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ABSTRACT

Background and Aim: The fact that recognizing sound regularities plays a crucial role in segregating auditory
streams has recently garnered significant interest. This study aimed to investigate how temporal and spectral
regularities’ incorporated into the background auditory stream affect auditory stream segregation.

Methods: Twenty-five healthy young adults performed an indirect measure of the auditory streaming task (i.e.
detecting rare-level targets). They were presented with two concurrent auditory streams involving foreground
and background streams, and were asked to detect rare-level targets in the foreground stream during three
experimental conditions (spectral, temporal, or random regularities).

Results: Temporal and spectral regularities of the background auditory stream significantly increased the hit rate
compared to random regularities. This effect of regular cues on target detection and possibly stream segregation
was significantly greater under temporal regularity conditions than under spectral regularity conditions.
Conclusion: The findings suggest that incorporating temporal or spectral regularities into the background
auditory stream can facilitate target detection and possibly stream segregation. This perceptual regularity benefit



is greater for temporal regularities than for spectral regularities. These findings may provide primary evidence
for the distinct facilitating effects of various theoretical frameworks on sound feature regularities and auditory
streaming.

Keywords: Auditory scene analysis; stream segregation; temporal regularity; spectral regularity; regularity
encoding

Introduction

In everyday auditory scenarios, a set of several acoustic sources constantly affects the auditory system [1, 2].
Thus, the critical task of the auditory system is to organize this set into perceptually meaningful units (i.e. auditory
objects) and map the relevant foreground and irrelevant background objects [3-5]. In this context, auditory object
formation involves integrating sounds from a common source into a single stream and, simultaneously,
segregating those from competing sound sources into separate streams, a process known as Auditory Scene
Analysis (ASA) [6, 7]. Several studies have used the auditory streaming paradigm to show the acoustical
attributes necessary for ASA, including sequences of repeating tones organized in an ABA-ABA or A-B-A-B
model. These studies have revealed that the segregation of the auditory stream utilizes different acoustical
attributes (e.g. frequency separation) [8, 9]. Classically, any large acoustical differences between A and B tones
may result in stream segregation (segregated percept), while small acoustical differences between A and B tones
boost stream integration (integrated percept) [6, 7].

Some studies have recently investigated auditory streaming using a long-lasting sequence of ABA-ABA
streaming stimuli that simulate bi-stable auditory perception in many natural acoustic situations. According to
these studies, despite constant stimulus design, the perception of these sequences alternates between the
integrated and segregated percepts [10-13]. Therefore, perceptual organizations of bi-stable ABA-ABA
sequences are not completely characterized by acoustical attributes of these stimuli, including frequency
separation [11, 14]. A few recent studies utilized the bi-stable essence of perception within auditory streaming
paradigms to specify the practical role of acoustic regular cues in analyzing complex auditory scenes. According
to these psychophysical studies, extracting the regularities within ongoing auditory sequences increases the
probability of perceiving them as segregated streams [15-17]. In addition, extracting these regularities facilitates
the segregation of a foreground stream from the background, even when the regularities are superimposed on the
background [18, 19]. However, further studies are necessary to replicate these findings. Recent studies have
proposed a difference between temporal regularities and other sound regularities (e.g. spectral regularities) in
auditory processing and neural sources [20-25]. Notably, they have shown distinct dedicated neural sources for
encoding temporal (e.g. parietal cortex) and spectral (e.g. inferior frontal gyrus and medial frontal gyrus)
regularities [20-22]. Regarding \distinct auditory processing and neural sources of temporal and spectral
regularities, it can be assumed that different types of sound regularities may affect stream segregation differently.
Therefore, in this study, we aimed to investigate whether auditory regularities facilitate stream segregation and
whether distinct types of regularities differentially influence this perceptual process. We compared temporal and
spectral sound regularities using an indirect measure of auditory streaming (by detecting the rare intensity level
targets). Target stimuli were introduced in an irregular stream of sounds presented simultaneously with another
auditory stream of either temporal or spectral regularities. This task imitated a natural acoustic scene by small
spectral differences and arbitrary temporal overlaps between the two sound streams. The successful
implementation of the task requires participants to segregate the foreground auditory stream from a temporally
or spectrally regular repetition of the background stream, thereby detecting rare intensity level targets in the
foreground irregular stream.

Methods

Participants

Twenty-five right-handed healthy young volunteers (20 females and 5 males) participated in this study.
Participants' age ranged from 19 to 33 years (mean age=23.24+3.43). All participants had pure tone thresholds
<25 dB HL at 250-8000 Hz, with no known neurological or psychiatric conditions and no history of head injury.

Stimuli and experimental design



Behavioral testing and Electroencephalogram (EEG) recordings were conducted simultaneously in an
acoustically and electromagnetically sound-attenuated booth. During the recording, the participants were seated
comfortably in a chair and asked to recognize the target stimuli. Sounds were generated using MATLAB 2016b
software (The MathWorks, Inc.) at a 44.1 kHz sampling rate with 16-bit resolution. The Cogent toolbox
controlled the presentation of the stimuli. The stimuli consist of two distinct auditory streams: a foreground of A
tones and a background of B tones. To simulate the challenging everyday listening conditions, auditory stimuli
of foreground and background streams were created separately and then aggregated. Thus, the resulting stimuli
comprised temporal convergence between A and B tones similar to real-world auditory scenes (Figure 1).

Tones in each stream were pure tones with 75 ms in duration, including 10 ms rise/fall time, and were introduced
binaurally via ER-3A insert earphones (ER-3A, Etymotic Co.). The A tones in the foreground stream were set at
630 Hz and were introduced at the intensity level of 70 dB SPL. The tones in the A stream had random Inter-
Stimulus Intervals (ISIs) of 100250 ms in 50-ms steps. Rare-level target tones that blend quasi-randomly in the
A stream were introduced at a higher intensity of 80 dB SPL. In all experimental blocks, target tones were pseudo-
randomly interlaced within the sequence. To achieve this, no target tones were presented in the first 30 seconds of the A
stream, and the two rare target tones were never presented consecutively. The minimum and-the average inter-target
times were 2 and 10 seconds, respectively. Tones within the B stream had a random level of 65-85 dB SPL with
1 dB steps. Indeed, for the participants to perceive 80 dB A sounds as targets, all 70 dB sounds of the A stream
had to be separated from the intervening stimuli from the B stream, which had random intensity changes. The B
tones had a mean frequency value of 529 Hz (B1=510 Hz, B2=529 Hz, B3=548 Hz). The frequency separation
between the A and B streams was three semitones (i.e. 101 Hz). This frequency separation was specified based
on a previous study [19], which established the most challenging listening condition where the segregation of
two streams cannot be assigned to frequency separation. Tones within the B stream were arranged in three
experimental conditions: temporal regularity, spectral regularity, and random conditions. Tones under the
temporal regularity condition had an irregular frequency pattern like B2ZB1B2B2B1B1B2B1B3, but had constant
and regular ISI (175 ms). Under the spectral regularity condition, tones were presented in an ascending order (i.e.
B1B2B3B1B2B3) but had randomly changed ISIs of 100-250 ms-at 50-ms steps. Under the random experimental
condition, tones in the background B stream were presented with no temporally or spectrally regular patterns.

A training block, encompassing all experimental conditions, was used before the main experiment to familiarize
participants with the task. In this training block, the participants were asked to detect target stimuli in three
experimental conditions. The occurrence of the auditory target was emphasized by displaying a green light at the
center of the computer screen. Afterward, participants had to accomplish at least one training block of all
experimental conditions without visual support. Participants received additional training blocks until they felt
confident with the task. Participants received feedback regarding their execution following each training block
as well as every block throughout the experiment. Subsequently, the main experiment was carried out. Each
condition was introduced in five-minute blocks, each randomly repeated four times. In each block, target stimuli
appeared 25-36 times in the A stream. Participants were instructed to press a button whenever they detected the
rare-level targets in the foreground stream. After each randomly repeated block, participants were given break
times to alleviate fatigue: During the experiment, participants were not informed about regularity manipulation
within the background stream. The entire experiment —including training, resting, behavioral testing and EEG
recording —lasted approximately 4 hours.

Data analysis

To determine the participant's ability to detect the rare-level targets, the Hit Rate (HR) and False Alarm Rate
(FAR) were computed for each experimental condition. All responses occurring in 300—1000 ms following the
onset of the target were considered as hits (defined according to a pilot study) and others were considered as false
alarms.-Since the current stimulus framework requires the introduction of sustained stimuli so that all non-targets
in both streams can appear throughout the response window, the number of false alarms is highly dependent on
the response window employed in the analysis. We employed a procedure that takes into account the response
window. A condition’s total presentation time was divided into time bins with durations corresponding to the
300-900 ms response window (i.e. 600 ms). For each participant and condition, the HR was determined by
dividing the whole duration of time bins where a hit response was expected (the number of hits by time bin) by
the sum of the time bins where hits were feasible (the number of targets multiplied by time bin). Since the time
bin variables in the numerator as well as denominator cancelled, the formula may be condensed to: HR=n hits/n



targets. For each participant and condition, the FAR was calculated independently as the sum of time bins that
had false alarms was divided by the sum of time bins where a false alarm was feasible, as shown below: [18].

Number of false alarms Xtime bin

FAR=

" Overall presentation time—(number of targetsxtime bin )

Statistical analysis

All Statistical analyses were carried out in SPSS v.17 (SPSS Inc., Chicago, IL), considering a significance level
set at 0.05. To assess the effects of regularity manipulation, repeated-measure ANOVA was used for each
behavioral measure under experimental conditions (spectral, temporal, or random) as a factor, followed by post
hoc comparisons using Bonferroni’s test.

Results

Table 1 shows the mean and standard deviation of behavioral test parameters (HR and FAR) for all experimental
conditions. The results of repeated-measures ANOVA showed the significant main effect of sound regularities
on HR (F23=16.740, p<0.001, n?>=0.411). The post hoc comparisons showed that the HR was significantly
different between the temporal and spectral conditions (p=0.004), between the temporal and random conditions
(p<0.001), and between the spectral and random conditions (p=0.010) (Figure 2). The repeated-measures
ANOVA result showed no significant effect of sound regularities on FAR (Fz23=1.188, p=0.311, n°=0.047).

Discussion

The current study aimed to investigate whether: 1) the auditory system's capacity to discover the regularly
repeating sound features incorporated in a background auditory stream affects stream segregation, and 2) the
auditory stream segregation is distinctively affected by the different types of regularly repeating sound features
(i.e. spectral and temporal regularities). The results showed that regularly repeating sound features incorporated
into a background auditory stream enhanced target detection performance. This finding suggests that regularity
modulates auditory stream segregation processes. Additionally, different types of regularly repeating sound
features (spectral and temporal regularities) modulated target detection differently.

This study showed that, in temporal and spectral regularity conditions, participants' target detection was higher
than in random conditions. To solve the current task (i.e. detecting rare-level targets), the participants were asked
to segregate two concurrent auditory streams. Since the frequency separation between streams was too small to
induce segregation, enhancement of target detection in regular conditions can pertain solely to the effect of
manipulating regular cues. This finding indicates that incorporating regularities into a background auditory stream
enhances target detection in a concurrent irregular stream, demonstrating that regularity influences stream segregation.
The present study findings are-in line with the findings of previous studies on the role of regularly repeating
sound features in auditory stream segregation during a subjective reports task [16, 17]. For instance, Bendixen et
al. examined the role of regularity on stream segregation using a bi-stable ABA-ABA streaming stimulus with or
without regular patterns (frequency and/or intensity). They asked their listeners to indicate their perception of
sound sequences constantly: They reported that independently introduced regular patterns in the A tones, B tones,
or both stabilized the perception of two streams for longer durations [17]. Thus, their findings demonstrated that
regular patterns increased the probability of perceiving segregated auditory streams. The effect of regularly
repeating sound features on the stream segregation has also been found in objective listening measures of auditory
stream segregation (under a within-stream deviant detection task). For instance, Andreou et al. studied the role
of regularity in auditory stream segregation as a function of different frequency separations during a deviant
detection task. They introduced temporal regularity in the background stream while tones in the foreground
stream were arranged irregularly. Their main finding was that manipulating regularity throughout the background
stream enhanced foreground stream segregation, primarily when frequency separations alone were insufficient
[19]. Similarly, Rimmele et al. demonstrated that stream segregation depends on the auditory system's ability to
detect regular patterns, whether these patterns occur in foreground or background streams during an intensity-
deviation detection task [18].

The current study showed that temporal and spectral regularities in the background auditory streams had different
effects on stream segregation, as measured by the HR of rare-level targets that occurred within an irregular
foreground stream. Participants experienced greater regularity benefits for the stream segregation when temporal
regular patterns were embedded in the background stream than when spectral regular patterns were embedded. It



probably means that the benefit was related to the type of regularly repeating features embedded in the
background stream. Empirical evidence increasingly suggests that listeners employ sophisticated mechanisms to
track the rhythmic properties, including microtiming differences of acoustic sources. This enables the rapid
formation of temporal expectancies, thereby optimizing behavioral responses [19]. On the other hand, previous
studies have proposed that the distinctiveness of neural sources is associated with different functional roles [26,
27]. Therefore, the finding that temporal and spectral regularities differentially affect stream segregation can be
explained by distinct neural mechanisms dedicated to encoding temporal [21] and spectral [20, 22] regularities.
This result is against the finding of Bendixen et al. [17], showing that introducing regularly repeating frequency
and intensity patterns into either one or both streams of bi-stable ABA streaming stimulus had equal effects on
the ratio of segregated percept. The discrepancy can be explained by methodological differences, such as the
difference in frequency separation between the A and B streams and the type of examined regularities. Moreover,
in our study, the task employed to derive auditory streaming aimed to imitate real-world auditory scenes (e.g.
busy street or busy restaurant) in contrast to the findings of Shalgi and Deouell [26], who used temporally non-
converging regularly repeating ABA patterns, which were far from complex natural auditory scenes.

Conclusion

This is the first study to reveal that regularities carried out by distinct stimulus features probably result in
differential modulations of auditory stream segregation. Our findings expand the prior restricted literature
regarding the facilitating effects of regularly repeating acoustic cues in the segregation of auditory streams.
Gaining insights into how sound regularities influence auditory perception may provide valuable information for
upcoming studies on music and speech auditory processing.
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Figure 1. A schematic presentation of the experimental design. Stimuli were introduced in three distinct
conditions: temporal regularity condition in which tones within the "B" stream had constant and regular inter-
stimulus interval of 175 ms; spectral regularity condition in which tones within the "B" stream had ascending
regular frequency pattern and random condition in which tones within the "B" stream had no temporal or spectral
regular patterns. The random intensity level of the B tones is specified with the different colors of the square.
Temporal convergence between "A" and "B" tones was exhibited via the dashed line. In all experimental
conditions, the rare level targets were exhibited via arrows. ISI; inter-stimulus interval



Table 1. Descriptive statistics of behavioral performance in all experimental conditions

Temporal condition Spectral condition

Random condition

Mean SD Mean SD Mean SD
Hit rate 34.94 19.80 30.86 18.89 28.11 19.33
False alarm rate 3.06 1.29 3.22 1.23 3.24 1.49

Mgan kit rate %

00

Temporal Spectral Random
Condition

Error bars: +/-2 SE

Figure 2. The impact of experimental conditions on the hit rate.



