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ABSTRACT

Predicting the perceived quality of binaural audio with dif-
ferent head-related transfer functions (HRTFs) is essen-
tial when attempting to automate improvements to spa-
tial audio rendering. To assess the selection accuracy of
a numerical HRTF matching algorithm based on compu-
tational auditory model estimates, this study compares its
results with the findings of a subjective HRTF rating study.
In a previously published behavioural experiment, partic-
ipants rated various HRTFs from the LISTEN database.
The procedure was based on noise bursts rendered at dif-
ferent positions along horizontal and vertical trajectories.
Possible ratings included ‘bad’, ‘ok’, or ‘excellent’. In
the numerical selection, one ‘best’ and one ‘worst’ non-
individual HRTFs are chosen from the dataset based on
estimated polar and quadrant errors from a modelled lo-
calisation experiment with static sound sources. The re-
sults indicate an above-chance probability that the HRTF
selected as the ‘best’ using the numerical method would
be rated as ‘excellent’ or at least ‘ok’ with the behavioural
one. However, limitations of the preliminary results can
be ascribed to the challenges of repeatability in the subjec-
tive listening tests, discrepancies between the two meth-
ods (rating based on static vs. dynamic sounds) and differ-
ences in metrics (localisation performances vs. subjective
ratings).
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1. INTRODUCTION

Binaural spatial audio rendering is achieved by convolv-
ing monophonic sound sources with head-related trans-
fer function (HRTF) of desired directions [1]. When an
individual HRTF is not available, a well-matched non-
individual one might still provide a comparable perception
of sound location or rendering quality to the listener [2].
However, HRTF matching is challenging due to the mul-
tifaceted perceptual nature of the problem [3]. A listening
test-based selection might be considered the most faithful
approach, but it can be demanding to listeners, while the
reliability of the test could vary [4–6]. Instead, numeric
methods can provide an efficient and automated way to
personalise HRTFs [7], but they require an appropriate
perceptually motivated HRTF similarity metric.

This study is part of a more extensive project that aims
to establish a relationship between numerical and percep-
tual HRTF personalisation approaches [8,9]. Here, results
are compared between HRTF selection based on a com-
putational auditory model [8] and a perceptual rating [10].
The ability to explain subjective rating results with the use
of an auditory model would provide a validation of the lat-
ter to be employed for numerical HRTF selection.

2. METHODOLOGY

2.1 Subjective listening test

The procedure for the subjective HRTF rating, based on a
listening test, is detailed in [10]. In summary, 45 subjects
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participated in a test in which they rated 46 HRTFs 1 . The
participants listened to a series of repeated noise bursts,
rendered in horizontal (every 30°) and vertical (every 15°)
trajectories with a corresponding HRTF. They had to rate
each HRTF according to how well the rendering corre-
sponded to the trajectories, assigning them one of three
available ratings: ‘bad’, ‘ok’, or ‘excellent’. For the pur-
poses of this study, the results of 44 out of 45 subjects and
45 out of 46 HRTFs are used because one of the HRTFs
was unavailable.

2.2 Model-based HRTF selection

Numerically, HRTFs were selected using an auditory
sound localisation model, described in [11]. The model
is based on the template matching procedure: The HRTF
of interest (known as the target) is processed to extract
monaural and binaural features, which are compared to
the features of the individual HRTF (the template) in a
stochastic way, accounting for the limitations of the hear-
ing system. The model is used to estimate the human
sound localisation error as if the participant (whose tem-
plate HRTF was used) performed a sound localisation test
in which a static broadband noise burst was rendered via
the target HRTF of a desired direction.

For the purposes of this study, a selection of the ‘best’
and the ‘worst’ non-individual HRTF was made by com-
paring the predicted local polar error and quadrant con-
fusion rate (based on the definitions in [12]), across dif-
ferent non-individual HRTFs. Initially, the classification
methodology described in [8], which only considers er-
rors for sound source directions in front of the listener,
was used (referred to as the original method). It first cat-
egorises the HRTFs as ‘good’ or ‘bad’ based on the nor-
mality of the polar error distributions in this area and then
selects one ‘best’ HRTF from the ‘good’ ones and one
‘worst’ from the ‘bad’ ones.

Since the subjective test was conducted using the spe-
cific directions along the two trajectories, a second version
of the model selection was made, where errors were cal-
culated using the specific directions used in the listening
test (the trajectory method). In this case, error distribu-
tions were not analysed, so only the ‘best’ and the ‘worst’
HRTF were selected: The ‘best’ HRTF was selected from
the lowest polar and quadrant errors (as described in [8])
and the ‘worst’ was defined as the HRTF which resulted

1 The set included individual HRTFs, which were indicated
to the participants. However, individual HRTF ratings are not
considered in this study.

5 10 15 20 25 30 35 40
Subject

5
10
15
20
25
30
35
40

Ta
rg

et
 H

RT
F

bad ok excellent

Figure 1. Subjective non-individual HRTF ratings.
Figure reproduced from [10].

in the highest quadrant error rate estimate. In both cases,
only non-individual HRTFs were used in the selection pro-
cedure, because including individual HRTFs would have
resulted in them being selected as the ‘best’ HRTFs.

3. RESULTS

Fig. 1 reproduces the subjective rating results, presented
in [10, Fig. 1] for non-individual HRTFs, considered in
this study. In total, 17.9% of the time the HRTFs were
rated as ‘excellent’, 42.0% as ‘ok’ (making 59.9% of sub-
jective ratings at least ‘ok’), and 40.1% as ‘bad’. These
percentages indicate the chance level for selecting an
HRTF to be in one of the categories.

Fig. 2 shows model-based selection, following the
original method. Comparing the model-based selection
with the perceptual ratings, the ‘best’ HRTFs according
to the model were rated as ‘excellent’ 15.9% of the time
while 59.1% of the time they were rated to be at least ‘ok’.
These levels are similar to chance, indicating poor agree-
ment between the model and the subjective test. On the
other hand, the ’worst’ HRTFs, according to the model-
based selection, were rated as ‘bad’ in the perceptual test
at 52.3%, indicating an above chance level of correspon-
dence between the two methods.
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Figure 2. Auditory model-based HRTF selection
(original method).

Fig. 3 shows the results of the selection when the di-
rections along the trajectories used in the subjective test
were considered. In this case, 29.5% of the ‘best’ HRTFs
were rated as ‘excellent’ in the listening test and 77.3%
were rated to be at least ‘ok’. These values are above
the estimated chance level, indicating some level of cor-
relation between the modelled and the subjective results.
However, 45.5% of the ‘worst’ HRTFs were rated as ‘bad’
in the subjective test, which is only slightly above chance
level and lower than with the original method.

4. DISCUSSION

The limited success of the modelling results can be at-
tributed both to the challenges of consistency and repeata-
bility of the subjective listening tests (the task of rating 46
HRTFs one after another in a consistent fashion is chal-
lenging, especially for less experienced participants [5])
and to the limitations of the model-based selection pro-
cedure. The auditory model was specifically designed to
replicate a static sound localisation task. However, the
subjective test used predefined trajectories to present the
HRTFs, so the participants were performing a comparison
between the expected sound location and the binaural ren-
dering instead of a static blind localisation task. Studies

5 10 15 20 25 30 35 40
Subject

5
10
15
20
25
30
35
40

Ta
rg

et
 H

RT
F

Worst Best

Figure 3. Auditory model-based HRTF selection
(trajectory method).

comparing similar HRTF assessment methods and metrics
indicated that the correlation between different methods
depended on the specific metrics used [13] and the listen-
ers who performed the tests [6].

The metrics used for the model-based selection might
have to be reconsidered to better correspond to the per-
ceptual task. For example, quadrant ambiguity might play
a smaller role when listening to a sound source from a
known direction, which would explain the poor agreement
between the ‘worst’ selected HRTFs and their subjective
ratings. Instead, a polar error might be a better metric
for the selection of the ‘worst’ HRTF. Furthermore, the
model, which uses multiple noise parameters to predict
individual localisation responses based on real sound lo-
calisation performance, was not calibrated to each subject
due to the unavailability of the required localisation data.
Therefore, individual-level predictions might be inaccu-
rate. Finally, the interaural time differences (ITDs) of the
HRTFs used for the subjective test were altered to match
each subject’s ITD, whereas the HRTFs used in the model
selection had unaltered ITDs. Model-based selection only
considered errors along the confusion cones, mainly de-
pendent on spectral cue mismatch [14], while the percep-
tual judgement of horizontal trajectory rendering could
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have been dominated by binaural cue matching, not taken
into account by the chosen estimated metrics.

5. CONCLUSION

Comparison of the results of subjective HRTF evaluation
and a non-individual HRTF selection based on a computa-
tional auditory model indicates little correlation between
the numerical results using the original method, proposed
in [8] and the perceptual evaluation, presented in [10].
When the original method is adjusted to account for the
specific directions along the trajectories, used in the sub-
jective evaluation, the correlation between some of the rat-
ings improves to the above-chance level. This result indi-
cates that the predicted localisation error could be a partial
indicator of perceived HRTF rendering quality. However,
some limitations of the results can be attributed to differ-
ences between the model’s intended scenario and the exact
setup of the subjective test and repeatability challenges of
a subjective listening test. More detailed result analysis is
needed to find a metric that best correlates with the per-
ceptual results.
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