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This article investigates the impact of two commonly used Head-Related Transfer Function
(HRTF) processing/modeling methods on the perceived spatial accuracy of binaural data by
monitoring changes in user ratings of non-individualized HRTFs. The evaluated techniques are
minimum-phase approximation and Infinite-Impulse Response (IIR) modeling. The study is
based on the hypothesis that user-assessments should remain roughly unchanged, as long as the
range of signal variations between processed and unprocessed (reference) HRTFs lies within
ranges previously reported as perceptually insignificant. Objective assessments of the degree
of spectral variations between reference and processed data, computed using the Spectral
Distortion metric, showed no evident perceptually relevant variations in the minimum-phase
data and spectral differences marginally exceeding the established thresholds for the IIR
data, implying perceptual equivalence of spatial impression in the tested corpus. Nevertheless
analysis of user responses in the perceptual study strongly indicated that variations introduced
in the data by the tested methods of HRTF processing can lead to inversions in quality
assessment, resulting in the perceptual rejection of HRTFs that were previously characterized
in the ratings as the “most appropriate” or alternatively in the preference of datasets that were
previously dismissed as “unfit.” The effect appears more apparent for IIR processing and is
equally evident across the evaluated horizontal and median planes.

0 INTRODUCTION

One of the biggest challenges in Virtual Auditory Display
(VAD) applications is the definition of a reliable method
for the identification of the most appropriate spatialization
cues ensuring truly immersive and individualized auditory
experiences for every user. The difficulty lies in the highly
personalized nature, and not fully understood perceptual
processing, of spatialization cues utilized by the human
brain for the deduction of the surrounding environment
properties. These cues, captured in what is termed the Head-
Related Transfer Function (HRTF), can be acquired through
acoustic measurements [1, 2] or analytical solutions based
on an individual’s anthropometry [3, 4]. The use of non-
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personalized HRTF data has been shown to lead to degraded
spatial experiences [5–7].

Nevertheless, even for cases when personalized HRTFs
are available, they are hardly ever used without any type
of processing. Whether performed to ensure compatibility
between datasets from different databases [8], reduce the
complexity in high-resolution HRTF spectra to perceptually
relevant information [9] and lower the high dimensionality
of the data [10], or be used in VR applications [11] and/or
over the Web [12], HRTF post-processing is a reality that
alters some aspects of the original measured data. Most
often, while such actions affect the frequency and phase
spectra of the data in a destructive manner, they are de-
signed to constrain such artifacts to be within levels that are
considered “acceptable” based on past research.

Several decades ago, researchers demonstrated that the
frequency resolution of the cochlea limits the spectral de-
tail necessary for accurate sound localization and exter-
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nalization perception, leading to the conclusion that much
of the information in the HRTF data could, potentially,
be smoothed without considerable degradation in spatial
impression [13, 14]. Various approaches towards HRTF di-
mensionality reduction have been proposed since, most of
which can be grouped under four categories: 1) minimum-
phase approximations, 2) smoothing in constant absolute
or relative bandwidths, 3) multivariate analysis, and 4)
Infinite-Impulse Response (IIR) modeling. The current
study examines methods 1 and 2 and method 4.

Phase is one of the very first HRTF components to be
considered perceptually less significant under certain con-
ditions. This is based on studies that have argued that
minimum-phase plus delay models are adequate approx-
imations of the HRTF phase information [15], so long as
the low-frequency Interaural Time Difference (ITD) is ap-
propriate [16]. Similarly spectral smoothing is another stan-
dard processing procedure applied on HRTFs for data sim-
plification. From simple techniques, such as HRTF time-
domain truncation (smoothing in constant absolute band-
widths) [17], to more perceptually informed methods of
smoothing into constant relative bandwidths [9, 18, 19],
the goal is to eliminate unnecessary spectral detail while
maintaining all perceptually relevant information.

An alternative approach involves the decomposition and
remodeling of HRTF data as a low-rank approximation.
Using multivariate analysis, HRTFs can be reduced to their
most significant/distinct characteristics [20, 10]. An exam-
ple of such a method, frequently used and extensively evalu-
ated, is Principal Component Analysis [21, 22], which can
decompose data into a set of hierarchical basis functions
and weights. The smaller the number of basis functions
utilized for data reconstruction, the higher the degree of
smoothing. A different, but equally effective, approach to
HRTF simplification is that of modeling data by means of
IIR filters. Low-order IIR spatialization filters have a com-
putational advantage over conventional HRTFs because of
their significantly smaller size. The amount of spectral de-
tail maintained in the resulting data is related to the type
and order of the modeling filters [23, 24].

Often the accuracy of such methods is evaluated ob-
jectively through comparisons between the original and
smoothed data, using metrics such as the Mean Square
Error, Signal to Distortion Ratio, and Spectral Distortion
(SD) [21, 25, 22]. In such cases, the reconstruction of the
smoothed data is considered acceptable when the calculated
errors are within levels previously reported as perceptually
or spatially irrelevant. For cases where the effectiveness
of smoothing algorithms is evaluated subjectively, conclu-
sions are often drawn based on audibility and localization
accuracy.

It has been suggested that HRTF spectral characteristics
can be significantly smoothed without perceptible changes
in the location of the virtual sound sources [16] or au-
dible data variations [24]. For example, [17] investigated
the effect of binaural filter length on localization accu-
racy, using personally measured HRTFs. Results showed
that HRTFs could be reduced up to 0.64 ms at a sampling
rate of 50 kHz, without causing a statistically significant

degradation in localization performance. Nevertheless, fil-
ters shorter than 1.28 ms were shown to lead to a significant
increase in front/back confusions. [9] investigated the im-
portance of high-frequency spectral detail in HRTF data
based on audibility. Results indicated that above 5 kHz, ip-
silateral data could be smoothed with a bandwidth up to 2
Equivalent Rectangular Bandwidths (ERBs) and contralat-
eral data with a bandwidth up to 3.5 ERBs without audible
artifacts. In a similar study, [26] proposed a smoothing
methodology where HRTF magnitude responses were ex-
pressed in ERBs and smoothing was achieved by progres-
sively discarding higher-frequency content. Smoothed data
was evaluated using the sagittal plane localization perfor-
mance model by [27]. The proposed smoothing thresholds
led to an average polar error of ≈21.5◦, which, based on
past relevant research [16], was considered acceptable.

Nevertheless, while such modifications may not have an
impact on spatialization accuracy, other properties of the re-
sulting sound, such as spectral coloration, could be affected
in a way that may distort the VAD in unpredictable yet per-
ceptible ways [28]. In an attempt to understand perceived
implications associated with HRTFs, [29] developed a set
of eight perceptual attributes that can qualify the HRTF’s
contributions to a binaural audio experience from various
perspectives.

The aim of the current study is to evaluate the impact
of common processing and modeling methods on the per-
ceived spatial quality of HRTF data. More specifically a
subjective study was designed that collected repeated lo-
calization quality assessments of binaural stimuli moving
along predefined trajectories.1 The evaluated scenes were
created using a set of non-individualized HRTFs, previously
characterized as perceptually distinct, with or without any
type of processing or modeling applied. Out of the diverse
pool of processing techniques applied on HRTF data, two
techniques were selected for evaluation in the present study
because of their common use in binaural signal process-
ing: IIR modeling and minimum-phase approximation with
smoothing in constant absolute bandwidths.

The hypothesis of this study is that user assessments
should remain roughly unchanged, as long as the range
of signal variations between processed and unprocessed
data lies within ranges previously reported as perceptually
insignificant. If this hypothesis is validated, it could further
support previous arguments that such techniques can be
applied to binaural data without impacting the perceived
spatial quality, in the condition where the resulting signal
variations fall within the established ranges.

The presentation of the work is structured in the follow-
ing manner. Sec. 1 details the HRTF datasets employed,
normalization, and processing algorithms. Sec. 2 provides
a Spectral Difference analysis of the impact of the tested
processing methods as an objective baseline. Sec. 3 details
the perceptual evaluation protocol and the rank evaluation
metric. Sec. 4 examines the results regarding participant

1 Preliminary elements of this study have been previously pre-
sented in the 144th Convention of the Audio Engineering Society
[30].
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stability, variability, and rating similarity between condi-
tions. Secs. 5 and 6 offer a discussion and final conclusions
of the study. Analysis of the test duration and rating scale
usage for the full experiment are provided in APPENDIX A.

1 DATA PRE-PROCESSING

SEC. 1 details the criteria followed for the selection of the
specific nonindividualized HRTF data collection, used in
the designed perceptual study. It also discusses the methods
selected for data standardization and processing.

1.1 HRTF Dataset
To evaluate the impact of pre-processing techniques on

HRTF quality judgments, it is of specific interest to employ
a set of HRTFs spanning a large range of quality while
being of sufficient quality prior to processing to be consid-
ered undistorted. In order to provide a common test set to all
participants while maintaining a reasonable-sized test sam-
ple irrespective of the number of participants, individual
HRTFs of test participants were not considered.

The test set was assembled using a data corpus com-
prising HRTFs from the publicly available LISTEN [1] and
BiLi [2] databases. The utilized data were manually selected
based on the clustering results of a corpus of 24 HRTFs,
projected on a perceptually relevant space exclusively cre-
ated from subjective similarity quality judgements, such
that 1) both databases were represented, 2) the assessed
data was perceptually distinct (i.e., all data clusters were
represented), and 3) no common HRTFs existed between
the pre-test and main experiment, in order to avoid poten-
tial bias exposure from the pre-test stimuli [6, 31, 32]. This
process resulted in a set of seven full-phase HRTFs (six
from BiLi and one from LISTEN) for the pre-test and of 12
HRTFs (six BiLi and six LISTEN) for the main experiment.

1.2 Corpus Standardization
The measurement conditions of an HRTF dataset (mea-

surement space, protocol, equipment used, etc.) have been
shown to affect the collected data in the signal domain [8].
Beyond that, HRTF databases are captured in different sam-
pling rates, spatial resolutions, and filter lengths, which is
a fact that renders the creation of composite HRTF corpora
a challenging task. Since the selected HRTF corpus for this
study originated from two separate databases, certain data
standardization steps were necessary to minimize the po-
tential impact of the database of origin on the utilized data
and ensure that user evaluations were not impacted by such
variations.

More specifically HRTFs in the LISTEN database were
full-phase, diffuse-field–equalized, 512-tap filters captured
at a 44.1-kHz sampling rate, and HRTFs in the BiLi
database were full-phase, free-field–equalized, 2,048-tap
filters captured at a 96-kHz sampling rate. Therefore all
selected datasets were diffuse-field equalized and low-pass
filtered at 20 kHz, and the sample rates were converted to
44.1 kHz. Potential DC offsets were removed, and an equal-
frequency resolution was maintained through the truncation

of all HRTFs to 256 samples, using a dynamically aligned
rectangular window. The window starting point was set to
20 samples before the first detected onset of each filter-
pair. The onset via relative threshold detection was defined
as the first sample greater than −10 dB relative to the global
dataset peak value [33].

Comparisons between HRTF datasets from different
databases of origin are often challenging because of dif-
ferences in spatial resolution. While interpolation can be a
possible solution, interpolated HRTFs are prone to inaccu-
racies, which could impact the results of evaluation studies,
and should therefore be treated with caution. In order to
avoid any such potential artifacts, assessed sound trajec-
tories in this study were based exclusively on measured
location data. For cases when no common coordinates ex-
isted, the closest measured points were selected.

The study focused on a subset of measured HRTF posi-
tions lying on the horizontal and median planes. Horizontal
plane positions consisted of 12 angles from 0◦ to 330◦ in
increments of 30◦. Median plane positions of the LISTEN
HRTFs comprised 19 angles from −45◦ to 225◦ in incre-
ments of 15◦, and those of BiLi comprised the following 19
angles: −45◦, −27◦, −15◦, 0◦, 15◦, 27◦, 45◦, 62◦, 74◦, 86◦,
106◦, 118◦, 135◦, 153◦, 165◦, 180◦, 195◦, 207◦, and 225◦.
The resulting angular differences of no more than 4◦ are
smaller than the reported localization blur at these eleva-
tions [34] and, therefore, were assumed to be perceptually
irrelevant for the task at hand. Previous related studies,
which have used the same median plane grids, further sup-
port this assumption because they have shown neither any
evidence of database discriminability [32] nor any effect
on participant performance [31]. Data pre-processing con-
cluded with a level normalization across all HRTFs. The
adjustment of each dataset was set according to the median
global RMS value over all evaluated positions.

1.3 HRTF Processing
The effect of different types of non-personalized HRTF

processing on human spatial perception was assessed
through the comparison of three types of commonly used
data representations: full-phase HRTFs, minimum-phase
HRTF decompositions smoothed across constant absolute
bandwidths, and IIR-modeled HRTFs. The minimum-phase
method is of particular interest for its prevalence due
to computational efficiency. Previous research [35] estab-
lished the minimum-phase-plus-delay model as sufficient.
However direct examination of these results shows the lim-
itation of this approach outside the frontal region. This
observation is further supported by [33] and [36], which
have demonstrated the reduced spatial accuracy for periph-
eral positions via perceptual tests. The IIR method has also
been widely used, predominantly in signal processing ar-
chitectures with limited computing power (e.g., mobile de-
vices) and in systems with a large number of sources, while
offering smooth interpolation between measured points via
alterations of the poles and zeros of the filter [37].

All HRTFs were processed according to the following
descriptions, based on state-of-the-art practice:
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� Full Ph.: Full-phase data represents the original ref-
erence corpus. The 256-tap filters had a frequency
resolution of roughly 173 Hz.

� Min Ph.: Minimum-phase HRTFs, first over-
sampled by a factor of 64 and filtered using a
band-pass filter with cut-off frequencies at 200 Hz
and 20 kHz, were decomposed using the Hilbert-
transform and truncated to 64-tap filters, thereby
smoothing the spectral response, resulting in a rough
spectral resolution of 698 Hz [38].

� IIR: IIR-based data were modeled using the Yule-
Walker algorithm on minimum-phase approxima-
tions of the HRTF data. The frequency scale was
modified prior to and subsequently after the Yule-
Walker process using a Bark bilinear transformation
(and its reverse) to accord the filter design with hu-
man hearing properties. HRTFs were modeled using
six biquad (second order) filters, resulting in 36-tap
approximations [39].

1.4 ITD Information
To limit the focus of this study on the impact of HRTF

spectral smoothing on spatial perception, ITDs were kept
consistent between datasets. Based on the results of [33] and
[36], position-dependent ITD values were calculated using
the centroid of the interaural cross-correlation method, av-
eraged across datasets, and used as a reference for modi-
fication. For full-phase data, ITD adjustments were made
by adapting the temporal alignment of the filter-pairs. For
minimum-phase data and IIR reconstructions, ITDs were
inserted by delaying the contralateral channel of each HRTF
such that the resulting ITDs coincided with the correspond-
ing reference values. As such, all HRTFs had the same ITDs
for equivalent positions.

2 OBJECTIVE EVALUATION

Prior to perceptual testing, an objective signal domain
assessment of the degree of spectral variations across the
three evaluated data types (full-phase HRTFs, minimum-
phase smoothed HRTFs, and IIR reconstructions) was car-
ried out. The following spectral comparisons were limited
to the ipsilateral content filters of the 12 horizontal plane–
tested positions and both filters for the 19 median plane ones
(Sec. 1.2). This choice was based on past research demon-
strating an increased tolerance in variations of contralateral
HRTF spectral detail for humans [9, 40].

To approximate human perception, HRTFs were
smoothed in ERB bands. Spectral variations between pairs
of the same HRTFs that have undergone different types of
processing were measured using the SD metric (Eq. 1).

SD(i) =
√√√√ 1

N

N∑
k=1

(
20 log10

| H RT F(k) |
| H RT F ′(k) |

)2

(1)

where N denotes either the number of ERB bands—when
SD is calculated per tested position—or the number of
tested HRTF positions—when SD is calculated per ERB
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Fig. 1. Spectral Distortion (SD) distributions per Equal Rectan-
gular Bandwidth (ERB) band averaged across all tested positions
(a) and per tested position averaged across all frequencies (b) for
the horizontal (upper) and median (lower) planes. Top and bottom
box edges mark the 25th and 75th percentiles respectively, and
whiskers extend to ±2.7 σ.

band. HRTF(k) and HRTF’(k) denote the baseline (full-
phase) and a smoothed version of the same ipsilateral HRTF
filter (either min-phase or IIR), respectively.

Fig. 1(a) shows the range of spectral distortion between
the baseline (full-phase) and the minimum-phase and IIR
data per ERB band. Variations were computed across tested
positions leading to a single SD value per ERB band. Spec-
tral variations of frequencies below 3 kHz were found to
be very small in both planes (Table 1) and were, therefore,
omitted from the figure to assist visibility of the results.
As can be seen, the full range of SD values between full
and minimum-phase data-pairs consistently lies below 1
dB, with the exception of the top ERB band. The increase
in spectral variations in the very high–frequency content is
attributed to variations introduced during data processing.

J. Audio Eng. Soc., Vol. 70, No. 5, 2022 May 343



ANDREOPOULOU AND KATZ PAPERS

Table 1. Calculated Spectral Distortion (SD) per Equal
Rectangular Bandwidth (ERB) band for frequencies <3 kHz.

SD (dB)

Avrg Std Min Max

Full Ph. / Min Ph. (Hor.) 0.49 0.08 0.11 1.30
Full Ph. / IIR (Hor.) 0.44 0.07 0.14 1.31

Full Ph. / Min Ph. (Med.) 0.58 0.07 0.19 1.38
Full Ph. / IIR (Med.) 0.57 0.07 0.21 1.36

On the contrary, the observed median SD values be-
tween full-phase and IIR data pairs are consistently higher
than 1 dB for frequency bands above 6.5 kHz, reaching as
high as 4.3 dB for the horizontal and 3.6 dB for the me-
dian plane data. Maximum variations were found to be as
high as 7.3 dB at 10.7 kHz on the horizontal and 5.5 dB at
16.7 kHz on the median plane. These results indicate that
the IIR reconstructions exhibit greater variation from the
full-phase baseline, the potential impact of which needs to
be subjectively evaluated.

It is also of interest to investigate whether any tested po-
sitions exhibit more variations than others, thereby biasing
the perceptual evaluation task. Fig. 1(b) shows the range
of SD values between the baseline and processed HRTFs
per position. Variations were computed across ERB bands,
leading to a single SD value per tested position. It can be
noted that median variations for the minimum-phase data
remain below 1 dB across all HRTFs with variations being
higher for the frontal locations on or above the horizontal
plane. The observed median distortion between the full-
phase and IIR data is higher, reaching 1.9 dB (SDmax =
3 dB) on the horizontal and 1.23 dB (SDmax = 3.3 dB) on
the median plane. It should be noted that median SD values
decrease as elevation angles increase, reaching a minimum
for elevation angles 75◦ and 90◦ for filter-pair comparisons
on the median plane.

According to [23], broad-band spectral distortions up to
1.9 dB on the frontal region did not lead to audible data
variations. Hence the aforementioned spectral differences
between the processed and reference (Full Ph.) data ap-
proximations across both planes are not expected to affect
user ratings of minimum-phase data during the subsequent
perceptual study but could have an affect on the evaluations
of IIR-modeled data with variations exceeding the 1.9-dB
threshold.

3 PERCEPTUAL EVALUATION

3.1 Experimental Procedure
A total of 23 individuals (eight female), all profession-

als and scholars in audio signal processing with extensive
experience in psychoacoustic experiments, volunteered to
participate in this study. All self-reported having normal
hearing. The study was divided in two phases: the pre-
test and main experiment. The purpose of the pre-test was
twofold: it provided participants with the necessary famil-
iarization to fully understand and perform the task in a
timely manner while also assisting participant screening

(in identifying people who could perform the required task
in a consistent and reliable manner). Employing expert lis-
teners to improve stability of the results with regard to the
research question was preferable to lengthy training of all
participants to the task (e.g., [41]). The main experiment
assessed the perceived change in spatialization quality as a
function of HRTF processing.

In both phases, the experimental procedure involved the
assessment of binaural stimuli, moving along pre-defined
trajectories on the horizontal and median planes, based on
the conveyed accuracy of their movement. Horizontal plane
trajectory movement started at 90◦, directly on the left, and
performed two counter-clockwise rotations around the lis-
tener’s head at a constant distance. Median plane movement
started at −45◦ elevation at the front and moved up, over, to
the rear, and then back again to the front following the same
arc over the listener’s head twice. Participants were asked
to rate the perceived spatial accuracy of each trajectory on a
forced-choice nine-point rating scale ranging from “worst”
to “best,” based on written descriptions of the intended
trajectory paths.

The pre-test and main experiment were divided in rounds
consisting of two blocks, one for the horizontal plane tra-
jectory and one for the median plane trajectory. For each
block, participants were presented a single interface offer-
ing playback and rating options for all pre-rendered sound
trajectories (one per HRTF processed dataset). Presentation
order of blocks within each round and of HRTFs within
each block were fully randomized. The study allowed par-
ticipants to explore differences between sound trajectories
at will, offering options for (re)playing the trajectory sam-
ples in any order, to facilitate comparisons. The only con-
straint concerned the use of the rating scale. The use of both
scale extremes was required at least once per block, but the
assignment of the same rating to multiple samples was al-
lowed. This experimental procedure was selected because
of its previously demonstrated ability in leading to stable
and informative subjective HRTF assessments [31, 32].

Non-individualized binaural renderings were created us-
ing an impulsive sound stimulus and HRTFs from the data
corpus discussed in Sec. 1.2. The stimulus was 100 ms of
Gaussian noise (50 Hz to 20 kHz) with 2-ms Hann ramps
at onset and offset, repeating sequentially for each position
on the trajectories separated by 30 ms of silence.

The study was designed in MATLAB in such a way that
the whole experiment could be completed by any participat-
ing individual without the need of a supervising moderator.
A detailed description of the procedure and study goals and
instructions on how to run the code and use the designed in-
terface were provided. Participants were instructed to com-
plete the study in a listening room with an ambient noise
level below 30 dBA using Sennheiser HD 650 headphones
and a Focusrite Scarlett audio interface, which were com-
mon to all participants. No headphone equalization was
applied. Prior to the test, sound levels were calibrated to
80.3 dBA with the left headphone placed on a baffled mi-
crophone, using a monophonic 1-kHz sine-wave reference
signal, ensuring the same presentation level for all test sub-
jects and installations.
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3.2 Pre-Test for Screening and Training:
Repeatability

HRTF assessments using similar test designs to this one
have been shown to be viable, albeit very demanding, due
to the limited number of even expert participants able to
produce reliable ratings across test repetitions (≈50◦) [31].
Hence user screening for the identification of individuals
able to perform the assessment task in a repeatable manner
is an essential step for such evaluation methods.

The pre-test comprised a variable number of rounds, each
repeating the same experimental task: the evaluation of
sound stimuli moving along horizontal and median plane
trajectories on a nine-point scale. The system assessed the
repeatability of each participant’s ratings using the met-
ric discussed in Sec. 3.4. When a participant produced
repeatable ratings across both trajectories for three suc-
cessive rounds, the pre-test phase terminated. Otherwise,
repetitions continued until a maximum of seven rounds
was reached. The pre-test was completed in a single sitting.

Based on the results of a previous study [31], test partic-
ipants who are able follow this test-protocol in a consistent
and reliable manner can do so because they can derive sys-
tematic evaluation strategies regardless of the number and
type of non-individual HRTFs rated. Stated differently, peo-
ple completing the pre-test successfully should be able to
perform the main experiment test in a reliable and consistent
manner. Hence only participants with repeatable responses
across three successive evaluation rounds for both tested
trajectories proceeded to the main experiment.

3.3 Main Experiment: Similarity
The main experiment comprised three rounds, each as-

sessing HRTFs with a different type of processing (Sec.
1.3) on the conveyed spatial accuracy of stimuli moving on
the same horizontal and median plane trajectories. Rounds
appeared in a fully randomized order. The experiment task
and control interface were identical to those of the pre-test.
To minimize fatigue, test rounds were evaluated on separate
days and compulsory breaks were inserted between the two
test blocks of each round.

3.4 HRTF Rating Similarity Metric
For both the pre-test and main experiment, the evalua-

tion of each participant’s responses was based on the ob-
served similarity between trajectory ratings of successive
experiment rounds. Similarity of corresponding ratings be-
tween successive experiment-round pairs was calculated
using Pearson’s correlation coefficient r. When r = 1, the
ratings of two successive experiment rounds for a given
trajectory and participant are fully correlated, while when
r = 0 and r = −1, ratings are uncorrelated and negatively
correlated, respectively. Ratings of the perceived quality of
the trajectory rendering relative to the given reference path
provides an implicit measure of the global spatial quality
assessment of localization for each HRTF [42, 43].

The sensitivity of the proposed metric to variations in
the ratings, as a function of the magnitude of the change,
and the number of ratings changed can be found in Table 2.

These calculations are based on simulated data extensively
discussed in [31]. As can be seen, this metric is relatively
stable for small rating variations (up to ±2 scale steps) but
less tolerant to rating changes of larger magnitudes (≥3
scale steps), even when occurring rarely.

Two factors have been found to affect the results of the
proposed metric: Variability2 and Stability. Variability in
HRTF evaluations is related to the range of r coefficients
that result from the use of the similarity metric in pairs of
HRTF ratings, and Stability is reflected in the values of
those coefficients. Stability was calculated by computing
the arithmetic mean across a series of r values of successive
experiment rounds; Variability is calculated by computing
the corresponding standard deviations. As shown in [31],
Variability levels do not always imply equivalent Stability
and vice versa. Hence both factors need to be taken into
consideration in evaluating HRTF-rating repeatability [44].

Appropriate thresholds for the two factors were estab-
lished based on a simulation study examining the sensitiv-
ity of the metric in rating variations of varying magnitude
and quantity [31]. The selected values were stbthld = 0.75
for Stability and varthld = 0.14 for Variability, which allow
for multiple rating variations of up to ±2 scale steps and
progressively fewer in the range ±3 to ±5 scale steps. A
participant’s HRTF ratings were considered repeatable if
they were both stable (stbi ≥ stbthld) and consistent (vari

≤ varthld) in accordance with these thresholds. Permissible
variations given these thresholds are indicated in Table 2.
This metric was used in the analysis of ratings during the
pre-test for the selection of participants for the main test
and for analysis of the main test results.

4 RESULTS

4.1 Pre-Test: Similarity in Successive Ratings
As mentioned earlier, the pre-test involved the repeated

assessment of the perceived spatial accuracy of sounds
moving along predefined trajectories on the horizontal and
median planes. The number of task repetitions (rounds),
which involved the assessment of seven trajectories—and
hence HRTFs—per plane, varied for each participating in-
dividual. The pre-test concluded either when a participant
provided repeatable ratings according to the Stability (stbi

≥ 0.75) and Variability (vari ≤ 0.14) thresholds across three
consecutive rounds for both planes or when a total of seven
rounds were completed, whichever happened first.

Fig. 2 shows the repeatability of horizontal plane ratings
for two pre-test participants on Stability over Variability.
Each data point corresponds to three consecutive rounds.
For example, Participant A completed seven experiment
rounds without reaching repeatable performance. During
rounds 3–5, the Variability of the ratings was within the
acceptable range, but the corresponding Stability was under
the defined threshold. Participant B, on the other hand,

2 In past related publications, this factor was termed Consis-
tency [31, 30]. Given that it reflects a metric that must be mini-
mized, the term has been revised to Variability.
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Table 2. Mean and standard deviation values of Pearson’s r metric sensitivity to HRTF rating changes as a function of the size of
change in the ratings (�o) and number of ratings changing. Gray cells indicate variations within tolerance thresholds, which are

discussed in Sec. 3.4.
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Fig. 2. Repeatability performance examples of two participants
for the horizontal plane trajectory. Points represent Stability vs.
Variability rates across triplets of successive rounds (rounds la-
beled for each point). Variability (solid line) and Stability (dashed
line) thresholds are shown. Participant ratings are considered re-
peatable when results fall within the lower-right region delimited
by the two threshold limits.

reached repeatable ratings after six pre-test rounds. They
started reaching stable ratings in round 4, but only achieved
the selected Variability levels after six experiment rounds.

Out of the 23 recruited participants, 13 achieved repeat-
able ratings on both tested planes for the seven HRTFs
across three consecutive rounds using the nine-point scale
(57% success rate). This demonstrates the challenging na-
ture of non-individualized HRTF rating procedures, even
for experienced participants, and justifies the need for a
pre-test in this experiment.

4.2 Main Experiment
The main experiment was divided into three rounds, each

corresponding to a different type of HRTF processing (orig-
inal full-phase, minimum-phase smoothed, and IIR recon-
structions). Each round involved the assessment of binaural
sounds moving along the horizontal and median plane tra-
jectories discussed in Sec. 1.2, on a discrete nine-point

Pre Test Full Ph / Min Ph Full Ph / IIR
Smoothing method comparisons
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Fig. 3. Similarity distributions for the main test participants based
on their ratings during the pre-test between the full-phase and
minimum-phase data and between the full-phase and IIR data.
Results are presented separately for the two tested trajectories.

scale. The same rating rules as for the pre-test applied to
the main experiment. Each round comprised 12 HRTFs en-
coded with the same method.

4.2.1 Similarity of Quality Assessment Rankings
Similar to the pre-test, HRTF ratings per processing con-

dition were analyzed using Pearson’s r. Full-phase ratings
were used as a common point for paired comparisons be-
tween processing methods, revealing how HRTF evalua-
tions from each assessor changed as a function of process-
ing relative to the original data. Repeatability performance
of the 13 qualified participants in the last three rounds of the
pre-test was also included in the analysis for reference. Re-
sulting data distributions are shown in Fig. 3. The normality
of the resulting distributions (pre-test, full-phase/minimum-
phase, and full-phase/IIR, over both trajectory planes) was
tested using a Lilliefors test. The test failed to reject the
null hypothesis that the data was normally distributed (α =
0.05) for all distributions.

The pre-test comparison of rating similarity r showed
that all participants achieved very high scores across both
planes. Median performances of 0.89 (minimum r = 0.77;
maximum r = 0.99) for the horizontal and 0.85 (minimum
r = 0.75; maximum r = 0.99) for the median plane strongly
reconfirm the observation that all retained participants were
highly capable of providing repeatable ratings across both
trajectories.
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By examining comparisons between the full-phase and
minimum-phase data, the similarity distribution is much
wider, ranging from r = 0.17 (almost uncorrelated data) to
r = 0.89 (highly correlated data) for the horizontal plane
trajectory and from r = 0.23 (almost uncorrelated data)
to r = 0.68 for the median plane trajectory. The corre-
sponding median correlations of 0.54 and 0.48 are much
lower than those of the pre-test. According to Table 2,
such low scores can be created by either multiple changes
in ratings of |�o| ≤ 3 scale points or at least one rating
change of |�o| ≥ 7 scale points. |�o| variations ≥7 are
notable because they imply a complete shift in the con-
veyed spatial quality of an HRTF processed in different
ways. For example, it is possible for a full-phase HRTF
to be rated as very good (score ≥7) with its minimum-
phase smoothed equivalent as very poor (score ≤2) and
vice versa.

Similar observations can be made for the similarity distri-
butions between full-phase and IIR-modeled data. Median
values are lower than those of other comparisons, with the
horizontal plane trajectory being 0.30 (minimum r = 0.07,
maximum r = 0.86), and the median plane being 0.32 (min-
imum r = −0.04, maximum r = 0.71). Additionally the
presence of a number of uncorrelated data scores with val-
ues close to 0 in the median plane distribution implies that
certain participants did not experience any correspondence
of spatial quality between the full-phase and IIR-modeled
data because such scores indicate multiple rating changes in
the range of |�o| ≤ 4 or at least one change as big as |�o| ≥ 8
(Table 2).

It is possible to conclude that two distributions are sig-
nificantly different with 95% confidence if their box-plot
notches do not overlap [45]. As such, the following ob-
servations can be made regarding the distributions in Fig.
3:

� Differences in the rating similarity distributions between
the horizontal and median plane ratings are not signif-
icant for any data group. This observation implies that
the effect of HRTF processing on user spatialization does
not seem to be more prominent for certain elevations.

� The similarity between the ratings of the full-phase
HRTFs in the pre-test is significantly higher than those
of the full-phase vs. minimum-phase and full-phase vs.
IIR rating comparisons.

� Variations in rating similarity across trajectory planes
are not significantly different between the processing
methods.

4.2.2 Similarity Per Rating Scale Range

While monitoring participant rating similarity across the
full nine-point scale offers an informative overview of the
possible effects of HRTF processing on user assessments,
it is of interest to focus on specific HRTF subgroups, such
as those consisting of highly rated or rejected spatialization
cues. Hence this section of the analysis focuses on the sim-
ilarity between HRTF ratings within three spatial quality
levels, low, mid, and high, thereby facilitating the separa-

Table 3. Correspondence between the full-phase (reference)
and minimum-phase/IIR spatial quality levels of the main test

HRTFs computed in percentages for each trajectory plane.

Horizontal Plane

Min-Ph. IIR

Low Mid High Low Mid High

Full-Ph. Low 65.6 17.2 17.2 53.1 31.3 15.6
Mid 46.5 32.6 20.9 34.9 32.6 32.6
High 18.4 24.5 57.1 28.8 22.4 49.0

Median Plane

Min-Ph. IIR

Low Mid High Low Mid High

Full-Ph. Low 63.2 25.0 11.8 58.8 26.5 14.7
Mid 41.7 33.3 25.0 39.6 29.2 31.2
High 17.5 27.5 55.0 30.0 25.0 45.0

tion of multiple small changes from occurrences of larger
significant changes in ratings, which could both give rise to
the same correlation value.

Using the full-phase HRTF ratings as reference, the per-
centage of HRTFs that were attributed the same or differ-
ent spatial quality levels across all experiment rounds can
be calculated. This analysis, summarized in Table 3, was
performed as a function of trajectory planes, processing
method pairs, and quality level. A noteworthy point arising
concerns the relatively small percentage of HRTFs receiv-
ing the same spatial quality level assessment across the
full-phase reference and either of the other two conditions
(minimum-phase smoothed HRTFs and IIR reconstruc-
tions). The observed similarity levels lie between ≈29%
and ≈66%, which practically means that, depending on the
applied HRTF processing chain and trajectory plane under
evaluation, participants changed their quality assessments
of different HRTFs ≈34% to ≈71% of the time. The as-
sessment change was quite prominent in the case of the
mid-level spatial quality HRTFs, where the repeatability
percentage was consistently ≤33.3% (chance level).

Of all possible assessment changes, the most notable are
those concerning the two scale extremes, i.e., cases when
the reference HRTF was evaluated as having “low” spatial
quality and its processed versions as having “high” spatial
quality or vice versa. For example ≈18% of the HRTFs
evaluated as having “high” spatial quality in the full-phase
condition were assessed as “low” in the minimum-phase
condition for both trajectory planes. Similarly ≈29% (hori-
zontal plane) and 30% (median plane) of the HRTFs evalu-
ated as having “high” spatial quality in the full-phase condi-
tion were assessed as “low” in the IIR condition. The scores
of this latter condition lie very close to chance (33.3%), in-
dicating an increase in the complexity of the IIR-modeled
HRTF evaluation task (see Table 3 for an overview of all
possible assessment variations).
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5 DISCUSSION

This work investigated the effect of different commonly
employed HRTF processing algorithms on the percep-
tual evaluation of selected non-individualized HRTF data
from the publicly available LISTEN [1] and BiLi [2]
databases. Three versions of an HRTF subset database
were compared: a) full-phase HRTFs, b) minimum-phase
HRTF decompositions smoothed across 64 constant abso-
lute bandwidths, and c) modeled HRTFs using six biquad
IIR filters.

HRTF spectral smoothing and minimum-phase decom-
position are the two most widely applied and thoroughly
evaluated methods of HRTF processing. Several studies
have proposed objective thresholds, “guaranteeing” the
absence of audible artifacts and/or spatialization errors.
For example, it has been suggested that minimum-phase
plus pure-delay models are adequate approximations of the
HRTF phase, not affecting the users’ average localization
accuracy. Nevertheless, even in early studies, there exists
evidence of an increase in localization errors around the
interaural axis [15] and of front/back confusions [16]. This
increase in localization confusion within these spatial re-
gions can also be reflected in the HRTF signal itself as
greater data variability [33]. While the magnitudes of such
errors/variations may not be large enough to trigger statisti-
cally significant results, they do suggest a shift in people’s
spatial impression, which must be further investigated.

In this study, spectral variations introduced by smooth-
ing and HRTF modeling were quantified with the SD metric
using the full-phase data as reference. For the minimum-
phase data, smoothed in 64 constant absolute bandwidths,
SD values were constantly ≤1 dB and hence were not ex-
pected to produce audible artifacts. For the IIR-modeled
HRTFs, results of [23] have suggested that spectral vari-
ations up to 6.6 dB close to the interaural axis and up to
1.9 dB in the frontal area should not lead to audible vari-
ations. The median SD values of the IIR-modeled HRTFs
in this study were consistently below these thresholds, in-
dicating an overall successful data approximation.

Nevertheless, as shown in Fig. 1(b), the SD distribu-
tions of several tested positions on the horizontal and me-
dian planes extend beyond these thresholds, indicating that
certain HRTF filters could potentially contain audible ar-
tifacts. Based on these results, it was hypothesized that
user-assessments of processed HRTF data should remain
roughly unchanged, since the range of variations between
processed and unprocessed data lied within previously re-
ported ranges. In order to investigate this hypothesis, a
perceptual study was designed involving the repeated as-
sessment of binaural stimuli moving along pre-defined
trajectories on the horizontal and median planes using a
forced-choice nine-point rating scale. The usefulness of
user ratings as a mechanism for data assessment of non-
individualized HRTF data has been established [42, 43],
and the robustness of the specific protocol has been ana-
lyzed and discussed in [32].

The study was divided into a pre-test and main exper-
iment. The pre-test provided a mechanism for participant

task familiarization and reliability screening, increasing the
robustness of the collected user responses through the use
of expert listeners. Out of the 23 trained individuals who
participated in the study, 57% (13 participants) achieved
stable and consistent HRTF ratings according to the pre-
defined repeatability thresholds across three task repetitions
in the pre-test, thereby proceeding to the main test. The
marginally higher percentage of repeatable participants in
this study as compared with [31] and [32] can be attributed
to their higher level of binaural audio expertise. Beyond
participant selection, the results of the pre-test serve as
a systematic documentation of the inherent difficulty and
challenges in assessing the spatial quality of non-individual
HRTF data. The uncertainty in the assessments of the par-
ticipants, as reflected in their overall performance in the
task, serves as strong evidence that steps for HRTF indi-
vidualization are necessary to optimize user experience in
VAD applications.

The effects of minimum-phase decomposition with spec-
tral smoothing across constant absolute bandwidths and of
IIR modeling on user HRTF quality assessments were stud-
ied using the ratings of the full-phase data as reference.
Result analysis led to the following observations:

1. Distributions of Pearson’s r coefficients between the
full-phase/minimum-phase and the full-phase/IIR
data were much wider with lower mean and me-
dian values than those of the pre-test condition. This
finding strongly suggests that the applied process-
ing algorithms impacted user assessment. Spectral
variations on the minimum-phase data were con-
sistently less than 1 dB across all tested positions
and frequency bands. Therefore their impact on spa-
tialization quality was expected to be minimal. Yet,
based on the experiment results, it can be concluded
that these spectral changes impacted the partici-
pants’ overall spatial quality assessments in a way
that could not have been predicted by past literature.
On the contrary, the observed SD distributions be-
tween the full-phase and IIR-modeled data spanned
beyond the range of imperceptibility as defined by
[23], indicating that the spectral deviation of cer-
tain HRTF datasets could lead to audible artifacts,
a fact which was also reflected in the experiment
results.

2. Similarity rates of the full-phase/IIR comparison are
lower that those of the full-phase/minimum-phase
condition, implying that the tested IIR modeling
affected HRTF spatial evaluation to a greater ex-
tent. This could be attributed to the increase in
the SD values for frequency content above 8 kHz,
which were observed to be as high as 7.3 dB,
compared with the corresponding SD ≤ 1 dB of
the minimum-phase data. Such variations could
have impacted the users’ spatial assessment of the
modeled HRTFs.

3. Differences in similarity levels between the hori-
zontal and median plane ratings were not signifi-
cant. This suggests that the influence of HRTF pro-
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cessing on spatial quality evaluations is trajectory-
independent.

While the evaluation of similarity between HRTF as-
sessments across the full rating scale is appropriate for
investigating the effect of post-processing modifications
on the perceived spatial quality of HRTFs, it is also in-
formative to focus on specific ranges in the rating scale.
Admittedly most evaluation/selection protocols focus on
the identification of the “best-rated” HRTFs, disregarding
“mediocre” or “unfit” data [46, 47, 36, 11]. Additionally
the use of a coarser rating scale has been shown to boost
similarity in HRTF assessments [31]. Therefore the nine-
point rating scale was down-sampled into three equal parts,
reflecting low, mid, and high HRTF spatial quality cat-
egories, allowing examination of cross-category changes
in ratings.

Using the full-phase ratings as reference, the percent-
age of HRTFs that were attributed the same or different
spatial quality category was calculated. An outcome of
this analysis concerned the difficulty of otherwise repeat-
able participants in providing stable ratings for mid-level
HRTFs across all conditions and tested trajectory planes.
As previously seen in [31], participant assessments were
more stable when concerning “bad” (low spatial accuracy)
or “good” (high spatial accuracy) HRTFs than “mediocre”
(mid spatial quality) data. Stated differently, participants
were more likely to change their assessments of mediocre
HRTFs across repetitions. The percentage of “mediocre”
HRTFs sustaining their level of spatial accuracy ranged
between ≈29% (median plane full-phase/IIR) and ≈33%
(median plane full-phase/minimum-phase).

This result is a strong indication that VAD applications,
which mainly operate on non-individual HRTF data, can
create confusing, if not contradicting, experiences to users.
Within a collection of non-personalized data, the portion
of mediocre HRTFs is not only indeterminable but also
varies between individuals. A similar claim can be made
for the use of such procedures on scientific studies as a
means of binaural assessment, unless enough evidence is
provided that participant responses are repeatable and reli-
able. Hence, both participant screening and repetitions of
the assessment protocol are necessary to improve the valid-
ity of the collected data.

Additionally results revealed that signal modifications,
even when lying below previously established thresholds
of perceptual irrelevance, can shift one’s assessment of
spatial quality for a given HRTF. Up to ≈18% of the
minimum-phase HRTFs and 30% of the IIR data eval-
uated as having “low” spatial quality received a “high”
quality rating in the full-phase condition. Similarly up to
≈17% of the minimum-phase HRTFs and ≈16% of the
IIR data evaluated as having “high” spatial quality received
a “low” quality rating in the full-phase condition. Based
on the aforementioned results, the hypothesis that user as-
sessments should remain roughly unchanged, as long as
the range of signal variations between processed and un-
processed data lies within ranges previously reported as
perceptually insignificant, has to be rejected.

6 CONCLUSION

The dependence of a person’s VAD experience on the
appropriateness of the utilized binaural filters is a widely
accepted fact. The use of personally measured, successfully
individualized, or user-selected HRTFs has been shown to
improve system fidelity and boost user experience. Nev-
ertheless allowing people to bring and use their selected
HRTFs on a given system poses certain technical complica-
tions. HRTFs are available in a variety of spatial resolutions,
filter orders, and sampling rates, facts which introduce a
need for post-processing and data homogenization. Yet,
when users select an HRTF set with certain spatial and fre-
quency resolutions and comprising certain signal informa-
tion, how confident can one be that data post-processing will
not affect their overall experience, preference, and HRTF
evaluation?

This study discussed the impact of various commonly
employed HRTF processing algorithms on the assess-
ment of spatial rendering quality across a set of non-
individualized binaural data. The work was based on the
hypothesis that, when variations in signal content between
unprocessed and processed data lie within previously es-
tablished ranges of imperceptibility, user evaluations of
processed HRTFs should remain roughly unchanged. This
hypothesis was tested against a perceptual study, moni-
toring changes in repeated quality assessments of non-
individualized binaural stimuli moving along pre-defined
trajectories on the horizontal and median planes.

While the magnitude of the objective and subjective vari-
ations described in this paper are directly dependent on
the specific implementations chosen to create minimum-
phase and IIR versions of the tested data and cannot be
generalized to all processes, the results highlight the ef-
fect of signal modifications on the perception of spatial
quality across HRTFs of all quality levels. Despite the fact
that objective evaluations suggested that the observed vari-
ations between the original and minimum-phase HRTFs
lied within previously established ranges of acceptability,
the experiment results demonstrated that they could com-
pletely shift one’s assessment in a similar manner to that
of IIR-modeled data, which carried spectral variations be-
yond the established thresholds of imperceptibility. More
specifically it was demonstrated that the observed SD levels
of both minimum-phase and IIR-modeled data could lead
to the rejection of HRTFs previously rated as the “most
appropriate” or alternatively to the selection of datasets
previously dismissed as “unfit.” The effect appeared more
often for the tested IIR processing over minimum phase,
but it was equally present for the two evaluated planes.

Such results further support the argument that HRTF
processing and modeling algorithms should be applied with
caution because they could have an impact on the perceived
spatial quality of the data, which might not be predicted
with current signal domain metrics. Different evaluation
routines offering more elaborate assessments of the pro-
cessed HRTF data need to be widely employed before the
community develops a firm understanding of the potential
impact of HRTF processing on human spatial perception.
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One such approach would be the use of perceptual mod-
els that simulate localization performance [48, 49], though
their use is not yet universally accepted. Additionally ef-
ficient participant screening and sufficient repetitions of
experiment tasks are undoubtedly necessary in HRTF eval-
uation/selection tasks for the improvement of the validity
of any collected data.
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A.1 COMPLEMENTARY DATA ANALYSIS

Beyond variations in the rating scores of HRTFs pro-
cessed differently, there exist other information that can
indicate how challenging each task was and highlight pos-
sible strategies that participants devised in order to complete
the experiment. These are the use of the rating scale, that
is, the number of different ratings out of the nine available
that participants chose to use in order to rank HRTFs as
part of the pre-test and main experiment, and the time they
needed to complete each experiment round. The potential
connection between this information and HRTF processing
method is investigated below.

1 PRE-TEST: DURATION AND SCALE USAGE
The pre-test was completed in a single sitting with an av-

erage duration of 39.1 min (standard deviation: 17.4 min).
During every round, the order of HRTFs and trajectories
was fully randomized to avoid potential biases in the evalu-
ation procedure. The normality of the data was tested using
a Lilliefors test. The test failed to reject the null hypothesis
that the data was normally distributed (α = 0.05). Table 4
shows the average and standard deviation of the test du-
ration across each of the seven rounds and two trajectory
planes. As can be seen, the average duration of each round
progressively decreases as the number of round-repetitions
increases. This observation implies that, on average, partic-
ipants spent more time during the first rounds familiarizing
themselves with the task, procedure, and test-interface and,
possibly, devising a strategy for HRTF rating. This appears
to be true for both sound-trajectories under evaluation. This
hypothesis is supported by a repeated measures two-way
analysis of variance comparing the main effect of round
(1–7) and plane (horizontal/median) and their interaction
on the duration of each round. The effect of round was
found to be significant [α = 0.05; F(6, 262) = 7.42; p <

0.001], while the effect of trajectory plane was not [F(1,
262) = 0.82; p = 0.38]. The interaction of round and plane
was not found to be significant [F(6, 262) = 0.73; p = 0.63].
A Bonferroni post hoc test showed that for the horizontal
plane trajectory, the duration of round 1 was significantly
different from those of rounds 3–7, while for the median
plane the duration of round 1 was significantly different
from that of rounds 6 and 7 (α < 0.05).

Another factor that could potentially influence the re-
peatability of the users’ assessments is that of the resolution
of the utilized rating scale. The task comprised rating each
binaurally rendered trajectory on a nine-point scale rang-
ing from “worst” to “best.” The experiment setup permitted
participants to apply the same rating on multiple trajecto-
ries and use a subset of the available scale steps for their
assessments, so long as they used the two scale extremes
(1 and 9) at least once for each round. As a result, partici-
pants who chose to utilize a coarser scale (i.e., consistently
using only three out of the possible nine rating values) to
evaluate the sound trajectories would, in principle, have
an advantage over other participants in terms of the rating
repeatability. Therefore it is of some interest to examine
the use of the rating scale as a function of pre-test round

Table 4. Mean and standard deviation of the duration (min) and number of scale steps used per pre-test round grouped according to
trajectory plane and participant repeatability levels.

Rounds

1st 2nd 3rd 4th 5th 6th 7th

Duration (Hor. - all parts.) 6.10 (8.36) 3.23 (1.65) 3.10 (1.93) 2.70 (1.39) 2.38 (1.43) 1.88 (1.00) 1.90 (1.21)
Duration (Med. - all parts.) 5.25 (2.90) 4.55 (3.15) 3.52 (1.37) 2.52 (1.06) 2.36 (1.32) 2.10 (1.15) 1.90 (0.96)

Scale Use (Hor. - Repet, parts.) 5.54 (1.27) 5.46 (1.39) 5.31 (1.25) 5.25 (1.58) 5.38 (1.51) 5.13 (1.46) 5.80 (0.84)
Scale Use (Med. - Repet, parts.) 5.62 (1.26) 5.23 (1.30) 5.46 (1.27) 5.50 (1.60) 5.25 (1.67) 5.38 (1.51) 5.60 (0.55)

Scale Use (Hor. - nonRepet, parts.) 6.00 (0.94) 5.40 (1.08) 5.20 (0.92) 5.70 (1.41) 5.30 (1.34) 5.00 (1.49) 5.50 (1.58)
Scale Use (Med. - nonRepet, parts.) 5.50 (1.43) 5.00 (1.56) 5.00 (1.41) 4.80 (1.69) 5.40 (1.84) 5.10 (1.66) 5.10 (1.85)
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(1–7), plane (horizontal or median), and participant group
(repeatable or non-repeatable).

As seen in Table 4, the average use of distinct rating-
scale steps employed by “repeatable” and “non-repeatable”
participant sub-groups did not change much as a function of
experiment round and plane. The average use of rating scale
across both tested planes for the repeatable participants
ranged between 5.1 and 5.8 scale steps, while that for non-
repeatable participants between 4.8 and 6.0. Such results
show that the repeatability in the ratings of the qualified 13
participants was not related to the resolution of the utilized
rating scale but rather reflected their ability to assess HRTFs
in a consistent and reliable manner.

2 MAIN EXPERIMENT: DURATION AND SCALE
USAGE

The analysis began by looking at the duration of each ex-
periment round as a function of HRTF processing method
and trajectory plane. A significant increase in duration
could reflect an increase in the complexity of the task,
which could then be traced back to the type of processing of
the evaluated HRTFs. The normality of the data was tested
using a Lilliefors test. The test failed to reject the null hy-
pothesis that the data was normally distributed (α = 0.05).
Table 5 summarizes the duration spent in each round based
on the type of HRTF processing. In general, durations were
comparable, with the IIR rounds being consistently longer
than the two others. A two-way repeated measures analysis
of variance was performed to investigate the effects of tra-
jectory plane and HRTF processing on the duration of each
experiment round. Neither the effect of trajectory [F(1, 78)
= 0.54; p = 0.48] nor of HRTF processing order [F(2, 78)

= 0.6; p = 0.56] were found to be significant (α = 0.05).
None of the interactions between the independent variables
were found to be statistically significant.

The use of the rating scale could also be an indication
of the effect of HRTF processing on user evaluation. It is
possible that, when given the choice, participants’ use of
the rating scale resolution would reflect the perceived spa-
tial variation in the assessed corpus. A coarser rating scale
could imply that a certain type of processing reduced spa-
tial variations among otherwise distinct datasets. As shown
in Table 5, the average amount of discrete scale steps used
for the assessment of the 12 HRTFs in each experiment
round did not vary as a function of trajectory or processing.
On average, participants used approximately seven of the
nine available scale steps to rate all trajectories, with the
minimum being used for the minimum-phase data across
both trajectories. As a result, it can be concluded that any
perceived variations in spatial quality and/or accuracy is
reflected on the user ratings of the evaluated data.

Table 5. Mean and standard deviation of the duration
(min) and number of scale steps used in each

experiment round grouped per HRTF encoding method
and trajectory plane.

HRTF processing

Full Ph. Min. Ph. IIR

Duration (Hor.) 8.40 (4.90) 7.52 (5.65) 9.51 (7.50)
Duration (Med.) 8.44 (4.23) 8.97 (5.93) 9.43 (7.45)

Scale Use (Hor.) 7.46 (1.76) 7.00 (1.15) 7.07 (1.32)
Scale Use (Med.) 6.77 (1.79) 6.69 (1.37) 7.38 (0.87)
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