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When reproducing spatial audio over headphones, ensuring that these have a flat frequency
response is important to produce an accurate rendering. However, previous studies suggest
that, when reproducing nonspatial content such as stereo music, the headphone response
should resemble that of a loudspeaker system in a listening room (e.g., the so-called Harman
target). It is not yet clear whether a pair of headphones calibrated in such way would be
preferred by listeners for spatial audio reproduction too. This study investigates how listeners’
preference regarding headphone frequency response differs in the cases of stereo and spatial
audio content reproduction, rendered using individual binaural room impulse responses. Three
listening tests that evaluate seven different target headphone responses, two headphones, and
two reproduction bandwidths are presented with over 20 listeners per test. Results suggest that
a flat headphone response is preferred when listening to spatial audio content, whereas the
Harman target was preferred for stereo content. This effect was found to be stronger when user-
specific equalization was used and was not significantly affected by the choice of headphone

or reproduction bandwidth.

0 INTRODUCTION

In audio content production, spatial impression can
be achieved in different ways, depending on the content
type. In the case of traditional, nonspatial audio content
(e.g., stereo), this can be done through amplitude pan-
ning (for left-right distribution of phantom sources) and
audio effects (e.g., adding reverberation to modify the
distance of phantom sources). Alternatively, spatial audio
achieves it by generating binaural signals, i.e., sound pres-
sure evaluated at the listener’s ears, which inherently con-
tain spatial cues [1]. Binaural signals can by either mea-
sured acoustically via in-ear microphones or generated by
filtering the audio content with head-related impulse re-
sponses (HRIRs), which replicate the effect of the lis-
tener’s anatomy on the sound as it reaches the ears [1].
When the room response is also included in these filters,
they are referred to as binaural room impulse responses
(BRIR).

Depending on the audio content type and its correspond-
ing spatialization strategy, its spectral properties are af-
fected differently. On the one hand, nonspatial audio pro-
duction generally relies on using audio equipment with
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a flat frequency response both on the recording (micro-
phones) and reproduction stages (loudspeakers). At the
same time, such audio content is generally optimized
for calibrated loudspeakers in a listening room (e.g., see
[2]), meaning that the optimal listening conditions include
the spectral coloration introduced by the interaction be-
tween the speakers, the room, and the listener’s anatomy.
On the other hand, spatial audio content’s frequency re-
sponse is affected by HRIRs’ spectra (also known as
head-related transfer functions or HRTFs), with the most
salient spectral feature being a strong peak in the region
of 3kHz [3], and it is generally intended to be reproduced
via headphones.

Because the purpose of spatial audio reproduction is to
reproduce the binaural signals with high fidelity, the poten-
tial effect of the headphones on the signal must be accounted
for. The headphone transfer function (HpTF), which quan-
tifies the linear transformation between the digital signal
sent to the headphones and the binaural signal measured
at the ears, plays an important role in the reconstruction
of binaural and monoaural cues [1, 4]. For an accurate re-
production of binaural signals, the HpTF must be compen-
sated by filtering the audio content with headphone equal-
ization (HpEQ) filters in order to produce a neutral (flat)
frequency response. Because the HpTF depends on the lis-
tener’s pinnae morphology and headphone fitting, optimal
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equalization is achieved when individual filters are used
[4, 5]. However, generic HpEQ has also been shown to be
beneficial by improving perceived quality, coloration, and
externalization for open-ear headphones [6, 7].

Whether individually generated or not, a flat HpTF may
not be the optimal choice for the reproduction of nonspa-
tial audio content, such as stereo music [8]. Mgller et al.
[9] argued that in such cases, the target HpTF (or, simply,
"target") should be the frequency response of the system
formed by the loudspeakers and the listener’s head in free
or diffuse fields. A later study by Lorho [10] attempted to
parametrize such a diffuse field target by means of a single
peak filter and proposed a refined version based on listener
preferences. More recently, Olive et al. [11] proposed the
Harman target, which was based on acoustical measure-
ments in a calibrated listening room and showed that it was
preferred by listeners over the targets from Mgller et al. [9]
and Lorho [10] for the reproduction of stereo music con-
tent. Later, perceptual studies by Olive et al. showed that
variations of the Harman target were generally preferred to
three over-ear commercial headphones in a study with 238
listeners [12] and to 30 in-ear headphones in a study with
71 listeners [13] for stereo music reproduction.

From previous literature it seems, therefore, that the ap-
propriate target depends on the audio content type: a flat tar-
get is recommended for spatial audio reproduction, whereas
other alternatives, such as the Harman target, may be bet-
ter suited for nonspatial audio. However, to the best of the
authors’ knowledge, the effect of audio content type on tar-
get preference has not been thoroughly studied as of yet.
This is relevant for the calibration of devices intended to re-
produce both spatial and nonspatial audio content, such as
augmented reality (AR) and virtual reality (VR) headsets.

The goal of this study is to assess whether the preferred
target HpTF varies depending on the audio content type
(stereo or spatial). For this purpose, several targets were
perceptually evaluated in three double-blind listening tests,
in which listeners were asked to rate each target according
to their preference for several excerpts of stereo and spatial
audio content, under different conditions. Preliminary re-
sults were presented in [14], and showed a significant effect
of the audio content type on the preferred target in the par-
ticular case of a VR headset and employing an individual
HpEQ approach. Said study had some limitations, such as
not investigating the potential effect of headphone type and
reproduction bandwidth and the fact that the variance across
the tested targets may have been too large to observe finer
differences between them. In this study, additional variables
are introduced, such as two headphone types, an alternative
selection of target HpTFs, and two different reproduction
bandwidths, all of which serves to provide further insight
on the research question.

The rest of the paper is structured as follows: SEC. 1 de-
scribes the conditions under which listener preference was
assessed, SEC. 2 presents the methods, including the exper-
imental setup, acoustical measurements and test procedure;
SEC. 3 and SEC. 4 describe the three listening tests along
with a discussion of their results; and SEC. 5 summarizes
the findings and concludes the paper.
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Table 1. Test conditions used in the three listening tests
(LT). LT 1: target (large variance) vs. content type. LT 2:
target (small variance) vs. content type. LT 3: target (small
variance) vs. bandwidth. EQ, equalization; Gen., generic;
Ind., individual.

LT1 LT2 LT3

Headphones Audeze X
Headset X X

Target Ind. flat X
Gen. flat X X X
Harman X X X
—1 Harman X X
1/2 Harman X X
2 Harman X X X
No EQ X

Bandwidth Full X
Limited X X X

Content Stereo X X X
Spatial X X

1 TEST CONDITIONS

In this study, listener preference was assessed under var-
ious conditions, namely the following:

1) Two headphones: a custom VR headset prototype
with built-in loudspeakers and a pair of high-end
over-ear headphones.

2) Seven HpTF targets.

3) Two reproduction bandwidths: one covering the full
audible spectrum and other matching the limitations
of an open-ear VR headset.

4) Two audio content types: stereo and spatial.

These are summarized in Table 1 and will be described
in detail in the following subsections.

1.1 Headphones

Two different binaural reproduction systems (hereafter
referred to as "headphones" for simplicity, even though one
of them is not strictly a pair of headphones) were selected
for this study:

1) Custom headset: Custom VR headset prototype with
open-ear built-in loudspeakers, which had the frontal
part removed to let the user see through. Its built-in
loudspeakers are integrated in the headband and sit
above the pinnae, and were wired to an external
amplifier. The device provided realistic audio repro-
duction bandwidth limitations typical of commercial
VR headsets (e.g., see Fig. 3 bottom left), due to the
loudspeakers’ size and their off-ear location.

2) Audeze LCD-2: Pair of high-end, over-ear, planar
magnetic headphones that were used in a previous
study [11].

These devices were chosen to represent two different typ-
ical user scenarios. The custom headset had an open-ear de-
sign typical of current AR/VR devices, with its consequent
limitations: a potentially high crosstalk between channels
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Table 2. Audio material used in the listening tests.

Key Artist Track Album Description

W Jennifer Warnes Bird on a Wire Famous Blue Raincoat Pop with female vocals
SD Steely Dan Cousin Dupree Two Against Nature Pop with male vocals
GA Stu Phillips Main Theme Battlestar Galactica OST Classical Orchestra

SP Neil Thompson List 1 Harvard Sentence Lists Male speech

and a narrow reproduction bandwidth. On the other hand,
the Audeze pair was chosen to represent traditional over-ear
headphones, which typically have a larger bandwidth and
dynamic range, as well as lower distortion and crosstalk,
than open-ear devices.

1.2 Targets

Based on the literature review presented here and for
the purpose of this study, it is assumed that Harman and
flat are the optimal targets for the reproduction of stereo
and spatial content, respectively. Thus, it is hypothesized
that listeners’ preference ratings will be highest for one of
these two targets, depending on the audio content type. It
is also hypothesized that the preference rating of a given
target will decrease in proportion to its deviation from the
optimal target, which will vary depending on the audio
content type. Note that this second hypothesis held true in
a previous study, but it only considered stereo content and
in-ear headphones [13]. To test the two hypotheses, several
targets were constructed as linear combinations of Harman
and flat as follows:

I(w, y) = F(o) + vy Ha(w), ey

where o is the frequency, F(w) is the log-magnitude of
the flat target (0 dB for all frequencies), Ha(w) is the log-
magnitude of the Harman target (from [15]), y is a scalar,
and T(w, y) is the resulting target. Therefore, when y ap-
proaches zero, T will be closer to flat, while when y ap-
proaches one, T will be more similar to Harman. On this
basis, the following targets were evaluated:

1) Flat [T(w, 0)]: expected to be preferred for spatial
content.

2) Harman [T(w, 1)]: expected to be preferred for stereo
content.

3) —1 Harman [T (w, —1)]: closer to flat than to Harman.

4) 172 Harman [T (w, 0.5]): “half way” between flat and
Harman.

5) 2 Harman [T (w, 2)]: closer to Harman than to flat.

6) No EQ: measured magnitude response of the unequal-
ized custom headset, chosen as a low-quality anchor
condition.

Two versions of the flat target were implemented, bring-
ing the total number of targets to seven. The first was generic
(gen. flat), for which HpEQ filters were generated from a
non-individual measurement (see [7]), and the second was
individual (ind. flaf), for which HpEQ filters were gener-
ated for the individual listeners. The ind. flat target has been
shown to be optimal for the reproduction of spatial audio
content [4] and was included in order to draw comparisons
to previous studies. All other targets (Harman, — 1 Harman,
1/2 Harman, 2 Harman, and No EQ) were generated from
generic (i.e., nonindividual) measurements, as explained in
more detail in SEC. 2.1.

1.3 Reproduction Bandwidth

Targets were defined for two different reproduction
bandwidths: (i) full, which covered the full audible spec-
trum from 20 Hz to 24 kHz, and (ii) limited, which matched
the bandwidth limitation of the custom headset’s built-in
loudspeakers by applying a third-order band-pass filter
from 120 to 11,300Hz. Fig. 1 shows the frequency re-
sponses of all the evaluated targets for full and limited
bandwidths.

1.4 The Ear Canal Reference Point

A comparison between different targets requires a clear
and consistent definition of how the measurement is per-
formed. The Harman target is defined for headphones mea-
sured at the eardrum reference point (DRP) of a dummy
head with ear canal simulators [11]. On the other hand, in

LT1 LT2and 3 LT3 — -1 Harman
m 10
° Ll — Flat
£ 0 AN e——;% %9—-%—
o) \ — 1/2 Harman
S-10 \
é - Harman
[}
£ -20 2 Harman
<

-30 No EQ
100 1k 10k 20k 100 1k 10k20k 100 1k 10k20k

Frequency in Hz

Frequency in Hz

Frequency in Hz

Fig. 1. Frequency responses of targets that were evaluated in the three listening tests (LT), all specified at the ear canal reference point
(ECRP) (see SEC. 1.4). Left: in LT 1. Middle: in LT 2 and 3 (limited bandwidth). Right: in LT 3 (full bandwidth). dB, decibels; EQ,

equalization; Hz, hertz.
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Fig. 2. Binaural microphone placed at the ear canal reference point
(ECRP) of a KEMAR head and torso simulator.

the context of spatial audio rendering, the flat target is often
defined near the entrance of the ear canal, which is a more
accessible point when performing measurements on human
subjects, such as for obtaining head-related transfer func-
tions (HRTFs) or binaural room impulse responses (BRIRs)
[16]. In this study, we performed the measurements with a
pair of Briiel and Kjer (B&K) Type 4101-B binaural mi-
crophones, which were placed approximately 1 cm inside
the ear canal, therefore ensuring that binaural cues were
preserved (see Fig. 2). This measurement point is hereafter
referred to as ear-canal reference point (ECRP). Thus, the
Harman target had to be “translated” from DRP to ECRP,
as described next.

The HpTF of the Audeze was first measured at the
DRP of a KEMAR head and torso simulator (GRAS), using
its internal microphones and ear canal simulators (GRAS
RAO0045), and then at the ERCP using the B&K micro-
phones, which were the same ones that were later used for
measuring HpTF on all participants in the listening tests. A
HpEQ filter was generated to match the Harman target [15],
as described in detail in SEC. 2.2. The measurements taken
during this process are illustrated in the top row plots of
Fig. 3. This procedure was repeated with the custom head-
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set. The bottom row of Fig. 3 shows how, for the custom
headset, the Harman target had to be limited in bandwidth
due to the limitations of the built-in loudspeakers.

It is worth noting that the main difference between the
ECRP-translated Harman target and the original one mea-
sured at the DRP is a missing peak around 3 kHz. This is
explained by the fact that placing the microphone at the
entrance of the semi-occluded ear canal limited the influ-
ence of the ear canal resonance on the measured frequency
response [1].

1.5 Audio Material and Content Types

Four audio tracks (material) were used in the listening
tests, as shown in Table 2. The three musical tracks were
chosen as they had been proven to provide consistent pref-
erence ratings among subjects in previous listening tests
[17]. All tracks were taken from original compact disks
and re-sampled to a rate of 48 kHz.

In the listening tests, all audio material was presented as
one of two content types: (i) stereo, generated by convolving
the dry audio track with an HpEQ filter, or (ii) spatial,
generated by convolving the dry audio track with a pair of
individual BRIRs and with an HpEQ filter.

1.6 Listening Tests

Three listening tests were performed in order to inves-
tigate the research questions (a summary of the conditions
tested in each listening test is given in Table 1):

1) Listening test 1 (LT 1): to assess whether the pre-
ferred target depended on the audio content type in
the custom headset case, by testing five representa-
tive targets. A preliminary analysis of its results was
presented in a previous paper [14].

2) Listening test 2 (LT 2): similar to LT 1 (also uses the
custom headset) but a different set of targets is used
with reduced variance between them to further ex-
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Fig. 3. Headphone transfer function (HpTF) magnitude response of the Audeze headphones (top row) and the custom headset (bottom
row) with different headphone equalization (HpEQ) filters applied, measured on KEMAR at different reference points. Left: without
HpEQ, measured at the eardrum reference point (DRP). Middle: after equalizing to the Harman target, measured at the DRP. Right: after
equalizing to the Harman target, measured at the ear canal reference point (ECRP). Each plot shows 20 measurements (10 per ear), the
median magnitude response, and the Harman target for the corresponding reference point.

274

J. Audio Eng. Soc., Vol. 70, No. 4, 2022 April



PAPERS

Mixing table

s g 9)

Studio

8.2m

N
WV

Absorbing panels

v < 4m
Apartment
& 43m —>

Fig. 4. Illustrations of the listening test rooms.

N4

plore how target preference may depend on content
type.

3) Listening test 3 (LT 3): similar to LT 2 (same set of
targets) but using the Audeze headphones and two
different reproduction bandwidths, which allowed
us to evaluate the effect of the bandwidth and, indi-
rectly, the effect of the headphones on the choice of
preferred target and its dependence on content type.

2 METHODS

2.1 Listening Test Setup and Measurements

The listening tests were conducted in two different
rooms, illustrated in Fig. 4. The first room (apartment)
had an asymmetrical shape and was empty of furniture ex-
cept for the test equipment and a set of portable absorbent
panels. It had a reverberation time of T?)O[400 Hz — 1250 Hz]
= 499 ms. Two Genelec 8331A loudspeakers were placed
in a stereo setup as defined by the ITU-R recommendation
BS.2159 [18] and equalized flat at the listener’s head lo-
cation using an omnidirectional microphone (without the
head present) following the procedure described by Olive
et al. [11]. The second space (studio) was a control room
in a recording studio (TSO[400HZ ~ 1250H] = 198 ms), host-
ing a pair of Focal SM-9 loudspeakers in a stereo setup,
calibrated by a professional audio engineer.

Individual HpTFs, defined as the transfer functions be-
tween each headphone channel and the corresponding lis-
tener’s ECRP, were generated for all the listeners from a sin-
gle measurement performed at the beginning of the listen-
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Fig. 5. Median, 5", and 95% percentiles of binaural room im-
pulse response (BRIR) magnitude spectrum across listeners, with
a third-octave smoothing applied. Top: studio (24 measurements
x 2 ears x 2 loudspeakers). Bottom: apartment (20 measurements
x 2 ears x 2 loudspeakers). The Harman target, measured at the
ear canal reference point (ECRP), is shown for comparison.

ing test, with a signal-to-noise ratio (SNR) of at least 60 dB,
measured as the amplitude difference between the peak and
the noise floor. After the measurements, the participants
were asked not to touch or move the headphones in order to
minimize potential variations in the HpTF. Generic HpTFs
were measured on the KEMAR head as an upper variance
limit of 10 measurements (SNR > 90dB), according to
Masiero and Fels [19], to avoid capturing high-frequency
notches, which usually differ between listeners or when
headphones are repositioned.

To provide convincing spatial audio content, individual
BRIRs, defined as the transfer functions between each of
the room’s loudspeakers and each of the listener’s ECRPs,
were measured right after the HpTF measurements. BRIRs
displayed an SNR of approximately 60 dB, measured as the
amplitude difference between the peak and the noise floor.
They were windowed at 500 ms (apartment) or 300 ms (stu-
dio) and subjected to a de-noising procedure as proposed
by Cabrera et al. [20] to ensure a constant decay rate as the
signal envelope approached the noise floor. An overview of
the BRIR measurements is shown in Fig. 5.

The logarithmic sweep method [21] was used to ob-
tain all HpTFs and BRIRs, using sweeps between 10 and
24000 Hz as excitation signals. The measurement hard-
ware consisted of the aforementioned B&K microphones, a
Briiel and Kjar 1407-A-002 signal conditioner and a RME
Fireface UCX audio interface.

2.2 HpEQ

In order to obtain the desired targets from the head-
phones, minimum-phase HpEQ filters were calculated.
This was done by frequency-domain division between the
measured HpTF [H(w)] and the target [T(w)]. Frequency-
dependent regularization was applied to prevent excessive
amplification at frequencies for which the magnitude of the
HpTF |H(w)| was low (the reader is referred to the work by
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Fig. 6. Median, 5", and 95" percentiles of headphone transfer
function (HpTF) magnitude spectrum across listeners, after ap-
plying generic flat headphone equalization (HpEQ) (based on
KEMAR measurements). Top: Audeze (30 measurements x 2
channels). Bottom: custom headset (44 measurements x 2 chan-
nels).

Kirkeby and Nelson [22] for more details on this technique
and to Scharer and Lindau [23] for a perceptual evalua-
tion of it). In this work, a regularization approach with
automatic parameter adjustment was used, similar to one
previously used by the present authors [7], which is based
on the method proposed by Bolafios et al. [24]. The main
novelty here is that T(w) was taken into account when per-
forming the regularized inversion, which guarantees that the
resulting filter will meet the specified requirements, such as
maximum gain and bandwidth. Thus, the regularized HpEQ
filter EQ(w) was defined as

Hlw)

)
EQ(w) = =
1T 4 o + 0%(w)

D(w), @

where D(w) is a modeling delay to ensure causality, o de-
fines the maximum amplification of the filter, and o?(w) is
a regularization factor defined as the negative deviation of
the HpTF from a version where the magnitude of notches
is reduced (i.e., smoothed along the frequency axis). In this
work, it was defined that o = 2.5 - 103 for a maximum
amplification of 20 dB, and

_ [ IH(w)| — [H(w)| if [H(w)| > [H(w)|
olw) = {o if ()] < [H(w)],

where H(w) is the result of applying fourth-octave-
smoothing to H(w). The reader is referred to [7, 24] for
more information about the adjustment of the regularization
parameters. Finally, all HpEQ filters (both generic and indi-
vidual) where transformed to minimum-phase [EQp(w)],
according to [25]:

(©)

EQ,p(w) = [EQ(w)]e/ ImHilberin(EQID) )

where Im( - ) is the imaginary part, Hilbert( - ) is the Hilbert
transform, and In( - ) is the natural logarithm. This en-
sured a fair comparison between individual HpEQ filters
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and generic ones, which had their phase information re-
moved as part of the averaging process as described in [19].

2.3 Listening Test Paradigm

In order to perceptually evaluate the different targets in
terms of listener preference, a double-blind listening test
was employed. The test was based on the multiple stimulus
test with hidden reference and anchor (MUSHRA) defined
in the ITU-R recommendation BS.1534 [26], and employed
a similar interface, training procedure, and rating system.
An important difference between the current paradigm and
MUSHRA was that neither a hidden reference nor anchors
were included here, to avoid introducing bias on listeners’
ratings, given the highly subjective nature of the test. A sim-
ilar paradigm has been used in previous studies on listener
preference by Olive et al. [11-13].

Listeners were seated in front of a computer screen, hold-
ing a keyboard, and wearing the headphones being tested.
In each trial, they were presented with five versions of the
same audio material, each equalized to a different target,
through the headphones. Listeners were then asked to rate
each version according to their preference, using a graph-
ical user interface (see Fig. 7), which contained one slider
per target. The sliders were arranged in a different random
order on every trial. The rating scale ranged between 0 and
100, with 5 point increments, and semantic labels were in-
dicated every 20 points (from Really Dislike to Really Like)
[13]. It was possible to seamlessly switch between stimuli
as needed, and a time limit was not given to the listeners.
The audio material had an approximate length of 10 s and
looped automatically.

In pilot studies, listeners were asked to rate spatial, tim-
bral, and overall quality in separate test sessions. However,
it was found that results for the three metrics were often
highly correlated, which may have been due to the three
percepts being indeed correlated or perhaps to listeners be-
ing overwhelmed or fatigued by the length and complexity
of the task and ending up rating according to their overall
preference. In any case, it was decided to simplify the test
by using a single global metric (preference) and performing
informal post hoc interviews with the listeners to detect any
unusual rating strategies.

Although the recommendation for MUSHRA tests is not
to exceed 12 test signals (in this case, targets) per trial [26],
it was found in pilot studies that using more than five signals
already led to long listening tests and subsequent fatigue,
due to the high number of test conditions. Therefore, it was
decided to set the number of targets per trial to five in all
listening tests. At the beginning of the test, listeners were
required to complete a training stage in which they became
familiar with the test equipment, grading scales, and all the
sound excerpts under test, as recommended in [26].

Listeners could take part in two or all three listening tests,
but they were required to do so on different days to avoid
fatigue. The tests had a complete block design, meaning
that listeners evaluated each combination of variables (i.e.,
material/content for LT 1 and 2, or material/bandwidth for
LT 3) twice. Therefore, a full listening test consisted of

J. Audio Eng. Soc., Vol. 70, No. 4, 2022 April
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Trial 1/8. EVALUATION: Basic audio quality. Rate the sounds according to your preference. Check instructions for more
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Fig. 7. Graphical user interface.

16 trials, which were divided in 2 blocks with a rest break
between them.

A total of 38 listeners (25 male and 13 female) partici-
pated in the listening tests, of which seven were under 25
years old, 19 were in the 25-34 years range, six were in
the 35-44 years range, and six were in the 45-54 years
range. Listeners were recruited from two pools: Facebook
employees (Redmond, WA, USA) and external naive listen-
ers. As a pre-screening step, external listeners were selected
for having achieved the best relative results in an audiome-
try test from a previous experiment. All listeners from the
employee pool reported good hearing, except one person
with mild loss above 8 kHz. Any listeners who performed
poorly in the training stages (e.g., repeatedly failed to detect
a difference between a reference signal and a low-passed
version) would have been pre-screened as well, but this
circumstance did not happen.

2.4 Analysis Approach

Our data were collected with a discrete ordered rat-
ing scale with 21 options (from O to 100 in 5 step incre-
ments). Because these data were bounded by the first and
last options and were discrete rather than continuous, we
modeled the responses ordinal data. Analysis of variance
(ANOVA/simple linear regression) assumes data are un-
bounded, continuous, and spherical. As our data did not
meet these assumptions, we analyzed the data with mul-
tilevel ordinal regression under a Bayesian framework to
account for the discrete/ordinal nature of the responses (see
[27] and [28]. Analyzing the data as ordinal avoids possible
systematic errors, such as: false alarms (i.e., detecting an
effect where none exists, Type I errors); failure to detect
effects (i.e., loss of power, Type II errors); and inversions
of effects, for which treating ordinal data as metric indi-
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cates the opposite ordering of means to the true ordering of
means [27].

The model of LT 1 data included rarget, material, con-
tent and all interaction terms as population-level effects
while subject, trial, room, and subject group were taken
as varying (group-level) effects with correlation estimates
for target, material, and content within subjects. The data
from LT 2 and LT 3 was combined, both in order to es-
timate the effects of each headphone type and bandwidth
and to pool variance estimates across the two experiments.
The model of LT 2 and LT 3 included target, material,
headphone, bandwidth, content and all interaction terms as
population-level effects, and subject, trial, room, and sub-
Ject group as varying (group-level) effects, with correlation
estimates for target, material, headphone, bandwidth, and
content within subjects. The multilevel nature of our model
facilitated partial-pooling of group-level data and thus pa-
rameter estimates. With partial pooling, the probability of
each response choice is modeled for each listener and the
data for all participants also informs the estimates for par-
ticipant [29].

3 LISTENING TEST 1

3.1 Description

The goal of the first listening test (LT 1) was to evaluate
listener preference for several relevant targets in the custom
headset case and to assess whether the ratings were affected
by the audio content type (spatial or stereo). The follow-
ing targets were evaluated (see also Table 1 and Fig. 1): (i)
ind. flat, (i) gen. flat, (iii) Harman, (iv) no EQ, and (v) 2
Harman. As discussed in SEC. 1, the first three targets were
chosen as they are the typical recommendations for the re-
production of spatial and stereo content, no EQ was added
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Fig. 8. Results from listening test 1, depicted as single-score rat-
ings for each target and content type. Points represent the median
single-score rating and error bars depict the 89% highest density
credible interval. EQ, equalization; Gen., generic; Ind., individual.

as a representative HpTF of a VR headset without HpEQ,
and 2 Harman was included as a potential “perceptual in-
termediate” between Harman and no EQ—in the sense that
it emphasized mid frequencies (between 1 and 5 kHz) more
than the former but less than the latter. The custom headset
was employed as headphones, and the limited-bandwidth
targets were used. Both spatial and stereo content types
were evaluated. Finally, each listener conducted the test in
one of the two rooms (apartment or studio). LT 1 and a pre-
liminary analysis of its results were presented in a previous
paper [14].

3.2 Results

Of the pool of 38 listeners, 21 participated in the first
listening test. The mean session time (not including breaks)
across listeners was approximately 22 min, or 81 s per trial.

Median single-score ratings for each target and content
together with 89% credible intervals are shown in Fig. 8.
The 89% credible interval is computationally more stable
relative to a 95% interval [30]. McElreath [31] suggested
that 89% makes potentially more sense because 89 is “the
highest prime number that does not exceed the already
unstable 95% threshold." A quick inspection reveals that
no EQ obtained the lowest ratings regardless of the content,
followed by 2 Harman, whereas the other three targets
obtained comparatively higher ratings. The trends indicate
that ind. flat was the highest rated target for spatial content,
whereas Harman was the highest rated target for stereo
content, which is in agreement with the initial hypotheses.
However, the difference in rating between those two and
gen. flat was ultimately not statistically significant due to
the high variance of the data.

To follow up this analysis, Fig. 9 shows the difference
between spatial and stereo ratings, separately for each tar-
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Fig. 9. Differences in rating between spatial and stereo content in
listening test 1. Points represent median probability differences;
bars represent the 89% highest density credible interval surround-
ing the means; and shaded regions indicate the posterior distribu-
tion of differences. Points and their respective intervals that do not
include zero are statistically significant differences. Positive val-
ues indicate higher rating for spatial content and negative values
indicate higher rating for stereo content. EQ, equalization; Gen.,
generic; Ind., individual.

get. It can be seen that ind. flat was rated significantly
higher for spatial content than for stereo content, whereas
gen. flat displayed a similar trend, but the difference was
not significant. On the other hand, Harman and 2 Harman
were significantly preferred with stereo content. Finally,
no EQ was not rated significantly higher for either content
type. This supports the hypothesis that targets that approach
Harman are preferred for stereo content, whereas those that
approach flat are preferred for spatial content. The interac-
tions with other variables such as material, subject group or
room did not provide any meaningful findings and are not
reported here for brevity.

3.3 Discussion

These results indicate that the ind. flat target was the
preferred choice for spatial content, which is in line with
previous studies that showed that an individually calibrated
flat HpTF is the optimal choice for binaural audio repro-
duction [4, 5]. On the other hand, Harman seemed to obtain
higher ratings than the other targets for stereo content, sup-
porting the findings of Olive et al. [11-13]. Furthermore,
a significant effect of the content type was observed, with
ind. flat obtaining higher ratings for spatial content than
for stereo content and vice versa for Harman. These results
support the hypothesis that audio content type has an effect
on the target preference, at least when individual HpEQ
is employed. However, this effect was less evident when
generic HpEQ was employed: although gen. flat displayed
similar trends to ind. flat, the rating differences between
content types were not significant.
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A possible explanation for this apparent lack of effect in
the generic case is that the presence of the optimal target
in the spatial audio condition (ind. flat), as well as the an-
chor target (no EQ), both of which were likely to produce
extreme ratings, led listeners to rate other targets as being
similar. Another explanation is that gen. flat and Harman
are similar enough to each other from a perceptual point
of view, enough so to obtain similar preference ratings. On
the other hand, 2 Harman, which shows a larger spectral
deviation from the gen. flat than Harman, did produce a
significantly lower rating. Therefore, it is possible that lis-
teners tolerate a certain amount of spectral deviation from
the optimal target, and preference ratings drop significantly
when this tolerance is surpassed. This was explored in the
subsequent listening tests.

4 LISTENING TESTS 2 AND 3

4.1 Description

From the results from LT 1, it was hypothesized that,
when generic HpEQ is employed, listeners may tolerate
a certain amount of spectral deviation from the optimal
target, and preference ratings drop only after that threshold
is surpassed.

The second listening test (LT 2) was identical to LT 1
except that a different set of targets was used. The low-
quality anchor (no EQ) was eliminated and so was ind. flat.
In general, the targets in LT 2 displayed smaller variance
between them that the ones in LT 1, which might help
in reducing the variance in the ratings and lead to more
insights into the research question. The following targets
were tested in LT 2: (i) —1 Harman, (ii) (gen.) flat, (iii) 1/2
Harman, (iv) Harman, and (v) 2 Harman. As in LT 1, the
custom headset was employed as headphones, the limited-
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bandwidth targets were used, and both spatial and stereo
content types were evaluated.

The third listening test (LT 3) explored the effect of the
headphone’s reproduction bandwidth on the preference rat-
ings. The goal was to gain insight on whether the limitations
of open-ear hardware had a significant impact on listener
preference and its dependence on audio content type. In LT
3, the Audeze were employed as headphones and the same
set of targets from LT 2 were evaluated, except that both full
and limited bandwidths were assessed. Only stereo content
was employed in LT 3.

4.2 Results

For LT 2, 23 listeners voluntarily participated, and the
mean session time (not including breaks) was approxi-
mately 19 min, or 72 s per trial. For LT 3, 28 listeners
voluntarily participated, and the mean session time (not
including breaks) was also 19 min, approximately.

Results of both listening tests are displayed in Fig. 10,
which shows the single-score ratings for each target and
content (LT 2) or bandwidth (LT 3). It can be clearly seen
that, like in LT 1, listener preference strongly depended on
the target. In this case, 2 Harman and — I Harman obtained
the lowest ratings overall. No significant differences were
observed between the single-score ratings of Harman, flat,
and 1/2 Harman. Data from LT 2 suggest that there might be
an effect of audio content type on the choice of target, given
that the preference ratings show slightly different trends for
the spatial and stereo cases. However, it is hard to determine
if there exist significant differences from Fig. 10 alone, so
further analysis is required. On the other hand, LT 3 data
suggest that the reproduction bandwidth had little effect on
the choice of target, with both full and limited bandwidths
displaying almost identical trends. The inferential analysis

279



ENGEL ET AL.

Rating Difference

o [6)]
:

1

1

1

: P

1

1

:|

1

1

1

1

1

1

1

1

Spatial — Stereo

Fig. 11. Differences in rating between spatial and stereo content
in listening test 2 (LT 2). Points represent median probability
differences; bars represent the 89% highest density credible inter-
val surrounding the means. Positive values indicate higher rating
for spatial content and negative values indicate higher rating for
stereo content. Brackets and asterisks indicate statistically signif-
icant differences. Gen., generic.

confirmed that none of the target’s ratings were signifi-
cantly affected by chosen reproduction bandwidth (full vs.
limited).

The difference in ratings between spatial and stereo con-
tent for each target of LT 2 is displayed in Fig. 11. A
trend can be observed in which flat and the targets that
are closer to it (—/ Harman) are preferred for spatial con-
tent, whereas, in contrast, Harman and 2 Harman are rated
slightly higher for stereo content. Most notably, we observe
a statistically significant difference between flat and Har-
man (other significant differences are indicated in Fig. 11).
Finally, 1/2 Harman falls approximately in the middle, not
being clearly preferred for either audio content type. These
results align well with the initial hypotheses, although none
of the targets except — Harman showed a rating difference
significantly different from zero, suggesting that the audio
content type may not have a significant effect on the rating.

Nevertheless, significant effects were found when ana-
lyzing the data per material, as shown in Fig. 12. In par-
ticular, —/ Harman and flat are rated significantly higher
for spatial content regardless of the material; Harman and
2 Harman are rated significantly higher for stereo con-
tent for all material except speech (SP); and 1/2 Harman
is not significantly preferred for either content type. It is
hypothesized that these significant effects did not arise in
the initial analysis because the data were collapsed across
different independent variables, which increased the uncer-
tainty in the estimates due to potential interactions between
said variables. For instance, once the data were split per
material, it was observed that the SP produced less signifi-
cant effects than other materials (JW, SD, GA; please refer
to Table 2 for more information), as observed in Fig. 12.
Informal post hoc interviews revealed that some listeners
might have given higher ratings to Harman and 2 Harman
for the speech material regardless of the content type, sim-
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ply because these targets emphasized speech frequencies,
slightly improving intelligibility even though the result was
less authentic.

4.3 Discussion

Results from LT 2 showed that, once the variable of
generic vs. individual HpEQ was removed from LT 1, a
significant interaction between target preference and the
audio content type could be observed. Although the single-
score ratings did not reveal any significant differences in
overall preference between Harman, 1/2 Harman and flat,
probably due to interlistener variance, significant differ-
ences were observed between the preference ratings for
spatial and stereo content within each target when analyzed
separately per material. From observing these results, it can
be said that listeners’ preference of target depends on the
audio content type, even when generic HpEQ is employed.
However, this effect of content type might be less than that
observed in LT 1, in which individual HpEQ was consid-
ered. This difference might be explained by the fact that
employing generic HpEQ may introduce errors of compa-
rable magnitude to the differences between the evaluated
targets, leading to higher variance in ratings among listen-
ers.

This explanation is supported by Fig. 6, which shows
individual HpTF measurements after applying the gen. flat
HpEQ filter. It can be seen that interlistener variations are
relatively large for frequencies above 2 kHz, which is in
line with results published in previous literature [6, 16]
and sometimes even larger than the differences between
flat and Harman targets themselves (cf. Fig. 1). In other
words, some listeners may perceive an HpTF that differs
considerably with the intended target and potentially have a
worse experience than other listeners—possibly, those with
an anatomy more similar to the KEMAR head, where the
generic measurements were taken. Furthermore, it is evi-
dent that the median measurement after applying KEMAR-
based equalization actually deviates considerably from the
intended target (flat). This observation complies with pre-
vious research by Lindau and Brinkmann [6] and is an
indication that KEMAR may not be a good representative
of this population.

Moreover, the generic HpTF was calculated as an up-
per variance limit of several measurements, as described in
SEC. 2, which may have introduced a positive bias on its
high-frequency magnitude response and, therefore, added
to the overall bias of the KEMAR-based HpEQ filters. If,
instead, a generic target based on the actual measured lis-
teners (e.g., the mean magnitude response of the individual
HpTFs) were used, the experience of the average listener
should improve. However, even in this case, the issue of
variability across listeners would still exist, as it is an inher-
ent limitation of generic HpEQ. Future work could investi-
gate the relationship between a listener’s rating preference
and the amount of deviation of their individual HpTF from
the generic one used to generate the HpEQ filters.

Another factor that was initially taken into account was
the limited reproduction bandwidth imposed by using the
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custom VR headset as a playback device. This limita-
tion meant, for instance, that the presented Harman target
was missing some characteristic features from the original
one (defined between 20 and 20,000 Hz), such as a low-
frequency boost (<100Hz) and a roll-off above 10kHz.
However, the results of LT 3 indicate that the reproduction
bandwidth did not affect the preference of target for the
tested conditions, as the ratings for full-bandwidth targets
were similar to the ones where the frequency range was
limited. This suggests that the results from LT 1 and LT
2 were not affected by the limited bandwidth of the cus-
tom headset and therefore could be applicable to systems
without the said constraints.

Note that if the full-bandwidth content had been com-
pared with the limited-bandwidth directly (i.e., in the same
trial), we would most likely observe a strong preference
bias towards the former. However, it is worth recalling that
the research question was not whether listeners prefer full-
bandwidth content but whether the relative HpTF prefer-
ence is significantly affected by the reproduction band-
width, which the results suggest it is not. Similarly, the
rating trends for the Audeze headphones and the custom
headset were found to be almost identical for stereo con-

J. Audio Eng. Soc., Vol. 70, No. 4, 2022 April

tent, which suggests that the results reported in this study
are independent of the headphones themselves. However, in
order to generalize the results to any binaural reproduction
system, other factors such as crosstalk or distortion should
be explored separately.

5 SUMMARY

This study addressed the issue of the effect of audio con-
tent type on listener preference for the target HpTF. Based
on previous studies, it was hypothesized that a flat target
would be preferred for spatial content, whereas one which
mimics the magnitude response of a loudspeaker system in
a listening room (e.g., Harman target) would perform bet-
ter for non-spatial stereo content. An important aspect of
the evaluation was prioritizing test conditions which were
relevant for the custom headset case (as a representative of
a typical AR/VR product). For this reason, a custom proto-
type VR headset was used as one of the binaural playback
systems. The outcomes of this study can be summarized as
follows:

1) When individual headphone equalization was used,
a clear effect of audio content type was observed in
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listeners’ preference for headphone response. The flat
target was generally preferred for spatial (binaural)
content and the Harman target, for stereo content.

2) This effect was also observed for generic headphone
equalization. However, it was smaller than in the indi-
vidual equalization case, due to interlistener variations
in HpTE.

3) The reproduction bandwidth of the system did not have
an effect on the preference of HpTF, which allows for
the generalization (to some extent) of these results
to systems without bandwidth limitations typical of
open-ear headsets.
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