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Spatial release from masking in the median plane
with non-native speakers using individual and mannequin
head related transfer functions
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ABSTRACT:

Spatial release from masking (SRM) in speech-on-speech tasks has been widely studied in the horizontal plane,
where interaural cues play a fundamental role. Several studies have also observed SRM for sources located in the
median plane, where (monaural) spectral cues are more important. However, a relatively unexplored research
question concerns the impact of head-related transfer function (HRTF) personalisation on SRM, for example,
whether using individually-measured HRTFs results in better performance if compared with the use of mannequin
HRTFs. This study compares SRM in the median plane in a speech-on-speech virtual task rendered using both indi-
vidual and mannequin HRTFs. SRM is obtained using English sentences with non-native English speakers. Our par-
ticipants show lower SRM performances compared to those found by others using native English participants.
Furthermore, SRM is significantly larger when the source is spatialised using the individual HRTF, and this effect is
more marked for those with lower English proficiency. Further analyses using a spectral distortion metric and the
estimation of the better-ear effect, show that the observed SRM can only partially be explained by HRTF-specific
factors and that the effect of the familiarity with individual spatial cues is likely to be the most significant element
driving these results. © 2024 Author(s). All article content, except where otherwise noted, is licensed under a

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1121/10.0024239

(Received 16 March 2023; revised 23 November 2023; accepted 12 December 2023; published online 16 January 2024)

[Editor: Pavel Zahorik]

I. INTRODUCTION

The ability to understand target speech in a multiple-
talker scenario has attracted the interest of researchers over
the last seven decades. In these conditions, often referred to
as the “cocktail-party problem” (Cherry, 1953), a listener’s
auditory system uses complex mechanisms to improve
speech intelligibility. These mechanisms have been widely
studied considering many different characteristics of the
acoustic signals, the conditions, and listeners.

According to Bronkhorst (2015), there are three main
lines of research in the field. The first focuses on how simul-
taneous speech sounds interfere with each other at the periph-
eral level (see Bronkhorst, 2000, for a complete review). The
second line focuses on stream segregation, the ability of the
auditory system to segregate the target speech from other
masking sounds, and to connect elements of the same sound
stream across time into a group, which was defined by
Bregman (1990) as sequential (streaming) and simultaneous
(segregation) organisation. The third line addresses the pro-
cess of selective attention, which can help in unmasking one
of those streaming groups by focusing attention on the target
speech, once it is segregated in a group.
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At the peripheral level, the interfering sounds, or
maskers, are considered to produce only energetic masking,
caused by an overlap in the spectro-temporal domain
between target and masker signals. However, an inability to
segregate streams or focus attention on the target signal can
produce an additional type of masking that is referred to as
informational masking. The definition of informational
masking is still elusive, but it can be considered as a failure
in processing the target signal correctly even though it does
not present spectro-temporal overlap with the masker sig-
nals (i.e., it cannot be explained by energetic masking). In
that sense, energetic masking can be associated with mask-
ing occurring in the auditory periphery (low-level auditory
processing), while informational masking can be referred to
as any masking in the central auditory processing (high-
level auditory processing) due to factors such as masker
uncertainty or the resemblance between the target and
masker (Culling and Stone, 2017; Durlach et al., 2003; Kidd
and Colburn, 2017) provide an extensive review of energetic
and informational masking, including some suggestions of
distinctions between the two.

When speech is spatially separated from the competing
sources, a benefit in intelligibility can be observed with respect
to a co-located setup. This is known as spatial release from
masking (SRM, e.g., Plomb and Mimpen, 1981, or for a recent
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review, Culling and Lavandier, 2021). When sources are sepa-
rated in azimuth, differences in binaural cues contribute to
SRM (Cuevas-Rodriguez et al., 2021; Culling et al., 2004;
Hawley et al., 2004; Jones and Litovsky, 2011; Lavandier and
Best, 2020). In such situations, a difference in interaural level
differences (ILD) between target and masker leads to a differ-
ence in signal-to-noise ratio (SNR) across ears, and therefore,
to better ear listening (Brungart and Simpson, 2002; Shinn-
Cunningham et al., 2001; Usher and Martens, 2007,
Westermann et al., 2015). On the other hand, interaural time
differences (ITDs) are also known to be useful for SRM,
allowing the auditory system to partially cancel the masker
according to the Equalisation-Cancellation theory (Durlach,
1963). This can be done through the application of delay and
attenuation in one ear, aligning the masker signal with that
received at the other ear, and allowing for subtraction between
the two signals. The improvement due to this auditory mecha-
nism is often referred to as binaural unmasking advantage.

Few studies have focused on the separation of sources
at the same distance within sagittal planes. In these planes,
binaural cues are the same along the surface, such as in the
median sagittal plane. The only differences between source
positions can be observed in spectral monaural cues.
However, these still contribute to SRM (see Sec. II).

All the binaural and monaural spectral cues mentioned
before change depending on the shapes of the human head,
torso, and pinna. Such filters are called head related transfer
functions (HRTFs). HRTFs are specific to each individual
because they are based on morphological features.
Individualising HRTFs (e.g., acoustically measuring them
for each individual, Xie, 2013) when assessing speech intel-
ligibility tasks leads to differences in SRM in the horizontal
plane, as binaural cues vary from one HRTF to another
(Ahrens et al., 2021; Cuevas-Rodriguez et al., 2021).
Ahrens et al. (2021) applied the binaural speech intelligibil-
ity model from Jelfs et al. (2011) on different HRTFs to
show that for a masker placed on the horizontal plane
between 75° and 90°, SRM can vary 4 dB according to the
HRTF, which suggests that energetic unmasking varies
across HRTFs. This was further confirmed by Cuevas-
Rodriguez et al. (2021) via a perceptual experiment using
only non-individual HRTFs. However, this effect may no
longer be significant when using speech maskers (i.e., with
informational masking Drullman and Bronkhorst (2000);
Zenke and Rosen (2022). Still, Zenke and Rosen (2022)
involved only one SRM condition and Drullman and
Bronkhorst (2000) did not provide a breakdown of the statis-
tical analysis, thus some significant effects might have been
omitted.

The effect of HRTF on SRM in the median plane is yet
to be investigated. Specifically, it is still an open question
whether personalising spatial cues provided by HRTF can
improve SRM when sources are separated in the median
plane. It can be speculated that HRTF individualisation
should provide a better-perceived location of the sources
resulting in a larger SRM, but this has to be verified
experimentally.

J. Acoust. Soc. Am. 155 (1), January 2024

Il. PREVIOUS WORK ON SRM IN THE MEDIAN PLANE

Recently, Berwick and Lee (2020) have observed spa-
tial unmasking in the median plane in energetic masking
conditions. They placed a target speech coming from the
front (0° elevation), and a speech-shaped noise at different
elevations using loudspeakers. They found a significant
effect of masker location with SRM up to 3.5dB when the
masker was at —30°, with respect to the co-located
condition.

SRM in the median plane was already explored with
non-individual HRTFs by Bolia er al. (1999), using the
coordinate measure response (CRM) corpus (Bolia et al.,
2000). Later, McAnally et al. (2002) replicated this study
using individual HRTFs with residual ITD explicitly
removed in the impulse responses. They measured a SRM
of about 1.3 dB when the target and masker were at different
elevations in the median plane (two different same-sex
speakers were used as stimuli), thus showing the relevance
spectral cues for SRM in the median plane. Using a similar
setup and the same CRM corpus, Best (2004) conducted a
series of experiments including one target speech simulated
in front of the listener, against two speech maskers placed
together at different elevations. The importance of high fre-
quency was studied by considering the CRM stimuli low-
pass filtered at 8 kHz, and the original broadband corpus.
They found a significant effect of separation in the median
plane, as the percentage of correct words improved by 21%
for the low-pass filter corpus, and by 28% for the broadband
corpus on average across spatial and speaker conditions.
These studies used either non-individual or individual
HRTFs, but none of them considered HRTF as an indepen-
dent variable to investigate its role in SRM.

Worley and Darwin (2002) investigated SRM in the
median plane with two competing speech sources using
loudspeakers in an anechoic chamber. They found that low-
pass filtering of the stimuli degrades SRM, suggesting that
there are relevant spatial cues for SRM in the median plane
above 5kHz. Such cues should therefore be sensitive to
HRTF individualisation. To confirm that, they repeated the
experiment using virtual sources rendered by convolving the
stimuli with non-individualised HRTF. SRM was signifi-
cantly lower in this setup, thus leading to a lower effect of
low-pass filtering. These results suggest once again that
HRTF plays an important role in SRM in the median plane.

In a later study, Martin et al. (2012) repeated the experi-
ment reported by McAnally et al. (2002) to further investi-
gate the effect of HRTF asymmetries on SRM in the median
plane. In addition to the individual HRTF, other HRTFs
with two left ears, two right ears, or an average of both ears
were involved. The individual HRTF led to higher SRM
compared to any of the manipulated HRTFs. They also took
for each participant the best score between the two-left-ears
and the two-right-ears HRTF conditions (better diotic condi-
tion in their paper). In this analysis, the average performance
showed values similar to those of the full individual HRTF.
This suggests the possibility of having a better ear that
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provides more cues for SRM in the median plane. In other
words, if the participant had the same score as the individual
HRTF and the two-left-ears HRTF, then their left ear was
the better ear. A personalised HRTF containing these indi-
vidual asymmetries should therefore be beneficial for SRM
in the median plane.

From these studies, it seems evident that, when individ-
ual HRTFs are deteriorated and SRM in the median plane is
degraded. This suggests that HRTF individualisation might
have an important role in speech-on-speech masking in the
median sagittal plane, but to the best of our knowledge, the
effect of HRTF individualisation on SRM has not been
investigated yet in such conditions. The aim of the present
study is to investigate SRM sensitivity to HRTF individuali-
sation for sources located in the median plane. The experi-
mental procedure is based on the one by Martin ef al.
(2012), but comparing individual vs non-individual HRTFs,
thus investigating the importance of HRTF individualisation
in SRM in the median plane. Our first hypothesis is that
SRM in the median plane is improved when an individual
HRTEF is used to render the sources because the perceived
locations of the sources should be more vivid.

Furthermore, differently from Martin et al. (2012), our
study has been carried out with non-native English speakers,
using an English corpus. Past studies have consistently indi-
cated that speech perception performance is significantly
impacted by various forms of masking, especially among
non-native speakers. Lecumberri et al. (2010), in a compre-
hensive review of experimental studies on non-native
speech perception in adverse conditions, highlighted that
both energetic and informational masking exert a more pro-
nounced influence on non-native listeners compared to their
native counterparts. Moreover, Cooke ef al. (2008) con-
ducted an experiment using speech on speech masking
involving native and non-native speakers. They found simi-
lar patterns across speaker combinations, both with native
and non-native speakers having equal unmasking benefits
from differences in FO, but with a lower percentage of cor-
rect recognition in the non-native ones. Based on these stud-
ies, our second hypothesis is that the overall performances
in this speech-on-speech task of non-native English speakers
are lower if compared with native ones. This work also com-
plements previous work by the same team, which looked at
SRM in the horizontal plane with non-individualised HRTFs
(Cuevas-Rodriguez et al., 2021), broadening our under-
standing of the impact of HRTFs in speech intelligibility
amongst competing sources.

lll. MATERIALS AND METHOD
A. Participants

Twenty-four participants were recruited among students
and researchers of the School of Telecommunication
Engineering at the University of Malaga. Three of them
were coauthors of this report. All reported normal hearing
and Spanish as their first language. One subject was dis-
carded after reporting to have problems understanding the
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language during the experiment. During an initial training
block without a masker, this subject presented seven wrong
answers out of eighteen, with the other subjects presenting
no wrong answers (18 participants), one wrong answer (four
participants), or two wrong answers one participant). Thus,
a total of 23 participants were included in the analysis, 18 of
them with ages between 18 and 29 years and five of them
with ages between 30 and 50 years. They received a USB
stick as compensation for their participation. Participants
reported a certified English level of: Al (one participant),
B1 (seven participants), B2 (nine participants), C1 (four par-
ticipants), and C2 (two participants).

B. Apparatus

Head-related impulse responses (HRIRs) were mea-
sured using the sweep-sine technique at a sampling rate of
48 kHz (Farina, 2007) in an acoustically treated room. The
recordings were made with a pair of Knowles FG-23329-
P07 in-ear microphones (Knowles, Itasca, IL), placed at the
entrance of the ear canals and embedded in foam earplugs.
The interface to the computer was a MOTU (Cambridge,
MA) 896 mk3. The participant’s head was centred using a
set of three coincident laser beams and asked to stay still
during the measurement process. The HRIRs were measured
at three different positions in the median plane (i.e., azimuth
0°), with 50°, 0°, and —50° elevations. The HRIRs of a
KEMAR dummy head mannequin were also measured with
the same setup and equipment as the individual ones but in a
different acoustically treated room.

Given that the KEMAR and individual HRIRs were
measured in different rooms, in order to minimise potential
perceivable differences that would not have been related to
HRTF individualisation per se, a variation of the frequency-
dependent windowing (Karjalainen and Paatero, 2001) with
eight half Hann windows, as proposed by Gutierrez-Parera
(2020, Section 4.3.2), was applied to the HRIRs to remove
any reflection.

A specific application was developed for managing the
whole experimental process; it provided the user interface,
performed binaural rendering (using the 3DTI Toolkit, see
Cuevas-Rodriguez er al., 2019), a C++ open-source library
for real-time binaural spatialisation), allowed users to
respond to each trial and saved the responses to file. A stan-
dard computer without specialised digital signal processing
hardware was used to run the application. Participants inter-
acted with the application using a mouse. The procedure
was automatically sequenced for the whole experiment,
without any intervention of the operator. All the activities
performed by the participants were logged. An RME
Babyface Pro USB audio interface (RME, Ft. Lauderdale,
FL) was used to play back the stimuli, which were presented
binaurally via a pair of Sennheiser HD600 headphones
(Sennheiser, Wedemark, Germany). The headphone transfer
function (HpTF) was measured for each individual. Once
the microphones where placed at the entrance of the ear
canals, participants were asked to put the headphones on.

Gonzalez-Toledo et al.
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Then, the impulse response on each side was measured
using the same protocol as for the HRIR. This procedure
was repeated five times asking the participants to take off
and put headphones back on their ears each time. The
spectra were then averaged and the minimum phase
individual HpTF was obtained. An equalization filter was
calculated using the technique presented by Engel et al.
(2022) in order to remove significant peaks and notches
from the frequency response.

C. Stimuli

The CRM corpus (Bolia et al., 2000) was used for the
experiment. It consists of sentences following the same
structure: ‘“Ready call sign, go to colour number now.”
There are eight call signs, four colours, and eight numbers
resulting in 256 sentences when all combinations are consid-
ered. The corpus is recorded with four male speakers and
four female speakers. As in Martin et al. (2012), the original
CRM recordings were used, in which sentences are band-
pass filtered from 200 Hz to 18 kHz (the publicly available
version being low-pass filtered at 8 kHz) and adjusted to
have the same root mean square amplitude. Both target and
masker sentences were taken from the CRM corpus, ensur-
ing that they were always uttered by different speakers of
the same sex. Sentences were presented at a sound level of
approximately 60 dBA and the target-to-masker ratio was
0dB. Sound source spatialisation was purely anechoic.

D. Experimental conditions

The spatial sound was simulated using either the indi-
vidual HRTF or the KEMAR HRTF. Maskers and targets
were simulated at three different positions (expressed in
polar coordinates, azimuth and elevation): (0°, 50°), (0°,
0°), (0°, =50°). This made a total of 18 different conditions:
2 (HRTFs) x 3 (target positions) x 3 (masker positions).

WHITE
1 2 3 4

WHITE | WHITE

WHITE

E. Procedure

Participants came to the lab on two different days.
Their HRTFs were measured on the first day, and they per-
formed the speech-on-speech masking test on the second.

During the experiment, participants were seated in the
same room where the individual HRIRs were measured, in
front of a monitor, with a mouse, and wearing headphones.
The two spatialised sentences (one for the target and another
one for the masker) were presented simultaneously to the
participants on each trial. Both sentences, uttered by a dif-
ferent person but of the same sex, could come from the
same or different directions. The sex of the speakers was
randomly selected at the beginning of each trial. From
among the speakers of that sex, two were randomly selected,
one as a target and one as a masker. In the following trial,
the process was repeated without any influence from the pre-
vious one. Target sentences always used the word Baron as
a call sign and a random combination of colour and number.
Maskers always used another call sign, colour, and number
than target. Participants were asked to listen to the target
and select, among all the options, which colour-number
combination they thought they heard in the target sentence.

The interface used to select the target combination is
shown in Fig. 1. The target position was displayed on the
left side of the screen before the trial started, and then, par-
ticipants triggered the trial by pressing an OK button on the
interface, and the sentences were played back. Participants
were instructed to focus in advance their attention on the tar-
get position and ignore the masker. It was strongly emphas-
ised that by focusing on the target direction participants
could take advantage of selective attention based on spatial
cues. Once the participant responded, their answer was
recorded and a new trial started.

Trials were grouped into blocks, and blocks into ses-
sions. In each block, the target is always in the same

WHITE | WHITE | WHITE [ WHITE
5 6 7 8

FIG. 1. (Color online) Interface to select the colour-number combination of the target sentence. Note the left part of the screen, where information about the

position of the target is clearly displayed to the participant.
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position. In this way, each block presents six different con-
ditions (2 HRTFs x 3 masker positions). These conditions
are repeated three times within each block, making a total of
18 trials per block, which were presented in a random order
using Latin squares. The blocks were grouped by three (so
that the three target positions were simulated in each ses-
sion), forming a session of 54 trials (three blocks of 18 trials
each) randomised using Latin squares as well. There were a
total of six sessions plus a training session at the beginning.
Participants were asked to leave the room and rest after each
session since we needed them to be able to maintain their
ability to focus their attention throughout all sessions.

The training session was the first; it consisted of three
blocks, but differed from the others in that feedback was
provided to the participants. After each participant’s answer,
the button corresponding to the correct answer was
highlighted and the correct answer was displayed in text,
together with the answer provided by the user. In addition,
in the first block of this training session (i.e., the first eigh-
teen trials) only targets were played. The aim was to give
the participants the possibility to familiarise themselves
with the voices and sentences.

F. Objective metrics

Two objective metrics were computed in order to assess
whether the difference in perceptual data between HRTF con-
ditions can be explained by differences in HRTF-specific
numerical attributes. In other words, the metrics are here to
control if the variation in the perceptual data is due to a spatial
cue or to an improvement of the perceived spatial location of
the sources. The two metrics are the spectral distortion metric
(SD, Andreopoulou and Katz, 2022) and SRM predicted by
the Jelfs model (Jelfs SRM, Jelfs et al., 2011).

The computation of SD consists of smoothing the HRTF
spectra at both ears into bands using equivalent rectangular
bandwidth to approximate human perception. The metric is
defined as the root mean square across the auditory frequency
range of the difference between two HRTF spectra, and it
quantifies how much one HRTF spectrum deviates from the
other. Here, the SD is computed at each ear for each target and
masker HRTF spectra involved in the experiment. To provide
a binaural version of this monaural metric, the maximum
(SDmax) and the average (SDygean) across ears are considered.

The Jelfs model takes as input a target HRIR and a
masker HRIR, which are then passed through a gammatone
filterbank. A first component is predicting binaural unmask-
ing advantage by using the formula proposed by Culling
et al. (2004, 2005). The second model component is predict-
ing better-ear listening by taking the higher SNR between
the left- and right-ear SNRs. The frequency-specific values
from the two model components are summed, and then inte-
grated across frequency bands using a Speech Intelligibility
Index-weighting, which provides more weight to the fre-
quency bands relevant for speech intelligibility, i.e.,
between 100Hz and 10kHz (ANSI, 1997). The model out-
put can be compared to SRM.

288  J. Acoust. Soc. Am. 155 (1), January 2024

The Jelfs model deviates from the SD computation in
major aspects, which makes both metrics worth considering.
First, the Jelfs model computation determines the better ear
(the ear having the higher SNR) per frequency band, while
the SD computation determines the ear providing the larger
broadband spectral difference (SDyax), OF just averages the
broadband spectral differences across ears (SDygean). Thus,
the influence of the broadband asymmetry versus by-band
asymmetry on the perceptual data will be explored. This has
the potential to complete the finding of Martin et al. (2012)
(see their Sec. I) showing that participants could reach the
scores obtained with the non-processed individual HRTF
using either two-left-ears or two-right-ears HRTF. Second,
due to the use of a root mean square, the SD computation
leads to the same value when target and masker locations
are swapped, which is not the case for the Jelfs model. In
addition, Brungart (2001) showed that for two competitive
talkers the absolute intensity difference matters more than
the relative SNR; the consideration of the SD metric will
further investigate this aspect. Third, the Jelfs model also
takes into account the effect of ITDs, which might be rele-
vant, but rather limited in this specific case. Finally, SD has
been used in different studies to assess the differences
between HRTFs (e.g., Andreopoulou and Katz, 2022; Jo
et al., 2009; Takane, 2016). Then, it is of interest to investi-
gate the relevance of this metric for speech intelligibility.

Both metric values are used to assess whether the vari-
ance in SRM between HRTF conditions can be explained by
the variance in HRTF-specific numerical attributes. To do
so, the differences in SRM between individual and KEMAR
HRTF are compared to the changes in SD and Jelfs SRM.

Given the fact that the SD is a symmetric function,
SRM measured for one particular target-masker setup is
averaged with SRM measured swapping target and masker
locations. In other words, the SD relies on the location of
the sources regardless the specific locations of the target and
masker. For instance, the source locations are the same
when the masker is placed at 0° and the target at 50° or
when the masker is placed at 50° and the target at 0°.
However, SRM relies on the actual locations of the target
and masker, i.e., it is very unlikely to obtain the same SRM
when you swap target and masker positions. Then, for the
correlation analysis between SRM and SD, SRM measured
in a specific target-masker setup (e.g., target at X°, masker
at Y°) is averaged with SRM measured in the mirror
masker-target setup (target at Y°, masker at X°). By doing
so, this average SRM is dependent on the pair of sources
location regardless of the specific positions of the target and
masker, such as the SD.

Thus, 5 correlation coefficients are computed per
method to obtain SD (i.e., SDyux 0r SDyjean): one for each of
the 3 source elevation sets (0°/50°; 0°/ -=50°; 50°/ -50°), one
concatenating the values across source elevation sets and a
last one averaging across those values. Regarding the corre-
lations with Jelfs SRM, 8 coefficients are computed: one for
each of the 6 target-masker elevation sets (0°/50°; 50°/0; 0°/
-50°; =50°/0°; 50°/ —=50°; —50°/50°), one concatenating the
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values across target-masker sets, and a last one averaging
across those values.

IV. RESULTS
A. Perceptual data

The percentages of correct answers and SRM averaged
across participants are shown in Tables I and II from the
Appendix, respectively. We pooled the results of all trials
for each participant and condition, excluding the training
sessions. Thus, the average of each condition for each par-
ticipant is calculated over 18 trials. SRM scores are com-
puted as the difference in terms of % of correct answers
between the separated conditions and the co-located condi-
tions for a given target elevation. Figure 2 displays SRM as
blue symbols as a function of target elevation, target-masker
separation and HRTF conditions. The two HRTF conditions
are separated into two panels, left panel for individual
HRTF condition, and the right panel for the KEMAR HRTF
condition. The relative target-masker separation conditions
change along the horizontal axis, and the different target ele-
vation conditions are reported using different symbols.

SRM is generally positive, meaning that participants
benefited from the spatial separation between the target and
masker locations to improve intelligibility. SRM seems to
be lower when the stimuli were spatialised with the
KEMAR HRTF if compared with the individual HRTF. The
highest scores were obtained for —50° Target Elevation spa-
tialised using individual HRTF.

Two linear mixed-effect models were designed to ana-
lyse the datasets, one for the percentage of correct answers

and another for the SRM. The fixed effects were the three
factors involved in the experiment, namely, target elevation,
masker elevation, and HRTF individualisation. The factor
listener was set as a random intercept. The equation of the
model can be found in Egs. (1) and (2). The models were
designed using the /mer function from the car R package,
and the significance of the factors in the different models
was assessed using the anaylsis of variance (ANOVA) func-
tion from the same package,

Answers ~ HRTF _individualisation
x Target_Elevation x Masker_Elevation
+(1|Listener), (1)

SRM ~ HRTF _individualisation x Target_Elevation
« Masker_Elevation + (1|Listener). ()

The main significant factors reported by the model on
the percentage of correct answers were target elevation
[F(2,374) = 25.49, p < 0.0001], masker elevation
[F(2,374) = 23.07, p < 0.0001], and HRTF individualisa-
tion [F(1,374) =17.97, p < 0.0001]. The interactions
between target elevation and masker elevation
[F(4,374) = 14.98, p < 0.0001] or HRTF individualisation
[F(2,374) = 4.28, p = 0.01] were also found to be statisti-
cally significant. The first interaction is a proof of SRM, as
already observed in Fig. 2. Interestingly, the interaction
between the three main factors was also significant
[F(4,374) = 3.17, p = 0.01], which means that there was
most likely an effect of HRTF individualisation on SRM.

The second model (SRM), confirmed the results of the
first model, i.e., target elevation [F(2,248) = 11.00,

35 T T T T T T T
Individual HRTF KEMAR HRTF
30+ r Language - Target Elevation b
¢ NonNative - 0° @ Native (2012) - 0°
o5 [ * L | ¥ NonNative - +50° ¢ Native (2012) - +50°| |
% 1 NonNative - -50° A Native (2012) - -50°
20 + - .
< 15t % |
Z
g o100 - .
(]
5t - % M
i I |
5k L 4
-10 L ! ! ! ! ! ! !
-50° +50° -100° +100° -50° -+50° -100° +100°

Relative Target-Masker separation in elevations

FIG. 2. (Color online) SRM in terms of % of correct answers between the separated and the co-located conditions for a given target elevation, as a function
of the relative Target—Masker separation in elevation. Each symbol is attributed to a target elevation. The left and right panels show the data obtained with
Individual and KEMAR HRTEF, respectively. For comparison purposes, the data of Martin et al. (2012, black symbols) are plotted next to the current data
(blue error bars showing standard errors). The sample size of the Martin et al. study was eight participants. Error bars on SRM cannot be reported for the

Martin et al. data because they were not available in their publication.
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p < 0.0001], masker elevation [F(2,248)=5.00, p
< 0.01], and HRTF individualisation [F(2,248) = 13.75, p
= 0.0003] were significant. Post hoc pairwise comparisons
with Bonferroni adjustment (designed for multiple compari-
sons) revealed that SRM was 6.9% larger [#(248) = 3.71,
p = 0.0003] when the stimuli were spatialised with individ-
ual HRTFs. Regarding target elevation, SRM was lower
when the target was spatialised at 0°, by 12.1% compared to
—50° [#(248) = 4.603, p < 0.0001] and by 8.1% compared
to +50° [£(248) = —3.08, p = 0.007]. Only one comparison
found significant differences in SRM for masker elevation:
SRM was lower (by 8.1%) when the masker was at —50°
compared to 0° [7(248) = —3.05, p = 0.008].

The number of correctly identified digits and colours was
also analysed independently. In general, the same trends were
observed but the absolute percentages were higher compared
to the ones presented previously. Regarding target digits,
SRM was approximately 4% for the KEMAR HRTF and 11%
for the individual HRTF. The analysis on target colours shows
lower SRM of around 4% for KEMAR HRTF and 8% for the
individual HRTFs. In order to analyse whether the participants
were confounding the target and masking speakers, a further
analysis was made. This revealed that participants answered a
number or a colour that had not been told by the speakers only
in 2.5% of the trials. In other words, if the participants did not
get the answer right it was very likely that they picked up at
least one keyword from the masking speaker.

To further investigate the influence of the different lev-
els of English proficiency, we considered three groups of
participants: basic (Al, A2, and B1; eight participants),
intermediate (B2; nine participants), and advanced (C1 and
C2; six participants). Then the linear mixed-effect model for
SRM was modified to include English proficiency as an
extra factor. No significant effect of the latter alone was
found but it revealed a significant interaction between
HRTF individualisation and English proficiency [F(2,236)
=4.153,p = 0.017]. Pairwise comparisons between manne-
quin HRTF and individual HRTF for the three groups
showed significant differences for basic and intermediate
levels [#(236) = 3.1,p = 0.02; #(236) = 3.74,p = 0.0021],
but not for the advanced level. This could suggest that for a
high level of language proficiency, HRTF individualisation
may have a lesser effect. However, the number of partici-
pants per group is too low, and further research is needed in
order to explore this hypothesis. A three-factors interaction
was reported as significant between English proficiency, tar-
get location, and HRTF individualisation. However, we are
not able to provide a relevant explanation of that interaction.

B. Spectral distortion and predicted SRM

Figure 3 shows the relationship between the difference in
SRM between HRTF conditions and the difference in the two
HRTF-based metrics, therefore SD and Jelfs SRM, each dot rep-
resenting one participant per metric computation method. The
values shown here are the ones obtained by averaging the results
across spatial conditions (see Sec. Il F). Quadrants 1 and 3 are

290  J. Acoust. Soc. Am. 155 (1), January 2024

\ \
30 1 * ° . N
* ° ¢
&\ *x O
= 20
= S o ® SDax
f:d * * .. * SDI\/IearA
n w0 ** 4 o % ¢ Jelfs SRM
£ 10}
o . ¢ 0% @
= * ° . * e °
o B | x e 0%
3]
S= 0 * 7 w—
A * ° .
3 * °
* o o
_10L * » . |
! !

! ‘
—0.5 0 0.5 1 1.5 2 2.5
Difference in HRTF-based metric values (dB)

FIG. 3. (Color online) Participants’ performance differences in terms of
SRM between individual and KEMAR HRTFs, plotted in relation to differ-
ences in SD and Jelfs SRM (HRTF-based metrics). Each dot represents one
participant per metric computation method.

coloured in green to show that the perceptual outcomes seem to
be somehow generally proportional with the HRTF-based met-
rics. In other words, they had more Jelfs SRM or SD with their
own HRTF, and they had better measured SRM (Quadrant 1);
inversely, if they had lower Jelfs SRM or SD with their own
HRTF, they had lower measured SRM (Quadrant 3). In
Quadrant 2 (blue Quadrant), participants had smaller spatial
cues with their own HRTF if compared with the KEMAR, but
still showed higher SRM. In this case, they could not use the
cues of the KEMAR as successfully as their own, even though
KEMAR’s cues were larger. In Quadrant 4 (red Quadrant) are
the participants for which lower SRM was observed with their
own HRTF even though these had bigger cues.

Generally, the participants had larger cues with their own
HRTFs. This can be explained by the fact that the participants’
HRTFs are asymmetric, while the KEMAR HRTF is rather
symmetric (regardless of the variations in the microphone
position). Furthermore, the morphology of real heads is more
complex, both in terms of geometry and acoustical properties,
than the one of a KEMAR dummy head. Hence, it is likely
that at least one ear shape provides more spectral cues than the
KEMAR ear shape (i.e., bigger SD). This is confirmed by the
method to compute the SD. When the average across ears is
used (orange stars), five participants have a lower SD com-
pared to the KEMAR, however, when considering the maxi-
mum across ears (blue dots) only two participants have a
lower SD with their own HRTFs. Moreover, Jelfs SRM also
emphasizes this asymmetry: three participants had lower SRM
with their own HRTFs (green diamonds). Regarding the corre-
lation analysis results, none of the correlation coefficients were
found to be significant.

V. DISCUSSION

This study was designed to extend the results of Martin
et al. (2012), where SRM was measured in the median plane
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using different versions of individual HRTFs, by investigat-
ing the effect of non-individual versus individual HRTFs.
Both studies simulated the target and masker at the same
elevation angles. Using individual HRTFs, they got a per-
centage of correct answers of 62.3% on average across
co-located conditions and 79.3% on average separated con-
ditions. In our case, 50.7% and 63.4% of correct answers
were measured, respectively. Thereby, overall SRM is com-
parable across studies (15% versus 12.7%) even though the
absolute percentages of correct answers obtained in the cur-
rent study are lower, which might be explained by the differ-
ence in native language.

As mentioned in Sec. III A, all participants were Spanish
native speakers, while the CRM corpus is in English. It is
well known that speech perception performance is more
affected by different types of masking when participants are
non-native speakers. Lecumberri et al. (2010) did a complete
review of experimental studies about non-native speech per-
ception in adverse conditions and identified that both ener-
getic and informational masking have a greater impact on
non-native listeners than on native ones. Moreover, Cooke
et al. (2008) conducted an experiment measuring speech-on-
speech intelligibility using the GRID corpus (Cooke et al.,
2006), which is in English as well, and similar to the CRM
corpus (different speakers, same structure across sentences
and two keywords per sentence, being a number and a letter),
involving both native English and Spanish speakers in several
tasks with different combinations of target and maskers.
They found similar patterns across speaker combinations in
both native and non-native speakers, but with a lower per-
centage of correct recognition in the latter group (around
10%-20% difference). This is in line with our results, and it
provides an explanation of the overall lower values found in
the current study as opposed to Martin et al. (2012).

However, Cooke et al. (2008) found that both native
and non-native speakers drew equal unmasking benefits
from differences in FO between target and masker. In line
with that, Lee et al. (2010) showed that stimuli blocked by a
speaker yielded higher accuracy and shorter reaction time
compared to mixing them within blocks, but that effect was
similar for native and non-native listeners. This suggests
that processes which make use of these low-level cues are
independent of the language. In a similar way, and more
specifically related to our study, spatial separation of target
and masker in the horizontal plane seems to provide equiva-
lent benefits in releasing from masking for native and non-
native listeners (Ezzatian et al., 2010). This would support
the fact there was no significant effect of English proficiency
alone on SRM. However, the interaction between English
proficiency and HRTF individualisation was significant sug-
gesting that the perceived spatial location mattered more for
non-native speaker with low proficiency. This must be fur-
ther tested to draw a conclusion.

Our outcomes, therefore, reinforce those in the litera-
ture, supporting the need for taking into account a system-
atic offset in performance in favour of native speakers, but
we consider that the validity of our results is not
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compromised because of using a closed-set sentence corpus
for speech-on-speech experiment in a language different to
the participants’ mother tongue. Nevertheless, further stud-
ies comparing both native and non-native listeners should be
done to confirm this.

On the other hand, the benefit of spatial separation is
observed not only when the sources are physically sepa-
rated, but also when they are perceived as spatially sepa-
rated. The auditory system tends to integrate a signal and its
reflection into a single auditory object at a location near the
first-arriving signal. This is known as the precedence effect
(see Zurek, 1987) and it can be used to create an illusion of
a spatial separation between target and masker sources while
keeping the spatial cues unchanged. Freyman et al. (1999)
investigated the effect of perceived spatial separation on tar-
get unmasking using loudspeakers and the precedence
effect. The results showed that the perceived spatial separa-
tion provided an advantage for both informational and ener-
getic maskers, but more so for the first (8 dB versus 1 dB at
60% of intelligibility, respectively). This indicates that the
representation of speech masker location in the auditory sys-
tem is essential for SRM.

In this sense, the effect of HRTF individualisation was
investigated by considering a non-individual HRTF mea-
sured from a KEMAR dummy head and torso in addition to
the individual HRTFs. The results suggest that there might
be an effect of being familiar with someone’s own spatial
cues. In other words, the auditory system seems to be able to
take better advantage of the spectral cues present in the indi-
vidual HRTF for unmasking target speech among concurrent
speech when they are separated in the median plane. This is
likely due to a better perceived spatial separation of the
sources, which is supported by the correlation analysis that
reported no significant interaction between the perceptual
data and the numerical metrics. This suggests that neither
the Jelfs SRM model nor SD are sufficient to explain the
changes in the SRM data, meaning that the SRM improve-
ment when HRTFs are individualised is not necessarily due
to the increase in the spectral cues. Hence, the current find-
ing seems to support and extend the work of Freyman et al.
(1999) and refutes the ones of Drullman and Bronkhorst
(2000) and Zenke and Rosen (2022), whose interest was
focused on the horizontal plane. Further research is needed
to confirm this speculation; for example, in order to reduce
the test time, the amount of energetic masking was evaluated
by means of objective metrics, but ideally, the involvement of
a speech-shaped noise or a non-intelligible noise-vocoded
speech (to preserve some speech-like modulations) would
provide a better assessment.

This idea is also in line with Oh et al. (2022), where
correlations were found between SRM and localisation acu-
ity in the horizontal plane, although not statistically signifi-
cant (p>0.07), and also with Srinivasan et al. (2022),
where it was found that localisation acuity for 1/3-octave-
wide Gaussian noise centred at 500 Hz was a significant pre-
dictor of SRM. In order to get a deeper insight into this link
between the use of spatial cues to release from masking or

Gonzalez-Toledo etal. 291

€2:11:LL G20z Aenugad 90


https://doi.org/10.1121/10.0024239

for localisation tasks, further studies are needed and new
potential areas of future research can be identified. For
example, it is known that sound localisation performances
using non-individual HRTFs can improve with perceptual
training (Picinali and Katz, 2023; Steadman et al., 2019).
Would such acquired perceptual training transfer to a
speech-on-speech SRM task, therefore resulting in a signifi-
cant improvement of performances with the trained non-
individual HRTF? Would these performances be comparable
with the ones achieved using individual HRTFs?

Finally, it is worth noting that this study has used a non-
individual HRTF an HRTF measured with a KEMAR man-
nequin, and not an HRTF measured from another subject.
Considering this, a question arises as to whether the SRM
differences found between individual and mannequin
HRTFs may be due to the similarities or differences between
the two, or again to a KEMAR-specific issue (e.g., symme-
try of the head). To resolve this question, more research is
needed to adequately control for the variability of non-
individual HRTFs, for example using objective metrics for
selecting an “equally-distant” non-individual HRTF for each
participant (see also Daugintis et al., 2023).
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APPENDIX: DATA TABLES

This appendix contains two tables showing the experi-
mental data for the sake of reproducibility. Table I presents
the percentages of correct answers averaged across partici-
pants per target-masker spatial condition and HRTF

TABLE I. Mean percentages of correct answers for all target and masker
positions for individual and KEMAR HRTF. Values in parentheses are stan-
dard errors of the means.

Individual HRTF (% correct)

Masker elevation

Target elevation —-50° 0° 50°

—50° 51.2(3.3) 73.7(3.5) 73.7(3.3)

0° 53.94.7) 53.1(3.9) 56.8 (3.7)

50° 58.2 (4.4) 64.7 (3.5) 47.3(3.9)
KEMAR HRTF (% Correct)

Masker elevation

Target elevation —50° 0° 50°

—50° 50.5 (3.7) 66.2 (3.7) 56 (4.1)
0° 48.6 (3.3) 49.8 (4.0) 48.1(3.8)
50° 53.6 (3.5) 65 (3.8) 50.5 (3.3)

292  J. Acoust. Soc. Am. 155 (1), January 2024

TABLE II. Same as Table I but for SRM, computed as the difference in
mean percentages of correct answers between separated conditions and co-
located conditions. Values in parentheses are standard errors of the means.

Individual HRTF (SRM % difference)

Masker elevation

Target elevation —-50° 0° 50°
—50° N/A 22.5(3.2) 22.5(2.6)
0° 0.7 (4.0) N/A 3.6(2.9)
50° 10.9 (3.4) 17.4 (3.8) N/A

KEMAR HRTF (SRM % Difference)

Masker elevation

Target elevation —-50° 0° 50°
—50° N/A 15.7 (3.1) 5.6 (4.1)
0° -1.2(3.2) N/A —-1.73.7)
50° 3122 14.5 (2.4) N/A

condition. Numbers in parentheses are the standard errors of
the means. Table II is similar to Table I but for SRM, com-
puted by subtracting the co-located score from the separated
scores for a given target position.
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