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When a sound source off the midline is located close to the head, the interaural level difference changes
dramatically with distance. Although distance discrimination thresholds for frontal sound sources have
been comprehensively studied, the thresholds for real lateral sound sources in the proximal region have
rarely been explored. The present study measured distance discrimination thresholds via a loudspeaker
located at different distances and directions, both with fixed-emission and normalized intensities refer-
ring to the head center, to confirm the contribution of near-field binaural cues in a quantitative manner.
The results demonstrated that the sound level is the main cue for distance discrimination, and binaural
cues promote the ability to perceive differences in sound distances for lateral sources located at 0.5 m
from the head center. The thresholds for lateral sources were significantly lower than those for sources
in the median plane, both with and without level cues. However, when the sound sources were located at
a distance of 1.0 m, the promotion of lateral thresholds was not significant. This study provides plausible
just-noticeable differences for distance discrimination at various directions and distances from the head.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Spatial hearing is an essential function of the human auditory
system, enabling people to avoid unseen dangers and promoting
the extraction of sound information (e.g., speech) from noise [1].
Spatial cues are also known to make sounds more realistic [2]
and externalized [3], which is why state-of-the-art sound repro-
duction systems focus on representing spatial reality [4]. More-
over, exploring human spatial hearing could facilitate the design
of better sound reproduction systems [5] as well as robotic local-
ization systems [6].

Sound source localization involves the perception of two
aspects of sound: its direction and its distance. Considerable
research has focused on the directional localization of sound in
the horizontal and median planes [7]. Studies have revealed that
humans can perceive sound directions in a quite precise way; for
example, the minimum audible angle in the horizontal plane can
be as low as one degree for front sound sources [8].
In contrast, auditory distance perception (ADP) has received rel-
atively little attention and distance discrimination thresholds are
largely unknown. This lack of research may be because ADP is
much fuzzier and complicated [9]. In particular, people struggle
to estimate the distance of a sound source, and salient errors in
sound distance estimation are commonly seen in distance localiza-
tion experiments [10]. Generally, there is a tendency to overesti-
mate the distance of nearby sources [11] and underestimate that
of distant sources (i.e., acoustic horizon) [12]. The mechanism of
ADP is also complex and susceptible to non-acoustic factors. Previ-
ous research has suggested that the localization of sound sources is
a cross-modal procedure involving both vision [13] and our sense
of motion [14]. For instance, Etchemendy et al. [15] showed that
the acoustic horizon is significantly diminished when using a
visual-assisted report mechanism in localization experiments.

1.1. Distance localization cues

It has been well-documented that the following distance local-
ization cues are associated with distance perception:

(i) Binaural cues. Binaural cues include the interaural level dif-
ference (ILD) introduced by the head-shadow effect (i.e., the
blocking of sound propagation by the head) and the interaural
time difference (ITD) induced by the acoustic path difference
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between the two ears. The analysis of near-field head-related
transfer functions (HRTFs) revealed that ITD is almost indepen-
dent of distance, but ILD varies with the distance to a near-field
sound source (61.0 m) [16,17]. The HRTF magnitudes for both
ears and the corresponding ILDs for various distances and azi-
muths are presented in Fig. 1. The near-field HRTFs were mea-
sured using the KEMAR manikin with the procedure proposed
in previous work [18]. Note that HRTFs are normalized using
the magnitude at the head center, which removes 1=r
distance-related (referenced to the head center) level cues [4].
A comparison between levels with the 1=r distance-related fac-
tor removed and retained is shown in Fig. 1 (f) and Fig. 1 (g). For
the front sound source [see Fig. 1 (a) and Fig. 1 (b)], the magni-
tude of the HRTFs only varies with distance in the high-
frequency range due to the HRTF parallax. For lateral sound
sources [see Fig. 1 (c) and Fig. 1 (d)], the magnitude of the HRTF
decreases with distance in the ipsilateral ear. In contrast, the
HRTF magnitude increases with distance in the contralateral
ear. These opposite changes between the two ears lead to vari-
ations in ILD with distance [see Fig. 1 (d)]. One of the reasons for
the opposite trends with distance in the two ears is that the
paths from the sound source to the head center and the two
ears differ. When the sound source is located in the proximal
region, the distance ratio of the head center and ear deviates
from 1 dramatically, especially for lateral sources. The variation
of ILD in the near field is much larger than the just-noticeable
difference (JND). Some studies have demonstrated that the
accuracy of distance estimation is higher for sources located lat-
erally than for those in the median plane [19,20]. In particular,
Kopco et al. (2012) [21] observed ADP-related electrophysiolog-
��

1. Comparison of magnitudes and ILDs of near-field measurement KEMAR HRTFs. Su
ectively. Subfigures (c) and (d) show the HRTFs of the left and right ears in the 90� a
h the magnitude at the head center. Subfigure (e) plots the ILDs under 3 kHz in the a
er ILDs were obtained through interpolation. Subfigures (f) and (g) present the overa
figure (e)] under fixed and normalized stimuli conditions, respectively. Subfigure (
nuation with distance to HRTF levels.
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ical activities produced by binaural cues in auditory cortex
areas.
(ii) Level cues. The level of sound, which varies in inverse pro-
portion to the sound source distance (i.e., 1=r law for a point
source in the free field), is a dominant cue [9,22]. The received
level of sound depends on the distance and the intensity of the
source itself. Hence, the level cue is a relative cue for distance
localization. When the sound source is located in the far field,
the difference in the sound source distance to the head center
and to the ears is negligible. However, the difference could be
non-negligible when the sound source is located in the near
field [see Fig. 1]. In the present study, we used the head center
as the reference point for the distance of the sound source,
because the difference comes from the binaural structure of
the human body and the reference point is in line with the
HRTF.

Other cues contribute to distance localization in the free field,
such as spectral cues [23]. In the reverberation space, the direct-
to-reverberant ratio (DRR) is an essential cue for distance localiza-
tion [9]. Additionally, the ADP relies on dynamic cues such as the
Doppler frequency shift [24], acoustic tau [25], and motion parallax
[26].

1.2. Psychoacoustic experiment using lateral sound sources

Among the abovementioned ADP localization cues, binaural
cues have been extensively studied for several decades [27], and
some psychoacoustic experiments have been conducted to validate
their contribution to ADP. It is widely assumed that distance local-
bfigures (a) and (b) illustrate the HRTFs of the left and right ears in the 0� azimuth,
zimuth, respectively. HRTFs presented in four subfigures (a) to (d) were normalized
zimuth 0�, 45�, 90�, 135� and 180�. The circles indicate ILDs calculated with HRTFs;
ll received levels of the right ears at different distances and azimuths [the same as
f) presents the HRTF level directly, while subfigure (g) compensates the 1=r level
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ization for lateral sound sources can be improved with binaural
cues, especially in the proximal region where ILD changes
dramatically.

To clarify the contribution of binaural cues to distance localiza-
tion, two paradigms of distance localization have been adopted in
experiments: (i) absolute distance localization and (ii) relative dis-
tance discrimination. The former requires subjects to estimate and
report the distance of sound exactly, whereas the latter asks sub-
jects to compare several stimuli and judge their relative distance.

The absolute distance localization paradigm is a direct way to
determine whether certain cues help with distance localization,
but large within-group variations were often recorded during such
experiments since no reference was provided to the subjects. For
instance, in the study of Brungart et al. (1999) [20], the average dis-
tance estimation error was 30–40% across different sound direc-
tions. This study also implied that the average slope between the
estimated and actual distances was approximately 0.39, which is
far lower than 1 (exact estimation) [28].

In terms of relative distance discrimination tasks, the discrimi-
nation thresholds are commonly measured through two methods,
namely, the method of constant stimuli [21] and the adaptive
method [29]. The former is more reliable, but takes a long time,
while the latter can measure the threshold quickly.

Because ADP is largely dominated by the level of sound sources
varying with distance, different methods have been utilized to iso-
late the impact of distance-related level cues. One method involves
normalization of the level by compensating the 1=r attenuation
[30]. Other studies have used loudness rather than the overall level
to conduct the normalization [31]. When the sound source is
located in the near field, these normalization methods cannot
ensure that the received levels at both ears do not change with dis-
tance. For example, the HRTF levels shown in Fig. 1 (g) can be
deemed as the received levels normalized by a factor of 1=r (with
reference to the head center). The received level still changes with
distance when the sound source is located within 0.5 m. Some
studies randomly rove the level of sound in a small range to pre-
vent participants from judging the distance using the sound level
[20].

Despite a considerable number of distance localization experi-
ments being conducted, two issues remain to be solved: (i) the
JND thresholds for lateral sound sources measured with real sound
sources in an anechoic chamber, which are intrinsically important
for understanding the distance localization ability, are absent; and
(ii) psychoacoustic experiments conducted by different researchers
have obtained contradictory results regarding lateral distance
localization.

For the first issue, Kopco et al. (2012) [21] measured the accu-
racy of distance discrimination of lateral stimuli at various dis-
tances with the interference of reverberation. Spagnol et al.
(2017b) [30] measured the accuracy of distance discrimination,
but did not consider the JND thresholds. In the research of Spagnol
et al. (2017a) [29] and Spagnol et al. (2015) [32], the thresholds of
lateral distance discrimination were measured by synthesizing a
virtual sound via the distance variation function method. However,
the lateral distance discrimination thresholds have not yet been
determined using real sound sources.

Regarding the second issue, some studies support the assertion
that near-field binaural cues promote lateral distance localization.
An experiment conducted by Holt and Thurlow (1969) [33] indi-
cated that subjects were capable of discriminating the distances
of lateral sound sources, even when the sound level was normal-
ized. In the absolute localization experiments of Brungart et al.
(1999) [20] and Brungart (1999a) [19], subjects performed better
with lateral sources than with medial sources. Kan et al. (2009)
[34] contrasted the ADP performance under binaural synthesis
with and without synthesized near-field ILD changes, and found
3

that the accuracy of ADP was enhanced for a source located
40 cm away when near-field ILD changes were included.

In contrast, several studies have found that binaural cues are
not strong enough to promote distance perception. In the study
of Spagnol et al. (2017b) [30], who used a similar model as Kan
et al. (2009) [34] in a relative distance localization experiment,
no significant enhancement in distance perception was observed
when using lateral sources. In the relative distance discrimination
experiment conducted by Arend et al. (2021) [31], subjects could
barely discriminate the distance in the absence of intensity cues,
as the accuracy for all source directions was below the level of
chance (i.e., 50% in that study). In another absolute distance local-
ization study reported by Shinn-Cunningham et al. (2000) [35], the
accuracy of distance localization for both monaural and binaural
conditions was below the chance level. Moreover, Simpson and
Stanton (1973) [36] and Arend et al. (2021) [31] found that sub-
jects could not utilize binaural cues to promote the accuracy of dis-
tance localization by moving their heads.
1.3. Aim of present study

The present study aimed to measure the JND thresholds of lat-
eral sound sources in proximal regions with real sound sources.
Using these thresholds, the different contributions of binaural cues
and 1=r distance-related level cues could then be interpreted quan-
titatively. The distance reference point was set in the head center,
which is in line with the common definition of HRTFs [37]. Accord-
ingly, the distance-related level variation was normalized by a fac-
tor of 1=r. There remains a change of level after normalization,
hence this study did not distinguish the contributions of the abso-
lute received level and ILD cues. This consideration is specific to
the current fashion of distance rendering of the statical virtual
sound sources, hence the results may contribute to the under-
standing and the improvement of distance rendering.

A real sound source was used to ensure the fidelity of binaural
cues, especially for extremely close sound sources. We did not use
virtual sound sources because there are technical difficulties in
recording individual HRTFs in the near field (61.0 m), as the
near-field HRTFs are strongly affected by the receiving position,
and so large errors can be induced if the subjects move their heads
during the measurement process [34,18]. Additionally, the
degraded fidelity of virtual reproductions of proximal sound
sources may further degrade the accuracy of distance localization
[38].

The discrimination thresholds of distance under different condi-
tions were measured using the adaptive method. Sound sources
from different directions were considered in the experiments,
given that binaural cues are only available for lateral sound
sources. To provide further evidence of the effects of binaural cues
alone, i.e., confirm whether binaural cues can be used by the audi-
tory system when other stronger cues exist, the experiments con-
sidered both fixed and normalized sound levels [see Fig. 1(f) and
Fig. 1(g)]. As both level cues and binaural cues may contribute dif-
ferently at different distances, the thresholds were measured in
two distance regions (less than 0.5 m and between 0.5 m and
1.0 m).
2. Methods

Experiments were conducted to determine the thresholds of
sound distance discrimination. To avoid the distribution of rever-
beration and other non-acoustic cues from being used by the sub-
jects, the experiments were performed in an anechoic chamber
(background noise below �12.1 dBA) and the subjects were blind-
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folded during the entire period of the tests. The subjects’ heads
were fixed using a headrest during the experiment.
2.1. Subjects

Eight otologically normal subjects (four male, four female, aged
23–41 years, mean age 29 years, standard deviation 6 years) partic-
ipated in the experiments. All subjects were recruited from the
South China University of Technology. Some of them had prior
exposure to psychoacoustic experiments, but none of them had
previously participated in distance discrimination tests. For each
subject, the experiment took about four hours over two days; the
whole experimental process was finished in five days. Subjects
were remunerated for their time.
2.2. Apparatus and stimuli

Previous studies commonly placed a loudspeaker on a rail and
moved it manually [39,20]. However, manual devices make it dif-
ficult and time-consuming to carry out complicated experiments,
especially for adaptive tests in which the position of the sound
source is relevant to the result of previous trials. To overcome
the inconvenience of a hand-moved loudspeaker system, a custom
electric test platform was designed as follows.

Fig. 2 shows the apparatus and environment of the experiment.
To control the location of the loudspeaker and the time interval
precisely, the loudspeaker (Mission M30i) was mounted on an
electric slide, which was driven by a two-phase stepper
(57BYGH75) rather than being pushed manually. Both the location
of the loudspeaker and the stimuli were manipulated by a com-
puter. The maximum movement speed was 500 mm/s and the
accumulated error was no more than 0.1 mm. Thus, the loud-
speaker movement did not last more than 1.2 s during each test,
given that the greatest distance of travel was 600 mm. The bound-
ary of the slide was placed about 0.2 m from the edge of the head.
��

Fig. 2. Facilities and procedure of the experiment. The upper sub-figure presents the te
instance of the threshold measurement procedure when dr = 0.5 m..
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The mechanical system was fixed on a stable aluminum bracket
and covered with sound-absorbing cotton to diminish the reflec-
tions and movement noise of the electric slide. For each subject,
the height of the ears was adjusted to be the same as the height
of the center of the loudspeaker (1.3 m). In the central position
of the head, the noise of speaker movement was less than 35
dBA (measured when no subject was present), and subjects
reported that they could not judge the direction of movement from
the movement noise.

In terms of the audio stream, an amplifier (ARCAM A65) cas-
caded with an external sound card (RME Fireface UC, sampling rate
= 44.1 kHz) was used to drive the speaker. Broadband pink noise of
1 s duration with a 20 ms ramp-on and -off was used as the stim-
ulus in the experiment.

Two categories of stimuli, i.e., normalized- and fixed-level stim-
uli, were used in the experiment. The normalized-level stimuli (de-
noted as normalized stimuli hereafter) had their levels normalized
by a factor of 1=r, so that the sound levels of sources at different
distances were constant (75 dBA) in the central position of the
head (measured when no subject was present) [26,30]. In contrast,
the fixed-level stimuli (denoted fixed stimuli hereafter) were
played at a fixed power (75 dBA for the source at 1 m from the cen-
ter of the head), and so the level ascended naturally as the distance
to the sound source decreased.
2.3. Procedures

Before being formally tested, each subject performed a brief
training procedure consisting of several trials with feedback so that
they could familiarize themselves with the task and the stimuli. No
feedback was supplied to the subjects in the formal test.

In the formal test, each subject performed threshold measure-
ment under a total of 20 conditions (2 reference distances � 5
sound azimuths � 2 stimulus types). The order of the test blocks
was randomized across subjects. Two reference distances of
st platform and environment used in this study. The lower sub-figure illustrates an
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0.5 m and 1.0 mwere considered in the experiment. Five azimuthal
directions in the right plane were incorporated (i.e., 0�, 45�, 90�,
135�, and 180�, wherein 0� and 90� refer to the front and right,
respectively). The thresholds at different azimuths were measured
by altering the orientation of the subjects. The two stimulus types
refer to the normalized and fixed stimuli.

Fig. 2 depicts the procedure of a specific test block in the formal
test. During each test block, a pair of stimuli were played at two
different distances with a 2-s interval (i.e., reference and test dis-
tance, denoted by dr and dt , respectively). The loudspeaker was
moved to the midpoint of dr and dt in advance to shorten its travel
distance.

In terms of the paired stimuli, the reference and test distance
were ordered at random. The reference distance was consistent
throughout a whole block, i.e., 0.5 m or 1.0 m depending on the test
condition. The test distance was adjusted according to the response
of the present subject in the previous trial during the test. Note
that the test distance was always less than the reference distance.

After the paired stimuli had been played, a two-alternative
forced-choice task was assigned to the subjects. Specifically, the
subjects were instructed to report verbally which stimulus was
closer to them, i.e., the first one or the second one. There was no
time limit for subjects to give their answer.

To determine the distance discrimination threshold, a 2-down-
1-up adaptive procedure was implemented. This method con-
verges to the threshold with a 70.7% probability of a positive
response [40]. The initial dt in the first trial for each test block
was 30% less than dr (i.e., 0.35 m when dr was equal to 0.5 m
and 0.7 m when dr was equal to 1.0 m) when the sound was
located at azimuths of 0�, 45�, 90�, and 135�. A larger initial dt ,
i.e., 40% less than dr , was set for the rear sound source (azimuth
of 180�), because a pilot experiment revealed that distance dis-
crimination was worse when the source was located to the rear
[17]. For subsequent trials, the sound source was moved farther
from or closer to the reference distance in steps of 1% (proportion
of the reference distance) when the subject made an incorrect
judgment or two successive correct judgments, respectively.
Before the first incorrect judgment, the step size was set to 3%
rather than 1% to reduce the duration of the experiment. The adap-
tive procedure terminated after 12 reversals (a reversal refers to a
shift from an increment to a decrement of dt , or vice versa). The
average distance of the last five reversals (denoted by d0

t) was
Fig. 3. Threshold results dt 0 (in cm) for 70.7% correct performance of eight subjects. Red a
The dashed lines in the blue region and the solid lines in the white region represent thr
distances are highlighted by black solid lines.
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determined as the threshold distance. The deviation between this
distance and the reference distance can be regarded as the JND
for the 70.7% correct performance.

3. Results

3.1. Overview

In total, 160 thresholds (8 subjects� 20 conditions) were
obtained. The distance thresholds are presented in Fig. 3 for sub-
jects S1–S8. With the 1.0 m reference distance, the blue markers
(i.e., fixed sound sources) are closer to the reference distance than
the red markers (i.e., normalized sources). This means that the sub-
jects were more sensitive to differences in the distance when the
sound level cues were preserved. A similar phenomenon can be
observed for the 0.5 m reference distance, although the deviation
between the two types of stimuli was more subtle in this case.

Given that the sensitivity of ADP to distance changes is roughly
constant with a fixed distance ratio [21], the JND threshold was
calculated as follows:

JNDr ¼
dr � d0

t

dr
; ð1Þ

where JNDr denotes the distance discrimination threshold of refer-
ence distance r; this is referred to as the ‘threshold’ in the remain-
der of this paper. The average JND for stimuli with and without
levels were 11.7% (standard deviation, SD = 6.0%) and 24.8% (SD
= 11.4%) for the 0.5 m reference distance and 5.9% (SD = 2.6%)
and 28.3% (SD = 8.0%) for the 1.0 m reference distance. Further-
more, for the 0.5 m reference distance, the JND thresholds of the
two types of stimuli were fairly similar for a lateral source, except
for subjects S7 and S8. Unexpectedly, in two instances, subjects per-
formed slightly better with the normalized sound level—S5 under
the 45� condition and S3 under the 90� condition. These results
might indicate that level cues are less important for discriminating
distance differences of laterally proximal sources within 0.5 m.

3.2. Statistical analysis of JND results

Fig. 3 and Fig. 4 (b) show the average JNDs across subjects
obtained with fixed (i.e., with the level cue) and normalized (i.e.,
without the level cue) stimuli, respectively. These figures intu-
nd blue markers represent thresholds of normalized and fixed stimuli, respectively.
esholds under the 0.5 m and 1.0 m reference distances, respectively. The reference



Fig. 4. Across-subject average JNDs under (a) fixed stimuli and (b) normalized
stimuli condition. The bars and vertical lines illustrate the average JNDs and
corresponding standard deviations across the eight subjects, respectively.
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itively illustrate two points: (i) normalizing the level of the stimu-
lus induced a clear declination in the distance discrimination abil-
ity and a dramatic fluctuation among subjects—SDs across all
conditions under normalized and fixed stimuli were 9.9 and 5.4,
respectively; (ii) under both normalized and fixed stimuli, subjects
performed better for the lateral sound sources compared with
those located in the median plane. Compared with a frontal source,
a lateral source at 90� (reference distance of 0.5 m) reduced the
average JNDs from 11.2% (SD = 4.5) to 7.5% (SD = 1.5) and from
31.5% (SD = 12.0) to 16.4% (SD = 9.1) in the fixed and normalized
cases, respectively.

The JNDs of each condition conformed to a normal distribution
according to the Anderson–Darling test. A three-way repeated-
measures analysis of variance (rmANOVA) was performed on the
JNDs to uncover the effects and interactions of the three within-
subject factors, i.e., reference distance, source azimuth, and stimu-
lus type. The Geisser–Greenhouse correction was applied to correct
the violation of the sphericity assumption. The rmANOVA results
presented in Table 1 indicate that the direction
[Fð4;28Þ ¼ 12:97; p ¼ 0:0003] and type of stimulus
[Fð1;28Þ ¼ 551:3; p ¼ 0:0002] significantly affected the JND,
whereas the reference distance did not have a significant effect
[Fð1;28Þ ¼ 0:49; p ¼ 0:41]. The level cue of sound accounted for
55.6% of the total variation (p ¼ 0:0002), making it the main factor
in determining the JNDs. The binaural cue, which can be inter-
preted from the difference among performance across various ori-
entations of the sound source, contributed 9.3% of the total
variation (p ¼ 0:0003). Furthermore, the rmANOVA results indi-
cated that both the reference distance �source azimuth
[Fð4;28Þ ¼ 3:23; p ¼ 0:027] and reference distance �stimulus type
[Fð1;28Þ ¼ 9:64; p ¼ 0:041] were significant interactions. The
three-way interaction was not significant. Note that the homo-
geneity of variances was not fulfilled, so the statistical results of
three-way rmANOVA may be biased. Thus, the detailed two-way
rmANOVA analyses were conducted as follows.
Table 1
Results of three-way ANOVA analysis.

Factor Var (%) SS df F p

Reference Distance (RD) 0.22 51.2 1 0.49 .409
Stimulus Azimuth (SA) 9.28*** 2113 4 12.97 <.001***
Stimulus Type (ST) 55.62*** 12671 1 551.3 <.001***
RD� SA 1.56* 354.7 4 3.29 .027*
RD� ST 3.81* 868.8 1 9.64 .042*
SA� ST 1.43 325.6 4 1.84 .149
RD� SA� ST 1.00 228.0 4 2.43 .150

Error 655.9 28

Caps * and *** indicate significance levels of 0.05 and 0.001, respectively.
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A two-way rmANOVA (reference distance and source azimuth)
was conducted on the JNDs of two types of stimulus types sepa-
rately. Only for fixed-level stimuli, the reference distance had a sig-
nificant main effect on the JNDs [Fð1;28Þ ¼ 48:44; p ¼ 0:0002]. For
normalized stimuli, the reference distance made no significant dif-
ference. The azimuth of the sound source influenced the JNDs sig-
nificantly with both the fixed sound [Fð4;28Þ ¼ 11:04; p ¼ 0:0028]
and the normalized sound [Fð4;28Þ ¼ 6:68; p ¼ 0:0063]. These
results revealed that the azimuth factor contributed to the JNDs.
Additionally, a significant interaction effect for the reference dis-
tance �azimuth was only found for the fixed-level stimuli. Specif-
ically, according to a Tukey posthoc multiple comparisons for
fixed-level stimuli, the subjects performed worse with the 0.5 m
reference distance than with the 1.0 m reference distance when
the sound source was located at 135� (p ¼ 0:010) and 180�
(p ¼ 0:009). These results are counterintuitive, because the level
of sound forms a constant ratio with distance (i.e., it obeys the
1=r law), and thus provides an invariable physical cue.

Next, a two-way (reference distance and stimuli type) rm
ANOVA was applied to the JNDs of the five azimuths separately
and corresponding posthoc tests were implemented. For all azi-
muths, the stimuli type has a significant effect on the JNDs. For azi-
muths of 90�, 135�, and 180�, the stimuli type � reference distance
has a significant interaction effect. The JNDs of the fixed stimuli
were significantly lower than those of the normalized stimuli in
almost all conditions. However, there was no significant difference
between the two types of stimuli when the sound is located in 90�
azimuths at 0.5 m reference distance.

Since an interaction effect was found, a one-way (source azi-
muth) rmANOVA and multiple comparisons were applied to all
four combined conditions, i.e., 2 reference distances � 2 stimulus
types, to compare the JNDs of different azimuths The results indi-
cated that, with a reference distance of 0.5 m, there was a signifi-
cant difference among azimuths under both the normalized stimuli
[Fð4;28Þ ¼ 8:73; p ¼ 0:0043] and the fixed stimuli
[Fð4;28Þ ¼ 7:24; p ¼ 0:0048]. Post-hoc multiple comparisons indi-
cated that 45� versus 180� (p ¼ 0:006), 90� versus 180�
(p ¼ 0:012), and 135� versus 180� (p ¼ 0:028) had significant JND
diversities under the 0.5 m reference distance with the fixed stim-
uli. For the normalized stimuli, there was a significant difference
between 0� and 90� (p ¼ 0:036) under the 0.5 m reference distance.
Although 0� and 45�, 180� and 45�, 180� and 90� also exhibit con-
siderable average differences over 10%, i.e., 11.9%, 14.0%, and
17.21%, respectively, these differences were not significant due to
the variances. No significant effect of sound direction was observed
under the reference distance of 1.0 m. In summary, for both types
of stimuli, the JNDs of lateral sources were lower than those of
front or rear within 0.5 m. When the reference distance was
1.0 m, the difference between the JNDs of median and lateral
sources was not significant for any type of stimulus.
4. Discussion

In the present study, the capacity to perceive differences in
proximal sound distances has been evaluated through the adaptive
method. The JNDs with a 70.7% detection probability were mea-
sured under various conditions, including sound sources with fixed
and normalized levels, five directions, and two reference distances
in a free field. According to the experimental results, the JND for
perceiving distance differences is heavily dependent on the level
cues and direction of the sound, and changes to some degree with
the distance of the sound source. Theoretically, these results sug-
gest that both binaural cues and level cues contribute to ADP.
The influence of both types of cues are discussed in the following
subsections.



Z. Guo, Y. Zhao, L. Wang et al. Applied Acoustics 203 (2023) 109223
4.1. Binaural cues

The benefit of binaural cues can be extracted through the JND
differences between lateral sound sources (i.e., 45�, 90�, and
135�) and median sources (i.e., 0� and 180�), since ILD only exists
when the sound source is oriented laterally to the subjects. Accord-
ing to the results presented in this paper, the average JNDs across
subjects were lower for lateral sources than for median sources
(see Table 2). The average JNDs decreased as the source
approached the interaural axis, and reached a minimum when
the source was located to the side of the subjects. This enhanced
ADP for lateral sources has been reported in some previous studies
[41,20], which suggested that binaural cues might provide addi-
tional information for ADP. However, in our experiments, signifi-
cant improvements in the discrimination of distance were only
found when the reference distance was 0.5 m. This is somewhat
expected, as Brungart and Rabinowitz (1999) [16] showed that
the slope of ILD with respect to distance was not steep around
1.0 m ([see also Fig. 1 (e) to (g)]). The relative invariance of ILD
and received level under normalized stimuli around 1.0 m may
account for the less significant results with sound sources around
1.0 m from the subjects.

The results indicate that the azimuth factor accounted for 18.5%
and 25.8% of the total variation under normalized and fixed stim-
uli, respectively. Especially for lateral sources within 0.5 m, signif-
icant improvements were found. Both Spagnol et al. (2017a) [29]
and Spagnol et al. (2015) [32] used a similar test procedure (i.e.,
adaptive method), but found no significant improvement in lateral
distance discrimination. One possible reason is that a real sound
source produced by a loudspeaker, rather than a binaural virtual
source via near-field HRTFs, was used in the present study. The
near-field HRTFs used by Spagnol et al. (2017a) [29] and Spagnol
et al. (2015) [32] were synthesized by the distance variation func-
tion method; another study using a similar synthetic method also
did not observe any significant difference between the results for
lateral and median sources [30]. Binaural cues restored with higher
fidelity could benefit the auditory discrimination of sources at dif-
ferent distances.

Binaural cues may not be as robust for ADP as level cues, as
mentioned in previous research [3,34]. Compared with fixed stim-
uli, the variability between subjects in the case of normalized stim-
uli was clearly larger (average standard deviation of JND increased
by 4.91% across reference distances and azimuths). Minor improve-
ments in stability can be observed when comparing the SDs of the
JNDs of median and lateral sources, because more distance local-
ization cues were available. For example, when the reference dis-
tance was at the 0.5 cm reference distance, the SDs of the 90�
Table 2
Comparison of JND threshold results obtained in previous research.

Condition

Stimuli Azimuth This study Spag

Fixed Mean App

0.5 m 0 11.1 12 6
90 7.5 12 2.5

1.0 m 0 7.7 13 20
90 5.6 13.5 17

Normalized

0.5 m 0 31.5 17 16
90 16.4 16 12

1.0 m 0 28.4 17 18
90 24.1 17.5 15

The JNDs obtained by Spagnol et al. (2015) [32] and Spagnol et al. (2017a) [29] and were
the test stimuli appear after or before the reference stimuli, respectively. ‘Mean’ denote
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sources were 2.75% and 2.70% lower than those of the 0� azimuth
sources for fixed and normalized stimuli, respectively.

4.2. Level cues

With regard to the effect of distance-related level cues, our
results show that these are the main cues that enable the auditory
system to perceive differences in sound distance. When the level of
the stimuli was normalized, the JND of distance discrimination
increased from 8.8% (SD = 5.4%) to 26.6% (SD = 10.0%) when aver-
aged across all directions and reference distances.

There is a hypothesis that if the variation in sound level with
distance provides a sufficiently strong cue for ADP, then the JND
of distance discrimination in the median plane is equal to the
JND of intensity discrimination of sound, which theoretically corre-
sponds to a 5% change in distance [42]. The average JNDs for fixed
stimuli at 1.0 m reference distance range from 4.2% (135�) to 7.7%
(0�), which corresponds to 0.37 and 0.70 dB intensity difference,
respectively. These results were in line with the intensity discrim-
ination thresholds (0.41 dB) of the white noise reported in Miller
(1947) [43] and thresholds (average 0.51 dB across frequencies)
of the 80 dB pulsed sinusoids reported in Jesteadt et al. (1977)
[44]. Hence, the results endorse that the distance-related level
change is the dominant cue for ADP when the sound source is
located around 1 m.

For the front and rear sound source conditions, where the bin-
aural cues are irrelevant, the average JNDs for the fixed stimuli
were 11.1% and 18.9% for the 0.5 m reference distance and 7.7%
and 6.9% for the 1.0 m reference distance, respectively. The results
indicate that ADP cannot benefit from rapid variations in level with
respect to distance when the source is located in the proximal area.
It is worth noticing that the minimum discriminable distances (i.e.,
dr � d0

t) for the fixed stimuli at 0.5 m and 1.0 m reference distances
exhibit no significant difference. The same change of distance will
induce a larger change in the received level for closer sources when
considering the 1=r attenuation law [see Fig. 1 (f)]. In other words,
the ADP is less sensitive to the distance-related change of level,
hence performs worse in the proximal area. A similar phenomenon
has been observed in studies using relative distance discrimination
tests [45], and this result agrees with the widely observed degrada-
tion in nearby sound localization (i.e., overestimation trend) to
some extent.

The results for the rear sound source at the 1.0 m reference dis-
tance are in line with those of a previous study [42], where the
JNDs were between 3.5% and 6.0%; Spagnol et al. (2017a) [29]
obtained JNDs of around 7% for receding stimuli at 1.0 m. In
research using the 2-down-1-up method, the JNDs were found to
JND (%)

nol 2017 Spagnol 2015

roach Recede Mean Approach Recede

18 19 8 18
22 12.5 5 20
6 15 23 7
10 14 20 8

18 / / /
20 / / /
16 / / /
20 / / /

extracted from the figures in these papers. ‘Approach’ and ‘recede’ denote whether
s the average of the ‘approach’ and ‘recede’ JND.
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be 7.3% and 5.7% for a frontal source at 1.0 m when subjects per-
formed the experiment the first time and when they were familiar
with the stimuli, respectively [45]. Note that a 70.7% correct pro-
portion, rather than 50%, was required in the present study; the
JNDs under a 50% chance level are presumed to be closer to 5%.
The JNDs obtained in this study at 1.0 m were all close to 5%
(7.67%, 4.90%, 5.65%, 4.17%, and 6.94% for 0�, 45�, 90�, 135�, and
180�, respectively), which implies that the level cue is dominant
for ADP.
4.3. General discussion

In Table 2, the JNDs measured in this study are compared with
those obtained in other research using a similar paradigm. In pre-
vious studies, significant improvement was only observed for lat-
eral sources when the sound source approached the subject (i.e.,
from far to near). For receding stimuli, no lateral advantage was
found. In terms of normalized stimuli, the JNDs of front stimuli
in Spagnol’s study were lower than those in the present study,
e.g., for front normalized stimuli, the JNDs were 31.5% and about
17% in our study and Spagnol et al. (2017a) [29]. However, the JNDs
of lateral sound sources were quite close for both 0.5 m and 1.0 m
reference distances. For fixed stimuli, the JNDs for approaching and
receding stimuli have a larger gap in Spagnols’ studies. Our JNDs
have a similar trend with those reported by Spagnol under the
approaching condition. The effect of virtual sources versus real
sources and different normalization methods may account for the
disparities. Besides, the studies of Spagnol roved the level in a
small range at random, while the present study normalized the
level with respect to the head center.

In summary, the current experimental results show that binau-
ral cues only benefited the perception of distance differences when
the sound was located close to the head (0.5 m in this study). The
enhanced lateral discrimination of proximal sources is in line with
the steep slope of ILD with respect to distance in this region. The
binaural advantage exists for both normalized and fixed stimuli
when the source is within 0.5 m, which contradicts some of the
abovementioned research. Level cues are still the primary and
most robust cues for distance discrimination. When the sound
source was located around 1.0 m away, the JND for discriminating
differences of distances approached the corresponding JND thresh-
old for perceiving sound level differences (i.e., 5%). Since the free
field is distinct to the reverberation environment and the reverber-
ations contribute to ADP greatly, these conclusions only apply to
the free field currently.
5. Limitations of the study

The present study used a loudspeaker rather than a binaural
synthesis system to perform the experiments, and broadband pink
noise was used as the sound source. Thus, the spectral cues were
theoretically not isolated in the experiment. However, when con-
sidering that the spectral cues are related to the head and the
spherical wavefront, they should make a similar contribution when
the sound source is located in different directions This means that
the contribution of binaural cues could still be verified by compar-
ing the results of different azimuths.

Although the facilities and procedures used in this study were
subtly controlled, several drawbacks still exist. The flooring of
the speaker distance was about 0.2 m from the head, which limits
the measurement of JNDs at closer reference distances. Besides,
more participants are needed in future research, especially for
the JNDs of the normalized stimuli.

The received levels at the ear still varied with distances slightly,
even when normalization was imposed (see Fig. 1). The residual
8

level comes from the position difference between the head center
and the two ears. This was incorporated into a part of the binaural
contribution in the present study. Hence, this study did not iden-
tify the contribution of absolute received levels.

6. Conclusions

This study conducted a psychoacoustic experiment with eight
subjects via a specially designed test platform in an anechoic
chamber. The JNDs for perceiving differences in the distance of a
real sound source were measured under various conditions
through the adaptive method. The experimental results can be
summarized as follows:

(1) Although binaural cues are weaker and less robust than
level cues, they are beneficial for distance discrimination with
lateral sound sources, especially when the source is located
within 0.5 m from the subject. Considering that ADP is less sen-
sitive to level variations due to changes in distance, the impor-
tance of binaural cues for distance discrimination is non-
negligible. Additionally, binaural cues make a significant contri-
bution regardless of whether level cues are present.
(2) Level cues are the most essential and robust component of
sound for ADP in the free field, especially for sound sources
located about 1.0 m from the head. For frontal sound sources,
the JND threshold of distance perception approaches that of
the corresponding sound intensity (i.e., 5%) at 1.0 m. When
the sound is closer to the head (i.e., less than 0.5 m), the JND
increased significantly. The minimum discriminable distances
were found to be similar when the source is located at 0.5
and 1.0 m, which means that level cues are less reliable for
ADP in the proximal area.

The present study provides conclusive and quantitative evi-
dence that binaural cues can assist the human auditory system
to discriminate the distance of a sound source. Only two reference
distances 0.5 m and 1.0 m, were tested in the present study. Future
works measuring JNDs at more reference-distance conditions are
warranted, especially for reference distances below 0.5 m.
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