
rstb.royalsocietypublishing.org
Research
Cite this article: Mehta AH, Jacoby N, Yasin I,

Oxenham AJ, Shamma SA. 2017 An auditory

illusion reveals the role of streaming in the

temporal misallocation of perceptual objects.

Phil. Trans. R. Soc. B 372: 20160114.

http://dx.doi.org/10.1098/rstb.2016.0114

Accepted: 11 October 2016

One contribution of 15 to a theme issue

‘Auditory and visual scene analysis’.

Subject Areas:
behaviour, cognition, neuroscience

Keywords:
auditory streaming, octave illusion, attention,

electroencephalogram

Author for correspondence:
Anahita H. Mehta

e-mail: mehta@umn.edu
& 2017 The Author(s) Published by the Royal Society. All rights reserved.
Electronic supplementary material is available

online at https://dx.doi.org/10.6084/m9.fig-

share.c.3583502.
An auditory illusion reveals the role of
streaming in the temporal misallocation
of perceptual objects

Anahita H. Mehta1,2, Nori Jacoby3, Ifat Yasin4, Andrew J. Oxenham2

and Shihab A. Shamma5,6

1UCL Ear Institute, University College London, London WC1X 8EE, UK
2Department of Psychology, University of Minnesota, Minneapolis, MN 55455, USA
3The Center for Science and Society, Columbia University, New York, NY 10027, USA
4Department of Computer Science, University College London, London WC1E 6BT, UK
5Electrical and Computer Engineering Department and Institute for Systems Research, University of Maryland,
College Park, MD 20742, USA
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This study investigates the neural correlates and processes underlying the

ambiguous percept produced by a stimulus similar to Deutsch’s ‘octave illu-

sion’, in which each ear is presented with a sequence of alternating pure

tones of low and high frequencies. The same sequence is presented to each

ear, but in opposite phase, such that the left and right ears receive a high–

low–high . . . and a low–high–low . . . pattern, respectively. Listeners

generally report hearing the illusion of an alternating pattern of low and high

tones, with all the low tones lateralized to one side and all the high tones later-

alized to the other side. The current explanation of the illusion is that it reflects

an illusory feature conjunction of pitch and perceived location. Using psycho-

physics and electroencephalogram measures, we test this and an alternative

hypothesis involving synchronous and sequential stream segregation, and

investigate potential neural correlates of the illusion. We find that the illusion

of alternating tones arises from the synchronous tone pairs across ears rather

than sequential tones in one ear, suggesting that the illusion involves a mis-

attribution of time across perceptual streams, rather than a misattribution of

location within a stream. The results provide new insights into the mechanisms

of binaural streaming and synchronous sound segregation.

This article is part of the themed issue ‘Auditory and visual scene analysis’.
1. Introduction
Illusions can be intriguing and entertaining, but can also provide important

insights into the functioning and underlying mechanisms of perception [1–5].

The ‘octave illusion’, first reported by Diana Deutsch [6], was originally elicited

with a stimulus configuration consisting of two pure tones, spaced an octave

apart, presented in an alternating low–high tone pattern with different phases

at the two ears, such that if the sequence in the left ear started with a low tone,

the sequence in the right would start with a high tone. The result was an unex-

pected illusory percept, where listeners perceived all the low tones in one ear at

half the presentation rate, alternating with the high tones in the other ear, also

at half the rate (figure 1a).

The stimulus used to elicit the octave illusion has been studied in different con-

texts and the robustness of the percept has been investigated across a variety of

parameters. It has been demonstrated that the illusion is robust to changes in

tone duration [7] and spectral shape [8], and can also be elicited by quasi-periodic

stimuli like band-pass noise [9]. It was also noted by Deutsch & Roll [10], and later

confirmed by Brancucci et al. [11], that the illusion is not dependent on the tones

being in an exact octave relationship. Indeed, Brancucci et al. [11] reported that the
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Figure 1. Stimulus and results for experiment 1. (a) The stimulus pattern used in the original experiment of Deutsch [6] describing the octave illusion, together
with the percept most commonly obtained. Boxes labelled ‘Lo’ indicate low-frequency tones, and boxes labelled ‘Hi’ indicate high-frequency tones. (b) Schematic
diagram illustrating a sample trial of paradigm 1 for experiment 1 where all the high-frequency tones in the right ear are amplitude modulated (indicated by the
dashed lines). (c) Schematic diagram illustrating paradigm 2 for experiment 1 where some of the high-frequency tones in left ear are reduced in amplitude, indicated
by the reduced height of the green (Hi) boxes. (d ) Individual results from 15 participants in both paradigms. The orange circles indicate results from paradigm 1
(AM paradigm) whereas the dark blue circles indicate the results from paradigm 2 (Fade paradigm). The ordinate is scaled such that the upper half of the graph
(from 0 to þ1) indicates when the responses corresponded more to ‘synchronous’ tones being heard and the lower half of the graph (from 0 to 21) indicates
when the responses corresponded more to ‘alternating’ tones being heard.
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illusory percept was present for all musical intervals tested that

were larger than a perfect fourth (roughly a ratio of 4 : 3 or a

frequency difference of 33%). Despite the fact that it is not

dependent on the octave relationship, we continue to refer to

the phenomenon as the ‘octave illusion’ for historical reasons.
To explain the illusion, Deutsch [1] proposed a dual-

mechanism model that consists of one mechanism for pitch

determination and another for sound localization. The outputs

of these mechanisms converge to elicit the illusory percept. The

model is based on the assumption that the perceived pitch
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corresponds to the frequency of the tone presented to the listen-

ers’ ‘dominant’ ear (usually the right), whereas the perceived

location of the tone corresponds to the location of the higher-

frequency tone [10], so that the final illusory percept is

a combination of the output of the two mechanisms, in a

feature-combination operation [12]. Although some authors

have questioned this interpretation [13,14], the most recent

studies have verified the basic observations and interpretations

of the illusion [12,15].

A number of neuroimaging studies have been carried out

using stimuli related to the octave illusion [16–20]. Lammin-

mäki & Hari [17] aimed to find the neurophysiological basis

of the ‘where’ mechanism of Deutsch’s dual-mechanism

model. The stimuli were 400- and 800-Hz pure tones presented

to the left (L) or right (R) ears as follows: L400/R400, L400/

R800, L800/R400 and L800/R800. The aim of their study was

to find out whether the lateralization of the auditory evoked

fields using MEG, in particular, the N100 m peak, covaried

with the sound localization percept. They found that the

N100 m was stronger in the hemisphere contralateral to

the high-pitch sound, in agreement with the established find-

ing that monaural sounds evoke stronger N100 m responses

in the hemisphere contralateral to the sound [21]. However,

the MEG measurements were not carried out on the stimulus

eliciting the octave illusion itself, and no attempt was made

to relate the neural responses to perception, as the measure-

ments were made with listeners in a passive role, with no

task and no indication as to what the listeners perceived on a

trial-by-trial basis. Lamminmäki et al. [18] next investigated

the neuromagnetic correlates of the ‘where’ aspect of the

dual-mechanism model using frequency-tagged stimuli. Each

tone in the stimuli was modulated using a unique ‘tagging’

frequency that helps parse out the corresponding neuromag-

netic activity for each tone. They found evidence for binaural

suppression and right ear dominance for all their stimuli

and concluded that the findings of their study were in line

with the dual-mechanism model. Again, however, the authors

used a passive paradigm, with no subjective or objective

measures of perception or attention, and the stimuli were

limited to isolated dichotic tone pairs, rather than illusion-

inducing sequences. Several other studies have used the illusion

to study aspects of the neural correlates of consciousness, by

taking advantage of the fact that the same stimulus can spon-

taneously elicit different percepts in different listeners and

across different repetitions [20,22,23].

An alternative approach to understanding the octave illu-

sion comes from the perspective of auditory streaming [17,24].

Auditory streaming refers to the perceptual organization of

sound sequences that may either be perceived as arising from

a single source or multiple sources [25]. A recent study

showed that the octave illusion shares a number of properties

with auditory streaming, including (i) the requirement of a mini-

mum frequency difference of several semitones between the two

tones for the illusion to occur and (ii) a temporal build-up,

whereby the illusion is more likely to occur later than earlier

in a sequence [22]. The study also showed that the illusion

was affected by instructions, and that all listeners reported hear-

ing the original sequence in different ways, depending on which

of the four tones they were instructed to attend to (e.g. low tone

on the left, or high tone on the right). However, although the

illusion shares many properties with streaming, there is no

obvious way to explain the illusion in terms of the usual heuris-

tics associated with streaming, such as frequency similarity or
temporal proximity [26]. The aim of this study was to provide

further empirical data on the octave illusion, in particular, to

address the question of which tones within the stimulus are

most salient in the illusory percept. The first experiment pro-

vided two behavioural tests of the illusion, and the second

experiment combined behaviour and electroencephalography

(EEG) to probe the neural correlates of the illusion. Our results

suggest that the illusion results from a misattribution of

timing relations between two synchronous, spatially separated

tones, rather than (as previously believed) a misattribution of

spatial relations between two temporally alternating tones.
2. Experiment 1
(a) Rationale
The aim of this experiment was to investigate which physical

tones contribute most to the illusory percept outlined in

figure 1a. One tone of the alternating percept can be made

the focus of attention by using instructions and/or a sequence

of preceding cue tones. It has been assumed that the other tone

forming the illusion is the tone in the same ear as the target,

alternating in time. This experiment provides two direct

empirical tests of that assumption.

(b) Material and methods
(i) Participants
Fifteen listeners (six male and nine female, aged 21–30 years)

participated in experiment 1. All listeners had normal hear-

ing, defined as audiometric hearing thresholds no higher

than 15 dB hearing level at octave frequencies from 0.25 to

4 kHz, with no history of hearing or neurological disorders.

Listeners provided written informed consent and were com-

pensated for their participation. The experiment was carried

out at University College London. The University College

London Ethics Committee approved the procedure for the

experiment. All the participants used were naive and had

not taken part in any other related experiments.

All 15 listeners completed both paradigms described

below. The whole experiment took about 2 h. For each para-

digm, there were five blocks with 12 test trials (60 trials per

paradigm in total). The experiment was blocked according to

paradigm. Seven participants completed paradigm 1 before

paradigm 2, while the others were tested in the reverse order.

(ii) Paradigm 1: stimuli and procedures
Participants were cued, using a precursor sequence (figure 1b),

to attend to one of the four tones within the main sequence. The

precursor sequence consisted of three low- or high-frequency

tones presented either to the left or right ear prior to the

main sequence, in order to indicate the side and frequency to

which participants should attend. The side and frequency of

the precursor tones were selected at random with equal

a priori probability on each trial. Following a silent interval of

500 ms, the main sequence of each trial began, as shown in

figure 1b, with alternating low (1000 Hz) and high (2996 Hz)

tones, marked Lo and Hi, respectively. A frequency separation

larger than an octave was used because this has been shown to

be effective in inducing the illusion [11] and it avoids some

potentially confounding influences of using an exact octave

[27]. Each tone was 100 ms in duration, including 10 ms

raised-cosine onset and offset ramps, and tones were separated
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by 50 ms silent intervals. All tones were presented at 65 dB

SPL. The sequence was presented for a total of 6 s (20 rep-

etitions of the alternating synchronous tones as seen in

figure 1b). During the main sequence of each trial, the tones

in one of the two tone sequences at the uncued frequency

were sinusoidally amplitude modulated at a rate of 34.47 Hz

and with a depth of 75%. For example, in figure 1b, the low

tones in the right ear are cued, and the high tones that alternate

with the cued tones are amplitude modulated. The modulation

was randomly assigned on each trial to the tones that were

either synchronous or alternating with the cued tones with

equal a priori probability. For example, on a trial where the pre-

cursor tones were low tones in the right ear, the modulated

tones could either be the alternating high tones in the right

ear or the synchronous high tones in the left ear.

The listeners’ task was to report whether the illusion con-

sisted of modulated tones or unmodulated (pure) tones. No

feedback was provided, as there was no correct answer. In the

schematic presented in figure 1b, if the listener perceived the

illusion with one of the tone sequences being amplitude modu-

lated, it would mean that the percept arose from the tones that

alternated with the target tones. If instead the listener reported

hearing no amplitude modulation in the illusion, it would

suggest that the percept was determined from the (unmodulated)

tones that were synchronous with the target tones.

Before the main experiment, listeners completed 30 trials in

which they were asked to indicate whether a sequence of tones

was amplitude modulated or not. A one interval, yes–no task

was used, where the stimulus was a diotic sequence of three

low or high tones. Fifty per cent of the trials contained modu-

lated tones while the others contained pure tones. Trials were

randomized for the presence of modulation as well as carrier

frequency (low or high). The tone parameters were identical

to the ones for the main experiment. The listeners received

visual feedback after each trial. This block was conducted to

ensure that all listeners could distinguish between modulated

and unmodulated tones. The performance of all the listeners

was at ceiling for this task, indicating that they could clearly

distinguish between modulated and unmodulated tones.

All stimuli were generated in MATLAB (MathWorks Inc.,

Natick, MA, USA) and were presented at a sampling rate of

44.1 kHz, using the Psychophysics Toolbox extension in

MATLAB [28,29] through Sennheiser HD 215 headphones. All

testing took place in a sound-treated test booth.
(iii) Paradigm 2: stimuli and procedures
The stimuli for this paradigm were similar to those for para-

digm 1, and the generation and presentation methods were

identical. Listeners were again cued to attend to one of the

four streams through a sequence of three low or high precur-

sor tones either in the left or right ear. In this paradigm, the

tones in one of the two tone sequences at the uncued fre-

quency were gradually faded out and back in (figure 1c).

For instance, in figure 1c, the listener is cued to the low

tones in the right ear and the synchronous high tones

(tones presented synchronously with the cued tone sequence)

in the left ear are faded out and in. The fade was achieved by

decreasing the level of each successive tone in the tone

sequence by 6 dB until the level was 18 dB below the level

of the other tones, and then increasing the level of each suc-

cessive tone by the same amount. Which of the two tones at
the uncued frequency was faded in and out was selected

randomly with equal a priori probability on each trial.

The listeners’ task was to report whether the illusion was

perceived with or without a fading in and out in loudness of

one of the alternating tones. Again, no feedback was pro-

vided, as there was no correct answer. In the example in

figure 1c, if the listener perceived the illusion with a fading

in and out of one of the alternating tones, it would indicate

that the illusory percept arose from the tones that were syn-

chronous with the cued tones. If the listener reported not

hearing the fading in and out within the illusion, it would

mean that the percept was determined from the tones that

alternated with the cued tones. Demonstrations for both para-

digms are available in the electronic supplementary material.

(c) Results
The response for each trial was scored according to whether it

corresponded to the tones that were synchronous or alternating

with the cued tones. For example, if the listener responded to

the trial in figure 1b as ‘no modulation perceived’, the response

would be marked as a synchronous (opposite ear) tone heard,

whereas if the modulation was reported, the response would

be marked as an alternating (same ear) tone heard. No signifi-

cant effects of cueing condition (R/Lo, L/Lo, etc.) were

observed for either paradigm (paradigm 1: F3,56 ¼ 1.28, p ¼
0.269; paradigm 2: F3,56¼ 2.36, p ¼ 0.168), so the results were

collapsed across all four conditions. For both the paradigms,

the responses across all four conditions were pooled and the

proportion of responses corresponding to the synchronous

and alternating tones was calculated. These proportion scores

were then converted to a scaled score between 21 and þ1 by

subtracting 0.5 (to make the average zero in the case where syn-

chronous and alternating responses were equal), and

multiplying by 2 (to scale from 21 to 1). Thus, if a listener

always heard the tone that alternated with the cued tone, the

score would be 21, whereas if the synchronous tone was

always heard, the score would be þ1.

Individual results from the 15 participants, averaged across

the four conditions for each of the two paradigms, are shown in

figure 1d. Most responses were positive, indicating that

changes were heard more clearly when they occurred simul-

taneously with, and in the opposite ear to, the cued tone.

A one-sample t-test confirmed that the mean scores for both

paradigms were significantly greater than zero (paradigm 1:

t14 ¼ 4.36, p , 0.001; paradigm 2: t14 ¼ 3.13, p , 0.001).

(d) Discussion
The results from both paradigms were consistent in suggesting

that listeners’ perception of the alternating tone sequence in the

non-cued ear corresponded to the tones in the non-cued ear

that were synchronous with the cued tones and not to the alter-

nating tones in the cued ear, as has been previously assumed.

This surprising result suggests that it is a perceptual temporal

misalignment between the synchronous tones that is respon-

sible for the perception of ‘alternating’ tones, rather than a

spatial misattribution of the alternating tones in the same ear

as the cue tones, as has generally been assumed. The funda-

mental question of which tones contribute to the perception

of the illusion has been studied in several contexts indirectly

[11,13,16] and directly by Deutsch & Roll [10]. However, the

paradigm used by Deutsch and Roll to study this question

did not elicit the octave illusion itself, which makes the
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interpretation of their results less clear. Experiment 2 followed-

up on this surprising finding, by combining a further

perceptual test with EEG correlates of the illusion.
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3. Experiment 2
(a) Rationale
The aim of this experiment was to provide a further test of the

surprising conclusion of experiment 1 that the tones forming

part of the illusion were the ones that were synchronous with

the target tones, and not, as previously believed, the tones

that were alternating with the target tones. In this exper-

iment, EEG was combined with behaviour, and the tones of

the illusory stimulus were differentially tagged via amplitude

modulation to obtain a direct measure of which tones

were most prominent neurally, and hence most likely to be

perceptually salient [18,30,31].

The different tones within each sequence were amplitude

modulated at different rates, in order to identify their responses

in the EEG signal. The hypothesis of this experiment was that

the modulation rate corresponding to the contralateral tones

synchronous with the cued tones would show an increase in

amplitude, relative to the tones that were alternating with the

cued tones. For example, if the listener was cued to the low

tones in the right ear, then the neural response to the modu-

lation frequency of the synchronous high tones in the left ear

should be larger than the neural response to the modulation

frequency of the high tones in the right ear.

(b) Participants
Thirteen listeners (six male and seven female, aged 21–30

years) participated in experiment 2. All listeners were naive

and had not taken part in any other related experiments.

All participant recruitment procedures and inclusion criteria

were the same as for experiment 1.

(c) Stimuli and procedures
All stimuli were presented using presentation (Neurobehavioral

Systems Inc., Berkeley, CA, USA) through Etymotic Research

ER-2 insert earphones (Etymotic Research, Elk Grove Village,

IL, USA) in a sound-treated room. The stimulus paradigm

was similar to that used in experiment 1, with low- and high-

tone frequencies of 1000 and 2996 Hz, respectively. A schematic

diagram of a single sample trial is shown in figure 2a. At the start

of each trial, a precursor consisting of three low (1000 Hz) tones

was presented to either the left or right ear. Each tone was

203.1 ms long with a silent gap of 50 ms between each of the

three tones. The precursor was followed by a 1000-ms silent

gap before the beginning of the test sequence.

In the test sequence, each ear was presented with a

sequence of high and low tones as before. In figure 2a, the

low tones are indicated by the boxes marked ‘Lo’ and the

high tones are marked ‘Hi’. The high tones in each ear were

sinusoidally amplitude modulated using modulation frequen-

cies of either 34.47 or 44.31 Hz (indicated by the blue or red

outlined boxes), at a modulation depth of 80%. Each tone in

the main sequence was also 203.1 ms long and separated by

50 ms silent gaps. To maximize the number of trials per illusory

percept, only low precursor conditions were chosen, as this

allowed us to test both configurations of the illusory percept

(either R/Lo alternating with L/Hi or vice versa). In a previous
study [22], we found no difference between the cueing

conditions; therefore, fewer cueing conditions were chosen

for this study.

Each test sequence consisted of 40 tone pairs. The total

duration of the test sequence was 10.124 s. The task was to

detect a deviant among one of the cued low-frequency

tones. The deviants had a 5-dB increase in level, relative to

the 70 dB SPL level of the other tones. Depending on the prim-

ing sequence, one of the deviants would be the target deviant

and others would be distractor deviants for that particular

trial. For example, if the precursor low tones were presented

to the left ear, a deviant in the left low tone sequence would

be the target. Each tone sequence had a 0.5 probability of

including a target deviant. The targets and distractor deviants

were randomly distributed between the 10th and 35th tone.

The number of distractor deviants could range from 0 to

3. There was only one target deviant, if present, per trial.

The total EEG stimulus set was counterbalanced for the

cued ear and the tagging modulation rate by dividing the

set into four conditions. In conditions 1 and 2, listeners

were cued to the low-frequency tones in the left and right

ear, respectively, while the high-frequency tones in the left

ear were modulated at 34.47 Hz, and the high-frequency

tones in the right ear were modulated at 44.31 Hz. In con-

ditions 3 and 4, listeners were cued to the low-frequency

tones in the left and right ear, respectively, while the high-

frequency tones in the left ear were modulated at 44.31 Hz

and the high-frequency tones in the right ear were modulated

at 34.47 Hz. Two control conditions (conditions 5 and 6) were

included to establish a baseline for the tagged frequencies.

The control stimuli had only low-frequency unmodulated

tones in one ear and only high-frequency modulated tones pre-

sented synchronously in the opposite ear (Lo ¼ 1000 Hz with

no modulation; Hi ¼ 2996 Hz tagged with modulation fre-

quencies of 34.47 Hz or 44.31 Hz) with the same parameters

as in conditions 1–4. All tones in the main sequence were

also 203.1 ms long and were separated by 50 ms silent gaps

(figure 3a). Listeners were cued by a low-frequency tone

sequence on either side and were asked to indicate whether

amplitude deviants in the cued stream were present or

absent (same as conditions 1–4). The control stimuli did not

elicit the octave illusion; their purpose was to establish a

baseline for the EEG amplitude of the tagged frequencies.

The EEG measurements were preceded by a series of

behavioural tests. In the first block of 10 trials, listeners heard

the illusory sequence with no precursor tones and no modu-

lation. For each trial, their unbiased percept (i.e. when they

were not provided with instructions on what to attend to

within the sound sequences) was noted. For this, the partici-

pants were asked to simply listen to the sound sequence and

report what they heard. The subjective percepts were collected

as free responses. Participants were not informed of what the

expected percept was. Next, listeners were presented with

another block of 10 trials, where their perceptual responses to

the stimulus with low-frequency pure tones and high-

frequency modulated tones were recorded. Finally, listeners

were presented with a block of 10 trials in which the full stimu-

lus was presented (precursor plus main sequence, as in the EEG

experiment). Half the trials had the cue presented on the left,

and the other half had the cue presented on the right. Again, lis-

teners were asked to report their percepts. For all three blocks of

trials, the listeners were naive to the stimuli and were not told

what the expected response was.
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Figure 2. Stimulus and results for experiment 2. (a) Test stimuli example. Each ear was presented with opposing, alternating frequency sequences of pure tones
(Lo ¼ 1000 Hz with no modulation; Hi ¼ 2996 Hz tagged with modulation frequencies of 34.47 Hz or 44.31 Hz). Listeners were cued to focus on the low-
frequency precursor on either side, as indicated by a cueing sequence, and were asked to detect target amplitude deviants. The schematic diagram below
shows a sample trial where the right ear and left ear high tones are differentially tagged (red and blue outlines) and the low-frequency tone cues are in the
right ear. (b) Amplitude spectrum of the EEG responses at the tagged frequencies. (c) The amplitudes of the EEG responses at the tagged frequencies for
each test condition were calculated as the natural logarithmic transform of the ratio of the amplitude of 44.31 Hz component to the amplitude of 34.47 Hz com-
ponent. In conditions where the synchronous tone was tagged with 44.31 Hz, the ratio was found to be significantly higher than in the conditions where the
synchronous tone was tagged with 34.47 Hz. The x-axis conditions indicate the type of cue and tagged frequency. For example, ‘Probe_LtLoRtHi44’ indicates
that the cueing sequence was a low-frequency sequence in the left ear and the high-frequency tones synchronously presented with the cued sequence,
i.e. RtHi, were tagged with a 44.31 Hz tag, whereas the alternating high tones were tagged with 34.47 Hz.
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In the main EEG portion of the experiment, the stimuli

were presented in either ‘test’ blocks (conditions 1–4) or ‘con-

trol’ blocks (conditions 5–6). Within each of the blocks, the
trials were randomized for cueing sequence type (cues

could be low tones in the right or left ear) and tagging fre-

quency. Each block included 120 trials and each listener
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Figure 3. (a) Schematic diagram of the stimuli used for the EEG control measurements. Each ear was presented with single-frequency sequences of pure tones
((a) 1000 Hz with no modulation; (b) 2996 Hz tagged with modulation frequencies of 34.4 Hz or 44.3 Hz). Listeners were cued to focus on the low-frequency precursor
on either side, indicated by a priming sequence, and were asked to detect target amplitude deviants. The example shows a condition where the high-frequency tones in
the right ear tagged (blue outlines) and the low-frequency tones were cued in the left ear. This stimulus paradigm does not elicit the illusory percept. (b) Amplitude
spectra of tagged frequencies for the control sequences. The figure shows the raw spectra of the test signals using the two control sequences as a baseline measure. The
figures indicate that the tone at 44.31 Hz evokes a larger EEG signal than the tone at 34.47 Hz.
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was tested using four test blocks and control blocks. Hence,

480 test trials and 240 control trials were conducted for

each listener—120 per condition. For each trial, the listeners

were asked to focus on the cued stream (as determined by

the precursor). At the end of each trial, the listener had to

report via a button press if a target deviant was present or

absent. The next trial was initiated 1 s after the response.

EEG signals were acquired continuously using a 64-

channel BioSemi active-electrode EEG system (BioSemi Inc.,

Amsterdam, The Netherlands). They were digitally sampled

at an A/D rate of 2048 Hz (64-bit resolution). Listeners were

fitted with an electrode cap fitted with 64 silver/silver-chloride

scalp electrodes. Electrode impedance was monitored and

typically maintained below 5 kV.
(d) Data analyses
(i) Behavioural data analyses
The value of the discriminability index, d’, was calculated as:

d’ ¼ z(H ) 2 z(F ), where H is the hit rate or the proportion of
‘target heard’ responses when the target was present and F is

the false alarm rate or the proportion of ‘target heard’

responses when the target was not present.

(ii) Electroencephalogram analyses
EEG pre-processing, separating the EEG data according to

conditions, and averaging were carried out using the

EEGLAB toolbox [32]. Data were down-sampled and then fil-

tered using a zero-phase band-pass filter from 0.1 to 70 Hz.

EEG amplitude was measured relative to a 500-ms pre-

stimulus baseline. Independent component analysis was

used to remove artefacts related to eye movements and

blinks [33]. The EEG data were separated according to the

six conditions (four test and two control) and were averaged

across a select subset of channels from the left, right and cen-

tral electrode positions over the temporal and parietal

regions, similar to the ones used in previous studies [20].

The data were analysed in terms of relative spectral strength

of the tagged frequencies across conditions and for differ-

ences in the EEG waveform.
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The EEG signal epoch was calculated from the onset of the

test sequence to the end of the test sequence, thereby excluding

any EEG signals related to the precursor, the silent period in

between, and the motor response at the end of the trial. In

addition, the responses to the first and last tone pairs were

excluded in order to reduce the influence of sequence onset

and offset responses. For a given tone sequence for each listener,

EEG data from each tone were transformed into the spectral

domain using a fast Fourier transform. Data from all runs of a

given condition were then combined for statistical analysis.

(e) Results
(i) Behavioural results
Subjective reports for the illusory stimulus without any modu-

lation or cue sequence indicated that the spontaneous percept

for nine of the 13 listeners was of the high tone in the right

ear alternating with the low tone in the left ear (R/Hi–L/

Lo). The remaining four participants reported hearing the

low tone in the right ear, alternating with the high tone in

the left ear (R/Lo–L/Hi). No other perceptual configuration

was reported [12]. For the cued modulated and unmodulated

sequences, all 13 listeners reported perceiving the illusion for

all the trials as predicted. For example, in the condition

where the cue was L/Lo, all listeners consistently reported

hearing the low tone in the left ear and the high tone in the

right ear.

The behavioural results for the deviant detection task

revealed high average performance (mean d’ ¼ 1.83), and

also showed no difference in performance between the two

cueing conditions (F1,24 ¼ 2.3, p ¼ 0.2), indicating that listen-

ers could perform the task equally well for both cued

percepts (L/Lo and R/Lo).

(ii) Electroencephalogram results
In analysing the EEG responses, we focused on the change

in the ratio of the amplitudes of the FFT components at

the two tagged frequencies, 34.47 and 44.31 Hz. Figure 2c
indicates the natural logarithmic transform of these ratios.

This is because the baseline amplitudes for the two tagged

frequencies differed (figure 3b). Hence, the ratio of the test

amplitudes indicates the relative change in amplitude

due to the different test conditions. A two-way ANOVA

with cued ear (L/R) and synchronous frequency (34.47/

44.31 Hz) as factors was carried out on this logarithmic trans-

form. A significant effect of the frequency synchronous with

the target was observed (F1,12 ¼ 32.2, p , 0.0001). This out-

come indicates that there was a difference in the amplitudes

of the tagged frequencies when they were synchronous to

the attended tone stream compared with the amplitudes of

the tagged frequencies that were not synchronous. No signifi-

cant effect of cued ear was observed (F1,12 ¼ 0.067, p ¼ 0.8)

and no significant interaction was present (F1,12 ¼ 0.05, p ¼
0.827). As shown in figure 2c, the EEG amplitude of the

tagged frequency synchronous with the cued frequency

tone was higher than the tagged frequency alternating with

the cued tone, irrespective of whether the cue was in the

left or right ear.

( f ) Discussion
We found that the uncued tones that were synchronous with

the cued tone sequence (but were heard as alternating with it)
elicited stronger responses in the EEG, as measured through

their tagged modulation frequency, than the alternating

tones. This can clearly be seen from the peak amplitudes

(figure 2b) as well as the change in ratios (figure 2c). There

was no effect of which ear was cued, in line with previous

experiments that found that the illusion can be elicited in

either configuration (R/Lo heard with L/Hi or vice versa)

based on the appropriate precursor sequence [22]. These

results provide further support for the proposal that the illu-

sion arises from the synchronous tone pairs (either R/Lo–L/

Hi or R/Hi–L/Lo) in the stimulus.

4. General discussion
The octave illusion is a compelling example of non-veridical

auditory perception of a relatively simple repeating stimu-

lus. As demonstrated in a previous study [22], many

properties of the octave illusion, including its dependence

on frequency separation and its build-up over time, are

shared with auditory streaming. The current study further

investigated the illusion and its potential underlying mech-

anisms by providing behavioural and EEG tests of which

tones within the sequence contribute most to the illusion.

The most interesting and unexpected outcome was that

the synchronous tones in the stimulus contribute to the

illusory percept of alternating sound sources, showing

that the illusory percept probably occurs due to a temporal

misattribution of tones that were perceived in their

correct physical location, rather than due to a spatial misal-

location of tones that were perceived to be in their correct

temporal position.

It is known that synchronous tones of different frequen-

cies can be difficult to segregate due to the strong binding

cues of temporal coherence [34,35]. However, the synchro-

nous tones in the octave illusion are clearly heard as two,

distinctly lateralized tone streams. We hypothesize that the

specific alternating configuration of the synchronous tone

pairs, presented separately to the two ears, leads to a

unique competitive engagement between the two synchro-

nous tones, causing them to separate perceptually into two

streams of their individual frequencies (for example, listeners

can perceive synchronous tones L/Hi and R/Lo as two

perceptual streams).

The question now arises as to why the two synchronous

tones (L/Hi and R/Lo) are heard as temporally misaligned.

It is well known that temporal judgements between sounds

belonging to different streams are inaccurate and difficult,

and in fact, are commonly used as an objective measure or

indicator of streaming [36,37], even when the sounds are syn-

chronous [34,38]. Furthermore, previous work on temporal

order judgements of repeating sequences of short-duration

(less than 300 ms) stimuli [39–42] suggests it is easy to recog-

nize the identity of the stimuli but difficult to judge their

temporal order. In the context of the current illusion, we

hypothesize that due to the synchronous tones falling into

separate perceptual streams, it becomes difficult for listeners

to judge the temporal relationships between these stimuli

[38], and that because they are heard as separate, they are

by default heard as alternating, in line with the onsets of

the tone sequences.

To our knowledge, no current computational model of

streaming can predict the outcomes of the current exper-

iments. Such a model would have to take into account the
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follow key aspects of the results: (i) the illusory percept can be

modified by attention, so it cannot be dependent on a hard

wired, dominant ear bias; (ii) the percept only occurs when

the frequencies of the tone pairs are similar (for example,

the illusion does not occur when R/Lo and L/Lo are different

frequencies); and (iii) the tones perceived as alternating tend

to be the physically synchronous, rather than alternating,

tone pairs.
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