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ABSTRACT

Head-worn devices (HWDs) interfere with the natural transmission of sound from the
source to the ears of the listener, worsening their localization abilities. The localization
errors introduced by HWDs have been mostly studied in static scenarios but these errors
are reduced if head-movements are allowed. We studied the effect of twelve HWDs on
an auditory-cued visual search task, where head movements were not restricted. In this
task, a visual target had to be identified in a three-dimensional space with the help of an
acoustic stimulus emitted from the same location as the visual target. The results showed
an increase in the search time caused by the HWDs. Acoustic measurements of a dummy
head wearing the studied HWDs showed evidence of impaired localization cues, which were
used to estimate the perceived localization errors using computational auditory models of
static localization. These models were able to explain the search-time differences in the
perceptual task, showing the influence of quadrant errors in the auditory-aided visual search
task. These results indicate that HWDs have an impact on sound-source localization even
when head movements are possible, which may compromise the safety and the quality of

experience of the wearer.

I. INTRODUCTION

Sound localization is a fundamental aspect of hearing that helps humans to be aware of
their surroundings. The ability to localize sounds may be impaired if the natural transmis-
sion of sound to the ears is interfered with or obstructed by head-worn devices (HWDs), such
as headphones or hearing-protection devices (HPDs). Perceiving the direction of arrival of
a sound is possible due to interaural and monaural localization cues. Interaural cues are

the interaural time and level differences in the acoustic signal between the two ears (ITDs
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and ILDs, respectively), which allow localization in the lateral dimension (left-right). These
interaural cues are, however, not enough to fully resolve the direction of the sound in a three-
dimensional space, since multiple regions of the space share the same ITD and ILD values.
The cone-shaped regions with identical interaural cue values are often referred to as cones
of confusion, and monaural cues are needed to resolve the sound direction. These monaural
cues emerge from the direction-specific filtering of the external ear, head, and torso on the
spectrum of the sound between 1 kHz and 16 kHz. Monaural cues enable the localization
in the polar dimension (up-down and front-back) (Algazi et al., 2001; Hebrank and Wright,
1974; Wilska, 1938) and help in resolving the ambiguity within the cone of confusion.

Studies investigating the effects of HWDs on interaural cues in static environments (i.e.
where dynamic cues are not available) have shown that wearing hearing protectors, head-
phones or hearing aids worsens the localization abilities of the users. In the lateral dimension
(from the right to the left ear in the range from -90°to 90°, as in the modified interaural-polar
coordinates system (Pollack et al., 2022), the effects of these HWDs range from moderate
increases in angular errors (Bolia et al., 2001; Brungart et al., 2007, 2003; Cubick et al.,
2018; Denk et al., 2018, 2019; Gupta et al., 2018; Lladé et al., 2022a; Van den Bogaert et al.,
2008, 2006; Vause and Grantham, 1999) to more extreme cases where wearing earplugs and
earmuffs together attenuate the sound below the audibility thresholds, preventing the lis-
teners from discriminating between left and right (Brungart et al., 2004; Simpson et al.,
2005).

In the polar dimension, localization errors caused by HWDs are even more pronounced,
and they are often related to the alteration of spectral cues and high-frequency attenuation of
the HWDs (Brungart et al., 2007, 2003; Denk et al., 2018, 2019; Lladé et al., 2022b; Van den
Bogaert et al., 2008, 2006; Vause and Grantham, 1999; Zimpfer and Sarafian, 2014). These
devices increase the probability of front-back confusion (Brungart et al., 2007, 2003; Denk
et al., 2018, 2019; Van den Bogaert et al., 2008; Vause and Grantham, 1999) and up-down
confusion (Denk et al., 2018; Zimpfer and Sarafian, 2014). In a horizontal plane localization
experiment, Brown et al. (2015) found high correlation between large localization errors and
the degradation caused by hearing protectors to the directional transfer functions, showing
the importance of monaural cues in such tasks.

Several factors affect the degree to which a HWD may modify the acoustic properties of
the sound. In case of passive headphones, the amount of attenuation and pinnae cover may

play an important role on the degradation of localization cues, specially of monaural cues



(Alali et al., 2011; Denk et al., 2018; Lladd et al., 2022b). In the case of HWDs with active
components, e.g. hearing aids, hear-through headphones, etc., not only these two aspects
seem to be important. The position of their microphones and their digital signal processing
stages (e.g. compression, to enhance the perceived quality of sound) have an influence on
the degradation of localization cues (Alali et al., 2011; Best et al., 2010; Denk et al., 2018,
2019, 2020; Harma et al., 2004; Talcott et al., 2012; Van den Bogaert et al., 2011, 2006;
Zimpfer and Sarafian, 2014).

When localization cues are ambiguous, head movements result in systematic changes in
the localization cues. These changes in localization cues are often referred to as dynamic
cues, and they improve the localization abilities of the listener (Pontynen and Salminen,
2019; Wightman and Kistler, 1999). In case of ambiguity between front and back, head
yaw rotations result in systematic changes in the interaural cues and aid in resolving the
ambiguities (Pontynen and Salminen, 2019). Thus, if a HWD impairs the localization cues,
it is expected that head-movements may at least partly mitigate these negative effects to
sound localization. However, they might not be sufficient to completely overcome the effects
of wearing a HWD. Localizing sound sources may still take longer if additional head rotations
are needed, and this may generate uncertainty in the users when trying to identify or localize

sources.

To account for dynamic cues in localization, Bolia et al. (1999) introduced a localization-
assessment method based on an auditory-aided visual search task. They measured the time
to find a target in a three-dimensional space to identify the differences between localizing
sounds in virtual scenarios and in real ones. They showed that the participants needed more
time to find the target for virtual auditory stimuli than for those presented using actual
loudspeakers. The same method has been applied in other studies to assess the participants’
ability to localize targets when HWDs are used (Brungart et al., 2007, 2003; Simpson et al.,
2005). In these experiments, the same task was conducted as in Bolia et al. (1999) to assess
the time to find the target while wearing hearing protectors. The time to find the target
increased when HPDs were used. Their results showed an increase in the time to localize
the target when earplugs and earmuffs were worn, especially when worn together. Using
a similar approach, Satongar et al. (2015) studied the effect of a circumaural open-back
headphone in a dynamic localization task for sources in the horizontal plane. They showed

that even circumaural open-back headphones increased the time to find the target.



The proposed visual target localization task is thought to represent an ecologically valid
scenario relevant to occupational settings (Simpson et al., 2005). A standardized method
based on the work of Bolia et al. (1999), proposed in (ANSI/ASA, 2019), included a visual
search task to localize a target in the horizontal plane when being simultaneously presented
with an acoustic stimulus. This method allowed analyzing how the time to find a target in-
creased in a dynamic situation when wearing a HWD compared to the unobstructed listening
condition.

Our study analyzes the connection between the localization ability of listeners when head
movements are allowed and the degradation of static localization cues. Twelve HWDs where
assessed in a perceptual task that measured the time to find a visual target aided by an
acoustic stimulus (Bolia et al., 1999; Simpson et al., 2005). Localization performance was
assessed by measuring the time to find the target and it was assumed that worse localiza-
tion ability would result in increased search times. Moreover, we measured the head-related
transfer functions (HRTFs) of a dummy head wearing the studied HWDs. The static lo-
calization errors wearing each of the HWDs were estimated by analyzing the HRTF's using
computational auditory models. Finally, we tested the estimated static localization errors
on their ability to explain the increase in search time in the auditory-aided visual search

task.

II. METHODS AND MATERIALS
A. Head-worn devices

Twelve HWDs were assessed, covering a wide range of device types. All of them shared the
characteristic that they allow the listener to be aware of the sound in their surroundings.This
is achieved either by an open design with passive low attenuation or by using an active
system. In the context of this study, active means that there is an active hear-through
system that picks up sound from the environment using microphones and plays it back
to the ears using an electroacoustic transducer. On the other hand, passive means that
the there is no active hear-through system involved, and external sounds are only available
through the possibly obstructed acoustic pathway.

The specific models and the settings at which the HWDs were used in the subjective

test are listed in Table [. Devices A - C are three passive commercial headphones that
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could potentially be used in augmented reality applications due to their low attenuation of
external sounds. A is a headphone with an open extra-aural design. B is an intra-concha
headphone with an open design, since it has a circular driver with a vent, allowing the
direct sound to enter the ear canal. Device C is a widely used open-back circumaural studio
headphone. Devices D - F are three consumer-grade in-ear headphones with an active hear-
through system. These devices were used in hear-through mode. Devices G - I are three
consumer-grade circumaural headphones, also with an active hear-trough system and used
in hear-through mode. Devices J - L are three HPDs for recreational or professional use
with a hear-through system. J and L have a circumaural design and K has a supra-aural
design. Devices K and L were used in their default settings, which combine active noise
cancellation and hear-through. Device J was used with the hear-through at maximum level.
While the included device types were deliberately selected to cover a wide range of HWD-
induced degrees of degradation, the specific models were chosen due to their availability in

the Aalto Acoustics laboratory at the time of this study.

TABLE I. Summary of the studied head-worn devices and the settings used through the whole

study.

ID Type Active Model Settings

A extra-aural headphones no Mysphere 3.2 open frames

B  intra-concha headphones no Sony linkbuds

C  circumaural headphones no Sennheiser HD650

D  in-ear headphones yes Apple airpods pro (1st gen.) hear-through ON

E  in-ear headphones yes Sony WF-1000-XM3 hear-through ON

F  in-ear headphones yes Huawei freebuds pro (1st gen) hear-through ON

G  circumaural headphones yes Apple airpods pro MAX hear-through ON

H circumaural headphones yes Sony WH-1000-XM4 hear-through ON

I circumaural headphones yes Huawei freebuds studio hear-through ON

J  circumaural HPD yes Silenta STP8000 hear-through at max. level

K  supra-aural HPD yes Savox Noise-COM 200 hear-through ON (default settings)
circumaural HPD yes Peltor ComTac XPI hear-through ON (default settings)




B. Participants

Twenty participants (4 female, 16 male) between 19 and 39 years of age (median = 28.5
years) with self-reported normal hearing and normal or corrected vision participated in this
experiment. All participants had participated in multiple listening experiments during the
year preceding this study. All participants had experience in using the devices A and C
during listening experiments, but were not familiar with the rest of HWDs. The study was
done in accordance with the Declaration of Helsinki and was approved by the Research
Ethics Committee of Aalto University. The participants provided written informed consent

before enrolling in the experiment.

C. Apparatus

The subjective test was conducted in the multichannel anechoic chamber ‘Wilska’ at
the Aalto University Acoustics Lab, in Espoo, Finland. Thirty-two Genelec 8331A coaxial
loudspeakers were distributed in a spherical array at a distance of 2.04 m from the center.
The loudspeakers were located at four different elevations. In the horizontal plane, ¢ = 0°,
twelve loudspeakers were distributed evenly with an angular distance between consecutive
loudspeakers in azimuth 6; = 30°. In the planes at ¢ = 4+ 30°, the loudspeakers were dis-
tributed evenly with an angular distance §; = 45°. In the plane at ¢ = 60°, the loudspeakers
were distributed evenly with an angular distance 6; = 90°.

A 2x2 LED matrix (15 mm x 15 mm for the LED centers) was mounted directly in front
of each loudspeaker, providing a visual target in the search task. The target loudspeaker’s
LED matrix always had an even number of LEDs illuminated in red (two or four LEDs ran-
domly between trials). All non-target loudspeakers had an odd number of LEDs illuminated
(one or three LEDs randomly for each loudspeaker). The LED system was controlled using
an Arduino UNO WiFi Rev2, which was controlled using Max 8 via serial communication.
A synchronous auditory stimulus was emitted from the target loudspeaker to help the task
of finding the visual target. The sound stimulus was an intermittent pink noise (250 ms
on, 250 ms off, 10 ms onset and offset ramps, following the description of the Method 3 in
ANSI/ASA S3.71(ANSI/ASA, 2019)) with an A-weighted level of 65dB SPL measured at
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the listener’s position. The stimulus lasted until the listener gave the response. The lights

of the room were dimmed to facilitate the visual search task.

D. Listening test procedure

The procedure used in this study was derived from the experiments by Bolia et al. (1999)
and Simpson et al. (2005), and from the third method in ANSI/ASA (2019). The partici-
pants controlled the test and gave their responses using two hand-held response buttons, one
in each hand. Each trial began with the participant facing the (6, ¢) = (0°,0°) loudspeaker
and demonstrating readiness by pressing both buttons at the same time. After the buttons
were released, the stimulus presentation started after a 1-s interval. During the stimulus
presentation, the auditory stimulus was presented from one target loudspeaker, and the LED
matrices in all loudspeakers were illuminated such that only the target loudspeaker had an
even number of LEDs illuminated and all the other loudspeakers had an odd number of
LEDs illuminated.

In each trial, the participant had to find the target and respond if the number of illumi-
nated LEDs was two or four by pressing the left or right button, respectively. The search
time was determined from the time between the stimulus onset and the participant response.
After pressing the button, the participants were asked to again face the loudspeaker located
at (0,¢) = (0°,0°) before starting the next trial by pressing the two buttons.

The first four targets of each round were located always in the same positions (6, ¢) =
(0°,0°), (180°,0°), (-90°,30°) and (90°,30°) and marked the beginning of a new listening block
(these four targets were discarded from the analysis and repeated during the actual test
trials). The 32 following targets were located in random order on each of the loudspeakers.
After the 36 trials were completed, the round ended, and there was a short pause during
which the participants were asked to change the HWD themselves. In the case of devices B,
D, E and F, various sizes of eartips were offered for the participant to choose what was more
comfortable. Before the following round started, the researcher in charge of conducting the
test confirmed visually that there were no obvious fitting issues.

The experiment consisted of thirteen trial sets: twelve sets with an HWD and one without
any HWD (open ears, OE) in random order. Before starting the experiment, three rounds of
training, each the same length as the actual test, were conducted. Each subject performed

one training round in open ears, one with a random passive HWD (A - C), and one with a
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random active HWD (D - L). Due to the test procedure, the participants were aware of the

headphone they were wearing at all times.

E. Perceptual data analysis

All participants had an overall correct response rate above 98% throughout the experi-
ment. The fastest responses were for frontal locations, and none of them were faster than
386 ms. Therefore, the incorrect responses were interpreted as accidental wrong-button
presses, and no responses were discarded. The incorrect responses were also included in
determining the response times. For each participant and condition, the median response
time was computed and used in group-level analysis.

The group-level data, consisting of the median response time for each participant in each
condition, was tested for normality using the Shapiro-Wilk test. Since the data were not
normally distributed, the non-parametric Friedman test was used with the Fisher’s Least

Significant Differences (LSD) test for post-hoc testing with Bonferroni-Holm correction.

F. Acoustic measurements procedure

The HRTFs of a G.R.A.S. KEMAR 45BC head and torso simulator with antropometric
pinnae (Shore 00-35) and ear simulators (RA0045) were measured wearing the studied de-
vices. The measurements took place in the multichannel anechoic room "Wilska’ in the Aalto
Acoustics Lab, the same room as the perceptual test. The measurements were performed
using the multiple exponential sweep method (Majdak et al., 2007).

The impulse response measurement of the loudspeaker located in the angle (6, ¢) = (0°,0°)
was repeated three times, removing and repositioning the HWD between measurements. If
these three transfer functions fell within a 2 dB difference at all frequencies in the range 250
to 4000 Hz for both ears, the positioning was considered correct. If this was the case, the
HRTF was measured every 5° in the horizontal plane using a digitally controlled turntable,
and every 30° in the median plane. If the positioning was considered incorrect, three new
measurements were taken until they matched the self-imposed criterion. The HWDs with
active hear-through were also measured using the same stimulus as in the perceptual ex-
periment (A-weighted level of 65 dB SPL, 250 ms on, 250 ms off, 10 ms onset and offset

ramps). These additional measurements aimed at analyzing potential non-linearities that
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might have affected the impulse response analysis. The temporal and spectral analysis of
the measurements did not differ substantially, and therefore impulse responses from the

exponential sine sweep measurements were used for the rest of the study (see Sec. VIII).

G. Acoustic measurements analysis

The acoustic measurements were analyzed to see if they had explanatory power on the
perceptual results. The HRTFs were free-field equalized to minimize the effect of the mea-
surement microphones and loudspeakers (Moller, 1992). An analysis of the ITD and ILD
differences were computed for the horizontal plane measurements to analyze the effect of
HWDs in the left-right dimension. The impulse responses were filtered by a gammatone
filterbank (Glasberg and Moore, 1990; Lyon, 1997) with a frequency spacing corresponding
to one equivalent rectangular bandwidth. The ITD estimates for each filter output were
computed by finding the maximum in the interaural cross-correlation (Jeffress, 1948) in the
range [—670,670] us. The ILD was computed as the RMS difference between left and right
ears in dB after applying the same filtering. The broadband ITD and ILD values were
computed as the average in the frequency range from 50 Hz to 1.5 kHz for ITD, and from
1 kHz to 8 kHz for ILD.

However, translating frequency dependent I'TD and ILD estimates into estimated angles
is not trivial. Thus, the model introduced in Lladé et al. (2022a) was used to estimate the
perceived lateral angle, e, and localization blur ey, in the horizontal plane, where the
lateral angle is described by 9 € [—90°,90°] from the right to left ear (Pollack et al., 2022).
This model is based on a neural network that was trained to predict the effect of HWDs on
localization in the frontal horizontal plane. This model was not previously verified for all
the tested conditions, but the cross-validation in Lladé ef al. (2022a) suggests that it is able
to predict unseen data to some extent. The model is available in the Auditory Modelling
Toolbox Majdak et al. (2022).

The model from Llado et al. (2022a) returns for each target angle, an estimate of the
perceived lateral angle, ey, and the localization blur, ey,,. The median absolute deviation

(MAD) from the OE condition was computed for each HWD, h:
MAD" = median(|e}; — e$¥|), (1)
where the median is computed over target lateral angles v.
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On the other hand, the possibility of localizing sound sources in sagittal planes, i.e.
parallel to the median plane that divides the body in left and right, relies on cues extracted
from the magnitude spectrum of the sound Macpherson and Middlebrooks (2002). Thus,
the direction-dependent effect of each HWD on the magnitude spectrum of the sound was
computed in the median plane every ¢4 = 30°, where p € [—90°,270°) is the polar angle
from front below to back below (Pollack et al., 2022).

Similar to the interaural cues, translating the spectral information into localization in
sagittal planes is not obvious. Baumgartner et al. (2014) proposed a model that estimates
quadrant-error rates (QE) and polar errors (PE) in sagittal plane localization given a bin-
aural impulse response. The model is available at Majdak et al. (2022). This model has
proven to be useful to estimate impairments induced by HWDs (Lladé et al., 2022b). Thus,
it is used here as a tool to understand the relation between the magnitude response of the
HRTF measurements and the perceptual test results. The HRTF in the OE condition is
used as the template, and the HRTF's of the KEMAR wearing each HWD are used as the
targets. The model parameters are adopted from Lladd et al. (2022b) (degree of selectivity
I = 17 dB7!, sensitivity S = 0.35 and motor response scatter ¢ = 27°; see Baumgartner
et al. (2014) for a detailed description of the parameters). This model was not previously
verified for all the tested conditions but the model parameters were obtained from the OE

condition only.

The model from Baumgartner et al. (2014) returns a single pair of estimates for QE
and PE, eqr and epp respectively, for all target directions in the median plane together.
The absolute differences to the OE condition were computed as Aefy = |eds — egi| and

Ae’ﬁ;E = ’e}I}’E - 68%‘-

A linear model is used to describe the median search times from the listening test, T,

as a function of the model-estimated localization metrics:

Th = 60 —+ ﬁlMADgt -+ BQMAbellur + BgAegE —+ ﬁ4A6gE, (2)
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III. RESULTS
A. Perceptual experiment results

The distribution of the median search times for each participant are summarized in
Figure 1. The median time in the OE condition was 0.96 s. The median search time in
the slowest condition, K, was 1.68 s. A Friedman test was conducted to compare the effect
of HWDs on the median time to find the target. The effect of the HWDs reached statistical
significance, with x?(12, 228) = 154.55, p < 0.01. The Fisher’s LSD post-hoc tests with
Bonferroni-Holm correction showed statistically significant differences (see Table 11).

For a clear and concise presentation of the directional-dependent analysis of the results,
a subset of three exemplary HWDs has been selected. However, the results of the same
analysis for all HWDs is included as supplementary material (see Section VIII). The HWDs
included in the subset are A (extra-aural headphones), which yielded the best performance
of all studied HWDs, F (in-ear headphones with hear-through), which yielded the best per-
formance among active hear-through HWDs, and K (supra-aural HPD with hear-through),
which yielded the worst performance overall.

The median search time over the studied directions is shown in Figure 2 for the subset
of HWDs. The effect of the source location in the OE condition seems to be mild, since the
times to find the target have similar values both over azimuth and over elevation angles.
For the HWD A, which was the closest in the median search time to the OE condition, the
influence of the azimuth and elevation angles is also mild, showing a compact distribution
of times similar to the OE condition. In the other extreme, the device that produced
the largest median time to find the target, K, shows a different behavior. The responses
are similar to OE at (6,¢) = (90°,0°) and (270°,0°) only, suggesting increases in front-back
confusions and/or elevation errors at all other locations. The results from the HWD F show
an intermediate step between A and K, where the results in the horizontal plane for 6 = 0°,
90° and 270° are similar to the results of A. For the rest of angles, the values increased, but
the directional effect of A seems milder than the effect of K for all the studied angles except
for (6,¢) = (180°,0°). An ad-hoc two-way ANOVA test was conducted to verify the findings,
and revealed a statistically significant interaction between the effects of the HWD and the

direction (F(372, 7904) = 2.17, p < .01).
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FIG. 1. (Color online) Median time to find the target for each participant when wearing each
studied HWD and in OE condition. The boxes represent interquartile ranges. The devices are

shown sorted by the median search time.

B. Acoustic measurements analysis results

The ITD and ILD estimates computed from the measurements are shown in Figure 31'TD
and Figure 31LD. The ITD and ILD for the OE condition show the expected behavior, which
enables an accurate localization in lateral angle. Despite some differences, the ITD and ILD
analysis for the HWDs A and F show a similar behaviour than for the OE conditions, both
broadband and for the presented frequency bands. In the case of K, the ITD seems to be
preserved, but the computed ILD estimates show an inconsistent behaviour over angle and
over frequency.

The model of auditory localization introduced in Llado ef al. (2022a) was used to estimate
the lateral angle from the frequency dependent ITD and ILD estimates. The estimated
angles are shown in 3Estimated angle, and the MADy,; and MADy,,, for each HWD are

12



TABLE II. Summary of the statistical analysis. The asterisks denote statistically significant
differences among conditions using Fisher’s LSD posthoc test with Bonferroni-Holm corrections

(p < 0.01).

OE A F B D C E I J H L G K

OE * * * * * * * *

A * * * * * * *

F * *

B * * * * *

D *

C

E * *

I * * *

J * *

H * * *

L * * * *

G * * *

K * * * *

shown in Table [1I. The OE condition follows a compressed range of angles compared to the
actual sound source locations ranging from about -60° < ¢ < 60°, instead of the covering
the whole frontal horizontal plane. Despite this compression, the estimated angles follow
the expected trends when compared to the source locations. The HWDs A and F followed
a similar response as in the OE condition. On the other hand, the estimated angles for the

HWD K presented a larger amount of error when compared to the actual sources locations.

The direction-dependent effect of each HWD on transmitted magnitude spectra is sum-
marized in Figure 4. From the magnitude of the HRTF's for the front direction, it is shown
that the main characteristics of the HRTF structure are not well maintained for all the
studied HWDs. The devices A and F seem to keep the magnitude response similar to the
OE condition up to the most prominent peak at around 3 kHz. However, the profiles of the

HRTF at the location of the most prominent notch already present clear differences. The

13



0 0° 0°
30° 4 330° 30° 4 330° 30° 4 330°
3 3 3
60° 300° 60° 300° 60° 300°
2 2
=3 e
90° ’- 270°  90° 270° 90 270°
120° 240° 120° 240° 120° oA 240°
150° 210° 150° 210° 150° 210°
180° 180° 180°
A F K
- $=-30° ,==p=0° ,-—$=30" ,-¢=60°

FIG. 2. (Color online) Median time to find the target across participants for each studied angle
for the subset of HWDs (color) and the OE condition (black). The radius indicates the time in

seconds.

devices F and K present non-negligible attenuation at frequencies above 4 kHz, which may
prevent the listeners from using important information for sagittal-plane localization.

Differences in the magnitude spectrum of the HRTF among front, top and back directions
are present in the OE case, which allow sagittal plane localization. Even though differences
over direction are also present for the device A, they differ both in magnitude and frequency
to the OE case. This may generate problems when resolving the angle of arrival in a sagittal
plane. For devices F and K, the differences seem to be smaller across source locations. Thus,
the differences among directions are reduced, which makes it more challenging to resolve the
location of a sound source in sagittal plane.

The effect of the HWDs on median plane localization was estimated using the model
from Baumgartner et al. (2014). The results of these estimates for the subset of devices
are shown in Figure 5. The estimates show that in the OE a diagonal pattern is apparent,
which predicts that the estimated elevation corresponds to the elevation of the source. The
estimated behaviour in condition A is similar to the OE condition with subtle errors. For
the device F, the diagonal is partially preserved, but the localization errors increase. In the
condition K, no diagonal pattern can be observed and a bias is present at polar angle 120°,
suggesting that the median plane localization may be impaired. The Aeqgr and Aeqg for

each HWD are shown in Table II1.
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FIG. 3. (Color online) Left and center: interaural time (left) and level (center) differences computed
broadband and for two exemplary frequency bands for sources in the horizontal plane. Right:

estimated angle computed from the ITD and ILD estimates using the model in Lladé et al. (2022a).

The coefficients of the fitted linear model are: Sy = 0.953, 81 = —0.004, 55 = 0.370, B3 =
0.012, B, = —0.008. The adjusted R? = 0.93 shows that these estimated localization metrics
are able to explain most of the variance of the listening test median search times. The

Aeqg is the variable that alone is able to explain the largest amount of variance (adjusted

R? = 0.79).

IV. DISCUSSION

The results of the auditory-aided visual search task show that HWDs affect localization

even in dynamic situations. The results confirm that HWDs have a significant impact on
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FIG. 4. (Color online) Magnitude spectrum of the HRTF in the directions front, top and back in
the median plane for a subset of HWDs.

the response times in a visual search task aided by an acoustic stimulus. Head movements
are, therefore, not enough to completely overcome the detrimental effect caused by the
HWDs on localization. It is important to note that the stimulus in this experiment was
an intermittent pink noise of 250 ms-intervals following ANSI/ASA (2019) and consistent

with previous studies (Bolia et al., 1999; Simpson et al., 2005). Binaural cues are considered
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FIG. 5. Localization estimation in the median plane using the model proposed in Baumgartner

et al. (2014). The brighter the color of the plot, the higher the probability of the model prediction.

useful when the duration of the stimulus is about 300 ms or longer (Blauert, 1997). Thus,
it is not clear whether the times in the search task would remain the same for continuous
noise or if the periodicity of the intermittent noise changed. This remains an open question

that should be addressed for a better understanding of the temporal integration of dynamic

cues.

The stimuli used in the test included both visual and auditory cues as in Bolia et al.
(1999); Simpson et al. (2005). Visual search has been extensively studied (Eckstein, 2011;
Wolfe, 1994, 2021; Wolfe and Horowitz, 2017). In such a task, the time to find the target
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TABLE III. Differences in the auditory-model estimated localization metrics of each HWD com-
pared with respect to the OE condition.

HWD MADy: (°) MADpe (°) Aeqr (%) Aepr, (°)
A 2.72 0.52 11.43 2.45
F 3.27 0.51 23.13 13.26
B 1.47 0.28 37.13 11.89
D 5.00 0.72 42.33 22.30
C 2.99 0.71 29.15 12.05
E 23.74 0.67 45.82 21.70
I 11.89 0.87 34.88 15.79
J 10.29 0.78 46.73 21.99
H 12.67 0.76 49.50 23.28
L 4.42 0.57 44.59 19.77
G 4.13 1.04 34.95 17.73
K 12.33 0.91 48.90 21.32

depends on multiple factors, such as the number of distractors, their shape, their size, etc.
However, in our experiment the visual information was kept constant over conditions, and
we assume that the increase in search time should be explained by means of the auditory
cues degradation. Nonetheless, the increase in search time depends on the number of visual
distractors, specially when the auditory information is degraded (Rudmann and Strybel,

1999; Simpson et al., 2005).

The results of the linear model show the relation of localization errors in static conditions
with the search time in the auditory-aided visual search task. In particular, increases in
search times seem to be connected to increases in the model-estimated quadrant error rates.
This result agrees with the findings from Brown et al. (2015), where the amount of front-back
confusions could be explained by the degradation of spectral cues. Moreover, our results

suggest that spectral cues may also play a pivotal role beyond static localization.
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Headphones A and B present an open design, trying to minimize the amount of atten-
uation that the headphones introduce to external sound. This explains the preservation of
localization cues that are still available to the listener in condition A, which translated into
a reduced time to find the target (condition B is discussed later due to large inter-subject
differences). The differences between A and C are in accordance with those found in a pre-
vious study that analyzed the localization errors for the static condition only (Lladé et al.,
2022b).

It has been shown in the past that HWDs with active hear-through introduced larger
localization errors than the passive ones (Zimpfer and Sarafian, 2014). An interesting out-
come from our study is that HWDs D - F (in-ear headphones with an active hear-through
system) resulted in similar performance as with HWDs A - C (passive headphones). This
may be explained by the location of the microphones on the in-ear earphones, possibly re-
sulting in ITD and ILD values more similar to OE condition (see Figure 3) (Denk et al.,
2019). Moreover, the in-ear headpone microphones may pick up some cues caused by the
filtering of the pinnae, reducing the amount of front-back confusions and elevation errors
(see Figure 4 and Figure 5) (Best et al., 2010; Denk et al., 2019; Van den Bogaert et al.,
2011). Thus, the degradation of localization cues is not necessarily related to the device
type and it is necessary to analyze the acoustic characteristics to estimate its effect.

The search time results for HWDs G - L were similar. Both the lack of pinna cues and
the active hear-through strategies are similar in these six devices, and therefore a similar
result was expected. Even though the in-ear headphones also use active hear-through, the
effect on the time to find the target seems to be milder than for the HWDs that cover the
pinnae. From the similarities in the HWDs G - L, one could think that there is a ceiling
effect in the perceptual test results. However, in the pilot phase of the study we included a
condition where no acoustic stimulus was presented, and the LED pattern had to be found
without auditory guidance, as in Simpson et al. (2005). The median search time for the four
participants in the pilot was over 7 s, and was therefore left out of the actual test, since it
provided little information and increased the experiment time considerably. In any case, it
is possible that there is a ceiling effect, once the listeners have access to left-right auditory
information.

Listeners’ adaptation to a new set of localization cues is expected to some extent when
wearing a HWD (Audet et al., 2022; Casali and Robinette, 2015). This adaptation process

can be faster if there is feedback or explicit training involved (Mendonca et al., 2012).
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However, this adaptation may not be possible when these new cues are ambiguous (Carlile
et al., 2014; Denk et al., 2018), i.e., do not lead to a single location in the space, e.g. when
the spectral cues do not help to resolve the polar angle (see Figure 4 and Figure 5). Thus,
maintaining the cues as natural as possible may be the best strategy to ensure a correct
localization ability of the listeners. If that is not possible, then it seems necessary to provide
at least enough difference over angle for the wearer to learn.

Each device may have a unique effect on each subject’s localization performance, espe-
cially on elevation localization and the rate of front-back confusions, due to the idiosyncratic
nature of the pinna cues. Thus, future work could consider measuring acoustically the effect
of each HWD fitting on each subject, together with individual data of their HRTF with and
without the studied devices. Moreover, head movements could be tracked to understand
the rotations that subjects perform when trying to localize a sound source. This would help
understanding the acoustic factors that induce the impairment in the dynamic localization

task.

V. CONCLUSIONS

An experiment was conducted to measure the time to find a target when a head-worn
device is worn using an auditory-aided visual search task. The increase in localization errors
when wearing head-worn devices has been previously reported in numerous studies due to the
degradation of localization cues. Our results are aligned with these findings and suggest that
when head movements are possible, the detrimental effects caused by head-worn devices on
localization are not completely overcome. The search time to locate the source significantly
increased compared to when no head-worn device was worn. Devices that degrade the
localization cues less, e.g. due to their physical design or microphone position, had a lesser
impact.

The acoustic measurements with a binaural manikin showed that the interaural cues are
often altered by HWDs. In addition, the spectral profile of the magnitude response was
found to be affected by most of the studied devices in the measurements. Based on our
model-based analysis, the increases in search time seem to be related to the degradations
of spectral cues, especially for locations susceptible to front-back confusions and elevated
sources. Thus, this experiment supports the importance of maintaining accurate spectral

cues even when the task allows head movements.
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