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Abstract

Recent spatial audio techniques involve separating multichannel signals
into direct and background parts. However, determining parameters for lo-
calising short sound sources in background sounds remains challenging due
to the limited knowledge of spatial hearing resolution. This paper investi-
gates the localisation performance when short bursts in the median plane
are presented with spectrally similar, horizontally spread broadband noise.
Listening tests examined target stimuli in different median plane locations
with and without masker noises, using elevation gain, bias, and error rate
to evaluate localisation performance. The target stimuli comprised aperiodi-
cally repeated multiple-burst stimuli with different burst rates and levels, and
single-burst stimuli with varied duration and levels. The results showed that
the burst rate of multiple-burst stimuli had a weak systematic effect on all
the criteria for localisation performance, regardless of noise. However, extend-
ing the duration of single-burst stimuli increased the elevation gain, and the
added noise further improved the localisation performance. The masker also
improved localisation performance when the sound level increased, while un-
masked stimuli had the opposite effect. The optimal conditions for improving
localisation performance with background noise found in this study were a
signal-to-noise ratio of ≥ 18 dB.

1 INTRODUCTION

The separation of recorded multichannel signals into contributions of direct and
reverberated or ambient parts has been of interest lately in the context of time-
frequency-domain parametric spatial audio techniques [33]. In such processing, it is
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of vital importance to choose the parameters for the separation process following the
human resolution of spatial hearing. Although several parameters can be deduced
from existing knowledge, the information for resolution and accuracy of localisation
of short sound sources in the presence of spatially extended background sounds is
lacking. Thus, studying the aspects of human auditory localisation of short sound
in background noise is necessary to determine the appropriate parameters for the
separation techniques in time-frequency-domain parametric spatial audio. This pa-
per explores the optimal stimulus conditions of short noise bursts to achieve precise
localisation in the median plane in the presence of background sound.

The localisation of short sound sources in the presence of background noise can
be studied by examining a few specific aspects of human perception, such as au-
ditory localisation in background noise and localisation of brief sounds. Auditory
localisation of a sound source, while masked by background noise, has been widely
studied [e.g., 3, 6, 7, 12, 14, 15, 20, 24, 26, 35]. However, most of these studies have
focused on sound sources and noises located in the horizontal plane (an imaginary
auditory plane that divides the head horizontally into the upper and lower parts),
leaving the localisation of sound sources in the median plane (the auditory mid-line
between the ears that vertically divides the head) largely unexplored. Localisation
of short sounds has been investigated in several studies [10, 17, 18, 27, 38], reporting
that humans can localise short sounds (e.g., duration < 100 ms) in the horizontal
plane as accurately as longer sounds. However, they found that localisation per-
formance in the median plane deteriorates as sound duration shortens or intensity
increases beyond 80 dB SPL [17]. Nevertheless, the impact of background noise on
the localisation of short sounds in the median plane has been rarely studied.

Therefore, this paper focuses on the “median plane localisation” of short sound
sources and investigates the effect of added background noise on it. Thus, the per-
ceptual mechanisms are studied using exploratory subjective tests. The experiment
examines whether a horizontally spread background noise, spectrally similar to the
target noise bursts, could improve the median plane localisation performance of a
sound burst or deteriorate it, depending on their duration and signal-to-noise ra-
tio (SNR). In addition to the single-burst stimuli, the localisation of multiple noise
bursts of different average burst rates was also examined with various conditions.
The average burst rates were adjusted to allow the listeners to detect every single
burst, and the bursts were temporally distributed to be aperiodic to mimic the ran-
dom appearance of multiple glimpses of sound. This experiment setup focused on
finding whether multiple occurrences of detectable glimpses can improve localisation
performance than a short single burst.

Since this study aims to find how masking noise affects the ability to localise short
noise bursts in the median plane under different conditions, the experiment first
validates earlier studies using specific criteria to assess localisation performance,
including elevation gain, elevation bias, and response error rates. Then, the effect of
spatially extended background noise is examined on localisation performance, which
is presented with short sound stimuli of various conditions, such as:
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1. Effects of noise on multiple-burst stimuli with different burst rates.

2. Effects of noise on single-burst stimuli with different duration.

3. Effects of noise on multiple-burst stimuli with different sound levels (SNRs).

4. Effects of noise on single-burst stimuli with different sound levels (SNRs).

Consequently, the findings from our perceptual studies can be used to determine op-
timal stimulus conditions for time-frequency-domain parametric spatial audio tech-
niques that can separate multichannel signals into direct and ambient parts based
on spatial hearing resolution. In addition, since most natural sound scenes include
background and ambient sounds, the obtained parameters can help create spatial
audio content that offers listeners more precise sound localisation and can also guide
the development of spatial audio applications that deliver an advanced localisation
experience.

2 BACKGROUND

Human sound localisation relies on implicit acoustic cues such as binaural and
monaural cues. Binaural cues arise from interaural disparities in the sound level
and arrival time between each ear, which are determined via the interaural level dif-
ference (ILD) and the interaural time difference (ITD), respectively [29, 34]. They
allow the localisation of the azimuth angle in the horizontal plane. Monaural cues
indicate direction-dependent spectral filtering mainly caused by the reflections and
diffraction of soundwaves due to the head, torso, and pinnae. These spectral cues are
fundamental to the localisation in the vertical directions and front-back differentia-
tion especially in the median plane, where the interaural disparities (binaural cues)
are at their minimum [4, 29, 34]. Combining the binaural and monaural (spectral)
cues contributes to localisation in three dimensions [34].

The effect of sound masking on auditory localisation has been examined in relation
to the SNR or the locations of a target signal and a masker noise. According to
multiple studies, the accuracy of localisation often decreases as the SNR decreases [6,
14, 26, 41]. Furthermore, Zwiers et al. (2001) [41] and Ege et al. (2018) [12] reported
that the response gain (the slope of the fitted line describing the relation between the
stimuli and response locations) and the correlation between the stimuli and responses
decreased as the SNR decreased. Besides, Lorenzi et al. (1999) [26] reported that
the localisation accuracy tended to be unaffected by noise until the SNR was 0–6 dB.

However, conflicting results about the effect of signal and masker locations have
also been reported. In the horizontal directions, the perceived direction of a signal
was either biased toward the masker (pulling effect) [e.g., 15] or away from the
masker (pushing effect) [e.g., 3, 7]. Brungart and Simpson (2009) [6] reported that
the perceived direction depended on the relative difficulty of localisation. An easier
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localisation condition (e.g., high SNR) tended to result in pushing effects, whereas
a more difficult one (e.g., low SNR) resulted in pulling effects. On the other hand,
the effect of a masker noise on vertical localisation was reported to be stronger than
horizontal localisation [6, 41] but barely systematic [3, 24].

It is well known that the binaural cues are robust and precise in horizontal direc-
tions. Additionally, median plane localisation is also known to be moderately ac-
curate, provided that a broadband sound source with sufficient duration and sound
level is presented to listeners with normal hearing [e.g., 1, 8, 23, 28, 39]. However,
the localisation of sound sources under other conditions (e.g., duration is less than
100 ms) has not been widely investigated. Several studies examined the localisation
of brief sound stimuli [10, 17, 18, 27, 38]. They mainly focused on vertical directions
since sounds of short duration (< 100 ms) were found to be as accurately localised
as longer sounds in the horizontal directions [e.g., 18, 27]. Hofman and Van Op-
stal (1998) [18] reported that a 3-ms sound stimulus was localised as accurately as
a 500-ms stimulus. Additionally, Macpherson and Middlebrooks (2000) [27] found
little effect of the duration or level of sound stimuli on horizontal localisation.

However, in vertical directions, the localisation accuracy was reported to vary de-
pending on the sound stimuli’s duration or level. The localisation performances
varying with stimulus duration can be associated with the perceived resolution of
spectral cues. Since spectral cues are the primary factor for the localisation in the
median plane, the auditory system estimates the direction of a sound source by
extracting average spectral shapes of direction-dependent filters (e.g., head-related
transfer functions [30]) from the received spectra at the eardrums. Accordingly, the
“estimation” process might require a minimum source duration to secure sufficient
spectral detail for the localisation. Since the spectral resolution necessary for precise
localisation has been investigated in only a few studies [16, 22], the hypothesis re-
garding the minimum source duration motivates studying median plane localisation
of short-duration stimuli.

Hofman and Van Opstal (1998) [18] studied the effects of various spectro-temporal
factors on both horizontal and vertical sound localisation in the frontal hemifield.
First, they examined the perceived elevation with short white Gaussian noise bursts
ranging from 3 ms to 80 ms. The “elevation gain”, representing the fitted line’s
slope on the relation between the stimulus direction and perceived elevation, was
applied to systematically analyse the results. Whereas the 80 ms stimulus led to
an elevation response gain close to the ideal value (unity), the gain declined with
decreasing stimulus duration. From this result, Hofman and Van Opstal suggested
that at least an 80-ms duration is necessary for the auditory system to “integrate”
a broadband sound input to obtain a stable elevation estimation.

However, Macpherson and Middlebrooks (2000) [27] claimed that the deterioration
of elevation gain from short noise bursts is more related to the negative level effect
from high-level stimuli than the deficiency of integration quality in the auditory
system. The negative level effect, reported by Hartmann and Rakerd (1993) [17],
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refers to the phenomenon that, when localising a click train in the median plane,
localisation error starts to increase with stimuli level of about 80 dB SPL and above.
They suggested that this phenomenon is due to the saturation of the peripheral
excitation in the cochlea for high-level stimuli. In Hartmann and Rakerd’s research,
the error rate of overhead stimuli was higher than the front stimuli for high-level
clicks, which indicates a decrease in elevation gain in the frontal hemifield.

Macpherson and Middlebrooks further examined this phenomenon by comparing the
changes in the elevation gain for high and low SLs (sensation level: the level above
the auditory threshold) with 3-ms and 100-ms noise bursts. Although the elevation
gain from the short noise burst (3 ms) decreased as the stimuli level increased from
around 25 dB to 60 dB SL, the 100-ms burst showed no significant changes in ele-
vation gain at different levels. They explained this observed difference due to the
auditory system adapting to high-level stimuli when they are provided with sound
of sufficient duration. The latter portion of sufficiently long stimuli is thought to
spare the cochlea saturation caused by high-level sounds. As a result, the earlier
portion of the stimulus may activate an adaptive mechanism.

Macpherson and Middlebrooks also investigated this hypothesis by co-presenting a
1000-ms diffuse noise with a short noise burst (3 ms) centred within the noise that
would enable the high-level stimulus adaptation in the auditory system prior to the
onset of the noise burst. As a result, slight rises in the elevation gain were observed
when the background noise level increased, validating the adaptation hypothesis.
However, this effect appeared in limited conditions. For example, the increase in
the elevation gain was only apparent with a high-level stimulus (55 dB SL) above
the estimated saturation threshold (40 dB SL). Moreover, the gain only increased at
10 to 20 dB SNRs between the stimulus and the diffuse noise. All other conditions
showed decreases in the elevation gain as the SNR decreased.

Vliegen and Van Opstal (2004) [38] examined the median plane localisation of short
sounds with differences in both duration and level. They found the duration-gain
correlation found by Hofman and Van Opstal (1998) [18], where elevation gains
increase with increasing duration of short stimuli, appeared at every stimulus level
they tested. Furthermore, the negative level effect above 55–65 dB SPL appeared in
every stimulus duration up to 100 ms. In addition, low-level stimuli below 55–65 dB
SPL provided increasing elevation gain with the level increase. These findings partly
disagree with Macpherson and Middlebrooks (2000) [27], where low-level stimuli and
long sound bursts barely showed variability in the elevation gain. However, Vliegen
and Van Opstal (2004) [38] suggested that neither neural integration nor peripheral
adaptation in the auditory system could determine the elevation gain exclusively.
Instead, they might collectively support the median plane localisation.

Burst-train stimuli were also used to investigate the localisation of short-duration
sound stimuli [17, 18]. Using the burst-train stimuli, Hofman and Van Opstal
(1998) [18] investigated the effect of the silence gap between 3-ms noise bursts on the
median plane localisation. The elevation gain was close to unity with 3–10 ms gaps
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for all the subjects, then decreased monotonically when increasing the silence gap.
This result indicated that even bursts with durations of 3 ms were stably localised
in the median plane when repeated with a short enough interval. Therefore, they
suggested that the directional information could be kept unfaded in the auditory
memory within the observed short intervals.

However, the stimuli within these silence gaps might be heard as continuous noise
rather than as a series of short-duration stimuli since the burst rates for the burst-
train stimuli with 3–10 ms intervals, approximately 80–160 Hz, would result in poor
fluctuation strengths due to the temporal masking between the bursts [13]. Con-
sidering this phenomenon, it is notable that longer silence gaps (20–80 ms), which
might allow the individual bursts to be more detectable, resulted in lower elevation
gains than the 3–10-ms gaps, yet higher than the single-burst stimuli.

To summarise, previous studies report that masking noise affects auditory locali-
sation depending on the SNR and the location of target stimuli and the masker.
The localisation accuracy declines systematically as the SNR decreases, and the
perceived location of the stimulus is either pushed away from or pooled towards
the masker location, depending on the perception difficulty. Furthermore, the lo-
calisation performance of short-duration sound stimuli in the median plane deterio-
rates as the stimulus duration shortens and the intensity increases above a certain
high level. However, the influence of masking noise on short-duration stimuli has
not been studied extensively. As mentioned earlier, Macpherson and Middlebrooks
(2000) [27] reported a slight increase in the elevation gain of 3-ms noise burst due to
the added background noise. Nonetheless, this high-level stimulus adaptation from
a pre-existing noise has not been investigated with different stimulus durations.
Thus, this paper examines the accuracy of localising short, vertically located sounds
in background noise with varying stimulus durations and SNRs. It also examines
the localisation of multiple-burst stimuli comprising detectable single bursts.

3 METHOD

The experiment investigated the localisation characteristics of short noise bursts
masked by broadband noise. Median plane localisation was examined by varying
the duration, burst rates (per second), SNRs (target-to-masker ratios), and source
locations of the target noise bursts. Accordingly, the experiment comprised two
listening tests utilising two different types of target stimuli: sets of multiple noise
bursts with various burst rates and single noise bursts that differed in duration. To
prevent fatigue and adaptation to the experiment design, each subject completed
two test sessions on different days. Each session took about 50 to 70 minutes. Before
the main test sessions, a preliminary test was conducted to examine the detection
thresholds of each target stimulus in order to determine the SNR set-up of the
stimuli.
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3.1 Preliminary test

An initial listening test was conducted, where the sound pressure level was controlled
with an adaptive staircase method [9], to examine the detection thresholds for each
target burst masked by broadband noise. Both target bursts and masking noise
were created from random white Gaussian noise. Eight subjects, seven males and
one female aged between 18 and 48, all reporting normal hearing, participated in
the listening test. The participants were staff members or students from Aalto
University. The test was conducted in the anechoic chamber where the main tests
were conducted, with the same stimuli set-ups as the main tests described in sections
3.2.3, 3.2.2, and 3.3.1.

In the first stimulus, the burst rates were configured to 1, 2, 4, 8, and 16 bursts per
second, with each burst lasting 1 ms. In the second stimulus, the burst duration was
set to 0.1, 0.3, 1, 3, and 10 ms. The target and masker stimuli were located along
the median plane. The target stimulus was positioned at a 30◦ elevation above the
horizontal plane (θ = 0◦, φ = 30◦), and the masking noise was presented at the
horizontal plane (θ = 0◦, φ = 0◦). For the staircase test procedure, a 2-down 1-
up transformed up-down method with a three alternative-forced-choice (3AFC), as
suggested by Levitt (1971) [25] and Shelton and Scarrow (1984) [36], was conducted
in this listening test.

As shown in Figure 1, the detection thresholds appeared about −9.6 dB relative to
the masker level from the target stimuli of 1 ms and lower for the longer stimuli.
The overall detection thresholds were relatively higher than previous studies [e.g.,
6, 41] because of the shorter stimulus duration and spectral similarity between the
target stimuli and the masker. Therefore, the minimum SNR of the stimuli was set
to 6 dB (about 10 dB higher than the highest detection threshold level among the
participants) for sufficient audibility in the main listening tests.

3.2 Experiment I

The first experiment investigated the auditory localisation of the multiple noise
bursts varying with their mean burst rates (per second).

3.2.1 Subjects

Ten subjects, eight males and two females, participated in the listening test. They
were students or staff members of Aalto University aged between 18 and 48. All
subjects reported normal hearing.
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Figure 1: Detection thresholds and standard deviations for two types of target
stimuli from the preliminary test. The circles indicate the mean detection thresholds,
and the error bars indicate the standard deviations of the response data. The upper
plot shows the threshold SNRs and standard deviations of the 1-ms stimuli sets
whose mean burst rates range from 1 to 16. The lower plot shows the threshold
SNRs and standard deviations of a single stimulus whose duration ranges from 0.1
to 10 ms. The masker level was set to 60 dB SPL, A-weighted.

3.2.2 Apparatus

The localisation test was conducted in an anechoic chamber equipped with forty-
six spherically distributed coaxial loudspeakers (Genelec 8331). The listener was
positioned in the centre of the chamber. The loudspeakers utilised for this listening
test were among those located along the circular auditory mid-line from the listener
(the median plane), ranging from −60◦ to 240◦ polar angles with the interval of 15◦,
where the reference (φ = 0◦) is positioned in the horizontal plane. The distance
from the loudspeakers to the listening position was 2.0 m. Subjects sat on a height-
adjustable chair, and their ear level was aligned to the height of the horizontal
plane set up for the loudspeakers in the anechoic chamber (φ = 0◦). Subjects were
instructed to stare at the centre of the coaxial driver of the loudspeaker located at
0◦ azimuth and 0◦ elevation during the listening tests. A headrest was attached to
the chair to prevent the subjects’ head movements.

3.2.3 Stimuli

White Gaussian noise randomly generated with a 96-kHz sampling rate was utilised
for both the masker noise and target bursts. The masker noise source was a 1600 ms
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(a) (b)

Figure 2: Configuration of target stimuli with the masker. The grey area represents
the masker noise, and the short vertical lines represent the target bursts. (a) Stimuli
with sets of different burst rates: multiple target bursts, comprising 1-ms single
bursts, are randomly distributed within the 300–1300 ms time slot of the masker
noise. (b) Stimuli with different burst duration: a single target burst, 1–30 ms in
duration, is located in a random temporal position within the 300–1300 ms time slot
of the masker noise.

Figure 3: The response interface provided to the subjects. The response scale
ranges from −60◦ to 240◦, and the response anchors are displayed from −30◦ to
210◦ elevation with the interval of 30◦.

long randomly generated white Gaussian noise with 5 ms ramps in their onsets and
offsets, and the masker stimuli consisted of two horizontally spread incoherent white
noises located at ±30◦ azimuth to avoid direct masking in the same loudspeaker.
The target stimuli were configured as the “sets” of one or more noise bursts, of which
the mean burst rates were set to 1, 2, 4, 8, or 16 times per second. The duration of
a single target burst was 1 ms, and 0.05-ms onset/offset ramps were applied to each
burst. The sound pressure level of the masker pair at the listener position was set
to 60 dB SPL, A-weighted, and the SNRs applied to the target stimuli were 6, 10,
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14, and 18 dB (66, 70, 74, 78 dB SPL, A-weighted).

As shown in the stimulus configuration shown in Figure 2, the duration of a “set”
of bursts was at most 1000 ms, presented between 300 ms and 1300 ms of the masker
noise. Thus, when the masker noise was present, a masker-only 300-ms gap was
consistently applied to a stimulus’s start and end. Furthermore, noise bursts were
presented aperiodically with random temporal distribution on the timeline of a burst
set. This aperiodic presentation was intended to simulate the random appearance
of multiple glimpses.

Significantly, the temporal distribution was configured to recognise every individ-
ual burst, preventing any temporal masking between bursts. The distribution of
the bursts was carefully controlled to prevent any single burst from being tempo-
rally attached or overlapped with other bursts, with the minimum gap between the
bursts set to 10 ms, allowing the listeners to hear every 1-ms single target burst.
Correspondingly, the authors selected the maximum burst rate of 16 times/sec dur-
ing pilot tests to secure the perception of temporal “randomness” since burst rates
higher than 16 times/sec caused the temporal distribution to be relatively denser
than necessary, in which multiple bursts were heard as pseudo-periodic rather than
random. Moreover, higher burst rates led the multiple bursts to be perceptually
aggregated. In other words, the maximum burst rate was selected to allow all the
target stimuli to be heard clearly as an aperiodic repetition of multiple bursts.

3.2.4 Test procedure

The target stimuli were presented to the listener with or without the masker noise
during the test. The sound levels of the bursts without the masker noise were
identical to the masked bursts. A pair of incoherent masker noise sources were
presented from the 30◦ and −30◦ azimuth directions in the horizontal plane (θ =
±30◦, φ = 0◦), and the target stimuli were presented from one of seven locations
in the median plane: −30◦, −15◦, 0◦, 15◦, 30◦, 45◦, and 60◦ polar angle. Thus,
the target stimulus had various test conditions, including four SNRs, seven target
locations, five burst rates, and the presence or absence of the masker noise. Since
each stimulus condition was repeated thrice, 840 trials were presented to each subject
in pseudo-random order.

A brief training session was carried out before the main test. In the training session,
subjects were instructed to use a remote tablet device by presenting a random noise
burst at an arbitrary location in the median plane. The response interface displayed
a response dial representing the median plane circle. The dial provided a continuous
response scale, ranging from −60◦ to 240◦ polar angle (see Figure 3).

In the main tests, the task in each trial for the subjects was to press the “PLAY”
button in the response interface to play a stimulus and point the dial in the perceived
elevation of the target stimuli while staring at the centre (0◦ elevation) location in the
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median plane, then proceeded to the next stimulus by pressing the “Next” button.
Since the subjects proceeded with the listening test themselves, they could break and
rest anytime. Subjects were provided with no prior information about the actual
target locations, thus allowing front/back confusion responses (polar angles from
90◦ to 240◦ elevation) to be also recorded. They were asked not to move their head
during the listening tests to prevent localisation improvement from head movement,
which were reported in many studies [e.g. 32, 37, 40].

3.3 Experiment II

The second experiment examined how the burst duration of the target stimuli affects
auditory localisation. The experiment involved conducting a listening test in the
same venue as the first experiment, with the same subjects and apparatus set-ups.

3.3.1 Stimuli

The masker noise utilised in the second experiment was identical to the first experi-
ment. However, for the target stimuli, single noise bursts of different durations were
used in the test. The burst durations applied to the target stimuli were 1 ms, 3 ms,
10 ms, and 30 ms. Each burst was applied with on/offset ramps of 0.05 ms. As shown
in Figure 2, a single noise burst was presented randomly within the 300–1300-ms
timeline of the masker noise. The sound pressure level of the masker and the SNRs
applied to the target stimuli were identical to the first experiment.

3.3.2 Test procedure

Again, the test procedure of the second experiment was identical to the first experi-
ment. The target stimuli were presented to the listener with or without the masker
noise during the test. The pair of masker noise stimuli were presented from the
30◦ and −30◦ azimuth direction in the horizontal plane, and the target stimuli were
presented from one of the seven locations in the median plane (−30◦, −15◦, 0◦, 15◦,
30◦, 45◦, and 60◦ elevation). The stimuli conditions included seven target locations,
four SNRs, four burst durations, and the presence or absence of the masker noise.
By repeating each stimulus condition three times, 672 trials were presented to each
subject in pseudo-random order.
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3.4 Data analyses

Before analysing the results, the front-back reversed responses were distinguished
and removed from the main response data. The responses indicating the perceived
locations from the rear hemifield (polar angles from 90◦ to 240◦ elevation) were
considered to be the front-back reversed responses, and the front-back confusion
rates were separately analysed (see Figure 9). The response data without front-back
reversal were then analysed via 1) the mean values and their confidence intervals,
2) the elevation gains and biases, 3) the signed errors and absolute errors, and 4)
the error rates and front-back confusion rate. These values were obtained for each
test condition, including burst rate, burst duration, burst level, and target locations.
Confidence intervals were derived by applying the 95% confidence level to the means
of the responses or errors.

Through linear regression analyses of the collective response data for each test con-
dition, each subject’s fitted lines were derived to determine the relationship between
the stimulus location and perceived elevation. In the present study, the slope (β)
and bias (α) of a fitted line are referred to as the elevation gain and elevation bias,
respectively, when the fitted line is represented as y = α + βx. The elevation gain
of 1 represents the ideal fit. These terms have been used as an analytical approach
in numerous previous studies [18, 27, 38]. The correlation coefficient (r) and coef-
ficient of determination (R2) were used to statistically analyse the variations and
strength of the elevation gains and biases curves, representing the association be-
tween gains/biases and each stimuli condition, including each subject, burst rate,
burst duration, level, and the presence of a masker.

Error rates were determined by calculating the percentage of perceived elevations
outside the response interval of ±15◦ or ±30◦ from the target locations. Front/back
confusion rates were also derived from the raw response data.

The authors conducted a statistical analysis to determine whether the masker had
a significant effect on responses. They compared the accuracy of responses between
unmasked stimuli and stimuli with the masker using ANOVA (Analysis of Variance)
and corresponding post hoc tests. Response deviation from the target location
(absolute error) was examined for each variable, including burst rate, burst duration,
level, and the presence of the masker.

4 RESULTS

4.1 General response trend

Figure 4 presents the means and their confidence intervals obtained from the re-
sponses of sound stimuli, both with and without noise, at varying burst rates, burst
durations, and burst levels as a function of target locations. Since the masker level
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Figure 4: Mean values and 95% confidence intervals of the response data from both
stimuli with and without the masker as a function of target source locations. The
dots represent the mean values of each burst condition with and without the masker,
respectively. The error bars are the confidence intervals of the means. The diagonal
line represents the ideal fit. Rows a) and b) are the responses to each burst rate
(level pooled) and level (burst rate pooled) for the multiple bursts, respectively.
Rows c) and d) are the responses to each burst duration (level pooled) and level
(duration pooled) for the single bursts.

was 60 dB SPL, the burst levels indicate the SNRs of 6, 10, 14, and 18 dB for the
bursts with the masker. In most conditions, the ‘With Masker’ responses appear to
be upward-biased towards a higher elevation than the ‘Without Masker’ responses.
Moreover, the confidence intervals tend to be wider in the ‘With Masker’ results
than those from the ‘Without Masker’ responses.

The mean responses of multiple-burst conditions show elevated localisation at around
−30◦ to −15◦ and depressed localisation at around 30◦ to 45◦ of source elevation,
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which appear as s-shaped curves. This tendency can also be seen in single-burst con-
ditions, but the curves appear more straight lines than s-shaped curves, for which
the slope gains of the lines tend to be lower than the ideal fit (< 1). Since this
tendency shows a narrower (compressed) degree range of the perceived elevation
compared to the source positions’ actual degree range, this localisation trend can
be referred to as the elevation compression effect.

4.2 Elevation gains and biases

The elevation compression effect and the upward bias of the perceived elevation
were quantified as a stimuli-response relation slope derived from a linear fitting.
The present study designated the fitted line’s slope and bias as the “elevation gain”
and “elevation bias.”

4.2.1 Elevation gains

Figures 5a, b, and c show the elevation gains from each stimulus condition, averaged
over the elevation gains of each individual. The elevation gains from multiple-burst
stimuli(Figure 5a) appear barely systematic, although there is a slight increase as
the burst rate increases. The effect of the masker on elevation gain also appears to
be insignificant. On the other hand, the results with the single-burst stimuli yield
systematic effects both with and without the masker, which are clearly visible in
Figure 5b. The elevation gain increases with the lengthening of the burst duration
for both conditions with and without the masker. Notably, the elevation gains from
stimuli with the masker appear to be generally higher than those from unmasked
stimuli. The elevation gain of the stimuli with the masker increases above the
unmasked bursts’ elevation gain, approaching close to the ideal gain (unity) at 30 ms.

Figure 5c shows the elevation gains as a function of burst level. The masker noise
appears to affect the mean elevation gain as the burst level increases. Whereas
the mean elevation gain of stimuli without the masker decreases slightly as the
level increases, the gain of stimuli with the masker rises above the elevation gain of
unmasked bursts at 66–70 dB (6–10 dB SNR) and then levels off at 70–78 dB (10–
18 dB SNR). In summary, the masker noise tended to improve the elevation gain as
the duration of single-burst stimuli lengthened and the burst level increased.

4.2.2 Elevation biases

Figure 5d, e, and f show the elevation biases for each stimulus condition, averaged
over the elevation biases of each individual. Generally, the stimuli with the masker
show upward-biasing localisation compared to those without the masker, and eleva-
tion bias is barely affected by burst rate and level. However, it is noticeable that the
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Figure 5: Elevation gain and bias from each stimulus condition. (a) The elevation
gains of multiple bursts with and without masker as a function of mean burst rate
between 1 and 16, where responses for each burst level were pooled. (b) The elevation
gains of single bursts with and without masker as a function of burst duration
between 1 ms and 30 ms, where responses for each burst level were pooled. (c) The
elevation gains as a function of burst level with and without masker, where each
condition for both multiple bursts and single bursts were pooled. (d) The elevation
biases of multiple bursts with and without masker as a function of mean burst rate.
(e) The elevation biases of single bursts with and without masker as a function of
burst duration. (f) The elevation biases as a function of burst level with and without
masker, where each condition for both multiple bursts and single bursts were pooled.
The horizontal dotted lines in (a), (b), and (c) represent the ideal gain (unity) and
the dotted lines in (d), (e), and (f) represent the unbiased condition.

15



masking noise significantly affects the single-burst stimuli, as shown in Figure 5e.
While the single-burst stimuli without the masker scarcely yield a systematic ef-
fect on elevation bias by varying the burst duration, the elevation bias with the
masker prominently decreases as the burst duration lengthens, approaching near 0◦

elevation at 30 ms.
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Figure 6: Elevation gain from every subject. (a) The elevation gains of “multiple
bursts without the masker” conditions as a function of mean burst rate between 1
and 16. (b) The “single burst without the masker” conditions as a function of burst
duration between 1 ms and 30 ms. (c) “Multiple bursts with the masker” conditions.
(d) “Single burst with the masker” conditions. The horizontal dotted lines represent
the ideal gain.

4.2.3 Individual variability

As Figure 5 only shows the mean values over the subjects’ elevation gains and bi-
ases, it is necessary to examine the variability between each individual’s results.
Figures 6 and 7 show each subject’s elevation gains and biases, highlighting sig-
nificant diversity. Nevertheless, the overall trends depicted in Figure 5 generally
correspond to the individual curves in specific conditions, such as elevation gains
and biases from single burst stimuli. As the duration of the burst increases, most
of each individual elevation gain increases for both single burst stimuli with and
without the masker. Additionally, most of each individual elevation bias decreases
significantly as the burst duration lengthens for single-burst stimuli with the masker.
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Figure 7: Elevation bias from every subject. (a) The elevation biases of “multiple
bursts without the masker” conditions as a function of mean burst rate between 1
and 16. (b) The “single burst without the masker” conditions as a function of burst
duration between 1 ms and 30 ms. (c) “Multiple bursts with the masker” conditions.
(d) “Single burst with the masker” conditions. The horizontal dotted lines represent
the unbiased condition.

However, without the masker, the burst duration has little effect on each individual
elevation bias.

4.2.4 Statistical analyses

The statistical measures examining the trends displayed in Figure 5, 6, and 7 are
presented in Table 1. Pearson’s correlation coefficients measure the relationship
between elevation gains or biases and the variations in each stimulus condition. The
single-burst stimuli results (Burst Duration) show a moderate correlation between
elevation gains and duration, with or without a masker. However, elevation gains
of multiple-burst stimuli (Burst Rate) have weak correlations with burst rates. For
the correlation with elevation biases, a high correlation between elevation biases
and the duration of stimuli was observed with single-burst stimuli with the masker.
However, all other conditions led to weak correlations with elevation biases.

The R2 coefficient represents the goodness-of-fit measure for the regression models,
which describes the strength of the relations between variations in elevation gains

17



Variable A Variable B Masking Corr. R2 Adj.R2 p value

Elevation
Gain

Burst Rate No 0.085 0.007 0.002 0.231
Yes 0.221 0.049 0.044 0.002

Burst Duration No 0.366 0.134 0.129 <.001
Yes 0.383 0.147 0.141 <.001

Elevation
Bias

Burst Rate No -0.015 0 -0.005 0.832
Yes -0.175 0.031 0.026 0.013

Burst Duration No 0.074 0.005 -0.001 0.356
Yes -0.441 0.195 0.190 <.001

Table 1: Pearson’s correlation coefficient, the coefficient of determination (R2), and
the adjusted R2 values of the elevation gains and biases in each stimuli condition.
Variables A and B show the dependent and independent variables (stimuli condi-
tions), respectively. The cases with p < 0.05 are highlighted in bold characters in
this table and for Tables 2–5

or elevation biases and each independent variable (burst rate and burst duration).
Although R2 coefficients generally show weakness in the measure due to individual
variability, the single-burst stimuli exhibit higher coefficients with elevation gains
and burst duration compared to others. In contrast, the elevation gains obtained
from multiple-burst stimuli were far less consistent. In the elevation bias results, a
relatively higher R2 value was present only for the single-burst stimuli with masker.

4.3 Localisation errors, error and front-back confusion rates

4.3.1 Mean signed differences of localisation errors

Figure 8 shows the mean signed differences (MSD) and their 95% confidence intervals
of the responses as a function of mean burst rates, burst duration, and levels of
each multiple-burst and single-burst stimuli, both with and without the masker.
These figures indicate the variability and dispersion in every test condition. The
mean signed differences generally agree with elevation bias results (Figures 5d, e,
and f) since the mean differences of the stimuli with the masker are more upward-
biased than the unmasked stimuli in all conditions. Specifically, the upward bias
appears more prominently with the multiple-burst stimuli. The signed differences
for the multiple-burst and unmasked single-burst stimuli appeared barely affected
by varying the mean burst rate or duration. However, the mean difference of the
single-burst stimuli with the masker decreases as the burst duration lengthens (see
Figure 8b).

4.3.2 Error rates and front-back confusion rates

The present study assessed the error rates by the responses outside the specific target
ranges, which were ±15◦ and ±30◦ intervals referring from the target locations.
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Figure 8: Mean signed differences and their 95% confidence intervals as a function of
(a) burst rate (level pooled), (b) burst duration (level pooled), (c) level of multiple-
burst stimuli (burst rate pooled), and (d) level of single-burst stimuli (burst duration
pooled), for both conditions with and without the masker. Since the masker level
was 60 dB SPL, the levels of the bursts with the masker indicate the SNRs of 6, 10,
14, and 18 dB.

Figure 9 shows the error rates derived from each target range and the front-back
confusion rates as a function of the mean burst rate/sec, burst duration, burst
levels, and target positions. The ±15◦ (30◦) intervals were determined considering
the interquartile ranges of signed errors, which ranged between 20◦–33◦, and the
±30◦ intervals were added for a more comprehensive acceptance rate. Thus, error
rates outside the ±15◦ and ±30◦ intervals represented the ‘narrow-range’ and ‘wide-
range’ errors in the frontal hemifield, respectively. Front/back confusion rates were
derived from the raw response data, which included all responses.

As seen in Figure 9, the error-rate plots show similar patterns as elevation-gain plots
(Figure 5). Figure 9a shows that the error rates from multiple-burst stimuli appear
barely systematic, although there is a slight decrease as the burst rate increases.
The masker appears to increase the error rates of multiple-burst stimuli. However,
the single-burst stimuli’s error rates decline significantly for both target ranges with
or without the masker as the duration increases (see Figure 9b), resembling the
decreasing pattern shown in Figures 5e and 8b. Furthermore, the error rates are
lower with masked stimuli than unmasked stimuli when duration≥3 ms.
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Figure 9: Error rates and front-back confusion rates as a function of mean burst
rate, burst duration, burst levels, and target locations. The error rates were obtained
from the response rates outside the ±15◦ and ±30◦ intervals centred from the target
locations. The front/back confusion rates were obtained from raw data. (a) and (b):
Error rates of multiple-burst and single-burst stimuli, respectively. (c) Error rates as
a function of burst level from the combined data of multiple-burst and single-burst
stimuli, where burst rates and duration are pooled. (d) Error rates as a function of
the target location from the combined data, where burst rates, duration, and levels
are pooled.

The improvement of localisation accuracy by the masker can also be observed in
Figures 9c and 9d, showing that error rates are lower with masked stimuli than
unmasked stimuli under certain conditions, such as the level of 74–78 dB (14–18 dB
SNR), and 45◦–60◦ elevation in the target location. Notably, as seen in Figure9c,
the error rates of the masked stimuli decrease slightly, whereas those of unmasked
stimuli increase as the stimuli level rises. These results imply that the masker tends
to improve the localisation performance in these specific conditions. Besides, the
front-back confusion rates barely show any significant correlation to the burst rates,
duration, and levels despite the front-back confusion rates of masked stimuli being
about 2–3% higher than the unmasked stimuli in all conditions.
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Figure 10: Mean absolute errors and their 95% confidence intervals as a function of
mean burst rate, burst duration, and burst level for each multiple-burst and single-
burst stimuli. (a) and (b): Absolute errors of multiple-burst and single-burst stimuli,
respectively (stimuli levels are pooled). (c) Error rates as a function of burst level
from multiple-burst stimuli (burst rates are pooled). (d) Error rates as a function
of burst level from single-burst stimuli (burst duration is pooled).

4.3.3 Statistical analyses

To statistically examine the effect of the masker on localisation performance, the
authors compared the responses’ deviations from target locations (absolute errors)
between unmasked stimuli and stimuli with the masker. Figures 10a and c show the
mean absolute errors and their confidence intervals for multiple-burst stimuli as a
function of burst rate and level, and Figures 10b and d show those of single-burst
stimuli as a function of burst length and level. For the multiple-burst stimuli, the
masker led to higher mean absolute errors at all burst rates (see Figure 10a) and
burst levels up to 70 dB (see Figure 10c). However, the absolute errors of single-
burst stimuli (Figure 10b and d) show that the masker caused slightly lower mean
absolute errors for such conditions as 1) duration ≥ 3 ms and 2) level ≥ 70 dB (SNR
≥ 10 dB).

The statistical measures of the difference between the absolute errors were carried
out using ANOVA and corresponding post-hoc tests. The results of absolute errors
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Cases Sum of Squares df Mean of Sqares F p
Rate 9831.417 4 2457.854 7.314 < .001
Level 2057.182 3 685.727 2.041 0.106
Rate x Level 9023.487 12 751.957 2.238 0.008
Masker 9120.679 1 9120.679 27.141 < .001
Rate x Masker 775.178 4 193.794 0.577 0.680
Level x Masker 26754.941 3 8918.314 26.539 < .001
Rate x Level x Masker 2281.623 12 190.135 0.566 0.871
Residuals 2.586× 10+6 7694 336.046

Table 2: ANOVA measures of the difference between absolute errors from multiple-
burst stimuli responses in various conditions. Burst rate, level, and the presence of
a masker are used as variables.

from multiple-burst and single-burst stimuli are shown in Table 2–3 and 4–5, re-
spectively. The significance values (p) of the variables, including the term “Masker,”
show the statistical difference between unmasked stimuli and stimuli with the masker
in various conditions. For the multiple-burst stimuli, no significant difference due to
the masker has been measured in each burst rate (Rate * Masker), but a significant
difference from the masker is found in the “Level * Masker” case. The correspond-
ing post-hoc tests for the “Level * Masker” case (Table 3) found that, with the
burst level of 66 dB, the masker significantly increased the absolute error but had
no significant effect for the stimuli of higher levels, as apparent in Figures 10c.

Level Mean Difference SE t p
66 dB −8.434 0.835 −10.106 < .001
70 dB −1.455 0.835 −1.743 0.659
74 dB 0.175 0.831 0.211 1.000
78 dB 1.023 0.836 1.223 0.925

Table 3: Post-hoc test for the Level*Masker case of multiple-burst stimuli. Compar-
isons have been made between the absolute errors of multiple-burst stimulus pairs
with and without a masker at each burst level.

Likewise, the results from the single-burst stimuli indicate no significant difference
due to the masker in each burst duration, despite the apparent effect with duration
≥ 3 ms is shown in Figure 10b. The small sample size of the study (ten subjects)
might result in wide variability in individual responses, potentially leading to limited
statistical power in regression analyses and ANOVA results. However, a significant
difference is found in the “Level * Masker” case for the single-burst stimuli. The
corresponding post-hoc test found a noticeable decrease in absolute error at a burst
level of 78 dB caused by background noise (see Figure 10d and Table 5). This
result suggests that the enhancement in localisation performance due to the masker
becomes evident at 78 dB or higher.
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Cases Sum of Squares df Mean of Squares F p
Duration 39990.571 3 13330.190 51.686 < .001
Level 2242.789 3 747.596 2.899 0.034
Duration x Level 1508.106 9 167.567 0.650 0.755
Masker 1883.581 1 1883.581 7.303 0.007
Duration x Masker 1494.971 3 498.324 1.932 0.122
Level x Masker 5437.478 3 1812.493 7.028 < .001
Duration x Level x Masker 4816.654 9 535.184 2.075 0.028
Residuals 1.620× 10+6 6282 257.908

Table 4: ANOVA measures of the difference between absolute errors from single-
burst stimuli responses in various conditions. Burst duration, level, and the presence
of a masker are used as variables.

Level Mean Difference SE t p
66 dB −1.823 0.801 −2.277 0.307
70 dB 1.163 0.806 1.442 0.837
74 dB 1.761 0.813 2.165 0.373
78 dB 3.270 0.815 4.014 0.002

Table 5: Post-hoc test for the Level*Masker case of single-burst stimuli. Compar-
isons have been made between the absolute errors of single-burst stimulus pairs with
and without a masker at each burst level.

5 DISCUSSION

The present experiment investigated the effect of added broadband noise on the
median plane localisation of short noise bursts. The results for single noise burst
mainly agree with earlier studies on the effects of duration and level of short sounds
on median plane localisation [18, 27, 38]. However, since the influence of added noise
is extensively investigated in this study, the results show some noticeable findings
related to the presence of a broadband masker. The localisation of aperiodic multiple
noise bursts was also examined, but the effect of the average burst rate was barely
systematic. This section discusses the multiple-noise-burst localisation first, and the
findings from the single-noise bursts are discussed in the following parts.

5.1 Localisation of aperiodic repetition of short noise bursts

Multiple occurrences of 1 ms long noise bursts were presented with random temporal
distribution to examine the localisation performance of short sounds in the median
plane. As a result, the average burst rate of aperiodic noise bursts provided little
systematic influence on the elevation gain and bias, as seen in Figure 5 and Table 1.
This result is in conflict with the responses from Hofman and Van Opstal’s ex-
periment [18] conducted with periodic burst-train stimuli, where the elevation gain
increased with the repetition rate (i.e., narrowing the silence gap between bursts).
The stable elevation perception achieved with “periodic” repetition of short bursts
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is likely due to the auditory system accumulating the directional information peri-
odically.

However, the present experiment only resulted in minor decreases in the error rates
by varying the burst rate, as is evident in Figure 9. This difference might be because
1) the burst duration was 1 ms whereas Hofman and Van Opstal (1998) [18] employed
3-ms-long bursts, 2) the noise bursts were aperiodically presented, and 3) the burst
rate was adjusted for the listeners to detect every single burst. Thus, the limited
effect of multiple noise bursts can be initially interpreted as the spectral information
being limited due to the insufficient burst duration of each single burst. Nonetheless,
accumulating the spectrum of short bursts was also deficient for the auditory system
to compensate for the insufficient directional information because of low burst rates
and aperiodic repetition.

In Hofman and Van Opstal’s study, the elevation gain declines significantly to lower
values (0.6–0.7) when the stimuli duration decreases to 40–80 ms. Since the silence
gap at the highest burst rate of 16 (i.e., the minimum average silence gap) in the
present experiment varies from a minimum of 10 ms to a maximum of 115 ms, there
might be a chance that the auditory memory of recent directional information fades
away during the aperiodic burst presentation. Consequently, directly comparing the
present result with Hofman and Van Opstal’s study might be inappropriate, and
treating multiple noise bursts as a random presentation of a single 1 ms burst would
be feasible.

Despite the minor influence of burst rate on the elevation gain and error rate, mean
elevation biases of unmasked multiple-burst stimuli were about 2◦–4◦ lower than for
the unmasked single-burst stimuli (see Figure 5d and e). This result might be a
minor effect observed from the aperiodic “repetition”, where every single burst of
the stimuli was detectable.

5.2 Elevation compression effect

As mentioned earlier, the elevation compression effect refers to the compression of
the perceived elevation range compared to the sources’ actual angle range, and it
manifests itself as elevation gains less than unity. This effect is observed in most test
conditions, as seen in Figures 4 and 5. However, Figure 5b shows rises in elevation
gain with increasing stimulus duration, rising to the mean elevation gain of around
0.7 already with 10-ms stimuli for both masked and unmasked bursts. This finding
supports the neural integration theory suggested by previous studies such as [18] and
[38]. In contrast to our study, Hofman and Van Opstal’s outcome [18] for the stim-
ulus duration securing a stable elevation perception was 80 ms, where the elevation
gain was between 0.6 and 1, whereas our experiment, despite individual variability,
resulted in a much shorter stimulus duration (10 ms) for a stable localisation.

One hypothesis for the elevation compression effect is that the precision in localis-
ing a sound source may be weakened when the sound source is located away from
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the centre. Previous studies have reported that localisation errors and variability
increase as the source location rises in the median plane [8, 28], whose results mostly
agree with the present study’s results.

Besides, in previously mentioned studies, the elevation compression effect was ob-
served with sound stimuli of relatively long durations, considering this phenomenon
as a consistent effect for the median plane localisation. Nevertheless, a few stud-
ies [e.g. 18, 38] show that the elevation gain varies with different durations of sound
stimuli. For example, the elevation decreases by shortening the duration, which
might be associated with the lack of perceived spectral detail due to the short du-
ration of the sound stimulus. This lack of spectral detail could consequently result
in precision weakness. This hypothesis is supported by the auditory analysis of
the macroscopic spectral cues studied by Kim et al. (2022) [21], who report that
the spectral variability of the head-related transfer function (HRTF) ‘envelope’ is
reduced as the elevation rises, which could lead to a reduction in localisation preci-
sion.

Figure 11 shows the difference between HRTF envelopes of adjacent target locations,
where the envelopes are derived by averaging the individual HRTFs in an HRTF
library [5]. These HRTF difference envelopes, namely the difference spectra [21], in-
dicate the macroscopic changes, which lack spectral details, between generic HRTFs
of the median plane locations from 0◦ to 80◦. Thus, spectral variation in these
changes can imply localisation sensitivity between locations. While the upper plots
(0◦–10◦ and 10◦–20◦) show many variations across a broad spectral range, the curve
gradually flattens, excluding a narrow spectral region at 8–10 kHz, as the HRTF
position rises. The plots through 40◦–50◦ to 70◦–80◦ show only slight variability,
indicating that almost negligible macroscopic spectral changes emerge between 40◦

and 80◦ elevation. The variability is even smaller for the locations above 80◦ accord-
ing to Kim et al. (2022) [21]. These difference curves suggest that the localisation
precision weakens as the direction of the target sound source rises from 0◦ to 80◦

elevation.

Considering that these difference spectra are smoothed and thus lack spectral details
such as elevation-dependent spectral notches, short sound bursts perceived with
insufficient spectral detail would also be increasingly mislocalised in the median
plane since the sound source is located away from 0◦ elevation. Sufficient spectral
detail is achieved when the sound stimulus is sustained long enough, thus providing
the listeners with higher localisation accuracy and elevation gain.

5.3 Effect of background noise on elevation bias

The responses of multiple-burst stimuli with the masker appear to be generally
upward biased than unmasked stimuli, as shown in Figures 4 and 5d. One can
hypothesise that upward-biasing localisation can be a discrimination process in the
auditory system due to auditory masking, namely the pushing effect. A few previous
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Figure 11: Difference between macroscopic HRTF envelopes of adjacent target loca-
tions. The adjacent target location angles are marked in the title of each graph. For
example, the difference spectrum titled 0-10◦ is the difference between the HRTF
envelope measured at 10◦ elevation and that measured at 0◦. The HRTF envelope
curves are derived by averaging HRTFs from the HUTUBS library [5].

studies [7, 20] examined the pushing effect on auditory localisation when noise was
presented before the target sound. They suggested that the auditory system first
adapts to the location of a prior noise. A target sound, when presented after a prior
sound, is perceived as being shifted further away from the prior sound’s location to
help improve detecting the latter sound, especially when spectral information of both
sounds coincides. This hypothesis could also be applied to explain the localisation of
the present experiments since background noise lasting at least 300 ms was present
before the target stimulus.

However, the pushing effect cannot explain the upward bias in the target location
below the masker located at φ = 0◦ because stimuli at those locations were pulled
towards the masker. The reason for the upward bias effect due to the masking
is unknown. Still, assuming that the discrimination process in the auditory system
involves more than just shifting the perceived location away from the masker location
is possible. Instead, the upward bias may involve biasing the inner localisation
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coordinate system itself.

The elevation bias due to the single-burst stimuli is noticeable. The biases of the
masked stimuli decrease significantly as the stimulus duration is lengthened (see
Figures 5e and 7d), whereas stimuli without the masker do not correlate much with
the stimulus duration. This decreasing tendency shows a relatively higher correlation
and determination level than other conditions, as seen in Table 1. This phenomenon
implies that elevation bias is effectively reduced by a noise masker while the duration
of the stimulus is lengthened, especially when a spectrally similar masker is presented
before the target stimuli.

5.4 Effects of background noise on localisation performance with different
sound levels

Figure 5c shows mean elevation gain as a function of sound pressure level. The
elevation gain from unmasked bursts declines consistently from 66 dB to 78 dB SPL
with both multiple-burst and single-burst stimuli. The decreasing trend of elevation
gain agrees with the results obtained by Vilegan and Van Opstal (2004) [38], where
the elevation gain gradually declines above 55–65 dB SPL. Likewise, the error rates
for the unmasked bursts also show an increasing trend with increasing levels (see
Figure 8). However, these results only partly agree with the negative level effect
found in [17], where the error rate abruptly rises from 80 dB SPL and above. A
negative level effect seems to occur even at lower sound levels in the present study,
since the moderate increase in error rate is seen in unmasked bursts ranging from
66 dB to 78 dB SPL. Still, this moderate increase below 80 dB is also apparent in
Hartmann and Rakerd’s study [17].

On the contrary, the mean elevation gain curve for masked bursts shows an in-
creasing trend. The gain rises from 66 dB to 70 dB (6 dB to 10 dB SNR) and levels
off from 70 dB to 78 dB (10 dB to 18 dB SNR). This pattern is similar to the re-
sult in Macpherson and Middlebrooks (2000) [27] presented with background noise.
Moreover, the mean elevation gains of masked bursts rise even higher than those of
unmasked bursts from around 70 dB (10 dB SNR), as evident in Figure 5c. Masking
appears to lessen the negative level effect and further enhance localisation per-
formance. The effects of the masker noise observed in the present study agree
with the peripheral adaptation theory presented by Macpherson and Middlebrooks
(2000) [27], suggesting that a masker helps the auditory system to pre-adapt to a
high-level stimulus within 10–20 dB SNR, thus improving the localisation perfor-
mance.

The effect of masking on the elevation gain and error rate of single-burst stimuli
is noteworthy. The specific conditions where the improvement of elevation gain is
statistically significant are found to be SNR≥ 18 dB (≥ 78 dB), as seen in Figure 10
and Table 5. The improved localisation performance in this condition is also revealed
in the error rates. The masking noise reduced error rates by 3.7% in the ‘wide range’
and 2.4% in the ‘narrow range.’ errors.
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5.5 Influence of implicit factors and prior belief

Besides the hypotheses discussed in this study, it is worth noting that a group of
studies have supported the elevation compression effect through the use of Bayesian
inference, which incorporates directional features and prior beliefs to estimate audi-
tory localisation [e.g., 2, 12, 19]. Listeners’ prior beliefs indicate their accumulated
experience and knowledge of the environment, such as their long-term exposure to
directional information in everyday life. Since the directions of sound sources are
perceived inequitably, incorporating prior beliefs into the distribution of perceived
directional information would reveal biases in auditory localisation.

For example, Hofman and Van Opstal (2002) [19] reported “compression” in the
response elevation range between −30◦ and 30◦, Barumerli et al. (2023) [2] found
elevation responses biased toward the horizontal plane, and Ege et al. (2018) [12]
reported increasing precision (lower response variability) in the localisation of the
frontal area at the cost of a decrease in accuracy (elevation gain). Therefore, it is
essential to take into account that the study’s finding of a bias towards the frontal
direction in localisation could be affected by various factors such as the influence of
the oculomotor range (the range of human eyesight), the spatial distribution statis-
tics of sound sources in the environment [31], or the listeners’ previous knowledge
and post-experience about the test conditions, such as perceived target range [11].

6 CONCLUSION

Auditory localisation of short broadband noise burst(s) was examined in the median
plane with and without spectrally similar masking noise. The noise burst comprised
multiple bursts lasting 1 ms, aperiodically repeated with an average burst rate be-
tween 1 and 16 times per second, and single-burst stimuli of duration between 1 ms
and 30 ms. They were presented with (and without) incoherent spectrally similar
masker noises generated at ±30◦ azimuth in the horizontal plane. Localisation per-
formance was investigated for different average burst rates, burst duration, sound
levels (SNRs between 6 dB and 18 dB), the presence of the masker on the elevation
gain, elevation bias, signed and absolute errors, and error rate. The results are
summarised below.

1. The localisation of aperiodically repeated multiple-burst stimuli was found
to have a weak systematic effect on the elevation gain and bias. Likewise,
an increase in burst rate led to a minor decrease in the localisation error
rate. When background noise was added, the responses appeared more upward
biased than unmasked stimuli and showed higher absolute errors and error
rates than unmasked stimuli for all burst rates.
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2. The elevation compression effect is observed in most test conditions for single-
burst stimuli, represented by lower elevation gain than unity. The mean eleva-
tion gain increased as the stimulus duration increased, which reached around
0.7 already with a 10-ms-long stimulus with or without background noise.

3. The mean elevation bias of single-burst stimuli with background noise was
higher than unmasked stimuli at burst durations of 1–3 ms. However, the
elevation bias decreased significantly as the stimulus duration was lengthened.
Despite individual variability, the elevation bias for single-burst stimuli with
the masker correlated moderately with the burst duration.

4. The gain and bias curves exhibited substantial individual variability. Nonethe-
less, the individual gain and bias curves for single-burst stimuli generally cor-
responded to the mean curves.

5. The error rate of single-burst stimuli declined significantly as the stimulus du-
ration increased. In certain conditions where the duration was at least 3 ms,
error rates were lower for stimuli with background noise than unmasked stim-
uli. This result suggests that added noise can improve localisation performance
in this specific condition.

6. For unmasked stimuli, the mean elevation gain decreased gradually, and the er-
ror rates increased with increasing the sound level. However, with background
noise, the elevation gain curves showed an increasing trend, and the error rates
appeared to decrease as the sound level increased. The mean elevation gains
for stimuli with noise appeared even higher than those for unmasked stimuli
from around 70 dB (10 dB SNR). Accordingly, the background noise tended
to restrain the deterioration of localisation at high sound levels and further
improve localisation performance.

7. The absolute errors between stimuli with and without a masker showed no
statistically significant difference from multiple-burst stimuli at each burst
rate and from single-burst stimuli at each burst duration. However, when the
signal-to-noise ratio in single-burst stimuli was at least 18 dB, the background
noise caused a statistically significant reduction in the mean absolute error.
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A Responses for every condition

Figures 12 and 13 show violin plots as a function of source direction, displaying
response data for every test condition, including average burst rate (Figure 12),
burst duration (Figure 13), sound pressure level, and the masker noise’s presence or
absence.

Figure 12: The violin plot as a function of source location for multiple-burst stimuli.
The left-side plots indicate the responses to unmasked stimuli, and the right-side
plots indicate the responses to masked stimuli. The straight line presents the ideal
stimulus-response relation.
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Figure 13: The violin plot as a function of source location for single-burst stimuli.
The left-side plots indicate the responses to unmasked stimuli, and the right-side
plots indicate the responses to masked stimuli. The straight line presents the ideal
stimulus-response relation.
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B Elevation gains and biases from each stimulus condition.

Figures 14 and 15 show elevation gains for each burst level as a function of burst
rate and elevation biases for each burst level as a function of burst duration, with
and without the masker.
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Figure 14: Elevation gain from each stimulus condition. (a) The elevation gains
of “multiple bursts without the masker” conditions as a function of mean burst
rate between 1 and 16. (b) The “single burst without the masker” conditions as a
function of burst duration between 1 ms and 30 ms. (c) “Multiple bursts with the
masker” conditions. (d) “Single burst with the masker” conditions. The horizontal
dotted lines represent the ideal gain (unity).
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Elevation Bias
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(c) Multiple Bursts with Masker
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Figure 15: Elevation bias from each stimulus condition. (a) The elevation biases
of “multiple bursts without the masker” conditions as a function of mean burst
rate between 1 and 16. (b) The “single burst without the masker” conditions as a
function of burst duration between 1 ms and 30 ms. (c) “Multiple bursts with the
masker” conditions. (d) “Single burst with the masker” conditions. The horizontal
dotted lines represent the unbiased condition.
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