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Abstract: Binaural streaming by frequency-proximity was investigated
without subjective listener-feedback by modifying the scale illusion of
Deutsch [J. Acoust. Soc. Am. 57, 1156–1160 (1975)] into a detection-
task. Nineteen listeners had to detect one deviation within a repeating
melody stream, while simultaneously presented with a randomized
distractor stream. Every second note in each stream was presented to
the opposite ear, requiring binaural streaming to detect the deviant.
Listeners performed well in this test but adding interaural delay or
timbre-difference let the listeners group by lateralization instead. This
confirms the grouping by frequency-proximity. The method could be
used to investigate binaural streaming in hearing-impaired patients,
where interaural percepts might differ.
VC 2019 Acoustical Society of America
[BLM]
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1. Introduction

In 1975, Deutsch aimed to investigate streaming of dichotically presented melodies and
described an auditory percept called the scale illusion (Deutsch, 1975). The illusion
was composed of two melody streams at different frequency ranges, one high and one
low, out of the components of one musical scale. Both streams ascend and descend in
frequency over eight notes. The streams were presented in such a way that every sec-
ond note from each of the two streams was played to the other ear, in a pattern sym-
metrical to the middle of the repeating sequence of eight notes. So, when one compo-
nent of the higher melody was in one ear, a component of the lower melody was in
the other ear, and vice versa. The intriguing effect of this stimulation was that listeners
did not group the stimuli by ear of input, but instead by frequency range. Most right-
handed listeners perceived the higher stream coming from the right and the lower
stream coming from the left, whereas only about half of the left-handed listeners did
report this percept (“both streams”). A minority of the right-handed listeners and the
other half of the left-handed listeners reported to perceive only the higher stream with
four tones going up and down, and little or nothing of the lower stream (“single
stream”). Deutsch argued that this illusion outlined binaural streaming in which the
Gestalt-principle of pitch-proximity overrides the lateralization cues. The illusion is
only possible through binaural processing of the stimuli from both ears.

The participants in the original study had to report verbally what they per-
ceived. Describing the complex percept with two melodies precisely might be difficult
for listeners without musical training and, likewise, the researcher might find it chal-
lenging to interpret the listener’s descriptions correctly. This study aims to validate a
method in which the ability to perceive the scale illusion will be assessed through a
detection task. Once validated this method could be performed by listeners with asym-
metrical hearing loss and fitted with different hearing devices such as one hearing aid
and one cochlear implant (CI), to evaluate their ability to integrate signals across ears
and devices.

a)Author to whom correspondence should be addressed.
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2. Participants

Nineteen normal-hearing (NH) listeners participated in experiment I (aged 24 to 31;
means 26.1 years, hearing-loss of less than 20 dB). Seven of the listeners were female,
11 musically trained, and three left-handed. They were all recruited at the Technical
University of Denmark and provided written informed consent. All experiments were
approved by the Science-Ethics Committee for the Capital Region of Denmark (refer-
ence H-16036391).

3. Method

3.1 Stimuli

Participants were presented with sequences of notes that formed two melodies. Two types
of stimuli were used to generate these melodies: pure tones and complex tones designed to
vary on two distinct dimensions of timbre, impulsiveness, and brightness, as well as loud-
ness. The interval between notes was 250 ms, as in the study by Deutsch (1975). All the
pure-tone stimuli were loudness-balanced for each frequency and presented in a double-
walled sound-isolated listening booth via Sennheiser HDA-200 headphones (Sennheiser
electronic GmbH & Co. KG, Wedemark, Germany), driven by a Scarlett 2i2 soundcard
(Focusrite Audio Engineering Limited, High Wycombe, UK).

The pure tones had duration of 250 ms with 10 ms half Hann-window ramps
on the onset and offset. Their frequencies ranged from 262 to 523 Hz and were set
according to the 12-tone equal-temperament tuning system. The complex tones were
five-tone-harmonic complexes with duration of 200 ms including a 50 ms half Hann-
window onset and offset. Their fundamental frequencies (F0) were set to equal those of
the pure-tones, and to this F0, the first four harmonics were added. All complex tones’
components were presented 6 dB below the level of the related pure tone.

All the pure-tone stimuli were loudness-balanced using an adjustment
procedure based on a reference sound: a pure tone at 508 Hz in the right ear, a fre-
quency different from that of the pure-tone stimuli to be balanced. In the beginning,
participants could adjust the reference sound to their preferred, most-comfortable loud-
ness level. After that, they were presented with the reference sound followed by one of
the pure tones in each trial. Their task was to adjust the loudness of the latter so that
it matched that of the reference via an on-screen slider. The slider provided an adjust-
ment range from 40 to 90 dB sound pressure level (SPL). Participants could repeat the
stimuli and readjust the loudness until they were satisfied. This balancing was per-
formed twice for all frequencies used in the experiment in random order. Overall, the
participants chose levels that ranged from 56.3 to 85.3 dB SPL with a mean of 67.7 dB
SPL. The headphones were calibrated using a Br€uel & Kjær (B&K, Br€uel & Kjær,
Nærum, Denmark) 2636 sound level meter, with IEC-60318–1 ear simulator B&K
4153 and reference calibrator B&K 4230 and equalized by their frequency response.

3.2 Procedure

To test whether participants stream by frequency range instead of ear of input, this
study used a detection-task paradigm, based on the scale illusion experiment by
Deutsch (1975). As in the original study, two melodies were presented concurrently.
These will be referred to as the target stream and the distractor stream. The target
stream was designed to be followed by the listener. It was chosen to be identical to
one of the eight-note melodies in the scale illusion, either of the higher or lower fre-
quency range. The distractor stream consists of eight notes with frequencies chosen
randomly from the other frequency range, i.e., if the target stream was of the higher
frequency range, the distractor stream was of the lower frequency range, and vice versa
(see Fig. 1). As in the experiment by Deutsch (1975), two notes were always presented
simultaneously, one from each stream, except in a control condition with added delay
(see Sec. 3.3). If a note from the target stream was on the right, a note from the
distractor stream was on the left, and vice versa. Consecutive notes for both streams
were presented to the opposite ear, in a pattern that reversed in order after every four
notes. Thus, the arrangement formed a pattern symmetric to the middle of the repeat-
ing sequence of eight notes (e.g., for one stream in one presentation of the eight notes:
left–right–left–right–right–left–right–left).

If the listeners group by frequency proximity, they should be able to follow
the target stream in one ear, while the distractor stream is either perceived on the other
side or not at all, as described by Deutsch (1975). Conversely, if the listeners were
grouping based on lateralization cues, they would instead perceive random melodies
on both sides, since the target notes and the random distractors from each side will be
grouped. To test whether the listener could follow the target stream, a deviant note
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was introduced into it. The deviant consisted of shifting the note’s respective frequency
to one adjacent in the regular pattern. A listener who groups the binaural input by
frequency-proximity was expected to detect this deviant easily, whereas somebody who
groups by ear of input should experience difficulties to reliably detect the deviant note
due to the unpredictable input in both ears.

At the beginning of each trial, the participant was presented with the target
stream alone twice, indicating which melody to listen for. After that, target and
distractor streams were presented simultaneously six times. Of these six repetitions, the
first three were intended to allow for a build-up of streaming, since it has been
reported that a segregated percept arises gradually over several seconds (Bregman
1990). One deviant note was introduced randomly in one of the last three repetitions,
as depicted exemplarily in interval B at the top of Fig. 1. The interval being presented
was indicated on a graphical user interface by lighting up the respective part of the
stimulus on the screen. It was possible for the listener to repeat the stimuli.

The deviant could occur at any of the inner six of the eight notes within a pre-
sentation of the melody, but not at the first or last position. Its occurrence was coun-
terbalanced with respect to the side of the presentation, interval, and frequency range
of the target stream. Using a three-alternative, forced-choice paradigm prevented a
detection bias, since the participants knew that a deviant was always present in one of
the three intervals as described in Wickens (2002), therefore allowing for an “objective”
assessment of their grouping behavior.

Before conducting the test, participants underwent training. This training was
only different from the experiment, in that the participants were given feedback on
whether they answered correctly.

3.3 Conditions

The experiment featured four conditions, which are described below. Each of the four
conditions consisted of 24 trials and used the pure-tone stimuli, except for a binaural
control with changed timbre. The order of all trials from all conditions was random-
ized per participant to prevent it from affecting results.

In the binaural test condition, both the target and the distractor stream were
presented in the same fashion as the original scale illusion, i.e., every second note from
each stream was presented to the other ear. This condition, thus, required grouping by
frequency-proximity to perceive (i.e., segregate) the target stream and detect the
deviant.

In the monaural test condition, the target and the distractor streams were pre-
sented to the same ear. In this configuration, the listeners should easily group the tar-
get notes into one stream and the distractor notes in another one and, as a conse-
quence, accurately detect the deviant. This condition was designed to verify that the
listener could detect the deviant once the target notes were grouped into one stream.

Fig. 1. Schematic stimuli representation, based on Deutsch (1975). A random deviant occurs in the target-
stream, either at the higher (top) or lower (bottom) frequency-range. The distractor-stream consists of notes
picked randomly from the other frequency range. The black and gray color of the ovals indicates the ear of pre-
sentation in the binaural test condition.
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As the ability to detect the deviant is used as a proxy to evaluate whether the
listener can experience the scale illusion, it is necessary to add a control condition in
which grouping the target notes across ears will be prevented by enhancing the laterali-
zation cues to induce grouping by ear-of-input. In this configuration, the listener
should perceive two random melodies in each ear, and should not be able to detect the
deviant.

Two binaural control conditions were tested, in which the lateralization cues
were enhanced through two different methods. In the first control condition, the binau-
ral delay control condition, a delay of 125 ms (half a note’s duration and larger than
the range for natural interaural time-difference cues) was added to the sounds in one
ear. As demonstrated by Deutsch (1979), introducing an asynchrony increases the ten-
dency to treat each ear-input as emanating from a different source and will, therefore,
induce a grouping by ear-of-input. Only eight of the 19 participants were tested in this
condition.

In the second binaural control condition, a significant timbre and loudness dif-
ference was introduced between the notes presented in each ear. Pure tones were pre-
sented to one ear as in the other conditions, whereas complex tones (cf. Sec. 3.1) were
presented to the other. Adding a salient perceptual difference across ears should lead
the listener to group the notes by ear-of-input and result in a low detection-
performance. This condition will also help to quantify the possible performance when
attending to just one ear.

4. Results

The results are presented in Fig. 2. The detection performance is plotted as a percent
of correct answers for the four conditions: binaural and monaural test conditions, fol-
lowed by the two binaural control conditions. For each condition, there are two data
points: the average performance for the target stream in the low frequency-range
(“low”), and the average performance for the target stream in the high frequency-
range (“high”). The average performance for both the binaural and monaural test con-
ditions lies at about 80% correct, and the performance in the high frequency range is
slightly higher than in the low frequency range. The average performance in the binau-
ral control condition with delay is much lower at about 54% correct, while that in the
control condition with altered timbre lies at around 50% correct. In both controls,
again the performance in the high frequency range is slightly higher. The trend for
high performance in both test conditions and lower performance in both controls was
also found for each listener individually.

A two-way repeated analysis of variance was performed in the software JMPVR

(SAS, Cary, NC) with the “rationalized” arcsine transform applied (rau; Studebaker

Fig. 2. (Color online) Results from 19 NH-listeners in percent of correct answers for the four conditions. Only
eight of them were tested in the binaural delay control condition. In each condition, the average performance is
plotted for the target-stream in the high (high), and low (low) frequency-ranges with the standard error and indi-
cation of significant differences.
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1985), detection scores as the dependent variable, and the conditions, as well as the
target stream’s frequency range as factors. Both the condition [F(3, 43.9)¼ 37.0,
p< 0.0001], as well as the frequency range [F(1, 19.6)¼ 5.76, p¼ 0.0264] are significant
factors, while their interaction is non-significant [F(3, 44.29)¼ 1.11, p¼ 0.355]. The
estimated degrees-of-freedom are decimals because the number of participants tested in
the delay-condition is lower than in the other conditions. Post hoc-analysis using the
Bonferroni correction and again rau-transformed data, shows that results for both the
binaural and monaural test-conditions are not significantly different from each other
(p¼ 0.118). The results in the binaural test-condition are significantly different from
the binaural controls with delay (p¼ 0.0138) and timbre (p¼ 0.0012), while results in
these two binaural controls are not significantly different from each other (p¼ 0.174).

5. Discussion

The main aim of this study was to develop and validate a method in which the ability
to perceive the scale illusion was assessed through a detection task. Three binaural and
one monaural conditions were tested. We assumed that if the listeners can experience
the scale illusion, they should be able to detect a deviant in the binaural test condition,
but not in the two binaural control conditions. A monaural test condition was added
to evaluate the average detection score that can be obtained when the target notes
were easily grouped. The average score obtained shows a moderately high and similar
score for both the binaural and monaural test conditions (see Fig. 2). Furthermore,
both control conditions yielded a score significantly lower that the binaural test condi-
tion. Taken together, these results indicate that this method can be used to demon-
strate the ability to experience the scale illusion without the need to describe the mel-
ody pattern as in the original study (Deutsch, 1975).

Recently, Metha et al. (2016, 2017) have used the octave illusion (Deutsch,
1974) to assess binaural streaming in NH listeners, using it as the base for a detection-
task with either loudness or modulation cues. The octave illusion was based on only
two tones, one high and one low and separated in frequency by an octave (400 and
800 Hz). These tones were presented in a dichotic sequence, so that one ear received a
pattern high–low–high–low, while the other received the inverse pattern, low–high–
low–high, simultaneously. As with the scale illusion, listeners could group these stimuli
either based on pitch or based on location. The most common percept was a high tone
lateralized to one ear alternating with a low tone lateralized to the other. Metha
et al. (2016) have modified the original method into a detection task, in which the
participants had to detect a variation of loudness in a target stream. Their results
demonstrated that the illusion is subject to the same constraints as auditory stream
segregation and how the listener’s attention influenced the obtained percepts, i.e.,
their lateralization. Further results in Mehta et al. (2017) revealed that the octave
illusion arises from a “misattribution of time across perceptual streams, rather than a
misattribution of location within a stream,” providing a better understanding of the
mechanisms involved in binaural streaming.

In the original experiment (Deutsch, 1975), the participants report hearing
either one or two melodies. It is impossible to tell just from the performance in the bin-
aural test condition whether listeners perceived one stream or both high and low
streams simultaneously, but with their high detection-scores for the target in either
frequency-range, they must at least be able to attend to either stream selectively.
However, the frequency range in which the deviant note is embedded had a significant
impact on performance. Consistent across conditions, the detection performance in the
higher frequency-range is slightly higher, even though the stimuli were loudness-
balanced at the different frequencies. Therefore, participants were able to focus selec-
tively on either the low or high stream, but the better performance in the higher
frequency-range suggests that focusing on the higher stream was easier. This could
explain the description of the single stream percept in Deutsch (1975), where listeners
reported to perceive only the higher stream and nothing or little of the lower one. If it
is easier to focus on the high stream and listeners voluntarily are not given further
instructions, they should then be more likely to focus purely on the higher stream. The
reported single stream percept is thus not at odds with the current results.
Furthermore, these results match one of the conclusions from Deutsch (1985), where
musically-trained listeners had to identify dichotically presented sequences of tones cor-
rectly. There, listeners also performed consistently higher in transcribing higher tones
compared to lower tones.

The effect of timbre on the streaming behavior could have implications for
hearing-impaired patients, depending on the aids they use for listening. If these aids do

Janssen et al.: JASA Express Letters https://doi.org/10.1121/1.5110243 Published Online 3 June 2019

J. Acoust. Soc. Am. 145 (6), June 2019 Janssen et al. EL461

https://doi.org/10.1121/1.5110243


affect the timbre of sounds differently across ears, binaural streaming could be affected
negatively. This could apply to patients with CIs, providing electric instead of acoustic
stimulation, especially for patients with a unilateral CI and acoustic hearing on the
other side and this task could be adapted to assess if these changes in interaural per-
cepts lead to changes in binaural streaming behavior for CI patients. Also, patients
with highly asymmetric hearing loss, using entirely different hearing-aids across ears,
could be affected. If the binaural object-formation was malfunctioning, performance in
tasks relying on the evaluation of binaural cues, such as speech reception in noise and
sound localization, could be reduced severely.

6. Conclusion

This study proposes a modification of the scale illusion experiment by Deutsch (1975)
into a detection-task to assess listeners’ binaural streaming behavior without relying
upon subjective reports of percepts. As in the original study, the NH listeners grouped
the binaural stimuli by frequency proximity instead of lateralization, for which they
had to integrate stimuli from both ears into a common stream. Participants were able
to focus on either the low or high stream and detect a deviant note, but it appears to
be easier to focus on the higher stream. Two control conditions were added in which
lateralization cues were enhanced. Detection scores dropped significantly, indicating
that the task was facilitated by the ability to group stimuli by frequency proximity.
The new task could be suited to assess binaural streaming in the hearing-impaired pop-
ulation and explore possible changes and adaptations in the mechanisms.
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