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Listening tests were conducted in order to investigate the frequency dependency of localiza-
tion thresholds in relation to vertical interchannel crosstalk. Octave band and broadband pink
noise stimuli were presented to subjects as phantom images from vertically arranged stereo-
phonic loudspeakers located directly in front of the listening position. With respect to the
listening position the lower loudspeaker was not elevated; the upper loudspeaker was elevated
by 30◦. Subjects completed a method of adjustment task in which they were required to reduce
the amplitude of the upper loudspeaker until the resultant phantom image matched the position
of the same stimulus presented from the lower loudspeaker alone. The upper loudspeaker was
delayed with respect to the lower by 0, 0.5, 1, 5, and 10 ms. The experimental data demonstrated
that the main effect of frequency on the localization threshold was significant, with the low
frequency stimuli (125 and 250 Hz) requiring significantly less level reduction (less than 6 dB)
than the mid-high (1, 2, and 8 kHz) frequency stimuli (9–10.5 dB reduction). The main effect
of interchannel time difference (ICTD) on the localization thresholds for each octave band was
found to be non-significant. For all stimuli interchannel level difference (ICLD) was always
necessary, indicating that the precedence effect is not a feature of median plane localization.

0 INTRODUCTION

Audio reproduction systems for surround sound are cur-
rently in a state of evolution. Engineers are increasingly
looking to improve on the spatial impression offered by
conventional 5.1 systems through the incorporation of loud-
speakers in the vertical domain. The implementation of
these so-called “height channels” has seen audio reproduc-
tion systems move into the third dimension, with systems
such as Auro-3D [1] and Dolby Atmos [2] becoming more
widely utilized. Such developments inevitably have impli-
cations for the recording process, as additional height lay-
ers of microphones are required alongside the pre-existing
main channel layer in order to capture the necessary spatial
information.

In conventional microphone techniques for horizontal
surround sound, pairs of microphones are positioned to
capture specific areas of the recording angle [3]; examples
of this being the “critical linking” technique developed by
Williams and Le Du [4] and the “OCT” technique by Theile
[5]. For such techniques the phantom imaging of a given
sound source in the reproduction stage is achieved based
on the time and level differences between the source signal
arriving at each of the microphones covering the recording
sector in which the source lies. However, should micro-

phones other than the intended pair pick up the direct sound
from a source, which is referred to as interchannel crosstalk,
then its phantom imaging at the reproduction stage may be
affected [5]. Experiments conducted by Lee [6] showed
that the most salient effects of interchannel crosstalk are an
increase in source width and a decrease in locatedness.

In the context of microphone techniques for recording
three-dimensional (3D) sound in an acoustic space, inter-
channel crosstalk is also oriented between vertically ar-
ranged microphones. Consider a 3D microphone array con-
sisting of two vertical layers of microphones. The lower
(main) layer would be typically used for horizontal source
imaging, while the upper (height) layer would be used to
enhance perceived listener envelopment (LEV). Picking up
the direct sound in the height microphones may result in
the perceived position of the source image “migrating”
vertically from the main channel layer. Additional tonal
and spatial effects may also be perceived, depending on
the interchannel time and level differences between each
layer. Henceforth, in the present paper “vertical” interchan-
nel crosstalk refers to direct sound captured by the height
channel microphones.

Lee [7] presented anechoically recorded bongo and cello
excerpts to subjects from a pair of vertically arranged loud-
speakers directly in front of the listening position. The lower

762 J. Audio Eng. Soc., Vol. 64, No. 10, 2016 October



PAPERS VERTICAL STEREOPHONIC LOCALIZATION IN THE PRESENCE OF INTERCHANNEL CROSSTALK

loudspeaker was not elevated, while the upper loudspeaker
was elevated by 30◦. Stimuli were presented as vertically
oriented phantom images. The experiments subjectively
measured the minimum amount of attenuation necessary
in the upper loudspeaker for the resultant phantom image
to be localized at the position of the lower loudspeaker. Lee
referred to this as the “localization threshold.” Delays, rang-
ing from 0 to 50 ms were applied to the upper loudspeaker
with respect to the lower. The results showed that the lo-
calization threshold for both sources was between –6 and
–7 dB for interchannel time differences (ICTDs) up to 5 ms.
This suggests that, should the upper and lower microphone
layers be less than 1.7 m apart (corresponding to an ICTD
of 5 ms), vertical interchannel crosstalk would not affect
the perceived location of the main channel signal provided
the amplitude of the direct sound in the upper layer was
reduced by between 6 and 7 dB. Despite this, the influence
of the height layer on perceptual attributes such as vertical
image spread or timbral coloration would remain audible.

An interesting feature of Lee’s [7] results is that ICTD
alone was never sufficient to localize the source image at
the main channel layer, which suggests that the precedence
effect [8] did not operate in the vertical loudspeaker ar-
rangement. This agrees with the results of a more recent lo-
calization study conducted by the present authors [9]. It was
found that the localization of vertical stereophonic phantom
images for octave band pink noise stimuli was governed by
the so-called Pratt’s effect [10] (also known as the “pitch-
height” effect [11]) in general, rather than the precedence
effect. According to this phenomenon there exists a correla-
tion between the frequency of a stimulus and the height with
which it is localized, with high frequencies being perceived
as being physically higher in space than low frequencies.
The effect had previously been demonstrated for both tonal
and octave band stimuli when presented singularly from
vertically arranged loudspeakers [11–14]. The aforemen-
tioned study by the authors [9] also demonstrated that the
main effects of both frequency and ICTD on vertical local-
ization were statistically significant for octave band noises
presented from vertically arranged stereophonic loudspeak-
ers. This leads to the hypothesis that different frequency
bands would require different amounts of crosstalk reduc-
tion for a vertically oriented phantom image to be localized
at the perceived position of the main loudspeaker image.

From the above background, the present study conducts
an investigation into the frequency dependency of localiza-
tion thresholds in relation to vertical interchannel crosstalk.
It is also of interest to examine the effect of ICTD on local-
ization threshold for each frequency band. Results from this
study provide useful implications for the perceptual render-
ing of vertical phantom images in 3D sound reproduction
as well as the design of microphone array for 3D recording
in acoustic environments.

This paper is organized as follows. The first section de-
scribes the experimental method used in the study. Fol-
lowing this, the results of the statistical analysis of data
obtained from listening tests are presented. Finally, the re-
sults are discussed, with a particular focus on the effects of
both frequency and ICTD on localization thresholds.

Fig. 1. Physical setup for listening tests.

1 EXPERIMENTAL DESIGN

1.1 Physical Setup
Fig. 1 shows the physical setup used for the experiments,

which were conducted in the anechoic chamber at the Uni-
versity of Huddersfield. The experiments utilized two Gen-
elec 8040A loudspeakers, which were positioned as fol-
lows. The lower (main) loudspeaker was positioned 1.2 m
above the ground, 1.8 m away from, and directly in front of,
the listening position. The upper (height) loudspeaker was
located 1 m directly above the lower loudspeaker, forming
a 30◦ elevation angle to the listening position. Appropriate
time and level alignment was applied to the lower loud-
speaker, with respect to the upper, in order to compensate
for the differences in distance between each loudspeaker
and the listening position. An acoustically transparent cur-
tain was positioned between the listening position and the
loudspeakers in order to obscure the nature of the test setup
from subjects. The ear height of subjects was aligned to the
center point between the woofer and tweeter on the lower
loudspeaker using a height-adjustable chair.

1.2 Test Stimuli
The test stimuli used for the experiment were continuous

octave bands of pink noise, with center frequencies ranging
from 125 Hz to 8 kHz. These were created by brick wall
filtering broadband pink noise using an FFT filter. An ad-
ditional broadband pink noise source was also tested. Each
stimulus was ten seconds in duration, which included a one
second fade in/out. Stimuli were presented to subjects as
vertically oriented phantom images from the loudspeaker
pair, with the upper loudspeaker delayed with respect to
the lower by 0, 0.5, 1, 5, and 10 ms. The delay times were
chosen to simulate differing spacings between the main and
height microphone layers; 0 ms is representative of a coin-
cident configuration, while 10 ms corresponds to a spacing
of about 3.4 m. In total there were 56 stimuli (eight fre-
quencies with five ICTDs). Each stimulus was calibrated to
75 dB LAeq at the listening position when presented from
the lower loudspeaker only. The amplitude of the stimu-
lus when presented as a phantom image was dependent
on the amplitude of the upper loudspeaker relative to the
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lower, which was to be varied by the subject as described in
Sec. 1.4.

1.3 Subjects
Twelve subjects, comprising staff and both postgraduate

and final year undergraduate students from the University
of Huddersfield’s Music Technology courses, participated
in the listening tests. These subjects were chosen because of
their critical listening experience in spatial audio making
them better suited than more naı̈ve subjects to determine
the subtle localization differences caused by vertical inter-
channel crosstalk. They all reported normal hearing.

1.4 Test Method
In order to identify the localization thresholds, subjects

were presented with a method of adjustment (MOA) task.
This is an indirect scaling method that requires subjects to
reduce the amplitude of a stimulus until it is equivalent to
that of a reference [15]. Cardozo [16] asserts that the prin-
cipal application of MOA is in situations whereby stimuli
differ from one another by more than one attribute. This is
applicable to the present study, as, although subjects were
tasked with identifying localization shifts, there would be
some timbral changes due to the use of ICTD. Such con-
ditions would make, for example, a two alternative forced
choice method [17] inadequate, with Bech [18] reporting
subject’s difficulty in distinguishing between test and ref-
erence stimuli that differed in loudness, timbre, and spa-
ciousness when utilizing an adaptive form of this method.

The graphical user interface for the experiment was cre-
ated using Max/MSP. The interface split the entire exper-
iment into eight subtests, with each subtest focusing on a
single frequency band. Within each subtest was a “refer-
ence” and five “test” sounds (labeled A, B, C, D, and E).
The reference was the given frequency band played from
the lower loudspeaker only. The test stimuli were the same
frequency band as the reference presented as vertical phan-
tom images with one of the five test ICTDs applied to the
upper loudspeaker.

For each of the test stimuli subjects were presented with
a slider with values ranging from 0 to 100 in increments of
1. The slider controlled the amplitude of the upper loud-
speaker as follows. Slider values were first divided by 100
to give “x,” which lay between 0 and 1. The amplitude of
the upper loudspeaker was then multiplied by x. The am-
plitude of the upper loudspeaker therefore decreased with
decreases in the slider value. A slider value of 100 resulted
in 0 dB ICLD between the upper and lower loudspeakers.
A value of 0 resulted in the upper loudspeaker having zero
amplitude (-∞ dB ICLD). Slider values were converted
into decibel values internally. The decibel values were not
shown to subjects during any part of the test. Subjects were
also unaware that they were controlling the amplitude of a
loudspeaker. The amplitude of the lower loudspeaker was
kept constant throughout each test.

For each test stimulus the subjects’ task was to reduce
the slider value until the perceived position of the resultant
phantom image matched that of the reference. To ensure that

the localization threshold was found in each case, subjects
were required to set the slider to the highest possible value
at which this condition was met. The heads of subjects
were not fixed, however they were strictly instructed to
face forward, keeping their head still, and using only their
eyes to look at the test interface. A guide point for the ear
height and distance was placed on the right-hand side of
the subject to help maintain the correct listening position
throughout the test. Prior to the start of each test, all subjects
sat a supervised practice, which utilized a speech source, in
order to ensure that the instructions were understood. The
order of subtests and the stimuli within each subtest were
randomized for each subject.

2 DATA ANALYSIS AND RESULTS

Levene and Shapiro-Wilk tests were first conducted, us-
ing the SPSS software, in order to determine the suitability
of the collected data for parametric statistical analysis. The
results of the Levene test showed homogeneity of variance
for all frequencies, while the Shapiro-Wilk test showed that
not all scores in each condition featured normal distribution.
This therefore meant that the assumptions of Analysis of
Variance (ANOVA) were violated. For these reasons, non-
parametric tests were chosen for the statistical analysis.

2.1 The Effect of ICTD
Fig. 2 shows the median localization thresholds for each

frequency at each ICTD. The medians have been plotted
with notch edges. The use of notch edges is a method sug-
gested by McGill et al. [19], who argue that an overlap
between notches indicates that pairs of stimuli are not sig-
nificantly different from one another with 95% confidence.

Based on the notch edges shown in Fig. 2, it appears
that changes in ICTD had no significant effect on the lo-
calization thresholds obtained for any of the stimuli within
the experiment. In order to analyze this further a Fried-
man test was conducted; the statistical power was judged
based on the critical p value of 0.05. The results of this
analysis showed that ICTD had no significant effect on the
localization thresholds for any stimuli with the exception of
8000 Hz (p = 0.001). Additionally the effect size (Kendall’s
W) was less than 0.5 for all frequency bands including
8000 Hz.

In order to identify which pairs of ICTD were signifi-
cantly different from one another for the 8000 Hz band a
Wilcoxon test was conducted. As such analysis necessitated
the performance of multiple pair-wise tests, it was decided
to use the Bonferroni correction in a bid to reduce any type
1 errors [20]. The results of this test identified significant
differences between the 0 ms and 10 ms ICTDs (p = 0.03).
Despite this, it is clear from Fig. 2 that there is heavy over-
lap between the notch edges for this pair of stimuli. When
considering this, along with the low effect size (0.413) it
seems reasonable to deduce that differences among the dif-
ferent ICTDs for the 8000 Hz band are negligible. Overall
it can therefore be concluded that the effect of ICTD on
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Fig. 2. The effect of ICTD on median localization thresholds for each frequency band, plotted with notch edges. Overlap between
notches indicates that pairs of stimuli are not significantly different with 95% confidence.

localization threshold was not significant for any stimulus
within the present experiment.

2.2 The Effect of Frequency
In Sec. 2.1 it was shown that ICTD had no significant

effect on the localization thresholds obtained for any of the
test stimuli. It is therefore possible to combine all the data
for each of the frequency bands, rather than consider each
ICTD individually. The median localization thresholds for
each frequency, with ICTDs amalgamated, are plotted with
notch edges in Fig. 3. From Fig. 3 it can be seen that the
localization threshold was the highest at low frequencies
(–5.3 dB at 125 Hz and –3.03 dB at 250 Hz). This fell
gradually to between –9 and –10.5 dB as the frequency
increased beyond 1000 Hz. The threshold was the lowest
for the broadband source (–11.56 dB), while there was also
a small peak for 4000 Hz (–6.96 dB).

Consideration of the notch edges alone suggests that the
effect of frequency on localization threshold was signifi-
cant. A Friedman test was conducted in order to analyze this
further (critical p value = 0.05). The results of this analysis
showed a significant effect of frequency (p < 0.001). This
result was confirmed with a Wilcoxon test that revealed a
large number of significantly different pairs of conditions.
Overall, the results of the Friedman and Wilcoxon tests,
along with the lack of overlap of notch edges shown in Fig.
4 shows that localization thresholds vary across the fre-
quency spectrum, with the low frequencies needing signif-
icantly less level reduction than the mid-high frequencies.

Fig. 3. Median localization thresholds for each frequency band,
with results for individual ICTDs amalgamated, plotted with notch
edges.

3 DISCUSSION

3.1 Localization Thresholds for Octave Bands
The primary aim of the present study was to analyze

how localization thresholds vary across the frequency spec-
trum and furthermore how they are affected by ICTD.
The experimental data obtained demonstrated principally
that localization thresholds are not consistent across the
full frequency range, with the effect of frequency being
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Fig. 4. Example of how differences in the perceived vertical
image spread between the “test” and “reference” sounds may
have influenced the localization thresholds obtained in the study.

significant. The thresholds were found to be reasonably
high for octave bands with center frequencies 125 and 250
Hz (less than –6 dB), with the threshold decreasing to be-
tween –9 and –10.5 dB as the frequency increased above
1000 Hz. Within the range of ICTDs tested (0–10 ms), the
effect of ICTD on the localization thresholds for each octave
band was found to be non-significant. This result is in posi-
tive agreement with the localization thresholds obtained by
Lee [7] for musical sources with ICTDs up to 5 ms. These
results might suggest that, in terms of localization, vertical
interchannel crosstalk would be more disturbing to the main
channel signal for the mid-high frequencies. Moreover, in
the context of microphone array configuration, the amount
of attenuation of direct sound necessary in the height micro-
phone layer is consistent irrelevant of the spacing between
the upper and lower layers at least up to about 3.4 m, i.e.,
the ICTD of 10 ms corresponds to a spacing of 3.4 m.

A previous study conducted by the authors [9] found that
ICTD generally had a random and inconsistent effect on
vertical localization. Perceived median positions for octave
band stimuli presented as vertical phantom images were
often similar to those for the same stimulus presented from
the lower loudspeaker alone. This was the case for middle
and high frequency bands tested in the study. However, the
results of the current study showed that a large amount of
level reduction is necessary for localization thresholds for
the 1, 2, and 8 kHz octave bands in particular. This suggests
that the difference between the perceived median positions
of the test and reference sounds does not directly represent
the amount of level reduction required.

In order to address the significant effect of frequency
on localization threshold, the authors conducted informal
listening exercises during which the perceptual differences
between the test and reference stimuli were compared. It
was found that the most salient difference, consistent for all
stimuli, was a notable increase in the perceived vertical im-
age spread when stimuli were presented as vertical phantom
images, compared to lower loudspeaker only presentation.
As the upper loudspeaker amplitude was reduced the de-

gree of vertical image spread would decrease leading to the
perceived positions of test and reference matching. Based
on this, the significant effect of frequency on localization
threshold might be explained by the differences in perceived
vertical image spread between the test and reference with
changes in frequency. This hypothesis is illustrated in Fig.
4. For “Condition 1” the influence of height channel on the
increase in perceived vertical image spread is small since
the reference inherently has a large spread, necessitating a
small amount of reduction in the height channel level (high
localization threshold). For “Condition 2,” however, the
change in vertical spread is considerably larger, requiring
an increased amount of level reduction (low localization
threshold). From the results of the current study, the fol-
lowing might be inferred. First, based on its non-significant
effect on localization threshold, ICTD has little effect on
the perceived vertical image spread of octave bands pre-
sented from vertically arranged stereophonic loudspeakers
in front of the listening position. Additionally, the increase
in vertical image spread from single loudspeaker presenta-
tion to vertical phantom image presentation is significantly
greater for the 1, 2, and 8 kHz octave bands than for the 125
and 250 Hz bands. This hypothesis would require further
study.

3.2 Localization Thresholds for Broadband Pink
Noise

In [9] it was shown that there was a significant increase
in the perceived elevation of broadband pink noise when
presented as ICTD-panned phantom images (0.5 and 1 ms)
compared to lower loudspeaker only presentation. There-
fore, changes in vertical image spread alone are unable to
fully explain the localization thresholds observed for the
broadband pink noise in the present study. Instead, con-
sideration should be given to how changes in ICLD af-
fect spectral cues, the primary cues used in median plane
localization [21].

In order to analyse how changes in ICLD affect the ear-
input spectra of broadband stimuli, ear signals for the upper
and lower loudspeakers only, as well as stereophonic sig-
nals with both 0 and –11.5 dB ICLD (pink noise localization
threshold), were simulated using the MIT’s KEMAR head
related impulse responses (HRIRs) measured at 0◦ and 30◦

elevation angles in the median plane [19]. In Fig. 5 the
spectra for the upper loudspeaker only, 0 dB ICLD and
broadband localization threshold have each been plotted,
each with the spectra for the lower loudspeaker subtracted
from them (i.e., delta spectrum). For each delta spectrum,
any regions where the line is greater than 0 dB represent
dominance in the lower loudspeaker. With respect to spec-
tral cues Hebrank and Wright [21] and Asano et al. [23]
suggested that key elevation cues exist in the 4–10 kHz
region. Additionally, the “above” cue lies in the region be-
tween 7 and 9 kHz [21], [24]. This can be seen in the delta
spectrum for the upper loudspeaker, which has dominance
over the lower loudspeaker at 9 kHz and above. At 0 dB
ICLD this dominance is maintained, which would result in
the phantom image being perceptually elevated compared
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Fig. 5. Difference of the HRTF of (i) upper loudspeaker (30◦ elevation), (ii) upper and lower (0◦ elevation) loudspeakers with 0 dB
ICLD, and (iii) upper and lower loudspeaker combined with the upper loudspeaker level reduced by 11.5 dB (localization threshold), to
that of lower loudspeaker.

to lower loudspeaker presentation. However, with increases
in ICLD the influence of the upper loudspeaker on spectral
cues would diminish, with the lower loudspeaker becoming
more dominant. It can be observed in Fig. 5 that at the lo-
calization threshold the dominance above 9 kHz is largely
reduced, with the overall spectrum becoming more similar
to that for the lower loudspeaker alone (although not iden-
tical). It seems reasonable to conclude that the similarity in
the spectra for these two conditions is the reason that the
two would appear to be co-located.

3.3 The Precedence Effect
The present study suggests the importance of ICLD over

ICTD in reaching the localization threshold. For every con-
dition ICTD alone was not sufficient and ICLD was always
necessary. This result indirectly suggests that the prece-
dence effect might not be a feature of vertical stereophonic
localization; had the effect operated then arguably a suffi-
cient amount of ICTD alone would have been enough for
the positions of the test and reference sounds to be per-
ceptually in the same location. This supports the present
authors’ recent studies reporting that the precedence effect
relying on pure ICTD did not operate between vertically
arranged loudspeakers [7, 9] for musical and octave band
noise stimuli. This might appear to contradict the results
of studies conducted by Blauert [25] and Litovsky et al.
[26], which suggested that the precedence effect did oper-
ate in the median plane. However, it is important to note that
both of these studies considered that the precedence effect
operated when the position of perceived phantom image
was shifted “towards” the earlier loudspeaker, whereas the
present authors consider the effect as being valid only if the
perceived position of the phantom image exactly “matches”
that of the earlier loudspeaker. Despite this, further study,
involving a wide range of sound sources, ICTDs and loud-
speaker positions, would be necessary to fully investigate
whether a vertical precedence effect exists or not. In partic-
ular, research is required on the effect of the temporal char-
acteristics of sound source on localization in the presence of
a delayed secondary signal that is vertically oriented. In the
context of horizontal localization, it is widely known that

a strong transient nature of sound is essential for trigger-
ing the precedence effect [27]. However, it is not yet clear
whether this is still the case for vertical localization. The
sound source used in the current study was limited to con-
tinuous noise. Hartmann [27] asserts that continuous noise
can trigger the precedence effect since it features random
amplitude fluctuations that can serve as a series of small
impulses. However, it needs to be verified whether the re-
sults shown in the current study were obtained due to the
nonexistence of the vertical precedence effect itself or due
to the small transient cue not being of sufficient strength
to trigger the vertical precedence effect. In order to pro-
vide more conclusive results on this, sound sources with
different temporal characteristics including various natural
sources as well as continuous and transient noise signals
will be tested in a future study.

3.4 Practical Implications and Future Works
The non-significant effect of ICTD on localization

threshold, as well as the absence of the precedence effect in
vertical localization, has implications for the design of mi-
crophone configurations for recording in 3D audio formats.
In the context of preventing vertical interchannel crosstalk
from affecting the localization of the main channel signal,
it is clear that there should be a focus on the attenuation
of direct sounds in the height microphone layer, with the
spacing between layers being less of an issue. This would
make unidirectional microphones more ideal choice than
omnidirectional microphones for the height layer, as the
former would be able to provide the necessary attenuation
of direct sounds to limit vertical interchannel crosstalk. For
example, in the case of a vertically coincident cardioid mi-
crophone pair with the main layer microphone pointing
directly down towards the sound source and the height mi-
crophone pointing away from the source, the localization
threshold of about –12 dB, which was obtained for the
broadband pink noise in the current study (Fig. 3), could
be achieved by applying the subtended angle of about 120◦

between the microphones. Note, however, that for musi-
cal sources the necessary localization threshold is around
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–6 dB as found in [7]. For this the subtended angle of the
vertical microphone pair needs to be around 90◦.

The results demonstrated that the effect of vertical inter-
channel crosstalk on the localization of the main channel
signal is dependent on frequency. It would therefore be of
interest to apply the individual localization thresholds ob-
tained for each band to a complex signal, such as music,
rather than applying level reduction across the whole fre-
quency spectrum. In this way, any spatial or tonal effects
that would potentially be perceived in the presence of the
height channel signal could be maintained while achieving
localization around the main loudspeaker layer. It may be
that this is perceptually more preferable than reducing the
amplitude of the full spectrum by a consistent amount. Al-
though this approach may be difficult to execute within a
practical recording situation, there would certainly be im-
plications for 3D mixing using discrete sound sources.

In addition to the above, it would be worth examin-
ing if the localization shift effect of vertical interchannel
crosstalk can be eliminated through the manipulation of
selected frequency bands that are perceptually dominant.
The delta spectra in Fig. 5 indicate that the localization
threshold for complex sounds can be reached by reducing
the dominance of the upper loudspeaker on spectral cues.
From the delta spectrum for the upper loudspeaker it can
be seen that the upper loudspeaker is most dominant over
the lower at around 8000 Hz. Chun et al. [28], presented
musical sources and speech to subjects from stereophonic
loudspeakers arranged on the horizontal plane. The test
stimuli first underwent HRTF modeling, followed by spec-
tral notch filtering, directional band boosting, or a combi-
nation of both. For the directional band-only condition, the
resultant sound sources were perceived as being elevated
by up to 20◦ with respect to the horizontal plane. Based on
this, directional band reduction could be applied to percep-
tually decrease the elevation of sources. This could be an
alternative method for preventing the height channel signal
from affecting the perceived location of the main channel
signal and would have implications for the rendering of 3D
images.

It was mentioned in Sec. 3.1 that localization thresholds
for octave bands might be as much related to differences in
perceived vertical image spread as they are to differences
in perceived location. It would therefore be interesting to
determine how the thresholds obtained in the present study
for band limited stimuli would vary in a room in which
reflections are present (i.e., in a more natural listening envi-
ronment). If reflections are present then this may influence
the differences in perceived vertical image spread between
test and reference, which in turn may lead to a less strong
effect of frequency than was seen in the present study. This
would have implications for the application of frequency
dependent localization thresholds for complex sources, as
the effect would need to be maintained to some extent for
the method to have any relevance.

Last, attention should be given to the threshold of accept-
ability for localization shifts as a result of vertical interchan-
nel crosstalk. Although the present study has considered the
amount of attenuation necessary to prevent such a shift, it

is not entirely clear yet whether or not complete prevention
is desired. It may be the case that small increases in per-
ceptual elevation are acceptable, depending on the type of
sound source.

4 CONCLUSION

The present study carried out an analysis of how vertical
interchannel crosstalk varies across the frequency spectrum.
Seven octave bands of pink noise with center frequencies
ranging from 125 Hz to 8000 Hz, as well as broadband pink
noise, were presented to experienced subjects as phantom
images from vertically arranged stereophonic loudspeakers.
The upper loudspeaker was delayed with respect to the
lower by 0, 0.5, 1, 5, and 10 ms. Subjects were required
to identify the minimum amount of attenuation necessary
in the upper loudspeaker for the resultant phantom image
position to match that of the same stimulus played from the
lower loudspeaker alone (the localization threshold).

The results of the study showed that the main effect of
frequency on localization threshold was significant. Thresh-
olds were the highest at low frequencies (–5.3 dB at 125 Hz
and –3.03 dB at 250 Hz), falling to between –9 and –10.5
dB as the frequency increased beyond 1000 Hz. It was
hypothesized that the primary reason for this was varia-
tions in perceived vertical image spread between lower-
loudspeaker-only presentation and phantom image presen-
tation with changes in frequency. In addition, the threshold
for the broadband pink noise source was the lowest of all
thresholds (–11.56 dB). This result was interpreted in terms
of the dominance of the upper loudspeaker on spectral cues,
with increases in ICLD resulting in a spectrum more similar
to that of the stimulus presented from the lower loudspeaker
alone.

The main effect of ICTD was not significant on localiza-
tion threshold for any of the test stimuli. Moreover, ICLD
was always necessary for the localization threshold; there
was no condition whereby ICTD alone was sufficient. This
result suggests that the relative amplitudes between the up-
per and lower loudspeakers are of greater importance for
reducing the localization shift effect of vertical interchan-
nel crosstalk than are the vertically applied time delays.
The results also indirectly suggest that the precedence ef-
fect does not operate in the median plane, although this
requires further study.

The results imply that in configuring 3D microphone
array cardioid microphones would be a more appropriate
choice for the height layer than would be omnidirectional
microphones in terms of localizing source images near the
main loudspeaker layer position. In addition, when creating
a vertical phantom image different localization thresholds
could be applied to different frequency bands of the height
channel signal. It is possible that localization thresholds
can be achieved by manipulating the levels of single oc-
tave bands within the height channel signal rather than by
manipulating the signal as a whole.

It should also be noted however that the present study
utilized subjects who were experienced in vertical sound
localization tests. It is, as yet, unclear how the results would
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vary for less experienced subjects and this would require
further study. It might be, for example, that the experi-
enced subjects are more sensitive to the effects of ICLD
changes on perceived source location and therefore more
level reduction might be needed generally compared to if
less experiences subjects were tested. As a result of this
caution should be exercised when attempting to generalize
the results of the present study for all individuals.
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