types of contextual
information appear to require explicit (effortful) pro-
cessing before having an influence on responding
(Alards-Tomalin, Walker, Nepon, & Leboe-
McGowan, 2017; Brosowsky & Crump, 2016). There-
fore, context can guide the allocation of attentional
resources on a variety of selective attention tasks,
depending on factors regarding whether the scene
is processed globally or locally, whether the contex-
tual information is presented simultaneously or
sequentially, and which sensory modalities are
involved.

Research using visual target search tasks have
been particularly productive in the field of statistical
learning (Corbett & Melcher, 2014; Goujon, Didier-
jean, & Thorpe, 2015; Oliva & Torralba, 2007). For
example, the repetition of visual arrays composed
of predictive target–distractor configurations has
been found to facilitate target detection times, a
form of learning that occurs implicitly, and without
feedback (Fiser & Aslin, 2001), a phenomenon
more specifically termed contextual cueing (Chun,
2000; Chua & Chun, 2003; Chun & Jiang, 1998,
1999; Chun & Turk-Browne, 2007; Goujon, Didier-
jean, & Marmèche, 2007, 2009; Jiang & Chun, 2001,
2003; Olson & Chun, 2002; Turk-Browne, Scholl,
Chun, & Johnson, 2009, 2005).

In the formative paper on this topic, Chun and
Jiang (1998) had participants search for a rotated
letter T amongst a field of rotated letter Ls, which
functioned as distractors. Across trials, a subset of
the target/distractor patterns were repeated. The
authors found that reaction times (RTs) on the
repeated patterns were facilitated after only
several repetitions of a context–target configuration
(Chun, 2000) and lasted for as long as a week (Chun
& Jiang, 2003), despite participants having no sub-
jective awareness of this learning. Since then, con-
textual cueing has been shown to be a robust
phenomenon in the visual search literature and
has been replicated using naturalistic visual environ-
ments (Brockmole, Castelhano, & Henderson, 2006;
Brockmole, Hambrick, Windisch, & Henderson,
2008; Brockmole & Henderson, 2006a, 2006b),
during parallel search tasks (Geyer, Zehetleitner, &
Müller, 2010) and even when the predictive
context was presented on the trial prior to the

scene containing the visual target (Ono, Jiang, &
Kawahara, 2005).

In one important recent study, Corbett and
Melcher (2014) demonstrated that as long as the
spatial configuration of the distractors is invariant
across trials, visual contextual cueing occurs even
when the target item’s location within the scenes
varies (alternatively, Makovski & Jiang, 2009; Zellin,
Conci, von Mühlenen, & Müller, 2011). This phenom-
enon is similar, if not identical, to the issue of contex-
tual control discussed earlier (Crump, 2016). If the
contextual regularities concerning the task irrelevant
(i.e. distracting) stimuli are acquired (via implicit or
explicit processes) and stored in memory, then re-
experiencing a previous context should facilitate
the retrieval of the previous attentional control set-
tings and filters used to process those contextual
regularities, permitting more resources to be
devoted to the search task. This Memory Hypothesis
differs substantially from the typical explanation
for Contextual Cueing referred to as the Associative
Learning Account (Chun & Jiang, 1998; Makovski &
Jiang, 2009; Rosas, Todd, & Bouton, 2013), which
states that spatial associations are formed between
distractor positions and information regarding the
target’s location in an array, such that the repetition
of the context serves as predictive cue for the
target’s location. These theories make fundamen-
tally different predictions about the underlying
cause of contextual cueing. From the Associative
Learning Account’s perspective, previously encoded
contextual regularities actively direct attention (via
automated processes) to the target, whereas the
Memory Hypothesis states that reinstated attentional
control mechanisms facilitate the analysis of the
contextual (distracting) elements by releasing
resources for the target search task. In the current
study, we examine the nature of statistical learning
as it relates to basic auditory perceptual judgments,
while contrasting these two models.

Current study

Because the nature of auditory information is such
that it unfolds regularly over time, the classic form
of visual contextual cueing, in which a target is pre-
sented amongst a set of spatially consistent distrac-
tors, would not apply to auditory events. As such,
any attempt at replicating a visual contextual
cueing paradigm in audition would necessitate the
extraction of temporal regularities in a sequence of
auditory events that are in some way predictive of
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an upcoming auditory target embedded within that
sequence.

While demonstrations of sequential (temporal)
statistical learning are less common, there have
been examples of it demonstrated in vision (Fiser
& Aslin, 2002; Kirkham, Slemmer, & Johnson, 2002)
and several in audition (Saffran, Aslin, & Newport,
1996; Saffran, Johnson, Aslin, & Newport, 1999)
using artificial grammar learning paradigms, and at
least one demonstration of visual temporal contex-
tual cueing. In this study, Olson and Chun (2001)
demonstrated that people are sensitive to temporal
regularities when predicting the onset of an
embedded target. For example, in their experiment,
participants searched for a target (the letter “k” or
“x”) amongst a rapidly changing stream of 15 dis-
tractor letters (e.g. B-M-Y-G-X-…). These letter
sequences were repeated over a series of “learning”
blocks. After the learning block, participants were
presented with a test block which contained only
novel sequences. They found a progressive decrease
in RT across the learning blocks, followed by a sig-
nificant increase in RT at test.

In the current study,wepresentedparticipantswith
a series of learning trials in which context sequences
were composed of three discrete pure tones, each
having a different frequency. While using only three
context-sequence tonesmight appear to be inconsist-
entwith thegeneral frameworkofprevious contextual
cueing studies, which often implement a larger
number of distractor items, it should be noted that
contextual cueing has been demonstrated when as
few as two visual distractors in a display are repeated
(Brady & Chun, 2007). Furthermore, we employed an
auditory perception task rather than the standard
search task used in most contextual cueing studies.
Therefore, the position of the target in respect to the
context items was irrelevant to the target task. Our
study parallels prior work examining the influence of
context on selective attention (for a review, Bugg &
Crump, 2012) in that we investigated whether audi-
tory context can cue the deployment of auditory
attention to an associated target sound’s frequency.

Throughout both experiments, the frequencies of
the three context tones were predictive of a percep-
tual characteristic of the fourth (target) sound. In
Experiment 1, the target tone was categorised as
either an up-glide (a tone that continuously increased
in frequency) or a down-glide (a tone that continu-
ouslydecreased in frequency). In Experiment2, partici-
pants determined whether there was a 10-ms gap at
the midpoint of a target tone frequency. Experiment

1 provides a preliminary demonstration of how audi-
tory statistical learningmight impact basic perceptual
judgments about a sound in amanner consistent with
contextual cueing, whereas Experiment 2 serves to
test Memory Hypothesis and Associative Learning
accounts of the contextual cueing phenomenon.

Experiment 1

Method

Participants
Thirty-two participants enrolled in an Introduction to
Psychology course at the University of Manitoba
were recruited (20 females, 12 males, mean age =
19.72). All the participants self-reported normal
hearing prior to participating in the study and
received partial course credit for their time. All the
reported experiments received prior approval by
the University of Manitoba, Fort Garry Campus,
Research Ethics Board (REB).

Materials
The data for both Experiments were collected on
Dell precision T5400 desktop computers using E-
Prime 1.2 system software (Psychology Software
Tools, 2012). The same auditory stimuli were used
in both Experiments, which were generated in
Adobe Audition 1.5 (Adobe Systems Incorporated,
2007) using a sampling rate of 32,000 Hz and were
presented binaurally via Sony MDR-600 head-
phones. The stimuli were 100 ms duration, pure
tones, containing 3 ms onset/offset ramps to elimin-
ate onset/offset clicks. The context sequence tones
had frequencies of 511, 561, 614, 673, 738, 809,
887, 973, 1067, 1170, 1283, 1407, 1543, 1692, 1855,
2034, 2230, 2445 Hz (all equally spaced in log-fre-
quency). All stimuli were equated for subjective
loudness prior to presentation. These 18 sounds
were randomly arranged into 6 context sequence
patterns, each composed of three context tones fol-
lowed by a target tone (see Table 1).

Three of the patterns were predictive of the pres-
entation of an up-glide target (which smoothly tran-
sitioned in frequency from 511 to 2445 Hz) and
three a down-glide target (which smoothly transi-
tioned in frequency from 2445 to 511 Hz). The
glides were 140 ms and adjusted to a mean
energy intensity level of 90 dB. The inter-stimulus
interval (ISI) separating tone 1 from tone 2 (ISI-1)
and the interval separating tone 2 from tone 3
(ISI-2) were randomly selected from the intervals
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10, 35, 60, 85, 135, 160, 210, 235, 260, 285, 335 and
360 ms, while the interval separating tone 3 from
the target tone (ISI-3) was 1000 ms.

Procedure

The participants were instructed to listen to the three
—task-irrelevant—context tones, and then categor-
ise the fourth (target) tone as an up- or down-glide
as rapidly as possible with the keys “1” or “0”. The key-
boardbutton/response labelmappingswere counter-
balanced across participants. The participants
completed a block of 20 practice trials in which feed-
backwaspresented followingeach response. Thepar-
ticipants were required to achieve a baseline
threshold of 70% accuracy to move on to the training
trials. After successful completion of the practice
block, the participants completed three blocks of
training trials, each containing 60 randomised rep-
etitions of the context pattern–target configurations
provided in Table 1 (10 randomised presentations of
each of the three up-glide context sequences and
10 randomised presentations of each of the three
down-glide context sequences), for a total of 180
training trials. Following the training trials, the partici-
pants were presented with one test block composed
of 60 randomly presented trials. During the test block,
novel three-tone context patterns were randomly
constructed from the tones used during the leaning
block and matched with each target. The same
target sounds used during the learning blocks were
also presented during the test block (30 up-glide
and 30 down-glide trials), with the target task (identi-
fying the direction of the glide) being identical. There
was no break between training and test blocks, and
the participants were not informed of the transition.

Results and discussion

Accuracy on the auditory task approached ceiling
across learning and test phases (see Table 2, Exper-
iment 1). Because the participants exhibited such a
high level of task accuracy, percentages showed
no significant degree of variability across learning

and test blocks (all Fs < 1). Therefore, only the
median RTs for correct responses were reported in
the results section of Experiment 1.

To examine the impact of context sequence rep-
etition during the learning phase, median correct
RTs for each learning block (Block 1, Block 2, Block 3)
were submitted to a one-way repeated measure
analysis of variance (ANOVA) treating Block as a
three-level within-participant factor and correct
median RTs as the dependent measure. Overall, the
change in RT across the three learning blocks was
non-significant: F(2, 62) = 1.874, p = .162, ηp2 = .057
(see Figure 1).

To determine if modifying the context sequence–
target associations had any impact on RT, the
median RTs in the third learning block (M = 415
[13.42]) were compared against the median RTs on
the test block (M = 450 [16.16]). This analysis
revealed that RTs were significantly slower
when novel context patterns were presented at
test F(1, 31) = 9.19, p = .005, ηp2 = .23 (see Figure 1).

Hence, in Experiment 1, while there was no con-
sistent decrease in RT across the learning blocks,
the introduction of novel context patterns during
the test block did lead to an increase in RTs in com-
parison to the final training block, evidence that stat-
istical regularities in the context sequence had been
acquired across the training blocks. This result
demonstrates that even in instances when the acqui-
sition of temporal regularities does not lead to a
general decrease in RT across trials, a change in con-
tingencies can still interfere with processing.

One issue with Experiment 1’s design was that
the context pattern/target pairings were associated,
such that within a single block of learning trials, the

Table 1. Experiment 1 context tone frequencies and ISI durations.

Context Tone (Hz) ISI (ms)

Target (glide type)pattern 1 2 3 1 2 3

1 1,855 973 887 85 160 1,000 Up
2 1,692 2,034 2,445 210 260 1,000 Down
3 1,407 809 738 135 60 1,000 Up
4 1,067 1,283 2,230 10 335 1,000 Down
5 511 1,170 1,543 360 35 1,000 Up
6 614 561 673 235 285 1,000 Down

Table 2. Experiment 1 and 2 accuracy rates.
Block

1 2 3 4

Experiment 1 M .97 .98 .98 .97
SE (.01) (.01) (.01) (.01)

Experiment 2 M .99 .99 .99 .98
SE (.004) (.003) (.004) (.01)

Note: M =mean, SE = standard error of the mean.
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same three context patterns were 100% predictive
of a certain target response (up-glide/down-glide).
Therefore, the increase in RT from learning block 3
to the test block may have been due to participants
anticipating which target response they were
required to generate from the initial context
pattern (i.e. response priming), and then having
that prediction disconfirmed. To expand, the rep-
etition of context patterns in association with
certain target responses could have led to the for-
mation of a stimulus-response (S-R) contingency
(e.g. Schmidt & Besner, 2008), or “event file”
(Hommel, 1998, 2004), in which a response, continu-
ally elicited by a specific stimulus, becomes bound
to the stimulus in episodic memory.

In one recent example, Giesen and Rothermund
(2015) investigated how the repetition of contextual
information about word meaning might affect RTs.
In their study, participants viewed words which
first appeared in white font, and then changed to
either red or green. The participants were tasked
with categorising the colour of the word as red or
green as quickly as possible, with word meaning
being task irrelevant. The authors established S-R
bindings by having conditions in which certain
words were always predictive of a “red” or “green”
response versus another condition in which the
S-R bindings were unreliable. They found that
while participants were generally unaware of the
established S-R contingencies, the participants
were significantly faster when the word was

predictive of the appropriate colour response and
slower when the contingency was unreliable. The
results of Experiment 1 may be due to a similar
effect, in which an established S-R contingency
between the context tones and target is disrupted
at test, increasing RT. Another possibility—as indi-
cated by theMemory Hypothesis—is that the presen-
tation of novel context pattern configurations at test
may have required the generation of new atten-
tional control sets, causing a temporary depletion
of resources prior to the target task.

To address these issues, the task fromExperiment 1
was modified in Experiment 2 so that: (1) while the
context patterns were predictive of the target tone’s
frequency, they could not be associated with a
specific response. To accomplish this, we changed
the target task from a frequency detection to a gap
detection task. This was done so that it the correct
response on any trial could not be anticipated from
the frequencies of the preceding context sounds. To
accomplish this, while the context sequences were
still predictive of a certain frequency target sound,
they were not predictive of whether the target con-
tained or did not contain a short gap at its midpoint
(gap present, gap absent), for which both outcomes
were paired equally often with each context/target
frequency pairing. This ensured that context/target
associations could not be used as a basis for
forming an S-R contingency. (2) The same context
sequences used during the learning phase were
reused at test; however, contingencies were altered
by pairing each target sound with a different
context, thus ensuring no increase in context
pattern novelty at test.

The two theories mentioned earlier make differ-
ent predictions, given this second modification.
The Memory Hypothesis predicts that learning stat-
istical regularities across the context sequences will
lead to the creation of attentional control sets that
can be effortlessly retrieved upon re-encountering
the context. This will provide an overall savings on
attentional resources that can then be spent on
the target task. As the context sequences used at
test were identical to those heard during the learn-
ing phase, the Memory Hypothesis predicts that
while RTs should decrease across the learning
trials, due to the retrieval of previously used atten-
tional control sets, there should be no increase in
RT at test. Alternatively, the Associative Learning
account suggests that if the context sequences are
being used to predict the target sound frequency,
the disconfirmation of that prediction a test will be

Figure 1. Experiment 1 median correct RTs as a function of
block. Error bars represent the standard error of the mean.
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disruptive, and cause RTs to increase relative to the
learning phase.

Experiment 2

Experiment 2 followed the same paradigm as Exper-
iment 1, three-tone context patterns were paired
with a specific frequency target tone that may, or
may not, have a 10-ms gap at its midpoint. The pres-
entation of a gap or non-gap target was randomised
across trials and could not be inferred from the pre-
ceding context pattern, eliminating the possibility of
participants forming an S-R binding during the
learning phase.

Method

Participants
Twenty-four participants enrolled in an Introduction
to Psychology course at the University of Manitoba
were recruited (14 females, 10 males, mean age =
21.21).

Procedure

The general procedure differed from Experiment 1 in
several respects. First, the number of learning phase
trials was reduced from 60 to 40 trials per block by
eliminating two context–target configurations (a
total of four context patterns were used instead of
six). To accomplish this, four target tone frequencies
were selected (614, 887, 1283 and 1885 Hz) and
paired randomly with three context tones. The
reason for this had to do with improving the acqui-
sition of the pattern information by increasing
overall contextual redundancy within the learning
block (Corbett & Melcher, 2014). On each of three
learning blocks, the four context–target configur-
ations were randomly presented 10 times, 5 times

with a 10-ms gap at the midpoint and 5 times with
no gap (see Table 3).

Second, the target task differed from Experiment
1 in that participants judged whether the target
sound contained a 10-ms gap. However, like Exper-
iment 1, immediately following the learning phase,
a test phase occurred in which the context patterns
from the learning phase were associated with differ-
ent frequency targets. The test block was composed
of 40 trials.

Results and discussion

As in Experiment 1, task accuracy approached
ceiling across both learning and test phases (see
Table 2, Experiment 2), showing no significant
degree of variability across learning and test blocks
(all Fs < 1). Therefore, only the median RTs for
correct responses were reported in the results
section of Experiment 2.

To ascertain the effect of context repetition across
the learning blocks, the median correct RTs for each
learning block (Block 1, Block 2, Block 3) were sub-
mitted to a one-way repeatedmeasures ANOVA, treat-
ing Block as a three-level, within-participant’s
independent variable, and the median correct RTs as
the dependent measure. This analysis revealed a sig-
nificant main effect of Block F(2, 46) = 9.720, p < .001,
ηp2 = .297, further evidenced by a significant linear
trend F(1, 23) = 13.104, p < .001, ηp2 = .363. Therefore,
in Experiment 2 there was a continuous reduction in
RT on the gap detection task across the learning
trials (see Figure 2). Post-hoc, pairwise contrasts
further revealed that the difference between Block 1
and Block 2 was statistically significant F(1, 23) =
4.90, p = .037, ηp2 = .18, as was the difference
between Block 2 and Block 3, F(1, 23) = 7.69, p = .011,
ηp2 = .25. Overall, from Block 1 to Block 3 of the learn-
ing trials, there was a 54-ms decrease in RT on the gap
detection task F(1, 23) = 13.10, p = .001, ηp2 = .36.

Table 3. Experiment 2 context tone frequencies, ISI durations and target types for the learning and test phases.

Context Tone (Hz) ISI (ms)

Target (with/without 10 ms gap)pattern 1 2 3 1 2 3

Learning phase
1 2,034 511 1,170 235 160 1,000 887 Hz
2 561 673 1,543 210 385 1,000 614 Hz
3 973 1,407 2,230 335 185 1,000 1,885 Hz
4 1,692 809 1,067 260 360 1,000 1,283 Hz

Test phase
1 2,034 511 1,170 235 160 1,000 1,855 Hz
2 561 673 1,543 210 385 1,000 1,283 Hz
3 973 1,407 2,230 335 185 1,000 887 Hz
4 1,692 809 1,067 260 360 1,000 614 Hz
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Finally, we compared median RTs on the third
block of learning trials against the test block. This
analysis revealed a statistically significant perform-
ance deficit of 30 ms in RT from Block 3 to the test
block F(1, 23) = 6.23, p = .02, ηp2 = .21. Therefore,
the results appear to be more consistent with the
Associative Learning account than the Memory
Hypothesis.

To summarise, RTs on the target task decreased
as participants acquired experience with the
context pattern–target configurations, which
increased on the Test Block. This suggests that
auditory statistical learning can impact basic audi-
tory perceptual tasks, and this effect cannot be
attributed to the release of attentional resources
due to the retrieval of a past attentional control
set. We conclude that because the target task in
Experiment 2 (gap present/gap absent) could not
be directly inferred from the context sequence
tone frequencies, the decrease in RT across learn-
ing blocks resulted due to an overall attentional
savings incurred from being able to predict the
target tone’s frequency rather than having to expli-
citly process it. In a sense, this confirms a form of
Memory Hypothesis, however, the reinstated atten-
tional control set is related to processing the
target, not the context, and is cued by the associ-
ation of the context frequencies with a specific
target frequency. When that contingency was sud-
denly modified (at test), discrepancies between the

predication and the outcome led to a cost because
the context sequences cued the retrieval of an
attentional set originally used for processing a
different frequency tone, which impeded RTs on
the secondary target task (identifying the presence
of a gap).

General discussion

To briefly summarise, the form of auditory statisti-
cal learning we have demonstrated, like visual con-
textual cueing, is one in which participants
acquired contextual regularities over time, and
then formed predictive inferences about those
contextual regularities relative to the target. While
the acquisition of those regularities can lead to
general attentional savings over learning trials
(see Experiment 2), this is not necessarily always
the case (see Experiment 1). However, disrupting
those predictions at test tends to result in proces-
sing deficits (see Experiments 1 and 2).

To date, auditory contextual cueing has generally
received less investigation than its visual counterpart.
Some preliminary work in our lab (Doan, 2014) has
suggested the existence of auditory temporal con-
textual cueing similar to that demonstrated by
Olson and Chun (2001) in vision, namely, the tem-
poral regularities in a sequence of, auditorily pre-
sented, spoken letters can be used to predict the
onset of an auditory target embedded within that
sequence. In the current study, we have found evi-
dence to suggest that regularities in an auditory
sequence leading up to the presentation of a tem-
porally invariant target are acquired over trial rep-
etitions, and then used to make predictions about
the target’s frequency, a sub-type of contextual
cueing.

Furthermore, the findings are supportive of the
Associative Learning model, over S-R binding (event
file) and Memory Hypothesis models. Despite this,
we do not dispute the validity of the Memory
Hypothesis of Contextual Control and suggest that a
form of memory-based contextual control is likely
operating; however, the attention sets being
retrieved are only applicable to processing the
target tone frequency and not those of the context
tones preceding the target. Hence, the presentation
of a predictive context cues the retrieval of an atten-
tional set used to process a certain frequency target
tone, and when that prediction is disrupted, forming
a new attentional set detracts resources from the
gap detection task (Experiment 2).

Figure 2. Experiment 2 median correct RTs as a function
of block. Error bars represent the standard error of the
mean.
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The temporal nature of auditory statistic
learning

The question has arisen regarding whether statistical
learning comprises a domain-general phenomenon
or is domain specific. For example, statistical learn-
ing might be a general property of the nervous
system that operates equivalently across the
senses (Kirkham et al., 2002) or each modality
might use similar, but independent, computational
principles. Research has shown evidence for both
accounts. In the case of the domain-general hypoth-
esis, people can acquire information concerning
contextual regularities in one modality and use
those regularities to facilitate search in a different
modality (Kawahara, 2007; Nabeta, Ono, & Kawahara,
2003).

Alternatively, constraints can impact the type of
contextual information best suited for statistical
learning in a specific modality. For example, some
modalities (e.g. vision) are more sensitive to the
acquisition of spatial regularities and other modal-
ities (e.g. audition), the acquisition of temporal regu-
larities (Conway & Christiansen, 2005, 2006; Kubovy,
1988; Lechelt, 1975; Saffran, 2002). In one interesting
example, Conway and Christiansen (2005) examined
the existence of modality constraints in statistical
learning, including touch, vision and audition. On
the task, the participants were presented with three
to six sequential events on each trial, whichwere gen-
erated using an artificial grammar (and thuswere rule
conforming). These events involved: (a) vibrations on
their fingers, (b) sequences of black squares pre-
sented at different horizontal locations or (c)
sequences of pure tones differing in pitch. At test
the participants were asked to distinguish between
novel rule conforming sequences and non-conform-
ing sequences. They found that the participants per-
formed above change on all modalities and
performed substantially better in the auditory
modality (75% accuracy) than in either touch or
vision (62% and 63% respectively). Thus, auditory
statistical learning is unique with respect to visual
statistical learning and best serves the acquisition
of contextual information that unfolds temporally
rather than spatially. As this is the case,more research
is needed on the limits of statistical learning and con-
textual cueing phenomenon in each sensory
modality.

It should be noted that auditory statistical learn-
ing has been previously demonstrated in both
infants and adults. For example, 8-month-old

infants are capable of extracting rule-based infor-
mation regarding the relationships of neighboring
speech sounds to determine whether a sound com-
prises a word (Saffran et al., 1996). Furthermore, in a
replication of this experiment, the authors created
an artificial, non-linguistic, “musical language” in
which the phonological regularities previously
applied to nonsense syllables were now applied to
musical notes (Saffran et al., 1999). Similarly, the
authors found that participants (infants and adults)
could reliably identify rule conforming exemplars
from non-rule conforming exemplars implicitly
after exposure to enough rule conforming samples.

Therefore, the question is not whether statistical
learning occurs in audition, but the extent of that
learning. Auditory statistical learning plays an impor-
tant role in the implicit formation of linguistic
(Saffran et al., 1996) and non-linguistic auditory cat-
egories (Conway & Christiansen, 2005; Saffran et al.,
1999). Notwithstanding this - the current study - we
asked whether the acquisition of auditory regu-
larities be used as a contextual control mechanism
for selective attention? In other words, can the for-
mation of statistical regularities in an auditory
context benefit auditiory selective attention in the
same way that the acquisition of visual statistical
regularities can benefit visual search?

Conclusion

The results of the current study support the notion of
flexibility in statistical learning, such that it occurs not
merely in learning the regularities of visual global pat-
terns to predict a spatial location or learning the tem-
poral regularities in visual/auditory sequences to
predict target’s onset, but also impact the efficiency
of basic auditory perceptual tasks like those involved
in pitch perception. In the current study, we found
that regularities in the frequencies across a sequence
of three discrete context tones are used to facilitate
predictions about the perceptual characteristics
(e.g. frequency) of an associated target sound, and
disruptions to these predictions cause lead to proces-
sing deficits— possibly because the retrieved atten-
tional set used to process the target are no longer
valid.
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