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ABSTRACT

The interaural thresholded level distribution (ITLD) is a novel met-
ric of auditory source width (ASW), derived from the psychophys-
ical processes and structures of the inner ear. While several of
the ITLD’s objective properties have been presented in previous
work, its frequency-dependent characteristics and perceptual rela-
tionship with ASW have not been previously explored. This paper
presents an investigation into these properties of the ITLD, which
exhibits pronounced variation in band-limited behaviour as octave-
band centre-frequency is increased. Additionally, a very strong
correlation was found between [1 — ITLD] and normalised val-
ues of ASW, collected from a semantic differential listening test
based on the Multiple Stimulus with Hidden Reference and An-
chor (MUSHRA) framework. Perceptual relationships between
various ITLD-derived quantities were also investigated, showing
that the low-pass filter intrinsic to ITLD calculation strengthened
the relationship between [1 — ITLD] and ASW. A subsequent test
using transient stimuli, as well as investigations into other psy-
choacoustic properties of the metric such as its just-noticeable-
difference, were outlined as subjects for future research, to gain
a deeper understanding of the subjective properties of the ITLD.

1. INTRODUCTION

Auditory or apparent source width (ASW) is a subjective spatial
listening quality which describes the perceived lateral extent of a
sound source in an arbitrary sonic re/production system. During
the design and validation of such a system, which may range from
a live ensemble performance in a theatre, a pair of loudspeakers
in a listening room, or a multichannel loudspeaker array in a vehi-
cle cabin, the means to objectively measure and quantify ASW are
strongly desired. A number of quantities used to measure or con-
trol ASW have been studied, such as correlation-based metrics like
the interaural cross-correlation coefficient (IACC) and interchan-
nel cross-correlation coefficient (ICCC), as well as energy-based
metrics such as the early lateral energy fraction (LFg) or the so-
called “energy vector” [1-6]. In [7], a novel metric for the ASW
of a stereophonic phantom image, the interaural thresholded level
distribution (ITLD), was presented. ITLD is a quantity obtained
by applying a binaural hearing model of the human auditory sys-
tem, specifically the transduction mechanism of the inner hair cells
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within the cochlea, to a pair of binaural signals. A preliminary ob-
jective evaluation of ITLD as a metric of ASW showed not only
that the metric had several advantages over IACC, but that it may
also be a more perceptually relevant quantity. ITLD exhibits a
stronger correlation with ICCC for a pink noise burst in anechoic
and reverberant listening conditions, and displays greater sensitiv-
ity to room acoustics and source coherence compared to IACC, as
well as delineating additional psychoacoustic cues.

It was outlined in [7] that further research into the psychoa-
coustic properties of the ITLD, as well as its behaviour in the fre-
quency domain, was required for a sufficient assessment of the
application of ITLD for evaluating ASW. This paper presents the
findings of a subjective listening evaluation undertaken to ascertain
a perceptual relationship between ITLD and ASW, and narrow-
band characteristics of the metric in comparison to IACC. ASW
data was collected inside a critical listening room from a seman-
tic differential listening test using a set of decorrelated pink noise
stimuli. ITLD values calculated from binaural measurements taken
in the room using a dummy head and the same stimuli were then
used to calculate R?, r and p-values describing the relationships be-
tween [1 — ITLD] and ASW, as well as [1 — I[ACC] and a range of
ITLD-derived quantities. A very strong correlation was found be-
tween wide-band [1 — ITLD] values, evaluated over the duration of
the noise stimuli, and the averaged ASW data. It was also observed
that the low-pass filter included in the ITLD formulation increased
the correlation coefficient of all ITLD-derived quantities in rela-
tion to ASW. The frequency-dependent characteristics of the ITLD
were measured in anechoic and reverberant conditions, the latter
using the measurements from the subjective listening tests. Pro-
nounced frequency-dependent behaviour was observed from these
measurements, with a marked decrease in the ITLD of increasingly
decorrelated stimuli between 125 Hz to 2 kHz in anechoic condi-
tions, and between 500 Hz to 2 kHz in reverberant conditions. The
low-pass filter stage in the ITLD calculation was shown to increase
the range of values of wide-band and band-averaged data, which is
reflected in the subjective listening tests by increased correlation
coefficients.

2. MEASUREMENT OF AUDITORY SOURCE WIDTH

2.1. Cross-correlation Metrics

Cross-correlation metrics, such as the interaural cross-correlation
coefficient (IACC), have been shown to be effective for evaluating
ASW [1,4,5]. IACC, given by Eq. (1), is defined as the maximum
absolute value of the interaural cross-correlation function (IACF),
given by Eq. (2), evaluated over the time interval [ti, t2] and ob-
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tained from a range of time lags -1 ms < 7 < 1 ms [8],

IACC = _nax [TACF(7)| (1)
to
xr(t)zr(t+ 7)dt
IACF(r) = Jiy 21 Ozalt + 1) )
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where z 1, r(t) represents a pair of binaural signals captured with a
dummy head. The just-noticeable-difference (JND) of IACC is ap-
proximated to be 0.075 [8]. The early interaural cross-correlation
coefficient (IACCg) is obtained by evaluating Eq. (1) and (2) over
the interval [t; = 0, to = 80 ms] and considers contributions
from the direct sound and early reflections only. Similar to IACC
is the interchannel cross-correlation coefficient (ICCC), which de-
scribes the cross-correlation of the input signals to an audio system
sr,r(t). ICCC is obtained by taking the maximum absolute value
of the interchannel cross-correlation function (ICCF), given by Eq.
(3) and (4), respectively.

ICCC = max [ICCF(7)| 3)

fj;o sp(t)sr(t + 7)dt
Sl s [ sl

Control over ASW was achieved in [4] using various algorithms
and filter architectures to introduce decorrelation between the in-
put signals, though this can also be achieved through the applica-
tion of a relative phase shift [9]. In this sense, ICCC can be seen as
a means to control ASW at the input stage, and IACC can be used
to measure it at the ears of the listener [4].

ICCF(r) = )

2.2. Directional Energy Metrics

Further to the cross-correlation metrics described above are quan-
tities which consider the contribution of directional energy when
evaluating ASW, such as the early lateral energy fraction (LFg)
and the so-called “energy vector” presented in [6] and evaluated
in [5]. LFg describes the ratio of lateral energy to omnidirectional
energy at the ears of the listener, evaluated over a period of 80 ms
as shown in Eq. (5),

0.080 2

0.005 PL(t)

foo.oso P2(1)

where and p and the pr are the instantaneous sound pressure of
an impulse response captured from an omnidirectional and figure-
of-eight microphone, respectively [8]. LFg was shown to be a fair
predictor of ASW in [5], while other works have shown the metric
to be unsuitable [1, 2, 10], due to the lower integration limit in
the numerator of Eq. (5) which omits the direct sound component
from the LFg calculation [10].

LFg = ()

2.3. Interaural Thresholded Level Distribution

ITLD is a quantity obtained from a binaural signal pair using a
mathematical hearing model of the inner ear section of the human
auditory system (HAS) [7]. Specifically, low-pass filtering and
half-wave rectification is applied to the binaural signal pair in order
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to model the transduction of acoustic pressure signals as cochlear
nerve signals. The inner ear, comprised of the cochlea and vestibu-
lar system, is the terminal section of the HAS. The cochlea con-
sists of three coiled, fluid-filled ducts separated by several mem-
branes, the most significant for this work being the basilar mem-
brane (BM). Upon the BM sits the organ of Corti which contains
inner and outer hair cells IHC and OHC, respectively). These are
sensitive to displacement of the fluid in the cochlear ducts caused
by vibrations from the ossicular chain of the middle ear reaching
the cochlea, giving rise to the transmission of electrical signals
propagated via the auditory nerve [11]. The action of the IHC has
been accounted for in many binaural hearing models [12-15]. A
simple approximation, referred to in this work as a “cochlear nerve
transduction model” (CNTM) can be implemented using low-pass
filtering and half-wave rectification to mimic the inability of the
IHC to effectively resolve high frequencies and respond to rarefac-
tive signal components [11, 16-18].

ITLD is obtained by applying these processes to a binaural
signal pair 1, g (t), using a 6"-order low-pass filter at 1 kHz, after
[16], and taking the normalised integrated sum of their product as
shown in Eq. (6),

S22 AL()AR(t)dt
T s [ o]

where Az, r(t) represents the output of the CNTM processing ap-
plied to z1, r(t), and ¢1 and t, are the time integration limits for
calculating the metric. In [7], the interval [t; = 0 ms, t2 = 80 ms]
was used in order to consider only the initial portion of recorded
signals and for direct comparison with IACCg. In Sec. 3 the time
interval is defined as [¢t1 = 0, 2 = oo] for both IACC and ITLD.
Eq. (6) yields an ITLD of 0 when z 1,z (t) are in anti-phase and a
value of 1 when they are exactly phase-coherent, and hence when
using ITLD to evaluate ASW, [1 — ITLD] should be used to obtain
a positive perceptual correlation between ITLD and ASW.

ITLD =

(6

3. FREQUENCY-DOMAIN PROPERTIES OF THE ITLD

The variability of IACC and IACCk over different frequency bands
has been widely studied, with IACCEs3, the average value of IACCg
over 500 Hz, 1 kHz and 2 kHz octave-bands, displaying a stronger
correlation with ASW [1,3,5]. To investigate the frequency-depen-
dent properties of the ITLD, binaural measurements were taken
of a set of stereophonic decorrelated pink noise bursts, windowed
with a 15% tapered-cosine function, using a Neumann KU-100
dummy head in an anechoic chamber of dimensions 3.05 m x 3.40
m X 5.50 m, and a critical listening room of dimensions 4.40 m
X 2.67 m x 6.30 m and reverberation time of 0.25 s. The noise
bursts were decorrelated using a relative phase shift approach after
[9], increasing from -7 to +m rad in intervals of /36 (5 cyclic
degrees). Playback was rendered using a pair of loudspeakers with
full-range drive units in enclosed cabinets. The loudspeakers were
spaced 2 m apart at a distance of 1.73 m from the dummy head in
the anechoic chamber, and a 2.9 m spacing at a distance of 2.51
m in the listening room to produce an azimuth of 60° between the
loudspeakers at the central listening position in both environments.
Band-pass filtering, using 512-tap 96 kHz octave-band FIR filters
at centre-frequencies f. increasing from 125 Hz to 16 kHz, was
then applied to the recordings before IACC and ITLD values were
calculated, shown in Fig. 1. Band-averaging of values over 500
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Figure 1: Narrow-band comparison of IACC and ITLD values measured in an anechoic chamber (a) and a reverberant listening room (b).

Hz, 1 kHz and 2 kHz was also performed for both metrics, shown 3.1. Narrow-band Behaviour

in Fig. 2 alongside wide-band values and the effects of omitting

the 6™-order low-pass filter on ITLD values. Observations made Under anechoic conditions, ITLD displays pronounced behaviour
in the following are discussed in Sec. 5. between 125 Hz and 2 kHz, which begins to break down at 4 kHz

and above. For any |[A¢| < 37/4 rad, ITLD will decrease as the
fe of the octave-band is increased, with the extent of the reduction

< 414 >
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Figure 2: Band-averaged and wide-band comparison of IACC and ITLD values in an anechoic chamber (left column) and a reverberant
listening room (right column). The effects of omitting the 6™-order low-pass filter from ITLD calculations are marked in both listening
environments.

in value diminishing as |A¢| — 0. This behaviour is illustrated 16 kHz band also exhibits the same behaviour as the 8 kHz band
in Fig. 1(a), where the trends of ITLD values resemble tapered- in the anechoic recordings, characterised by asymmetry about A¢
cosine windows with the cosine fraction increasing with f.. It is = 0 and the trend closely following the 2 kHz band for A¢ > 0.

also observed that for 125 Hz < f. < 2 kHz, ITLD values at Narrow-band IACC values exhibit significantly different be-
|A¢| = m rad are largely invariant to the changing f.. For higher haviour in both the anechoic and reverberant cases compared to
frequencies, 4 kHz < f. < 16 kHz, the inverse-relationship char- ITLD. Under anechoic conditions, IACC displays a greatly re-
acteristic seen in the lower octave-bands breaks down, although duced ROV for octave-bands f. > 500 Hz, of which the 2 kHz
the tapered-cosine trend is still observed: values in the 4 kHz band band exhibits the largest ROV of 0.8-1.0. As such, the pronounced
are increased over the 2 kHz band and are similar to the 500 Hz “W” trend seen in the wide-band data in Fig. 2 is largely absent or

and 1 kHz bands. The 8 kHz band follows the trend of the 2 kHz drastically less pronounced. The 125 Hz and 250 Hz bands display
band for A¢ < 0, and the 4 kHz band for A¢ > 0, displacing the a greater ROV (0.35-0.95 and 0.2-0.95, respectively), however this
symmetry seen in the plots to about A¢ = 7 /8 rad. Additionally, is localised to —m < A¢ < —m/2 rad and not reflected for the
ITLD values in the 16 kHz band are increased over the 2 kHz band same positive values of A¢. A shallow “W” trend is seen in the
for all |[A¢| > 0, though good symmetry about A¢ = 0 is still 2 kHz, 4 kHz and 8 kHz bands with a reduced ROV as described
observed. The range of values (ROV) for bands 125 Hz < f. < 1 above, while the 16 kHz band is relatively flat, increasing from 0.7
kHz, as well as 4 kHz, range appropriately from — 0 at |[A¢| = 7 at |A¢| = 37 /4 rad to 0.85 at A¢ = 0, corresponding to approx-

rad to — 1 at A¢ = 0, while the 2 kHz, 8 kHz and 16 kHz bands imately 2 JNDs. In contrast to the anechoic measurements, the
see a small reduction at A¢ = 0, no larger than 0.2. Under re- data captured in the listening room suggests that IACC and ITLD
verberant conditions, the inverse-relationship and tapered-cosine exhibit some similarities below 4 kHz. The 125 Hz and 250 Hz
shapes observed in the anechoic case are also present, but limited bands exhibit a similar trend over the range of A¢ with largely
to the 500 Hz, 1 kHz and 2 kHz bands and to a smaller extent. The comparable ROV, and a pronounced “W” shape is seen in IACC
tapered-cosine trend is not observed in the 125 Hz band, and the for the 500 Hz, 1 kHz and 2 kHz bands. Of these bands, ITLD

ROV of the 125 Hz and 250 Hz bands are reduced significantly exhibits an ROV approximately 33% greater than IACC for 500
to 0.75-0.95 and 0.4-0.9, respectively, though they both approach Hz and 1 kHz, and 25% greater than IACC for 2 kHz. For bands
an appropriate maximum value as [A¢| — 0. ITLD values de- fe >4 kHz, no “W” trend is observed in the IACC values, and the
crease for the 500 Hz, 1 kHz and 2 kHz bands sunllarly to the 4 kHz band varies by less than 2 JNDs over the range of Ad)
anechoic case, though the decrease in value between these bands

is far smaller in the reverberant case, and their ROV is reduced to

0.1-0.8 (500 Hz and 1 kHz) and 0.05-0.6 (2 kHz). As with the ane- 3.2. Band-averaged and Wide-band Behaviour

choic case, ITLD values increase at 4 kHz and decrease at 8 kHz,

with both bands exhibiting an ROV of around 0.1-0.7. ITLD in the Fig. 2 compares wide-band values of ITLD and IACC with band-
averaged values calculated over the 500 Hz, 1 kHz and 2 kHz

< 415 >
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bands. For ITLD, band-averaged values are slightly increased in
the anechoic case at A¢ = 0 compared to wide-band data, but
otherwise they are largely comparable and exhibit a strong tapered-
cosine trend for both listening environments. The minimum ITLD
ROV is increased by approximately 28% in the anechoic case com-
pared to the listening room, but this is to be expected on account of
the inherent nature of an anechoic chamber in contrast to a more
reverberant listening room. Band-averaged IACC values are re-
stricted to a range of approximately 2 JNDs in the anechoic cham-
ber, whereas a much larger ROV is observed in the listening room,
corresponding to approximately 20 JNDs. IACC values calculated
from the listening room measurements show the wide-band and
band-averaged data to be broadly comparable, both in terms of
general trend and ROV.

3.2.1. ITLD Low-pass Filter Effects

As discussed in Sec. 2.3, the 6"-order 1 kHz low-pass filter (LPF)
is included in the formulation of the ITLD in order to account for
the inability of the IHC to resolve high frequencies [11] in the
CNTM. The filter was omitted in the narrow-band measurements
to accommodate a direct comparison between IACC and ITLD in
each octave-band, but included in Fig. 2 to demonstrate the ef-
fect on measured values of ITLD. In both listening environments,
the LPF increases the band-averaged ITLD by a small margin, at
most 0.05, while wide-band measurements are shown to be af-
fected more. In the anechoic case, the LPF increases wide-band
ITLD values by as much as 0.25 for 7/2 < |A¢| < 7/4 rad and
decreases ITLD for |[A¢| > 27/3 rad. In the reverberant case,
ITLD values are increased to a smaller extent for all A¢ with the
LPF included. Omitting the LPF increases the contribution of di-
rect and reflected high frequencies to the ITLD calculation, which
adds both rectified and non-zero energy from shorter wavelengths
and therefore alters the number of non-zero elements in Az, () at
different A¢. This means that at larger phase shifts, |[A¢| > 27/3
rad, the rectified regions in Az r(t), which decrease ITLD, are re-
duced while at smaller A¢ the non-zero regions, which increase
ITLD, are also reduced as more negative cycles are introduced.
These effects are diminished with the LPF applied, causing the re-
duction in ITLD for |A¢| > 27 /3 rad seen in the anechoic case,
and the increase for both the anechoic and reverberant cases at
|A¢| < 2m/3 rad. The absence of a decrease in ITLD at larger
A¢ in the listening room may be caused by the inability of the
LPF to overcome the combined effects of room asymmetry and
the reverberant nature of the soundfield adding reflections which
significantly affect the ITLD calculation.

4. PERCEPTUAL VALIDATION OF THE ITLD

While the objective characteristics of the ITLD have been detailed
at length in [7] and furthered in this work, ascertaining the nature
of the perceptual relationship between ITLD and ASW is of fore-
most importance when considering its application as a metric of
ASW.

4.1. Experimental Design

A semantic differential listening test based on the Multiple Stimuli
with Hidden Reference and Anchor (MUSHRA) framework [19]
was designed in this work. 14 participants ranked the perceived
ASW of decorrelated pink noise stimuli from O (narrowest) to 100
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Figure 3: User interface for evaluating the perceptual correlation
between ITLD and ASW using the MUSHRA framework.

(widest). A set of 7 2-channel pink noise sources were generated
using an interchannel relative phase-shift A¢ increasing from 0 to
m rad in steps of 7 /6, with a 15% tapered-cosine window applied,
as in Sec. 3. The order of the test stimuli was randomised for each
participant, with the known and hidden references corresponding
to A¢ = 7/2 rad, and the anchor corresponding to A¢ = 0 (no
decorrelation). The tests were performed in the critical listening
room used in Sec. 3, with the same loudspeaker placement and
listening position. A MATLAB app was designed for the test to
facilitate playback and collect the ASW data, with the user inter-
face shown in Fig. 3. Participants were able to listen to each of the
stimuli as many times as they required, and as such the maximum
output amplitude of the stimuli was set to a safe listening level.
The collected perceptual data was then normalised and averaged
before Pearson’s correlation analysis was performed using wide-
band and band-averaged values of ITLD and IACC measured in
Sec. 3 to obtain R?, r and p-values for both metrics.

4.2. Results

Fig. 4 compares the relationships between wide-band and band-
averaged [1 — ITLD] data, with the time integration interval set to
[t1 = 0,t2 = o] and the LPF both omitted and applied, against
the averaged ASW scores collected from the perceptual listening
test. A very strong correlation is observed for all ITLD datasets,
with the largest R* values exhibited when the LPF is included as
part of the ITLD calculation. The wide-band LPF case displays
the largest R* of 0.992, with a p-value < 0.001, while the band-
averaged LPF case performs marginally poorer with an R? of 0.983
and p-value < 0.001. Without the LPF applied, the wide-band
and band-averaged cases yield R? values of 0.940 and 0.969 and
p-values < 0.001 and < 0.001, respectively.

The relationship between [1 — IACC] and the averaged data is dif-
ficult to interpret owing to the nature of the swing of IACC values
over the range 0 < A¢ < mrad. [1 — ITLD] values exhibit a sin-
gle minimum and maximum value at A¢ = 0 and A¢ = = rad,
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Figure 4: [1 — ITLD] vs ASW for wide-band (top left), band-averaged (bottom left), wide-band low-pass filtered (top right) and band-

averaged low-pass filtered (bottom right) ITLD values.
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rad means that a regression line across the entire range of ASW values is not possible, and is instead shown in two linear sections.

respectively, whereas [1 — IACC] values display a pair of minima
at these A¢ which is not reflected in the collected ASW data, and
therefore meaningful R? and p-values cannot be obtained over the
range 0 < A¢ < 7 rad. This is readily observed from Fig. 5,
which compares the relationships between wide-band and band-
averaged [1 — TACC] data against the averaged ASW data. R’
values are shown for the first and last 4 data points in both cases,
correspondingto 0 < A¢ < 7/2and /2 < A¢ < = rad, respec-
tively, referred to henceforth as A¢, and A¢g. In the wide-band
case, the relationship over A¢,, is characterised by a very strong
R? of 0.995, and a p-value < 0.01, while the band-averaged case
exhibits a smaller R> of 0.948 and an increased p-value of p <
0.03 over the same interval. Conversely, over the interval A¢g,
the band-averaged [1 — TACC] data exhibits a larger R? than the
wide-band case, 0.990 compared to 0.953, as well as a smaller p-
value, p < 0.01 compared to p < 0.03.
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4.2.1. ITLD Time-integration Limits

The results shown in Fig. 4 use ITLD values calculated over the
duration of the listening test stimuli, [t1 = 0,t2 = oo]. Itis
common to see ASW metrics calculated over the early portion of
a response, generally the first 80 ms, such as with IACCg and
LFg. To observe the effects of varying the length of the inte-
gration window on the strength of the correlation between [1 —
ITLD] and the averaged ASW values, 6 ITLD sub-quantities were
formed for both wide-band and band-averaged ITLD values, the
latter indicated in by a “3” subscript: ITLD and ITLD; represents
the wide-band and band-averaged ITLD evaluated over the inter-
val [t1 = 0,t2 = oo], ITLDg and ITLDg;3 represent evaluation
over [t1 = 0,t2 = 80 ms], following [7], and ITLDy and ITLDy3
are evaluated over [t; = 80 ms ,t2 = o0]. R?, r and p-values
describing the relationships between these quantities and the aver-
aged ASW data, with comparison with and without the application
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of the LPF, are given in Table 1. The data confirms the observa-
tion made in Sec. 4.2 that the application of the LPF increases the
strength of the correlation between the different ITLD quantities
and the averaged ASW data in every case, as well as decreasing
the p-value. All quantities with the LPF applied have an R? value
greater than 0.95, and p-value far below 0.05, in some cases by
up to 4 orders of magnitude. The strongest-performing quantities
are the wide-band [1 — ITLD] and [1 — ITLD, ] with the LPF ap-
plied, which have the same R? and p-values listed in Table 1. [1
—ITLD] has an exceptionally small increase in R? value over [1 —
ITLDL] of 3.920 x 108, with the p-value decreased by an even
smaller margin of 2.402 x 10™"". The additional 80 ms in the
[1 — ITLD] integration interval corresponds to a small section of
the initial rise of the tapered-cosine window applied to the noise
bursts, and therefore a subsequent evaluation of these quantities
with transient stimuli may be the subject of further research.

Table 1: R, r and p-values describing relationships between [1 —
ITLD] sub-quantities and averaged ASW data.

RZ

Quantity LPF r p
[1 - ITLD] n | 0.940 | 0.970 | 3.044x10~*
y |0.992 | 0.996 | 1.969x107°
[-1TLDy] | ™ 0.969 | 0.985 5.608><10*‘:’
; y 0983 ]0.992 | 1217x107°
[l-1TLDg] | ® 0.895 | 0.946 | 1.264x1073
y 0982 |0.991 | 1.440x107°
[-ITLDw] | ™ 0.957 | 0.978 | 1.303x10~*
y 0958 ]0.979 | 1.283x10~*
n | 0.940 | 0.970 | 3.044x10~*
[ -TTLD.] y 10.992 | 0.996 | 1.969x1076
[-TTLDL] | ™ 0.969 | 0.985 | 5.608x107°
y 10983 [0.992|1217x1075

5. DISCUSSION

ITLD exhibits marked frequency-dependent behaviour under ane-
choic conditions between 125 Hz and 2 kHz, characterised by a
tapered-cosine shape in the swing of its values over the full range
of relative phase shifts —m < A¢ < 7 rad, with the cosine-
fraction increasing with the centre-frequency f. of the octave-band
under observation. The trend breaks down above 2 kHz, where the
swing in ITLD values over the range of A¢ exhibits a broader bell-
curve shape, and asymmetries about A¢ = 0 become apparent at
higher frequencies. This behaviour can be explained by consid-
ering that as the f. of the band of interest is increased, a greater
number of negative cycles which are rectified to 0 as part of the
ITLD calculation are introduced into the CNTM signals Ay, r(t),
which increases the size of the region where Az (t)- Ar(t) is equal
to 0. This is why ITLD reduces more at larger A¢, as the regions
where Ar r(t) are both non-zero are already reduced. While the
same phenomena is seen in the listening room measurements, the
effects of room reflections on ITLD calculation are marked, reduc-
ing the ROV of each band relative to anechoic measurements and
reducing the tapered-cosine trend. A bell-curve trend in the swing
of ITLD values over A¢, seen at higher frequencies in the ane-
choic data, is observed for octave-bands f. > 500 Hz, with asym-
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metries seen at high frequencies again. Room reflections reduce
the coherence of the signals measured at the ears of the dummy
head and increase loudspeaker cross-talk effects which, like with
increasing f., introduce additional negative cycles into Az r (%),
again reducing regions of non-zero values in the product of the
CNTM signals and thus the ITLD. The low-pass filter used in the
ITLD calculation was shown to increase the range of values mea-
sured over the range of A¢, by decreasing the ITLD at the largest
phase shifts while increasing it between —7/2 < A¢ < /2 rad.
The decrease in ITLD at |A¢| > 37 /4 rad can be attributed to
the same behaviour observed for the narrow-band data described
above, and the increase in ITLD at smaller A¢ is also a result
of this phenomena. At smaller A¢, the regions in Az, r(t) that
are simultaneously non-zero are increased. Applying the LPF re-
duces the contribution of high frequencies to the ITLD calculation,
which are observed in the narrow-band data to reduce the ITLD.
This means that a greater number of negative cycles are removed
from regions in A,z (¢) which would otherwise have contributed
to a non-zero value, increasing the measured ITLD. These observa-
tions are marked in the anechoic data, whereas the listening room
measurements show the extent of the LPF effects to be reduced.
This is due to the effects of room reflections on the ITLD calcu-
lation as described above, which the LPF is evidently unable to
overcome.

The results of the semantic differential listening test outlined
in Sec. 4 show a very strong correlation between 6 wide-band and
band-averaged sub-quantities of ITLD and averaged ASW data for
a steady-state pink noise burst. The largest R? value and smallest
p-value between the ITLD sub-quantities and ASW were obtained
from [1 — ITLD] (the wide-band ITLD data evaluated over the in-
terval [t1 = 0,2 = oo]) yielding values of R? = 0.992 and p <
0.001. The difficulty in obtaining the relationships between wide-
band and band-averaged [1 — IACC] values and ASW over the full
range of A¢ was outlined in Sec. 4.2. Although some portions of
the [1 — IACC] data showed a marginally stronger correlation with
ASW compared to [1 — ITLD], [1 — ITLD] p-values are consis-
tently smaller compared to [1 — IACC], by up to 4 orders of mag-
nitude. For all ITLD sub-quantities, applying the LPF to the [1 —
ITLD] calculation strengthened the correlation with ASW and re-
duced p-values, in some cases by up to 2 orders of magnitude. The
largest increase in the R? value was observed for the wide-band [1
—ITLDg] data, increasing from 0.895 to 0.982. Despite this, the R*
value for [1 — ITLDg] and the band-averaged [1 — ITLDg3] were
among the lowest of the sub-quantities, which may be attributed
to integration interval [t; = 0,¢{2 = 80 ms] corresponding to a
small portion of the initial transient of the tapered-cosine window
applied to the test stimuli. It is also observed from the data in
Table 1 that band-averaging [1 — ITLD] values yields a weaker
correlation with ASW, which is contrary to what is typically ob-
served for IACC [1]. Objective comparisons of wide-band and
band-averaged values of both metrics in Fig. 2 support these ob-
servations, as band-averaged ITLD values exhibit a smaller ROV
compared to wide-band data, while band-averaged IACC values
are more symmetrical about the y-axis compared to wide-band
IACC.

6. CONCLUSIONS AND FURTHER WORK

This paper has presented a perceptual validation of the interau-
ral thresholded level distribution to subjectively evaluate its ap-
plication as a quantity of auditory source width, and an inves-
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tigation into the frequency-dependent characteristics of the met-
ric. A semantic differential listening test based on the MUSHRA
framework was designed to obtain relative ASW scores of decor-
related pink noise bursts inside a critical listening room, which
were then compared against measured values of [1 —ITLD], ITLD-
derived quantities and [1 — IACC] to ascertain a perceptual rela-
tionship between the metric and ASW. Results from the listening
test showed a very strong correlation between 12 ITLD-derived
quantities and ASW with excellent statistical significance, with
the best-performing metric being the wide-band [1 — ITLD] eval-
uated over the duration of the test stimuli with a 6™-order 1 kHz
low-pass applied. A very strong correlation, comparable to [1 —
ITLD], between [1 — IACC] and ASW was also identified with
some limitations owing to the nature of IACC values in response
to extreme decorrelation. Frequency-dependent characteristics of
the ITLD were ascertained by applying an octave-band FIR filter
bank to the pink noise bursts used in the perceptual validation test,
from which a clear and consistent trend was observed in anechoic
conditions between 125 Hz and 2 kHz, and between 500 Hz and
2 kHz in reverberant conditions. ITLD values measured from bin-
aural signals with large amounts of decorrelation were observed to
gradually decrease as the centre frequency of the band of interest
was increased, with the application of the 1 kHz low-pass filter
shown to increase the range of values in both wide-band and band-
averaged cases. Further research into the perceptual correlation
between [1 — ITLD] and ASW when using transient stimuli will
provide a deeper understanding of the subjective relationships pre-
sented here, as well as exploring other psychoacoustic properties
of the metric such as its just-noticeable-difference.
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