PAPERS

OPEN ‘::} ACCESS Freely available online

C. Gribben and H. Lee, “The Frequency and Loudspeaker-Azimuth Dependencies of

Vertical Interchannel Decorrelation on the Vertical Spread of an Auditory Image,”

J. Audio Eng. Soc., vol. 66, no. 7/8, pp. 537-555, (2018 July/August.).
DOI: https://doi.org/10.17743/jaes.2018.0040

The Frequency and Loudspeaker-Azimuth
Dependencies of Vertical Interchannel
Decorrelation on the Vertical Spread of an
Auditory Image

CHRISTOPHER GRIBBEN, AES Member AND HYUNKOOK LEE, AES Member

(christopher.gribben @meridian.co.uk)

(h.lee@hud.ac.uk)

Applied Psychoacoustics Laboratory (APL), University of Huddersfield, Huddersfield, HD1 3DH, UK

In horizontal stereophony, it is known that interchannel correlation relates to the horizontal
spread of a phantom auditory image. However, little is known about the perceptual effect
of interchannel correlation on vertical image spread (VIS) between two vertically-arranged
loudspeakers. The present study investigates this through two subjective experiments: (i) a
multiple comparison of relative VIS for stimuli with varying degrees of correlation; and (ii)
the absolute measurement of upper and lower VIS boundaries for extreme stimuli conditions.
Octave-band (center frequencies: 63 Hz to 16 kHz) and broadband pink noise signals have
been decorrelated using two techniques: all-pass filtering and complementary comb-filtering.
These stimuli were presented from vertically-spaced loudspeaker pairs at three azimuth angles
(0°, £30°, and £110°), with each angle assessed discretely. Both the relative and absolute test
results show no significant effect of vertical correlation on VIS for the 63 Hz, 125 Hz, and 250
Hz bands. For the 500 Hz band and above, there is a general tendency for VIS to increase as
correlation decreases, which is observed for both decorrelation methods. This association is
strongest at 0° azimuth for the 500 Hz and 1 kHz bands; at +30° for 8 kHz and Broadband;
and at £110° for 2 kHz, 4 kHz, and 16 kHz. The 8 kHz band at +30° has the strongest
association of all conditions—post-hoc objective analysis indicates a potential relationship
between HRTF localization cues (pinna filtering) and VIS perception within this frequency
region. Furthermore, the absolute test results suggest that changes of VIS from interchannel
decorrelation are fairly slight, with only the Broadband and 16 kHz bands showing a significant
increase. The deviations of boundary scores also suggest a difficulty grading absolute VIS
and/or potential disagreements among listeners.

0 INTRODUCTION

Over recent years, three-dimensional (3D) loudspeaker
reproduction has been of much interest in the audio indus-
try. Commercial 3D audio formats often see the inclusion
of height-channel loudspeakers positioned above a main-
layer of loudspeakers—examples of such systems include
Auro-3D [1], Dolby Atmos [2], and DTS:X [3]. Given the
upward extension of the sound field from established two-
dimensional (2D) formats (e.g., 5.1 and 7.1 surround), it
is necessary to conduct fundamental investigations into the
perception of interchannel signal relationships in the ver-
tical domain. From this, the present study observes the
perceptual effect of signal correlation between vertically-
spaced pairs of loudspeakers.

“Decorrelation” has been employed as a means of con-
trolling the interchannel cross-correlation (ICC) (similar-
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ity) between two loudspeaker signals. The process of decor-
relation is typically applied to a monophonic input signal,
with the output consisting of two uncorrelated signals that
sound sonically similar to the input, yet have different phase
and/or amplitude relationships between the two signals.

When two correlated signals are presented between a
stereophonic pair of left-right loudspeakers, a decrease
of ICC increases the horizontal image spread (HIS) of
the phantom auditory image [4, 5]. That is, a “pseudo-
stereophonic” or image widening effect can be achieved
when applying interchannel decorrelation along the hor-
izontal plane [6]. This perceptual effect is due to a di-
rect relationship between ICC and the interaural cross-
correlation (IAC), where IAC is known to contribute to
the perception of an auditory event’s apparent source width
(ASW), as dictated by lateral reflections within an enclosed
space [7].
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Decorrelation has also been applied in practical applica-
tions such as upmixing (e.g., one-to-two channel or two-to-
five channel upmixing) [8—13]. Upmixing algorithms typ-
ically feature an ambience extraction stage, followed by
interchannel decorrelation to synthesize additional ambient
signals; however, it is not yet clear whether decorrelation
could still be an effective method for vertical upmixing
from 2D to 3D. It is therefore important to gain a better un-
derstanding of how decorrelation is perceived in the vertical
domain.

A previous study conducted by the present authors sug-
gested that a relationship between vertical ICC and vertical
image spread (VIS) may exist [4]. Band-limited pink noise
stimuli with varying degrees of ICC were presented be-
tween a vertically-spaced pair of loudspeakers in the median
plane (with loudspeaker elevations of 0° and +30° to the
listening position). Three frequency bands were assessed:
“Low” (63-250 Hz octave-bands), “Middle” (0.5-2 kHz
octave-bands), and “High” (4-16 kHz octave-bands). Re-
sults for each band showed a trend of VIS increasing as ICC
decreased, which was most notable for the “Middle” band.
Despite this, it is difficult to reveal or conclude the percep-
tual cues that gave rise to these results, since the frequency
bandwidths were reasonably broad (tri-octave) and only one
decorrelation approach was assessed (the amplitude-based
complementary comb-filtering [6, 14, 15], as described in
Sec. 1.2 below). Furthermore, given that the test was per-
formed in the median plane, there was no consideration
of vertical decorrelation off-axis, looking at how interaural
differences might affect the perception of VIS.

From the above background, the current study examines
the effect of vertical ICC on VIS further, with a particular
focus on the frequency and loudspeaker-azimuth dependen-
cies of VIS. Decorrelated octave-band and broadband pink
noise stimuli have been presented from vertically-spaced
loudspeaker pairs at three discrete azimuth angles around
the listener (0°, £30°, and 4-110°)—as based on the Auro-
3D 9.1 loudspeaker format, with the addition of a vertical
pair in the median plane [1]. It is widely known that spa-
tial hearing along the median plane is largely governed by
spectral cues, rather than localization cues from interaural
differences [16, 17]. Considering this, it is hypothesized
that if vertical decorrelation gives rise to the perception of
VIS in the median position (0° azimuth), then the associated
perceptual mechanism would be frequency-dependent. On
the other hand, since commercial 3D audio systems feature
vertically-spaced loudspeaker sources off-center, it is also
of interest to investigate a potential interaural influence on
VIS perception, in addition to spectral cues.

In the first experiment of this study a multiple-
comparison test was performed to grade the relative VIS
among vertically decorrelated, correlated, and monophonic
stimuli. Three degrees of decorrelation were assessed for
two decorrelation methods, so that any relationship between
ICC and VIS could be clearly observed. Perceptual evalu-
ations of different audio systems or processing techniques
in laboratory conditions are often conducted in a multiple
comparison manner. This allows one to examine relative
differences among different stimuli and their magnitudes
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more easily. However, in practical situations the listener
would have no comparison to make and judge the perceived
quality in an absolute sense. In order to gain an insight into
how VIS would be perceived in an absolute sense, the sec-
ond experiment measured the upper and lower boundaries
of the perceived phantom image for extreme stimuli condi-
tions from the first experiment. This approach reveals not
only the overall magnitude of VIS but also the actual po-
sition of the perceived image in space. The combination
of these two tests allows us to observe whether changes to
VIS by vertical decorrelation are perceivable and signifi-
cant at octave-band and broadband level. Further to these
subjective experiments, the stimuli signals have been bin-
auralized so that objective analysis of the ear input signals
can be conducted.

The rest of this paper is organized as follows. Sec. 1 re-
views the two decorrelation methods used in the present
study: phase randomization and complementary comb-
filtering. The first and second experiments are described
in Secs. 2 and 3, respectively. Following this, objective
analysis of the binauralized stimuli and binaural room im-
pulse responses (BRIRs) is conducted in Sec. 4. Practical
implications of the results from the experiments are then
discussed in Sec. 5, with the conclusions of the study de-
tailed in Sec. 6.

1 DECORRELATION METHODS USED IN THE
STUDY

Conventional decorrelation methods can broadly be split
into phase-based and amplitude-based techniques, with a
summary of each provided in Secs. 1.1 and 1.2, respectively.
The current study utilizes one phased-based technique pro-
posed by Kendall [18] and one amplitude-based technique
discovered by Lauridsen [14]. Through comparing both of
these approaches side-by-side using the same controlled
levels of ICC, the results should provide some indication
whether a general relationship between vertical ICC and
VIS perception exists. Furthermore, to assess the effect of
vertical ICC on VIS, it is required that the decorrelation
techniques used must achieve suitably low ICC coefficient
(ICCC) values across all octave-bands, and that the degree
of correlation is easily controlled to achieve the desired
level of ICC.

The ICCC between two loudspeaker signals (s; and s;)
is calculated as the maximum absolute value of the inter-
channel cross-correlation function (ICCF) (Egs. (1) and (2))
[5]— a lag time (t) can be set with the ICCF to compensate
for any delay between the signals. In the present study zero
(0) lag is used as all signals are time-aligned, and ICCC is
calculated as the average of running ICCCs (ICCC,y,) for
50 ms windowed signals.

S s1 () sz (t + 1) dt
S st 0 di] [ 53 @ di]

ICCF (v) = (D

ICCC = max |[ICCF (v)| 2)
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1.1 Phase-Based Decorrelation

Considering phase-based decorrelation first, Kendall
[18] proposes the use of all-pass filters to randomize the
phase of frequencies within a signal, while maintaining the
frequency magnitudes between the input and output. For
this technique an original monophonic signal can simply
be convolved with two impulses (short white noise bursts)
of random phase and unit magnitude (Eq. (3)).

st ()= x ) hy(n) 52 (n) = x () ha(n) 3

where s; and s, are the two output signals, x is the mono-
phonic input signal, and /; and A, are the two FIR filter
impulses (white noise bursts).

To create the FIR all-pass filters, two random number se-
quences are generated as the filter phase coefficients in the
frequency domain (featuring random values between —7
and ), giving an inherent decorrelation between the two
filters—the degree of this correlation can then be controlled
by a mixing matrix, as seen in Eq. (4) below. It is thought
that the correlation between the two impulses directly re-
lates to the correlation between the two outputs; however,
given the random generation of the number sequences, the
actual degree of maximum ICC can vary drastically be-
tween each creation of filters, often requiring repetition
until the desired ICC level is achieved.

hy [n]l= aln] hy [n]= (a[n]+ (b[n]-k)) 4)

1
1+k
where h; and h; are the two random filter phase coefficients
after mixing, a is the first random number sequence, b is
the second random number sequence, and k is the mixing
factor between O and 1, where 1 is maximum decorrelation.

It is assumed that the use of all-pass filter decorrelation
should have little effect on the frequency response of the
signals, however in practice, the length of the filter (white
noise burst) can cause smearing of transient information
[19]. In general, the longer the filter length, the greater or
easier the decorrelation, yet at the expense of increased
signal coloration. The waveform of the output can also be
distorted by significant opposing phase-shifts of neighbor-
ing frequencies [20]. It is this random interaction of phase-
shifts that leads one implementation of the all-pass filter to
sound noticeably different from another.

Although it is relatively simple to achieve a low level
of ICC with all-pass filters, the random element requires
a trial-and-error approach in terms of both coloration and
ICC, which may not be suitable for practical applications.
Various suggestions have been made to improve phase-
based approaches on coloration and transient handling—
these include the use of exponentially decaying white noise
bursts [21, 22], the random time-shifting of whole critical
frequency bands [20, 23], and extraction of transient in-
formation [19]—however, the added complexity can make
achieving low levels of ICC more difficult. Since the present
study has a focus on controlling a broad range of ICCC,y,
values with continuous pink noise stimuli (i.e., limited tran-
sients and little consideration towards coloration), it was
deemed that the original approach proposed by Kendall
would be best suited for this purpose. Some existing upmix-
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Fig. 1. Structure of the Complementary Comb-Filter decorrelator.
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Fig. 2. FFT plots of the two output signals from the Comple-
mentary Comb-Filter decorrelator (4096 FFT-points) (1 kHz
octave-band with a 10 ms time-delay and gain factor of 1.0).

ing models also indicate the generic use of all-pass filters
to decorrelate signals by phase randomization [9, 10].

1.2 Spectral-Amplitude-Based Decorrelation

Looking to amplitude-based methods, the simplest of
these is in the form of frequency panning, where groups
of frequencies are alternately panned between the output
channels at regular intervals across the spectrum. Laurid-
sen [14] first discovered an effect whereby summing and
subtracting a signal with a delayed version of itself created
two comb-filtered signals that had opposing spectral am-
plitude differences. It was found that this amplitude decor-
relation generated a “pseudo-stereophonic” impression of
width when reproduced simultaneously from spaced posi-
tions. The structure of the Lauridsen decorrelation process
can be seen in Fig. 1 below, where the monophonic input
signal is time-delayed (T) and multiplied by a gain factor
(G), before the summation and subtraction with the original
signal.

The method was investigated further by Schroeder [6]
and has since been termed “complementary comb-filtering”
(CF) [15]. An example of the resulting complementary am-
plitude differences can be seen in Fig. 2 below, where
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groups of frequencies are regularly panned between the
two outputs for a 1 kHz octave-band. It is very simple
and cost-effective to implement, and the degree of ICC is
easily controlled by the gain factor applied to the delayed
signal (where a gain factor of 1.0 is maximum decorrela-
tion). Many other amplitude-based methods also work on
a similar principle of frequency distribution between two
channels [5, 24, 25]; however, suitably low levels of ICC
can easily be realized with complementary comb-filtering,
making it an appropriate technique to assess in this study.
Furthermore, the method is featured in some proposed up-
mixing algorithms [8, 11], and was also the approach used
in the authors’ previous experiments [4].

2 EXPERIMENT ONE: RELATIVE GRADING OF
VERTICAL IMAGE SPREAD (VIS)

The first subjective experiment looks to establish the rel-
ative perception of vertical image spread (VIS) between
vertically decorrelated and correlated pink noise stimuli.
Two decorrelation methods (as described in Sec. 1 above)
were employed to control the degree of signal correla-
tion (interchannel cross-correlation (ICC)) between pairs
of vertically-spaced loudspeakers, testing average running
ICC coefficients (ICCC,y) ranging from 1.0 to 0.1 (cal-
culated using Egs. (1) and (2), with zero lag and 50 ms
windowing). Stimuli were created by decorrelating octave-
band and broadband pink noise, in order to observe the
frequency-dependency of ICC on VIS—these stimuli were
then presented at three different azimuth angles to the lis-
tening position (0°, £30°, and £110°). The results from
testing also informed the second subjective experiment of
this study, where absolute VIS was measured to examine
changes of the upper and lower image boundaries.

2.1 Experimental Design
2.1.1 Physical Testing Setup

Ten Genelec 8040A loudspeakers (frequency response:
48 Hz — 20 kHz (42 dB)) were used during testing, divided
into two separate layers (main and height) with five loud-
speakers in each. The five main-layer loudspeakers were
spaced around the listener at azimuth angles of 0°, +30°,
and +110°, in accordance with ITU-R BS.775-3 [26]. Each
main-layer loudspeaker was positioned 2 m from the listen-
ing position, with the acoustic center at a height of 1.27 m
and in line with the ear position. The height-layer loud-
speakers were positioned directly above the main-layer az-
imuth positions at an elevation angle of +30° to the listener,
as per Auro-3D 9.1 (with an additional center height) [1].
This resulted in five vertically-spaced loudspeaker pairs
around the listener with a spacing of 1.15 m between the
two layers (see Fig. 3).

Listening tests were conducted at the University of Hud-
dersfield in a critical listening room that fulfils the specifi-
cation of ITU-R BS.1116-3 [27] (6.2m x 5.6m x 3.8m; RT
= 0.25 s; NR 12). Time and level alignment were applied
between the two loudspeaker layers in order to compensate
for interlayer difference of signal arrival at the listening po-
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Fig. 3. Physical loudspeaker setup used during testing (based on
Auro-3D 9.1 [1] with an additional Center height-channel). Five
main-layer loudspeakers positioned 2 m from the listener at ear
height with azimuth angles of 0°, £30°, and £110°. Five upper
height-layer loudspeakers elevated directly above its main-layer
pair by +30° to the listener.

sition. An acoustically transparent curtain was also used to
obscure the loudspeakers from view, so as to avoid visual
bias during testing.

2.1.2 Stimuli Creation

For stimuli creation, a continuous broadband pink noise
sample was filtered into nine octave-bands, with center
frequencies of 63 Hz to 16 kHz, using 16th-order linear
phase Butterworth filters (96 dB/octave roll-off). To gener-
ate the stimuli, each pink noise octave-band and the original
broadband sample were processed using the two decorrela-
tion techniques reviewed in Sec. 1: Complementary Comb-
Filtering (CF) and Phase Randomization by use of all-pass
filters (PR). Although more sophisticated methods of decor-
relation have been proposed in recent years to improve
tonal quality (as mentioned in Sec. 1), the two approaches
selected for this study allow for a simple controlled assess-
ment of the ICC effect due to fewer parametric variables.
Furthermore, both of the methods are able to achieve an
ICCC,yy of at least 0.1 for each of the octave-bands under
testing (63 Hz — 16 kHz) (calculated using Eqs. (1) and (2),
with zero lag and 50 ms windowing).

2.1.2.1 Phase-Randomization Stimuli (All-Pass Filter-
ing) The two random number sequences used for creating
the PR stimuli were 30 ms in length (1323 numbers at a sam-
pling rate of 44.1 kHz). In theory, an all-pass filter method
should not affect a signal’s spectral response, since the fre-
quency magnitudes remain constant throughout. However,
it is found that a longer filter length can cause undesirable
smearing of transients [19]—this is not of particular con-
cern in the present study, though, as the assessment has
been conducted on continuous noise sources. In the present
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study, a length of 30 ms for the random number sequences
was found to easily decorrelate the 63 Hz octave-band to
ICCC,yg 0.1, where the lowest frequency (44 Hz) has a
cycle length of around 23 ms.

2.1.2.2 Complementary Comb-Filtering Stimuli As
detailed in Sec. 1.2, the complementary comb-filtering tech-
nique features two parameters: time-delay and gain factor.
The gain factor controls the degree of correlation, while the
time-delay affects the comb-filter notch depth and the band-
width between notches. The present study employs a time-
delay of 10 ms, which was shown to generate an ICCC,y,
of 0.1 for the 63 Hz octave-band—it provides a maximum
notch depth (interchannel level difference) of ~12 dB for
a 1.0 gain factor, with a relatively narrow notch bandwidth
(100 Hz). This time-delay has also been suggested by other
researchers as a compromise that gives the desired percep-
tion of widening, while avoiding any confusion that may be
experienced with longer time-delays [8]. Furthermore, the
10 ms condition demonstrated a significant effect on VIS
perception for the Middle and High frequency bands in the
authors’ previous vertical decorrelation research (described
in Sec. 0) [4].

2.1.2.3 Stimuli Conditions For the techniques detailed
above, three ICCC,,, levels of decorrelation were gener-
ated with each (as calculated using Egs. (1) and (2)): “0.1,”
“0.4,” and “0.7.” Additionally, ICCCyy “1.0” (fully corre-
lated) and a monophonic signal routed to the main-layer
loudspeaker only were also included as stimuli conditions.
The monophonic stimuli were included with an interest
to see whether decorrelation would actually increase VIS
compared to the original condition in a vertical upmix-
ing scenario. This resulted in eight stimuli for each of the
ten frequency conditions (nine octave-band and one broad-
band). Both methods were implemented using MATLAB
looping scripts that repeated the decorrelation process until
the desired ICCC,,, was achieved; in the case of Comple-
mentary Comb-Filtering the gain factor was incremented
with each loop, and for Phase Randomization new ran-
dom number sequences were generated each time (with
the mixing matrix set to a reasonable level). Each of the
two decorrelated output signals were RMS level-matched
with the input signal to maintain an equal balance of energy
between the channels. Of the two-channel decorrelated out-
puts, Output 1 was routed to the main-layer loudspeaker and
Output 2 to the height-layer loudspeaker of a given vertical
pair.

The level of each frequency band stimulus was deter-
mined by octave-band filtering a broadband pink noise sig-
nal at 75 dB LAeq, with each of the eight stimuli matched to
the respective sound pressure level (LAeq) of the resultant
bands. This ranged from 49 dBA for the 63 Hz octave-
band to 68 dBA for 1 kHz and 2 kHz octave-band, with
the Broadband stimuli level-matched to 75 dBA. Rather
than matching all octave-bands to the same LAeq for loud-
ness compensation, it was considered that maintaining the
original inter-band energy relationship (equal energy per
octave-band) would be more appropriate. The motivation
here was to examine the effectiveness of decorrelation for
each octave-band, while maintaining its inherent loudness
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within a broadband signal. This would also be more rep-
resentative of a potential practical application, where some
octave-bands are selectively decorrelated for vertical up-
mixing, without changing the spectral energy weighting of
the original source signal.

2.1.3 Subjects

Twelve subjects took part in the first experiment of this
study, comprising staff, postgraduate students, and final
year students from the University of Huddersfield’s Mu-
sic Technology courses. All participants reported to have
normal hearing and were familiar with critical listening
exercises in spatial audio.

2.1.4 Testing Procedure

During the test, subjects were presented with a total of
30 multiple comparison trials in a graphical user inter-
face (GUI), developed by the authors using Cycling “74’s
Max 7 (named HULTI-GEN [28]). Trials were based on an
adapted MUSHRA format [29] with a continuous bipolar
scale (ranging from —30 to 30), featuring visual markers ev-
ery 10 points to help maintain consistency between trials.
Each trial consisted of eight buttons and sliders to trigger
and grade the eight stimuli, with another button next to
the center of the scale (0) to trigger a reference stimulus.
Six of the buttons/sliders corresponded to the decorrelated
stimuli, with the other two controlling the correlated and
monophonic stimuli. The reference signal was the corre-
lated sample (ICCC,y 1.0), which was also included as a
hidden reference among the stimuli. ICCC,,, 1.0 was cho-
sen as reference over the monophonic stimulus since the pri-
mary aim of the study was to observe the perceptual effect
of interchannel decorrelation between vertically-arranged
loudspeakers.

Each stimulus was to be graded for vertical image spread
(VIS) against each other and the reference—where above
the reference (at 0 on the scale) was labelled as greater
and below the reference as lesser. VIS was described as
the overall vertical extent of the auditory phantom image,
with subjects instructed to focus on the VIS and ignore any
vertical shifts of the image. The 30 trials were made up of
the 10 frequency bands for 3 loudspeaker azimuth angle
positions (0°, £30°, and +110°, see Fig. 3 above). Only
one of the two 30° and 110° vertical loudspeaker pairs
were tested for each band to limit the testing load—this
was randomized between left and right for each 30°/110°
trial. With every subject, the order of the 30 trials was
also randomized and divided into 3 separate sessions, each
of which took no more than 30 minutes for a listener to
complete. Subjects were instructed to face forward and keep
their head still throughout testing, which was ensured by
the aid of a small headrest for the listener.

2.2 Results and Analysis

Results for the first experiment are presented in Fig. 4
below—all data has been normalized in accordance with
ITU-R BS.1116-3 [27] and analyzed in SPSS. The graphs
display the median scores of relative VIS with bars to
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signify notch edges, representing non-parametric 95% con-
fidence intervals [30]. Shapiro-Wilk tests for normality in-
dicated that the data of each condition was not always nor-
mally distributed; therefore, non-parametric statistical tests
were performed across all conditions for consistency and
comparison.

Data was first analyzed for significant difference between
the two decorrelation methods, using Bonferroni-corrected
Wilcoxon signed-rank tests to compare the two methods at
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each of the three interchannel cross-correlation coefficient
(ICCCyy) levels. Friedman repeated measure tests were
then conducted to assess the effect of ICC on VIS for either
the methods combined, if no difference was established,
or each method independently. The monophonic stimulus
was not included in the Friedman testing, as it does not
feature an ICCC,,, value. Instead, Wilcoxon signed-rank
tests with Bonferroni correction were carried out between
the monophonic stimulus and all other stimuli to observe

J. Audio Eng. Soc., Vol. 66, No. 7/8, 2018 July/August



PAPERS

significant differences, with the median and notch data of
the monophonic stimuli also presented in the graphs for
comparative purposes.

2.2.1 Comparing Decorrelation Methods

The Wilcoxon signed-rank test results indicated that there
was little significant difference between the two decorrela-
tion methods. In every case where a significant difference
was present, PR was always greater than CF in VIS. For the
125 Hz, 2 kHz, and Broadband frequency bands at +110°,
“PR 0.1” had a significantly greater VIS than “CF 0.1”
(p < 0.05); and for the 1 kHz band at £110°, “PR 0.4”
was significantly greater than “CF 0.4” (p < 0.05). Simi-
larly, with the 250 Hz band, PR had a significantly greater
VIS than CF for “0.7” and “0.4” at £30°, and for “0.7” at
+110° (p < 0.05). All other ICCC / frequency band con-
ditions demonstrated no significant difference between the
two decorrelation methods (p > 0.05).

2.2.2 Interchannel Cross-Correlation Effect

Considering the effect of ICC on VIS, a significant
change of VIS is observed for the majority of frequency
band / azimuth angle conditions. With the 63 Hz octave-
band, the Friedman test results indicate a significant ICC
effect for 0° and +110° azimuth (p < 0.05), but not at +30°
(»p > 0.05). For the 125 Hz band, only the PR method at
+110° azimuth showed a significant ICC effect (p < 0.05),
while the 250 Hz band has a significant ICC effect with PR
at £30° and both methods at =110° (p < 0.05). Looking at
Fig. 4, it is seen that the ICC effect on VIS tends to become
more apparent and linear as frequency increases. In agree-
ment with this, the Friedman results for the 500 Hz, 1 kHz,
2 kHz, 4 kHz, 8 kHz, 16 kHz, and Broadband frequency
bands all demonstrate a significant ICC effect at each of the
azimuth angles under testing (0°, £30°, and £110°) (p <
0.05).

2.2.3 Statistical Correlation between ICC and VIS

To further evaluate the apparent effect of ICC on VIS, the
data sets of each decorrelation method have been combined,
with the statistical correlation between ICC and VIS calcu-
lated for each condition (Table 1). The correlation coeffi-
cients were determined using both Spearman’s rank-order
and Pearson’s product-moment measurement techniques.
Spearman’s rank-order test is non-parametric and can be ap-
plied to ordinal data, with the results indicating the strength
of a monotonic relationship between variables—that is, as
one variable increases, so does the other—whereas Pear-
son’s approach assesses the linearity of correlation between
two variables. The closer the coefficient is to 1, the stronger
the correlation, with the authors assuming a coefficient
greater than 0.7 to indicate a relatively strong correlation.

Observing the Spearman rank-order coefficients in
Table 1, it can be seen that the strongest correlation be-
tween ICC and VIS is for the 8 kHz band at £30° azimuth
(ry = 0.83), which is further reflected in the Pearson results
(r =0.80). The Spearman results also show strong correla-
tion for the Broadband stimuli at £=30°, and 2 kHz, 4 kHz,
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8 kHz, 16 kHz, and Broadband at +110°. There appears to
be general agreement between the two statistical correla-
tion tests for each condition, demonstrating that the strong
correlation observed is mostly linear. Furthermore, the cor-
relation between ICC and VIS is significant at all azimuth
angles for the 500 Hz octave-band and above, as well as
for 63 Hz at 0°/£110° and 125 Hz at =110° (p < 0.01),
broadly agreeing with the significant ICC effects reported in
Sec. 2.2.2.

2.2.4 Monophonic Results

The only decorrelated stimuli to have a significantly
greater VIS than the monophonic conditions were 63 Hz,
2 kHz, and 8 kHz “0.1” at £110°, and Broadband “0.1” at
both 0° and £110° (p < 0.05). In some cases, the mono-
phonic condition was perceived as having a significantly
greater VIS than decorrelated stimuli. For the 500 Hz band,
Wilcoxon tests revealed that the monophonic sample was
significantly greater than “1.0” at both 0° and £30°, as well
as greater than “0.7” and “0.4” for the PR method at 0°
(p < 0.05). With the 1 kHz band, the monophonic sample
was significantly greater than “1.0” at £110° (p < 0.05).
The 2 kHz monophonic stimulus was significantly greater
than “1.0” and “0.7” (PR method) at 0° (p < 0.05), as well as
“1.0” and “0.4/0.7” (CF method) at +30° (p < 0.05). With
the 4 kHz band, the monophonic sample was significantly
greater than “1.0” and “0.7” at £30° (p < 0.05), and greater
than “1.0” at £110° (p < 0.05). It can be seen from these
results that an ICCC,,, of “0.1” was always perceived as
having a similar or greater VIS than the monophonic con-
dition for every frequency band and azimuth angle.

2.3 Discussion of Relative Testing Results
Generally speaking, there is little linear interchannel
cross-correlation (ICC) effect for octave-bands below the
500 Hz band; that is, where an increase of vertical spread
is observed as correlation decreases. Looking at the me-
dian and notch edge plots in Fig. 4 above, it can be seen
that a direct relationship between ICC and vertical image
spread (VIS) begins to develop around the 500 Hz octave-
band point—this is confirmed by the significant statistical
correlation results shown in Table 1. In every case for the
500 Hz octave-band and above, either the ICC conditions
of “0.1” or “0.4” (decorrelated) were significantly greater
than “1.0” (the correlated condition) across all loudspeaker
angles. This perceptual effect is likely due to the introduc-
tion of vertical localization cues generated by the pinna [16,
17], torso [31], and room reflections, as well as that of in-
teraural cues by a head-shadowing effect when the source
is presented off-center. Consequently, the presence of these
features may allow the brain to interpret two largely uncor-
related signals from different directions simultaneously.
There also appears to be some direction-dependency on
the relationship between ICC and VIS. For both the 500 Hz
and 1 kHz bands, the statistical correlation between ICC
and VIS is greatest at 0° azimuth, then appears to decrease
as the azimuth angle increases. This suggests that the per-
ception of VIS by decorrelation for these frequencies may
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Table 1. Statistical correlation between the Interchannel Cross-Correlation Coefficient (ICCC)
and the relative Vertical Image Spread (VIS) scores (** p < 0.01; * p < 0.05).

Spearman’s Rank-Order (ry)

Pearson’s Product-Moment (r)

Center (0°) Front (£30°) Rear (£110°) Center (0°) Front (+30°) Rear (£110°)

63 Hz 0.29** 0.11 0.35%*
125 Hz 0.01 0.05 0.30**
250 Hz -0.09 0.01 0.14

500 Hz 0.49** 0.41** 0.33**
1kHz 0.52** 0.42** 0.42**
2 kHz 0.63** 0.68** 0.74**
4 kHz 0.51** 0.67** 0.75**
8 kHz 0.65** 0.83** 0.73**
16 kHz 0.52** 0.56** 0.73**
Broadband 0.62** 0.77** 0.71**

0.24* 0.17 0.30**
0.03 0.07 0.29**
-0.10 0.02 0.14
0.47** 0.36"* 0.33**
0.54** 0.42** 0.41**
0.63** 0.66"* 0.68**
0.50** 0.68** 0.74**
0.58** 0.80** 0.70**
0.50** 0.55** 0.70**
0.54** 0.73** 0.69**

be most detectable when changes occur in both ears equally
(i.e., the median plane). In contrast, the 2 kHz, 4 kHz, and
16 kHz bands show strongest correlation at +=110° where
interaural differences are greatest from head-shadowing;
while the 8 kHz and Broadband frequency bands indicate
strongest correlation at 30°, where there is a combination
of both interaural differences and spectral filtering by pinna
reflections. These points have been considered further in the
objective analysis of Sec. 4 below.

Comparing the results for the two decorrelation meth-
ods, phase randomization (PR) and complementary comb-
filtering (CF), there is generally little difference between
them— 92% of all method comparisons exhibited no sig-
nificant difference. In the cases where there was significant
difference, the PR method was always perceived as having
a greater VIS than CF. Given the general similarity of VIS
between methods for each ICC level, and also the linear
relationships seen with the 500 Hz octave-band and above,
it can be suggested that the ICC relationship with VIS at
middle to high frequency bands might be useful for practi-
cal applications such as vertical upmixing. Through further
investigation and development, it may be found that ver-
tical ICCC,,, measurements at these frequencies can also
contribute to the prediction of VIS in 3D audio content.

It is worth noting that, for the majority of monophonic
results, the monophonic stimuli were not perceived as sig-
nificantly different from the vertically decorrelated condi-
tions (all of which were presented at the same SPL level).
This similarity suggests that there may not be any benefit
to vertically decorrelating signals when upmixing from 2D
to 3D. One cause of an increase to the VIS of the mono-
phonic condition could be the impact of vertical decor-
relation on perceived loudness, where the interaction of
two partially correlated signals at the ear may result in the
cancelling of frequencies (e.g., by comb-filtering), lead-
ing to a perceived “weakening” of the signal. Early room
reflections could have also influenced the perception of
the monophonic stimuli, particularly for the middle fre-
quencies around 500 Hz to 1 kHz—it has previously been
shown that a single reflection can impact VIS [32]—this
has been objectively investigated and discussed in Sec. 4.4.
Furthermore, the directional bands phenomenon may be
responsible for some confusion when perceiving the mono-
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phonic octave-band stimuli [33]; in particular, it has been
shown that monophonic 1 kHz and 8 kHz octave-bands tend
to be perceived behind and above respectively. Such confu-
sion for some listeners may have caused the large error bars
seen for monophonic stimuli in Fig. 4. It is possible that
if the monophonic condition had been used as reference
then the monophonic results may have been more consis-
tent. However, the relative differences between conditions
would have been broadly similar to the present results, i.e.,
a general monotonic relationship between ICC and VIS,
and an increased VIS for some monophonic stimuli.

3 EXPERIMENT TWO: ABSOLUTE GRADING OF
VERTICAL IMAGE SPREAD

From the first subjective experiment, it was established
that the relative effect of interchannel cross-correlation
(ICC) on vertical image spread (VIS) is both perceivable
and significant, most notably for frequency bands of around
500 Hz and above. The aim of this second subjective ex-
periment is to determine the actual extent of change be-
tween vertically decorrelated, correlated, and monophonic
stimuli, through absolute measurement of the VIS upper
and lower auditory boundaries. Results of the experiment
will establish the accuracy and agreement of defining VIS
boundaries, as well as in which direction any changes of
VIS occur along the vertical plane.

3.1 Experimental Design

The second experiment used the same physical loud-
speaker setup as the first; however, only the Center 0° and
Front £30° vertically-spaced loudspeaker pairs were tested
(see Fig. 3). This was due to the practical difficulty of lo-
calizing and defining VIS in absolute terms from behind
the listener. Listening tests for the second experiment were
conducted in the same critical listening room as the first
and under the exact same testing conditions, with time/level
alignment and an acoustically transparent curtain. A verti-
cal light-emitting diode (LED) strip was fixed beside the
0° loudspeakers, to aid the capture of the upper and lower
auditory boundaries, while avoiding potential bias from vi-
sual markers on a physical scale. The LED strip was linked
to a physical rotary controller through Cycling ‘74’s Max 7,
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which the user could rotate to control the position of each
boundary separately (depressing the controller knob to
switch between boundaries). This response method was
originally proposed and evaluated by Lee et al. [34]—in
their experiment on vertical phantom image localization,
it was found that the LED method improved the subject’s
response consistency and shortened the test duration, when
compared against the conventional visual marker method.

In order to assess the absolute difference of VIS be-
tween the narrowest and broadest perceived samples, three
stimuli from the first experiment were tested for each fre-
quency band. These three stimuli were the correlated stimu-
lus (ICCC,y, of 1.0), the monophonic stimulus (main-layer
only) and the vertically decorrelated phase randomization
(PR) stimulus (ICCC,y, of 0.1). PR was chosen over the
complementary comb-filtering (CF) method since the first
experiment showed that, for every frequency band, PR with
an ICCC,y, of 0.1 consistently had the same or greater VIS
than all other stimuli.

Nine subjects took part in the second experiment, all
of who also participated in the first. In a single trial, sub-
jects were asked to define the absolute upper and lower
boundary of the auditory VIS, one stimulus at a time, us-
ing the LED strip and rotary controller connected to Max.
There were 60 trials in total: 3 stimuli (decorrelated, cor-
related, and monophonic) for 10 frequency bands (63 Hz —
16 kHz octave-band and Broadband pink noise), tested at 2
loudspeaker azimuth positions (0° and +30° (randomized
between left and right)). The test was repeated twice for
each subject and all trials were randomized over 2 listening
sessions of around 15-20 minutes each.

3.2 Results and Analysis

Results from the absolute vertical image spread (VIS)
testing can be seen in Fig. 5 below. Each stimulus con-
dition features two box plots that represent the data for
its lower and upper VIS boundaries—where the grey box
plot on the left is the lower boundary and the white box
plot on the right is the upper boundary. The line within the
boxes signifies the median of subjects’ responses, and the
extent of the boxes indicates the 1% and 3™ quartiles (the
interquartile range) of the data. To visualize the general spa-
tial impact of the boundary positions between stimuli and
frequency bands, the median overall VIS (the difference
between the two boundaries) is displayed in Fig. 6—these
values were obtained by calculating the overall VIS of each
individual response, then plotting the median value from
these calculations for each condition.

Bonferroni-corrected Wilcoxon signed-rank tests have
been conducted between stimuli within each octave-band,
to assess the perceived differences of the upper boundary
position, the lower boundary position, and the overall VIS
(the difference between the two boundaries). In the fol-
lowing results “Mono” refers to a signal from the lower
main-layer loudspeaker only, “1.0” is the correlated stimu-
lus, and “0.1” is the vertically decorrelated stimulus.

For octave-bands of 63 Hz to 500 Hz, the Wilcoxon
tests revealed no significant change to the VIS boundary
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positions and the overall VIS between stimuli within each
octave-band and loudspeaker position (p > 0.05). These re-
sults broadly agree with the relative test results in Sec. 2.2,
where no significant ICC effect was observed for octave-
bands below 500 Hz. Fig. 6 also shows that the overall VIS
for each condition of the 63 Hz octave-band is consistently
large for both loudspeaker angles (between 100—120 cm),
when compared against the overall VIS of the other fre-
quency bands.

Wilcoxon results for the 1 kHz band show that, for both
the 0° and +30° loudspeaker positions, the “0.1” upper
boundary was significantly higher than the “1.0” upper
boundary (p < 0.05), indicating an upward increase of
VIS by decorrelation. On the other hand, looking at the
2 kHz octave-band from £30°, the “1.0” condition had a
significantly higher lower boundary than both the “0.1”
condition (p < 0.05), demonstrating a downward increase
of VIS following decorrelation. Furthermore, there is some
suggestion of image shifting with the 1 kHz and 2 kHz
octave-bands; in particular, the 1 kHz “0.1” condition at
+30° has significantly higher upper and lower boundaries
than the “Mono” stimulus (p < 0.05).

For the 8 kHz band, both the 0° and £30° results show
a significant upward shift of the “1.0” image from the
“Mono” condition (p < 0.05)—similarly, the “0.1” upper
image boundary was significantly higher than the “Mono”
condition for both positions (p < 0.01). This suggests that
presenting an 8 kHz octave-band in vertical stereophony el-
evates the auditory image towards the height-channel loud-
speaker. Figs. 5 and 6 also demonstrate that vertical decor-
relation of the 8 kHz band increases VIS downwards, as
with 2 kHz; however, this is not significant due to a large
deviation of the lower boundary scores (the median abso-
lute deviation (MAD) of these lower boundary results has
been calculated as 36-50 cm). In contrast, decorrelation of
the 16 kHz octave-band results in a significant upward in-
crease of VIS from the “1.0” and “Mono” conditions at 0°
azimuth (p < 0.05) (as shown in Figs. 5 and 6).

With the Broadband stimuli, there was some significant
difference between boundaries for both loudspeaker posi-
tions. At 0° azimuth, the upper and lower boundaries of
“0.1” and “1.0” were both significantly higher than the
“Mono” boundaries (p < 0.01), indicating an upward im-
age shift when introducing a height-channel. Whereas from
430°, only the upper boundaries of “0.1” and “1.0” were
significantly higher than the “Mono” sample (p < 0.05),
with the lower boundaries remaining consistently below
the lower loudspeaker position for all conditions. In terms
of overall VIS for the Broadband stimuli, only “0.1” was
significantly greater than the “Mono” stimulus at £30°
(p < 0.05) (supporting the results seen in the first exper-
iment), although Fig. 6 also shows “0.1” as having the
greatest VIS at 0° azimuth as well.

3.3 Discussion of Absolute Testing Results

The absolute results show no significant change to ver-
tical image spread (VIS) boundaries or overall VIS for
octave-bands of 500 Hz and below. This is broadly in
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Fig. 5. Box plots displaying the location for the upper and lower boundaries of the auditory Vertical Image Spread (VIS) (cm), where
each box features the median (the 2" quartile) and interquartile range (1% to 3" quartile) of a boundary position. The grey shaded boxes
on the left show the lower boundary of a condition and the white boxes on the right show the upper boundary. The two dashed lines
indicate the acoustic centers of the lower and upper loudspeakers (i.e., a 30° difference).

line with the results from the first experiment, where it
is generally seen that the effect of interchannel cross-
correlation (ICC) on VIS occurs significantly around the
500 Hz octave-band and above. The only cases of decorre-
lation influencing a significant increase to the overall VIS
(the difference between the upper and lower boundaries)
are for the 16 kHz octave-band at 0° and the Broadband
condition at £30°. However, the median values in Fig. 6
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demonstrate that the “0.1” condition (the decorrelated stim-
ulus) consistently had a greater overall VIS than “1.0” (the
correlated stimulus) for octave-bands of 500 Hz and above
(as well as for the Broadband condition), supporting the
relative grading results in the first experiment.

In general, the changes of VIS appear to be slight, with
large deviations about the median point for many bound-
ary positions (see the interquartile ranges in Fig. 5)—this
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Fig. 6. The absolute median overall Vertical Image Spread (VIS) for each condition (cm), where the raw overall VIS scores were
calculated as the difference between the upper and lower boundaries for each individual subject response before averaging.

is despite significant difference of VIS between the same
conditions in the first experiment. These results suggest
that perceiving changes to boundaries and vertical extent is
likely to be easier when comparing stimuli relatively (as in
the first experiment), whereas absolutely defining the im-
age boundaries independently is a rather difficult task. In
particular, the 8 kHz octave-band at +=30° had the strongest
relationship between ICC and VIS in the first experiment
(which is reflected by the absolute increase of overall VIS
in Fig. 6); however, a noticeably high deviation of lower
boundary responses for both “1.0" and “0.1” delivered a sta-
tistically insignificant change of absolute VIS (the MAD of
these lower boundaries has been calculated as 36-39 cm).

Similarly, the Broadband results from the first experi-
ment demonstrated a significant relative VIS increase by
decorrelation, although the absolute results only show an
insignificant increase of overall VIS from “1.0” and “0.1”
in Fig. 6. It is possible that the absolute measures of the
Broadband stimuli were judged based on the inherent large
spread of low frequencies, as seen with the 63-250 Hz
octave-bands in Fig. 6 (i.e., the entire spectral image was
considered). On the other hand, the relative judgments of
the first experiment could have been dictated by notice-
able changes to VIS in the higher frequencies (e.g., within
the 8 kHz octave-band). Significant movements of upper
and lower boundaries (not necessarily increasing VIS) may
have also led to a relative perception of VIS change in the
first experiment. The 1 kHz result is one case where the
perception of VIS could have been dictated by changes to
a single boundary or shift of image, rather than an increase
to the absolute VIS.

For the 2 kHz and 8 kHz octave-bands, the “1.0” con-
dition (the correlated stimulus) at +30° appears to be el-
evated towards the height loudspeaker (in comparison to
the Mono condition)—the auditory image is then extended
downwards from this elevated position towards the lower
loudspeaker following decorrelation. In the case of the
8 kHz band, the bias towards the height-layer loudspeaker
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is very strong at both 0° and £30° when a height-channel is
present (i.e., vertical stereophony). The results presented
here suggest that the vertical localization cues from an
elevated 8 kHz octave-band source have dominance over
a lower positioned correlated source, when both are pre-
sented simultaneously. A large spectral notch around 8 kHz
(caused by the pinna from the main-layer loudspeaker di-
rection) is likely to be the cause of this effect, resulting in
more energy for the 8§ kHz band from the height-channel
direction [35]. Furthermore, the downward extension fol-
lowing decorrelation suggests that both loudspeaker signals
might be perceived independently at the same time, with
the decorrelation process reducing the height dominance to
“un-mask” the main-layer loudspeaker. In contrast to this,
all of the 16 kHz stimuli have a bias towards the main-layer
loudspeaker, with a significant upward extension for the
decorrelated stimuli. To investigate these findings further,
analysis of the spectra for these key bands is presented in
Sec. 4.2 below.

4 OBJECTIVE ANALYSIS AND DISCUSSIONS

4.1 Binaural Synthesis of Stimuli

To objectively analyze the stimuli signals, all 80 stim-
uli from the first subjective experiment (described in Sec.
2.1.2) have been convolved with binaural room impulse re-
sponses (BRIRs) of the listening room. These BRIRs were
acquired using the exponential sine sweep (ESS) method
[36] implemented in the HAART impulse response cap-
ture toolbox [37]. Sine sweeps were presented from each
loudspeaker independently and recorded using a Neumann
KU 100 dummy head in the listening position (with the
ear height in line with the acoustic center of the main-
layer loudspeakers, i.e., 0° elevation at a height of 1.27
m). This resulted in a total of 10 BRIRs, one for each of
the 10 loudspeakers used during testing —5 main-layer
and 5 height-layer loudspeakers, based on Auro-3D 9.1
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Fig. 7. Diagram of the convolution process for a single loud-
speaker pair. M and My represent the left and right ear input
signals of the main-layer (lower) loudspeaker, and H; and Hg
represent the left and right ear input signals of the height-layer
(upper) loudspeaker. The two layers are then summed together to
replicate the test stimuli.

with an additional center height-channel [1] (Fig. 3 above).
During the convolution process, three conditions were cre-
ated for each combination of stimulus and azimuth angle
(0°, £30°, and £110°): the main-layer only (Egs. (5) and
(6)), the height-layer only (Egs. (7) and (8)) and the layers
combined (where the time/level-aligned main- and height-
layer impulses were summed) (Egs. (9) and (10)) (Fig. 7).
Spectral analysis of the BRIR-convolved stimuli can be
seen in Sec. 4.2, with calculation of the interaural cross-
correlation coefficients (IACCs) presented in Sec. 4.3.

LMZML *S] RMZMR *S] (5,6)
LH:HL *S2 RH:HR *Sz (7,8)
Lec=Ly +Ly Rc =Ry + Ry 9, 10)

where S; and S, are the two-channel stimuli signals, M is
“Main,” H is “Height,” and L, and R, are the left and right
ear signals of the convolved stimuli.

4.2 Spectral Analysis of Binauralized Stimuli

In the subjective relative testing results (Sec. 2.2), there
was a significant interchannel cross-correlation (ICC) effect
on vertical image spread (VIS) from around the 500 Hz
octave-band and above, where VIS increased as the ICC
coefficient (ICCC) decreased. At high frequencies, it is
hypothesized that this change to VIS may be influenced
by the head-related transfer function (HRTF) filtering of
signals, particularly in the median plane [17].

To investigate this, delta spectra of the frequency am-
plitude difference between the BRIR-convolved stimuli is
presented below for each azimuth angle (0°, £30°, and
+110° in Figs. 8, 9, and 10, respectively). Spectra were
calculated using 4096 FFT-points with a frame length of
4096 samples—a Hann window was used on the frames
with 50% overlap, and 1/6-octave Gaussian smoothing was
applied to the FFT output.
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In the delta plots of Figs. 8, 9, and 10, the broadband FFT
spectra of the decorrelated signals ICCC,y, 0f 0.1, 0.4, and
0.7) have been subtracted from that of the correlated con-
dition (ICCC,y, of 1.0), in order to observe the differences
of spectrum as correlation decreases. A positive amplitude
difference indicates a boost of frequency for that particular
ICC condition in comparison to ICCC,y, 1.0. Both decorre-
lation methods are presented (Phase Randomization (PR) in
the upper panel and Complementary Comb-Filtering (CF)
in the lower), with the left and right panels displaying plots
for the left and right ears, respectively.

Observing the plots in Figs. 8, 9, and 10, general agree-
ment can be seen between the upper and lower panels. This
indicates that both the phase-based and amplitude-based
decorrelation methods appear to produce similar spectral
cues. Furthermore, it is demonstrated that the majority of
spectral changes occur within the 8 kHz and 16 kHz octave-
bands, presumably due to HRTF filtering from the pinna
(the outer ear).

At 0° azimuth (Fig. 8), vertical decorrelation primarily
results in a boost around 8-9 kHz for both methods. For the
+30° azimuth angle (Fig. 9), boosts from decorrelation can
be seen around 7-8 kHz and 16 kHz in the contralateral left
ear and 8 and 12 kHz in the ipsilateral right ear. Whereas at
+110° azimuth (Fig. 10), decorrelation seems to generally
boost high frequencies in the contralateral left ear, while
the ipsilateral right ear features two boosts around 8-9 kHz
and 14-15 kHz. It is seen that all of these spectral boosts
tend to increase systematically as ICCC decreases, where
it appears the degree of vertical decorrelation relates di-
rectly to the degree of spectral change. This effect seems
to be a reduction of phase cancellation at the ear, where
the decorrelated signals cause the spectral notches from
pinna filtering to be “filled in.” It is well-known that spec-
tral notches are important to the localization of sources in
the vertical plane [16, 17]; therefore, a reduction of notch
depth may decrease localization accuracy, resulting in a
perceived increase of VIS. Further investigation is required
to understand the significance of these spectral cues and
also to determine whether simple amplitude manipulation
of pinna notches can be used to influence the perception of
VIS.

4.3 Interaural Cross-Correlation (IAC) of
Binauralized Stimuli

Observing the spectral analysis in Sec. 4.2 above, there
are clear interaural differences of spectral filtering at higher
frequencies. It is already established that the interaural
cross-correlation coefficient (IACC) has a strong relation-
ship with the perceived horizontal extent of a sound source
[7]; however, it is not currently known whether interaural
differences also have a notable impact on the perception of
vertical spatial extent. Furthermore, previous studies have
indicated that horizontal decorrelation and TAC change can
have an effect on the perceived elevation of an auditory
source [38, 39]. Considering this, analysis of the IACC
for the current stimuli may demonstrate an association be-
tween interaural differences and the perception of VIS. In
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particular, the 500 Hz or 1 kHz octave-bands showed no
spectral variation in line with ICC change (Sec. 4.2), de-
spite these octave-bands having a significant ICC effect in
the subjective testing (Sec. 2.2).

Using the convolved stimuli described in Sec. 4.1,
IACC,,; values have been determined for each of the con-
volved conditions using Eqs. (11) and (12) below, taking
the average of time-varying IACCs calculated over 50 ms-
long windows, with 1 ms lag to account for interaural time
delay (ITD) [7]. It has previously been suggested that a
50 ms window length be used for IACC calculation based
on the temporal resolution of the auditory system [40].

JACF (1) —d oo Mgt () Xright (t + D) dt )

[fgooo x;eft ) dt] [f‘ﬁ,o x,?,-gh, (1) dt]

IACC = max|IACF (v)| where |t| < lms (12)

A summary of the IACC,, results can be seen in Table 2
above. The table features IACC,,, values for the extreme
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interchannel cross-correlation (ICC) conditions of “1.0”
and “0.1” (for both decorrelation methods) and the mono-
phonic stimuli used in the subjective experiment (Sec. 2.2).
The IACC,,, values are presented for each frequency band
at the three azimuth angles (0°, +30°, and +110°, assuming
symmetry between the left and right directions). Looking at
the 0° results in Table 2, it is evident that the IACC,,, gen-
erally begins to decrease around the 500 Hz octave-band
and above (IACC,ys < ~0.9). This decrease is presumably
due to the influence of room reflections summing at the ear
input; whereas, little impact is seen at lower frequencies
due to considerably longer wavelengths than the width of
the head.

Observing the effect of vertical decorrelation on
IACC,y,, a comparatively noticeable decrease of IACC,y,
(> ~0.07) between the ICCC “1.0” and “0.1” conditions is
seen for the 0.5-1 kHz octave-bands at 0°, 1-8 kHz bands
at +30°, and for the 0.5-4 kHz bands at +110°. That is,
as correlation between the vertical pair of loudspeakers
decreases, so does correlation between the two ear-input
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Fig. 9. +30° azimuth delta spectra of the FFT frequency amplitude difference between the BRIR-convolved correlated stimulus (ICCC
1.0) and the decorrelated stimuli ICCCs 0.1-0.7). The vertical dotted lines signify the band limits of each octave-band. (Upper — PR
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signals. These observations are broadly in line with the
subjective results in Sec. 2.2, suggesting that IACC may
contribute to the perception of VIS for both PR and CF
vertical decorrelation. However, further investigation is re-
quired to determine whether a relationship between vertical
ICCC and TACC does exist.

At 0° in the median plane, it is hypothesized that the
decrease of IACC,,, is dictated by decorrelated room re-
flections, given that direct sound is equal in both ears (as
explored further in Sec. 4.4 below); whereas at £30° and
+110°, it is possible that the changes in IACC,,, may have
also been influenced by interaural level and time differ-
ences. For instance, an effect whereby the height-channel
is less shadowed by the head than the main-channel could
affect IACC at wider azimuths (i.e., =2110°). In other words,
the contralateral ear input is largely controlled by the height-
channel signal, while the ipsilateral ear input is the sum
of the main- and height-channel signals. Consequently, if
both loudspeaker signals are correlated, the resulting IACC
is relatively high; however, if the loudspeaker ICCC de-
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creases, so does the IACC, due to the influence of the
height-channel signal in the contralateral ear. Furthermore,
an experiment comparing horizontal decorrelation at dif-
ferent heights found that presenting the same decorrelated
stimuli from a greater elevation angle tended to increase the
IACC, which may have also been caused by a decrease of
head-shadowing [39]. The potential contribution of IAC to
the perception of sources within the vertical domain is in
need of further investigation.

4.4 The Influence of Early Reflection Energy

Taking into account the IACC,,, results in Sec. 4.3, a re-
lationship has been suggested between room reflections
and the perception of VIS in the median plane (0° az-
imuth). This is particularly the case for the 500 Hz and
1 kHz octave-bands, where both the monophonic condition
and vertically decorrelated conditions have a greater VIS
and lower IACC,,, than the correlated condition (as pre-
sented in Fig. 4 and Table 2, respectively). For the decorre-
lated condition, it is hypothesized that the decorrelation of
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loudspeaker signals causes a greater decorrelation of reflec-
tions being summed at either ear input; however, the reason
for the decrease of IACC,,, with the monophonic condition
is not clear.

To investigate the monophonic case further, Fig. 11
presents binaural room impulse responses (BRIRs) of the
500 Hz and 1 kHz octave-bands at 0° azimuth, captured
as described in Sec. 4.1 above. A main-layer only BRIR
(monophonic; left) is compared against the summed result
of the time-aligned main- and height-layer BRIRs (cor-
related vertical stereophony; right) for each band. These
two conditions have been RMS level-matched to replicate
the SPL LAeq level-matching of stimuli in the subjective
testing.

Looking at the plots in Fig. 11, an increase to the level
of reflections is observed for the monophonic condition in
comparison to the summed condition for both octave-bands.
Calculating the ratio of early reflection energy (2.5 — 80 ms)
to direct sound energy (< 2.5 ms) (ER/D ratio) confirms
this, indicating that the monophonic condition has an in-
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crease of around 3—4 dB early reflection energy for both
bands. It is possible that, when comparing the monophonic
main-layer stimuli directly against the correlated stereo-
phonic stimuli ICCC 1.0) under controlled conditions, this
increase in early reflection energy may be perceivable and
contribute to an increased sense of VIS. In other words,
the resulting decrease in IACC,,, for the monophonic and
decorrelated stimuli (Table 2) could have potentially in-
fluenced an ambiguous perception of greater extent both
horizontally and vertically, given the weakness and inaccu-
racy of vertical localization at these frequencies [41].
Furthermore, responses in previous research suggest that
a single ceiling reflection can increase the perceived VIS
of an auditory event [32], indicating the effect a room’s
acoustic can have on vertical spatial perception. From the
absolute VIS results (Sec. 3.2), it can be seen that there
is downward extension of VIS for the 500 Hz and 1 kHz
monophonic conditions at 0° azimuth. Considering this,
the increase of VIS for the monophonic condition could be
related to an increase of floor reflection energy from the
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Table 2. Interaural Cross-Correlation Coefficient averages from 50 ms windows (IACC,,,). BRIR-convolved stimuli,
captured using a Neumann KU 100 dummy head in the listening room.

Center (0°) Front (£30°) Rear (£110°)
Mono 1.0 O0.1(PR) 0.1(CF) Mono 1.0 0.1(PR) 0.1(CF) Mono 1.0 0.1((PR) 0.1(CF)
63 Hz 1.00 1.00 1.00 1.00 0.98 0.98 0.99 0.95 0.98 0.98 0.98 0.98
125Hz 099 1.00 1.00 0.99 0.94 0.96 0.94 0.93 091 0.92 0.85 0.92
250Hz 097 0.97 0.98 0.97 0.92 0.90 0.92 0.90 0.86 0.88 0.92 0.83
500Hz 0.81 0.89 0.77 0.83 0.57 0.64 0.70 0.61 0.76  0.78 0.70 0.73
1 kHz 0.83 0.89 0.83 0.82 0.68 0.74 0.72 0.64 0.58 0.62 0.51 0.53
2 kHz 0.84 0.89 0.85 0.86 0.73  0.81 0.71 0.68 0.28 0.36 0.27 0.28
4 kHz 0.88 0.89 0.87 0.87 0.73  0.80 0.75 0.73 0.40 0.34 0.24 0.28
8 kHz 0.66 0.74 0.68 0.70 037 047 0.34 0.39 0.21 0.22 0.22 0.20
16 kHz 0.86 0.85 0.81 0.80 0.54 0.28 0.30 0.28 0.25 0.19 0.15 0.20
BB 095 097 0.96 0.94 0.79 0.81 0.81 0.77 0.70  0.73 0.73 0.71
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Fig. 11. “The Main-Layer Effect”—500 Hz and 1 kHz octave-

band filtered binaural room impulse responses, with RMS level-
matching between the mono (main-layer only) and summed con-
ditions. Left = main-layer only impulse response (mono-phonic).
Right = summed main- and height-layer impulse responses (ver-
tical stereophony).

“main-layer effect” discussed above. Further investigation
is required to observe the effect of room reflections on
VIS perception; however, the results here suggest that VIS
change at lower frequencies (i.e., 500 Hz and 1 kHz) may be
influenced by environmental factors of the listening room.

5 PRACTICAL IMPLICATIONS

The results from the current study suggest that the ef-
fect of vertical interchannel decorrelation on vertical image
spread (VIS) tends to be slight. Despite the significant in-
terchannel cross-correlation (ICC) effect on VIS seen in
the relative subjective test, the results from the absolute test
appear to be more inconsistent, indicating a difficulty per-
ceiving and defining VIS discretely. This suggests that ver-
tical decorrelation of signals in a practical scenario may be
largely ineffective, i.e., where a direct comparison between
conditions is unavailable. In terms of 2D-to-3D upmix-
ing, the inclusion of additional vertically-spaced pairs of
loudspeakers may increase this difficulty further, due to an

552

increase of decorrelated signals interacting at the ear. Nev-
ertheless, there may still be some benefit of using vertical
decorrelation to reduce phase cancellation from multiple
similar signals at the ear, based on the spectral observa-
tions made in Sec. 4.2. Further investigation with complex
sources is required to fully determine the effectiveness of
2D-to-3D upmixing and VIS rendering by vertical inter-
channel decorrelation.

Considering the frequency-dependency of vertical decor-
relation, the subjective results appear to suggest that the
8 kHz octave-band is most effective. This is in general
agreement with the literature that states frequencies around
8 kHz are important for vertical localization in the front
median plane [16, 17]. A previous study [42] has shown
that boosting a band around 8 kHz alone can increase the
vertical elevation of a broadband signal, based on Blauert’s
boosted band hypothesis [33], so potentially it could also
control the vertical extent of an image as well. However,
there seems to be an inherent dominance of the height-
channel signal when presenting the 8 kHz octave-band sig-
nals in vertical stereophony. As mentioned above, a reason
for this could be due to an increase of energy for the 8 kHz
band in the HRTF when presented from the height-channel
direction (at +30° elevation) compared to the main-channel
(0° elevation) [35]. A similar elevation effect for the 8 kHz
octave-band (when presented in vertical stereophony) was
seen by Wallis and Lee [43], who investigated the height-
channel gain reduction required to localize stereophonic
octave-band conditions at the height of a monophonic ref-
erence (the lower loudspeaker only) [44]—in the case of
the 8 kHz octave-band, this was found to be around a -9
dB reduction.

If vertical decorrelation is found to be useful in a prac-
tical scenario, the results from both experiments presented
here suggest that vertical decorrelation of frequencies below
the 500 Hz octave-band may not be necessary. In general,
the lower frequency bands (63—250 Hz) have an inherently
broad VIS and are localized in similar positions between
each condition (generally towards the lower loudspeaker)—
this is regardless of whether they are presented monophon-
ically or decorrelated vertically. Both of these points sug-
gest that an increase of VIS upwards might still be achieved
without these frequencies, e.g., for upmixing from 2D to
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3D loudspeaker formats. It is possible that decorrelating a
high-pass filtered broadband signal vertically, while rout-
ing the low-pass component to the main-layer loudspeaker
only, would have a similar effect to decorrelating the entire
broadband signal. This approach could have an impact on
the tonal quality or clarity of the sound reproduction by
reducing the number of low frequencies interacting at the
ears.

6 CONCLUSIONS

This paper described a two-part investigation into the per-
ception of vertical image spread (VIS) by vertical interchan-
nel decorrelation. In both experiments, octave-band (center
frequencies: 63 Hz to 16 kHz) and broadband pink noise
stimuli were tested to assess the frequency-dependency
of VIS at different loudspeaker azimuth angles to the
listener.

For the first experiment, the relative VIS between stimuli
was graded on a bipolar scale in multiple-comparison trials.
Stimuli were presented through pairs of vertically-spaced
loudspeakers, positioned at three azimuth angles to the lis-
tener (0°, £30°, and +110°). Two decorrelation methods
were compared, each with three levels of average running
interchannel cross-correlation coefficients (ICCC,y,) (0.1,
0.4, and 0.7). The results indicate that ICC begins to have
a significantly linear effect on VIS for frequencies around
the 500 Hz octave-band and above; that is, as correlation
between the vertically-spaced loudspeaker pairs decreased,
the VIS increased for all azimuth angles. The strength of as-
sociation between ICC and VIS appears to be divided into
three directivity groups: 500 Hz and 1 kHz are strongest
in the median plane (0° azimuth, where energy is equal in
both ears); 2 kHz, 4 kHz, and 16 kHz at £110° azimuth
(where head-shadowing is greatest); and 8 kHz and Broad-
band at +30° azimuth (where both interaural differences
and frontal HRTF filtering are present).

In the second experiment, absolute VIS was measured
for the monophonic, correlated, and decorrelated stimuli
from the first experiment. The same frequency bands were
also tested but only for azimuth angles of 0° and £30° due
to practical reasons. Subjects defined the upper and lower
boundaries of the VIS for each stimulus independently us-
ing a light-emitting diode (LED) strip. The absolute results
demonstrate that significant changes to the boundaries oc-
curred for stimuli above the 500 Hz octave-band, in line
with the first experiment. Great deviations of boundary
responses indicate an inherent difficulty with absolutely
defining the image of an auditory event. The absolute re-
sults seem to suggest that the effect of vertical decorrelation
is slight and may not be perceivable in a practical scenario.

Objective analysis of the binauralized stimuli signals
generally indicates two groups of perceptual cues that sep-
arate the middle- and high-frequency octave-bands. For the
500 Hz and 1 kHz bands, VIS perception appears to be influ-
enced by room reflections, whereas at higher frequencies,
filtering from the head-related transfer function (HRTF)
seems to have the most influence (either through head-
shadowing or pinna-related spectral filtering). In general,
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VERTICAL INTERCHANNEL DECORRELATION

vertical decorrelation causes spectral boosts that increase
as correlation decreases—that is, a phase cancelling effect
occurs when the signals are correlated (causing spectral
notches), with decorrelation reducing the degree of phase
cancellation (i.e., “filling in” the notches). A potential re-
lationship between VIS and the average-running interau-
ral cross-correlation coefficient (IACC,y,) has also been
suggested, particularly with the 500 Hz and 1 kHz octave-
bands. Lastly, the “main-layer effect” is proposed and dis-
cussed in the paper, whereby the early reflection energy of
a main-layer only condition is greater than that of vertical
stereophony, when both conditions are level-matched.

The experiments presented in the current paper focus on
the perception of vertical interchannel decorrelation at dis-
crete angles to the listener. If vertical decorrelation were
employed in a practical 2D-to-3D upmixing scenario, it
is likely that vertically decorrelated signals would be pre-
sented from multiple angles simultaneously—this situation
is the subject of future investigations to provide a real-life
context. Further work is also required to assess the vertical
decorrelation of complex stimuli, in order to verify and gen-
eralize the observations made in the present study. Lastly,
both subjective experiments suggest that the vertical decor-
relation of low frequencies is unnecessary; considering this,
it would be useful to investigate whether simply decorre-
lating high frequencies can control the VIS of a broadband
signal.
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