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Abstract — Level-dependent hearing protectors enable listeners to perceive soft to medium-level sounds,
while protecting the ear against hazardous high-level signals. The impact of these devices on localization
ability due to changes in interaural cues is mostly unknown. This study investigated the influence of two
hearing protectors (earplug and earmuff) in passive and one active setting on localizing two common
alarm signals in noise at two signal levels compared to open ears. A listening test with 16 normal-hearing
participants was conducted inside a horizontal array of 48 loudspeakers. Additionally, the stimuli were
recorded with an artificial head in the same setup to calculate the corresponding occurring interaural
cues. The results showed that especially one of the devices under test altered the perception of target
direction, even causing alarms from one side to be misperceived as coming from the opposite side of the
head. The technical measurements support these findings by revealing large changes of interaural level
differences with this device compared to open ears, mostly aligning with participant responses. These
findings indicate the need to test electronic hearing protectors regarding altered interaural cues to avoid
safety risks due to impaired localization. Moreover, measurements of these cues can help predicting the
perceived sound direction by human listeners.
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1 Introduction

In Germany alone, four to five million workers are
exposed to hazardous loud noises at their workplaces and
need to prevent noise-induced hearing loss by the usage
of a hearing protection device (HPD) [1]. In such environ-
ments, it is often crucial to rely on auditory situational
awareness, i.e., the ability to use properties of the incom-
ing sound to properly localize and detect them to avoid
mistakes that could lead to accidents. One typical scenario
that still leads to accidents is an approaching reversing
vehicle (e.g., [2, 3]) which is why studying the localiza-
tion ability in these scenarios, especially in the horizontal
plane, is relevant. Importantly, hearing protection devices
have been shown to be detrimental to correct localization
and other aspects of auditory situational awareness and
communication among workers (e.g., [4, 5]).

Some HPDs are equipped with microphones and inter-
nal loudspeakers to ensure audibility of soft- or medium-
level sounds by damping or electronically amplifying the
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incoming sounds depending on the sound level, i.e., by
providing a hear-through mode in which softer incoming
sounds are played back at their original or even at an
amplified level. With increasing level, the amplification
is gradually switched off. This level-dependent behavior
preserves the ability of the listeners to communicate in
quiet periods while still protecting the ear against high-
level sounds. Thus, these level-dependent or active HPDs
act like a dynamic range compressor and manipulate the
incoming sound level at both ears. Depending on the
microphone positions, the effective path length between
both ears may be changed compared to listening with
open ears (mostly with earmuffs). Moreover, the process-
ing times between the devices at both ears could dif-
fer (mainly with earplugs). These factors could lead to
altered interaural cues, such as interaural level differences
(ILDs) or interaural time differences (ITDs), which are
important for sound localization.

Several listening experiments with conventional pas-
sive HPDs like earplugs, earmuffs or combinations with
safety helmets have already shown that HPD usage
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can impair auditory localization abilities. These stud-
ies reported increases in, e.g., front-back confusions,
higher localization uncertainty or fewer correct local-
ization responses (e.g., [6-8]) and even more confusions
between the left and right hemispheres [8, 9]. The ear-
muffs used in these studies were typically shown to be
more detrimental to localization accuracy compared to
open ears, while the tested earplugs often yielded sim-
ilar results as unprotected ears (e.g., [7, 9]). This was
supported by technical measurements of head-related
transfer functions in [4, 10], which showed that earmuffs
generally caused greater disruption of monaural spectral
localization cues compared to earplugs. These spectral
cues, which complement interaural time and level dif-
ferences, are critical for vertical plane localization and
resolving front-back ambiguities.

This study focused on the influence of level-dependent
hearing protectors. Former studies have pointed out
that these are detrimental to localization performance
compared to performance with open ears as well as
passive HPDs (e.g., [10-12]). Nevertheless, the results
regarding advantages or disadvantages through the level-
dependency were conflicting and far too little attention
has been paid to the influence of level on the localiza-
tion performance with these protectors. Usually, studies
with such HPDs focused on the impact of various tar-
get or masker signals, or types of hearing protectors with
different technologies [11-16]. Most studies used either
target signals without background noise [10, 12], noise
that was played back over different loudspeakers than the
target signals [14, 17], or loudspeaker arrays with a rela-
tively low resolution with angular spacing of 45° or higher
[14, 17, 18]. Target signals were typically broadband noise
[7, 10], gun related sounds [4, 7, 16] or reversal alarms
[9, 14, 19]. Although noise signals are in general more
preferable in terms of modeling, gun shots and reversal
alarms would be the more realistic target signals.

Additionally, previous studies with level-dependent
HPDs have rarely conducted technical measurements to
gain more insight into the relationship between changes
in interaural cues and localization errors. These could
have explained altered perceptions of the signal direc-
tions. While research on hearing aids and other hearing
devices has shown that technical acoustic measurements
can predict behavioral localization performance [20, 21],
similar comprehensive approaches are lacking for hear-
ing protection. These studies on hearing devices found
that design factors critically affect localization cues, e.g.,
microphone placement affects spectral cues important for
vertical localization [22], and signal processing can alter
interaural cues needed for horizontal localization [23]. A
study by Brungart et al. [24] used chirp signals to analyze
transfer functions of eight level-dependent HPDs with
respect to different acoustic aspects relevant for spatial
perception, e.g., I'TDs and ILDs. They generally found
altered localization cues and even an inversed ILD in
one device in the frequency region below 3 kHz. Typical
tonal backup alarm signals consist of tonal components
between 1 and 4kHz [25]. However, Brungart et al. [24]

used pink noise stimuli for the listening test part of
their study and did not investigate results for specific
angles. Accordingly, the relation between the localiza-
tion performance and the altered ILDs in the frequency
regions of alarm signals remained unclear since further
cues could have been used to localize the broadband
stimuli correctly.

To the best of the authors’ knowledge, no published
study reported if and how level-dependent HPD algo-
rithms modify interaural cues at specific angles, for dif-
ferent signals, and for different levels. Consequently, it
remains unknown how possible modifications influence
localization perception. To get a better understanding
of the effect of HPDs on localization performance in a
realistic scenario, this study focused on the localization
of reverse alarms at two different signal levels to assess
the impact of the level-dependent behavior, all performed
in the presence of spatially distributed background noise.
For this purpose, two experiments were conducted. First,
a listening test with a sound localization task and, sec-
ond, a technical measurement with an artificial head. The
following research questions were addressed: (1) Do level-
dependent hearing protectors impair localization perfor-
mance more than passive HPDs? (2) Does the perfor-
mance depend on the incoming sound level and signal
type? (3) Do the HPDs change interaural cues in ways
that can be measured technically, and can these explain
the behavioral responses from the participants in the
localization task?

2 Material and methods

The study consisted of two parts: a listening experi-
ment and technical measurements with an artificial head.
Both were conducted with the same setup, HPDs, and
stimuli. In the main listening tests, participants listened
to one of two alarm signals presented from a random posi-
tion in the horizontal plane and were required to adjust
an LED on a stripe above the loudspeakers to the position
where they judged the sound to emerge from. These tests
were conducted with hearing protection in background
noise and with open ears in quiet as well as background
noise.

2.1 Participants

Sixteen (7 male, 9 female) normal-hearing participants
aged 19 to 27 years (mean: 24.1 years) volunteered to take
part in the experiment. They were paid on an hourly
basis and gave written consent for the experiment and
data handling. To assess their hearing status, they had
to fill out a questionnaire and do an audiometry-like test
using the Single-Interval-1-Up-1-Down (SIUD) procedure
by Lecluyse and Meddis [26] for frequencies of 1000, 500,
250 and 125 Hz in this respective order. The STUD proce-
dure was done using sound-field testing with pure tones
played back from a frontal loudspeaker.
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The participants were considered to have mnormal
hearing if they passed the questionnaire and if their
detection threshold was smaller than 25dB HL at each
tested frequency. The mean threshold of all partici-
pants at each frequency was between 13 and 16dB HL
(mean: 14.6dBHL) with a standard deviation of 4.8
to 6.5dB (mean: 5.6dB). The questionnaire was used
to ask about any known hearing disorders, tinnitus,
the extent of their exposure to noisy environments in
the past year, and severe ear diseases in the past.
Since the answers and hearing thresholds were incon-
spicuous, no participants had to be excluded. The
experiment was approved by the ethics committee of
the University of Oldenburg (Drs.EK/2019/073-04 and
Drs.EK/2019/073-02).

2.2 Experimental setup

Both parts of the study took place in a free-field
room that was anechoic down to 200 Hz. The clear work-
ing area was 7.5 x 4.0 x 6.0m? and the noise level in
quiet was 18 dB(A). The participants and the artificial
head were placed on a chair on a platform in the mid-
dle of the room. The chair was surrounded by a horizon-
tal loudspeaker array at 2m distance and 1.8 m height
from the floor, consisting of 48 visible loudspeakers of
type 8030B by Genelec in 360° with an angular spac-
ing of 7.5°. It was possible to turn around with the
chair in any azimuthal direction and to adjust the height
which was used to align the ear level of the partici-
pants and the artificial head with the loudspeaker array.
The loudspeakers were connected to D.O.Tec 32 chan-
nel MADI DA converters and these to an RME MADI-
face XT audio interface which got its signals from a PC
running Matlab. This experimenter’s PC and equipment,
except the loudspeakers, were placed in a room adjacent
to the anechoic room. A talkback microphone and loud-
speaker ensured communication between participant and
experimenter.

For the listening test, an additional remote control
with a rotary knob and a keyboard for entering the
participants’ responses were used and connected to the
PC via USB. Other keys on the remote control had no
functionality. An LED stripe with a resolution of 0.38°
located above the loudspeakers all around the partici-
pant was utilized to indicate the direction that partici-
pants adjusted on the rotary knob. It was driven by an
Arduino Mega 2560 and controlled by Matlab. A coun-
terclockwise rotation of the rotary knob led to a jump of
an LED on the stripe to the left and vice versa. Addition-
ally, the rotary knob could be pressed to record responses
from the participants.

A HEAD acoustics HMS I1.3 with torso simulator was
mounted on the chair for the technical measurements.
A GRAS 12AQ with linear input was used as additional
amplifier for the microphone-signals from both ears. The
system was calibrated with a GRAS 42AG multifunction
sound calibrator at 1kHz at 94 dB.
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Figure 1. A-weighted sound pressure level of the target sig-
nals and overall background noise calculated using Welch’s
power spectral density estimate with Hamming windows of
length 2048 samples, an overlap of 1024 samples and 2048 dis-
crete Fourier transform points.

2.3 Test signals

Two typical alarm signals that may be used in occu-
pational situations were selected as target signals: a con-
ventional tonal alarm and a multi-tone as recommended
by Laroche [27]. The tonal alarm was based on the
alarm used in [19] with a main frequency component at
1250 Hz and harmonics at 2500, 3750, 5000, 6350, 7500
and 8750 Hz which were at least 30dB weaker in level
than the main component. The multi-tone alarm con-
sisted of three equally loud components at 1000, 1150,
and 1300Hz (see Fig. 1). The tonal alarm had a length
of 500ms and the multi-tone of 400 ms as also used in
[19, 27], respectively. Both alarms were always presented
only once and not repeated. This reflects a worst-case
scenario in which participants would need to be able to
respond upon the first presentation of the alarm signal.

A 1s long pink noise was used as masker, because
this type of noise is often used in localization studies. To
ensure a steady state of the HPDs’ audio processing for
level-dependency, the target signals started 300 ms after
the noise onset and were hence nearly temporally centered
in the noise. The same noise token was used in all 48 loud-
speakers and regenerated for every trial. All signals were
windowed with a Hann window with a ramp time of 50 ms
and sampled at 48 kHz. The level of the noise was not
distributed evenly across loudspeakers. Instead, a lower
level was presented from the rear loudspeaker (180°), and
then the level increased monotonously in a counterclock-
wise manner for each loudspeaker (see Fig. 2). For 135°
(rear-right), the level was 4.3dB higher than for 180°,
7.3dB for 90° (right), 9.5dB for 45° (front-right), and
11.3dB for 0° (front). The level increase was continued
in the left hemisphere (13.0dB at 225°, 14.4dB at 270°,
15.6dB at 315° to the left). The last loudspeaker along
the circle (187.5°) had a level that was 16.7dB higher
than the rear loudspeaker. Overall, the speakers on the
left side produced a 6.8 dB higher level than the speakers
on the right. These differences in sound output resulted in
a higher level of about 1.8dB at the left compared to the
right ear due to the angular dependence of HRTF's and
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Figure 2. Level of pink noise played back at each loudspeaker
compared to the level of the loudspeaker in the back of the
participant.

head shadow effects. The asymmetry was introduced to
gain insights into the impact of asymmetrical masking on
localization abilities. In a symmetrical setup, target signal
presentation from the left and right hemisphere could be
expected to produce symmetrical results with little addi-
tional information. However, studies like [28] have shown
that asymmetric localization accuracy can occur in one
third of the listeners.

The target signal level was equal to the overall
A-weighted sound pressure level of the noise over all loud-
speakers as measured with a handheld sound level meter
at the position of the listeners’ head in the absence of a
listener. This broadband SNR of 0dB resulted in a local
SNR of about 15dB in the third-octave bands around
the main frequency components for the tonal signal, and
8-10dB local SNR in the relevant third octave frequency
bands for the multi-tone (see Fig. 1). Both target sig-
nals in noise were presented at overall levels of 70 dB(A)
and 85dB(A) to consider different levels of attenuation
or amplification of the incoming sound due to the level-
dependency of the investigated HPDs. The signal play-
back was calibrated with a sound level meter XL2 by
NTi Audio. Individual loudspeaker levels did not differ
by more than 2 dB.

2.4 HPD conditions

Overall, six measurement conditions with HPDs were
measured. For each measurement condition, a full set
of localization trials was presented to the listeners and
localization judgments were collected. The first condi-
tion was conducted with the target signals alone with
open ears and only measured at 70 dB(A) to reduce mea-
surement time. It was used for the purpose of familiar-
ization to the target signals without distraction by the
noise. All other measurement conditions were conducted
in background noise. A measurement with open ears in
noise was used as a baseline condition. Two HPDs, an
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Figure 3. Free-field equalized input-output curves of the
tested HPDs for pink noise stimuli in passive mode (Setting 0,
black solid line) and all available active settings, measured
with the artificial head. The dashed line represents the sound
pressure level at the ear simulator microphone with open ears.
Settings 2 (earplug) and 4 (earmuff) were used in the listening
tests.

earmuff and an earplug, were both measured in passive
mode and one of the level-dependent settings. The ear-
muff works dichotically in its active settings. For the
earplug, the second-highest and for the earmutff, the high-
est active setting was chosen, because they produced simi-
lar input-output curves for pink noise stimuli as indicated
in Figure 3. The free-field equalization of the input-output
curves was derived by subtracting the free-field transfer
function from the recorded noise signals with the artifi-
cial head. The transfer function was obtained from pink
noise measured with a reference microphone compared
to the artificial head microphones in the same measure-
ment setup. Premolded triple flange eartips were used
for the earplugs. The microphones of the earplugs were
located close to the opening of the earcanal. In contrast,
the microphones of the earmuffs had a distance of about
6 cm to the earcanal due to the width of the earcups. The
microphones were placed in the lateral coverings, shifted
to the bottom and front of each cup, respectively. Infor-
mation about the signal processing of the devices was not
available.

2.5 Procedure

2.5.1 Listening experiment

The listening experiment consisted of three sessions
per subject with a duration of about 70-100 min each. In
the first session, the participants filled out the forms for
written consent, data handling, account details for their
compensation and the questionnaire regarding hearing
impairment. Afterwards, they conducted a short train-
ing session without HPD to get familiar with the sound
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localization task and handling of the knob. The train-
ing session contained 48 trials in noise, each presented
from a different loudspeaker and a randomly selected
(but equally distributed) alarm signal and level. Follow-
ing the measurement of the hearing threshold with the
SIUD procedure, the localization measurements without
HPD were conducted without and with noise. This ses-
sion usually took the longest time due to explanations
and familiarization with the experiment.

The sound source localization experiments with the
HPDs were conducted in the second and third session. In
both sessions, one of the HPDs was measured in active
and passive setting, respectively. The presentation order
of HPDs and settings were balanced across all partici-
pants. At the beginning, instructions for a correct fit-
ting of the HPD and adjustment of the active setting
were given. During fitting in passive setting, pink noise
was played back to get immediate acoustical feedback of
the attenuation behavior, and the experimenter checked
visually for a proper placement of the HPD. Afterwards,
the SIUD procedure as mentioned in Section 2.1 was
redone in passive setting to check for correct fit of the
HPDs. This was especially of importance for the earplugs
because they do not always fit tightly as shown in [29, 30].
The resulting attenuation was calculated as the difference
between the thresholds in the SUID procedure with open
ears (from the first session) and with HPDs. If the attenu-
ation was obviously too low and clearly outside reference
values by the manufacturer, the HPD had to be refitted
and thresholds measured again. This happened especially
for the earplugs where different sizes of ear tips were tried
out. Three participants had to be excluded from the anal-
ysis of data with the earplug because no tight fit could
be ensured. The participants were instructed not to take
off the devices for the whole measurement session after
establishing a good fit. Otherwise, the fitting procedure
had to be redone which happened for one participant for
each HPD.

For all test measurements, the 48 loudspeaker direc-
tions were divided into 16 sections of three loudspeakers
each to reduce the duration of the measurements. Per
HPD condition, each combination of signal level and sig-
nal type was presented five times per section (i.e., from
one of the three loudspeakers). This resulted in a total
of 320 trials per HPD condition (2 noise levels x 2 alarm
signals x 16 sections x 5 repetitions) except for the con-
dition without background noise (160 trials) which was
only played back at 70dB(A). For each HPD condition,
the trials were presented in a randomized order.

The participants were allowed to take a break after
half of the trials per condition and between conditions.
Moreover, they were instructed to keep their head look-
ing towards the front before starting the measurement
and while listening to the stimuli. A red LED indicated
the frontal direction (0° azimuth) to look at to help par-
ticipants. A movement of the head, torso or chair was only
allowed to adjust their response after offset of the stimu-
lus. After the adjustment, they were asked to turn back
into the starting position for the next trial. By pressing

the knob, they confirmed their answer. The LED returned
to its initial position and the following trial started.

2.5.2 Technical measurements

For the measurements with the artificial head, each
combination of signal level and measurement signal was
played back for all HPD conditions and loudspeaker direc-
tions and recorded for both ears. Since the HPDs oper-
ate in a non-linear manner, alarm signals and noise could
not be recorded separately for later analysis. Accordingly,
the phase inversion method by Hagerman and Olofsson
[31] was applied, i.e., each signal consisting of target sig-
nal (S) and background noise (N) was played back and
recorded three times: the first time exactly as in the sub-
jective tests (S+N), the second time with the identical
target signals but phase-inverted noise signals (S—N), and
the third time with phase-inverted target and noise sig-
nals (—S—N). Addition and subtraction of the first (S+N)
and second (S—N) recorded signals allows for an approx-
imate extraction of the isolated signals S and N after
(non-linear) processing as long as the signal phases are
not modified [31]. Adding the original signal (S+N) to
the fully phase inverted signal (—S—N) results in a verifi-
cation signal that should be ideally zero. As suggested
in IEC 60118-16 [32], the level of the verification sig-
nal should be at least 10dB lower than the levels of the
extracted target and noise signals.

In addition to the mixed target and noise signals, the
clean target signals were recorded without background
noise for open ears to compare the obtained binaural
cues with those of the extracted target signals. This was
done to gain confidence in the phase inversion method.
To consider random effects as well as to gain insights
in the test-retest reliability and measurement error, all
signals were recorded several times for all 48 angles:
(1) Two times without repositioning artificial head or
HPDs to consider random loudspeaker and sound field
effects, (2) two more times after dismounting and repo-
sitioning the HPDs, (3) and two more times after fully
dismounting and repositioning the artificial head as well
as HPDs to gain insights in the test-retest reliability
and measurement error due to different positioning. This
resulted in 5-7 repetitions per HPD condition. The mea-
surement error was calculated as the root mean square
of the standard deviations obtained for each angle per
measurement condition.

2.6 Analysis and statistical method

2.6.1 Listening experiment

Different analyses were carried out for the group data
pooled over all participants for all measurement condi-
tions. Most analyses were adapted from the analyses for
method 2 in ANSI/ASA S3.71-2019, “Methods for Mea-
suring the Effect of Head-worn Devices on Directional
Sound Localization in the Horizontal Plane” [33]. The
front-back and back-front reversals with correction for
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guessing were calculated as described for all participants
across all target directions. The angular error (AE) with
mean and standard deviation was calculated for each of
the 48 source directions (instead of 36 directions as in the
standard) after correcting for front-back and back-front
reversals for the group of participants.

In addition to the analyses specified in the standard,
heatmaps for visualizing typical confusions were created
and the percentage of contralateral errors with correc-
tion for guessing was computed. A contralateral error
was counted if the target direction was between 20° and
160° and the response angle between 200° and 340°,
or vice versa. All statistical analyses were conducted in
R (v4.2.2) with an a-level of 0.05 for significance testing.
All data were tested for normality (Shapiro Wilk’s test)
and sphericity (Mauchly’s test).

2.6.2 Technical measurements

ITDs and ILDs were calculated for each target direc-
tion from the extracted target signals from the origi-
nal recordings with background noise by using the phase
inversion method as described above. In addition, ITDs
and ILDs were also calculated from the clean target sig-
nals (recorded without background noise for open ears)
to validate the results of the phase inversion method. For
further validation, the verification signal was calculated
for each condition. The phase inversion method to extract
the target signals was applied for each ear after filtering
the recorded signals with a bandpass filter with edge fre-
quencies at 900Hz and 1400Hz (i.e., the range of the
spectral components of the alarm targets).

For the calculation of the ILDs, only a 200ms time
period that contained the steady-state target signal with-
out on- and offset was extracted. The ILDs were calcu-
lated as the difference between the sound pressure level
at the left and the right ear. In contrast, the 100 ms long
time period immediately following signal onset was ana-
lyzed to utilize the temporal onset characteristics of the
signal’s envelope, which provide clearer interaural timing
cues than the continuous steady-state portion. The Mat-
lab function zcorr() with the left and right recordings as
input was used to get the cross-correlation sequence of
the two signals. The estimated ITD was the lag at which
the cross-correlation between the signals at both ears was
largest.

To quantitatively link the behavioral data and tech-
nical measurements, a correlation analysis of the angular
error and absolute changes in ILDs with HPDs compared
to open ears was conducted. The Matlab function cor-
rcoef() was used to derive the correlation coefficients and
p-values.

3 Results
3.1 Listening tests

For visual inspection of the response pattern of the
participants in a subset of different HPD conditions,

Open ears without noise Open ears Earmuff on

Response angle /°

Figure 4. Excerpt of heatmaps of three conditions: open ears
without background noise (left), open ears in noise (middle),
and level-dependent earmuffs in noise (right). Gray-scaled
pixels indicate the relative frequencies of the participants’
responses plotted against the true target angles. Data were
pooled across participants, alarm signals, and playback levels.

Figure 4 shows heatmaps of the results pooled over all
participants, target signals and levels for open ears with-
out background noise (left), open ears with background
noise (middle), and the level-dependent mode of the ear-
muffs (right). The axes show angles selected by the par-
ticipants over the true target angles from 0° (front) over
90° (right), 180° (back), and 270° (left) to 360° (front),
respectively. The brighter the color, the more partic-
ipants selected that angle. Perfect localization perfor-
mance would be indicated by a diagonal line. The results
should lie within the lower left or upper right quad-
rant to be distinguished correctly between left and right.
The condition without background noise (left) showed a
preponderance of correct answers (diagonal line), addi-
tional front-back reversal errors in both directions (cross-
ing diagonal lines in both hemispheres), but nearly no
contralateral errors (data points in the top left or bot-
tom right quadrant). Additional background noise (open
ears, middle) resulted in a higher variation and spread-
ing of the results, more front-back reversal errors, and
slightly more left-right confusions. In contrast, the results
with the active earmuffs showed considerably increased
variance and a much less pronounced pattern of correct
responses and systematic front-back confusions. Several
contralateral errors occurred that were mainly perceived
towards the right instead of left, but not vice versa. A
similar tendency could be seen with open ears in noise.
Further heatmaps can be found in Figures S.1-S.4 to get
an insight in how different conditions, signals and levels
affected the results.

3.1.1 Front-back reversal errors

For each participant and measurement condition, the
percentage of reversal errors with correction for guessing
was calculated. Figure 5 shows the median results of all
participants per condition. The limits of the boxes rep-
resent the 25th and 75th percentile, whiskers the maxi-
mum and minimum within £1.5 times the interquartile
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Figure 5. Boxplots with percentage of front-back reversal
errors (with correction for guessing) for each tested condition.
The dashed red lines correspond to the respective mean results
with open ears without background noise.

ranges, and outliers are depicted as crosses. The horizon-
tal dashed lines are the median results with open ears
without background noise. Without background noise,
reversal errors occurred much less often with the tonal
signal (median 0.3%, 25th percentile 0%, 75th percentile
9.5%) than with the multi-tone signal (median 16.9%,
25th percentile 13.2%, 75th percentile 25.1%). In com-
parison, the percentage of reversal errors with open ears
in the presence of background noise increased for the
tonal signal (9.5-13.9%) but decreased with the multi-
tone (8.0-15.4%). This trend could be seen in all other
HPD conditions as well.

Concerning the influence of the level-dependent set-
tings, the tested active mode in the earplugs resulted in
up to 5.9 percentage points fewer reversal errors than in
passive mode. The same applied for the earmuff (except
for the tonal signal at 70 dB(A)) with up to 7.4 percent-
age points fewer confusions in the active setting. Addition-
ally, the variation in the participants’ results was largest
with the passive earmuff. Except for the earplugs with the
multi-tone which led to the same results, all HPD and tar-
get signal conditions resulted in 0.5-6.7 percentage points
fewer reversal errors with the higher signal level compared
to 70dB(A). In contrast, a comparison of the two target
signals showed no clear trend except rather similar results
for all HPD conditions with the tonal signal whereas the
median results with the multi-tone varied over a larger
range. At least with the active earmuffs at both levels, fewer
reversal errors occurred with the multi-tone than with the
tonal signal. Further examination of the data revealed that

Table 1. Statistical results of three-factorial repeated-
measures ANOVA and post-hoc tests on front-back rever-
sal errors. Significant results are marked bold. The
results of the one-way ANOVA for multi-tone signal
at 85dB(A) were Greenhouse-Geisser corrected due to
violated sphericity assumptions.

Effect DFn DFd F P
Level 1 12 12.35 0.004
Signal 1 12 0.01 0.934
HPD 4 48 2.86 0.033
Level:Signal 1 12 0.13 0.724
Level:HPD 4 48 1.19 0.328
Signal:HPD 4 48 2.77 0.038
Level:Signal:HPD 4 48 0.35 0.846

Post-hoc one-way ANOVAs for effects of HPDs

DFn DFd F I
Tone 70 dB(A) 4 48 0.14 0.966
Tone 85dB(A) 4 48 0.99 0.421
Multi-tone 70 dB(A) 4 48 3.84 0.009
Multi-tone 85 dB(A) 2 24 3.47 0.047

Post-hoc t-tests’ p-values with Bonferroni-Holm correction (n = 13)

Multi-tone signal at 70 dB(A)
Open cars Bar-plug off Bar-plug on Ear-muff off Ear-muff on

Open ears X >0.999 >0.999 >0.999 0.004
Earplug off X x >0.999 >0.999 0.008
Earplug on X x x >0.999 0.099
Barmuff off X X X X 0.104

Multi-tone signal at 85 dB(A)
Open ears Ear-plug off Ear-plug on Ear-muff off Ear-muff on

Open ears X 0.442 >0.999 >0.999 0.015
Earplug off X x >0.999 >0.999 0.006
Earplug on X x x >0.999 0.006
Barmuff off X X X x 0.332

for all conditions, participants tended to answer more often
towards the front than back (not shown).

A three-factorial repeated-measures Analysis of Vari-
ance (ANOVA) with HPD, level, and signal as indepen-
dent variables and the percentage of confusions as the
dependent variable was conducted. The results of the
ANOVA and the corresponding post-hoc tests can be
found in Table 1. The sphericity assumption was met and
Shapiro Wilk’s test on normality led to a p-value of at
least 0.026 for each data set and confirmed the assump-
tion of normally distributed data for 15 of 20 data sets.
The results without background noise were not consid-
ered for this analysis because it was not of main interest
but mainly for familiarization, and only measured at the
lower level.

The ANOVA revealed significant main effects of level
and HPD, and a significant interaction between signal and
HPD. Significantly more front-back confusions occured
with the lower compared to the higher level. Addition-
aly, post-hoc one-way ANOVAs indicated effects of the
HPDs only for the multi-tone signal at both levels. For
both levels, post-hoc Bonferroni-Holm corrected t-tests
revealed significantly fewer reversal errors with the active
earmuff compared to open ears and passive earplugs with
the multi-tone signal. At 85 dB(A), there were even fewer
reversal errors compared to the active earplugs.

3.1.2 Angular error

The AEs shown in Figure 6 were pooled over all par-
ticipants, levels and targets signals. The different panels
show the mean (dashed line) and standard deviation of
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the AEs for each target angle and HPD condition. With-
out background noise (top left), the maximum mean AE
over all directions was 23.9°. The smallest errors occurred
in the front (12.7°), on the left (11.8°), and on the
right (10.6°) of the participants. The AEs increased with
background noise (bottom left), and a comparable error
pattern was observed for the earplugs in both settings
(middle panels). The mean AEs were smaller for signals
arriving from the right (17.7°-38.1°) than from the left
(27.1°-59.0°).

The largest mean errors with the passive earmuff were
about 75.0° in the frontal hemisphere and for signals
from the left. In the active setting, mean AEs were even
larger and reached up to 113.5° in the left hemisphere.
Mean AEs were also larger for signals from the right
compared to the passive setting. In both earmuff con-
ditions, the localization accuracy was best for signals
from the back left and right (31.1°-37.0°) in passive set-
ting, and for rightwards signals in level-dependent mode.
Thus, the mean AEs over angles differed in shapes: In
passive setting, the errors were more evenly distributed
over the whole frontal hemisphere whereas they were par-
ticularly large towards the left and right in the active
mode. The angular error was analyzed descriptively only,
as the observed directional patterns are consistent with
the statistical findings on left-right confusions presented
in the following Section 3.1.3. Apart from the very lateral
angles of about 90° and 270°, the level-dependent setting
worsened the AEs on the whole left hemisphere by up to
44.6°, but increased the localization accuracy compared

180°
Figure 6. Mean (dashed line) and standard deviation of the angular error distributions with front-back correction for each
HPD condition pooled over all participants and target signals and levels.
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to passive mode by up to 30.8° on the frontal and rear
right. A separation of the results for both signals and
levels revealed that the large errors for the lateral angles
were much more prominent in the tonal than the multi-
tone signal, and that the errors were larger at the higher
compared to the lower level. A visual breakdown of the
AEs per signal and level can be found in Figures S.5-S.8.

3.1.3 Contralateral errors

The percentage of contralateral errors was calculated
to check the degree of the localization errors towards the
opposite side. Figure 7 shows the median percentage of
contralateral errors for each HPD, signal and level con-
dition. No contralateral errors occurred with open ears
in the absence of background noise. With noise, either
the passive or active earplugs led to the lowest median
error rates, and the earmuffs to the highest errors (up to
23.8%). Interindividual differences were much larger with
earmuffs than in the other conditions. The largest range
of individual errors was between 1.3% and 58.8% for the
passive earmuff at 85 dB(A). In contrast, the maximum
of the median with open ears in noise and both earplug
conditions was 3.8%.

A general trend regarding improvements or decre-
ments using active earplugs in comparison to open ears or
the passive setting was not apparent. Similarly, the differ-
ent signals and levels showed no consistent influence for
earplugs. In contrast, they clearly affected the results with
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Figure 7. Median percentage of contralateral errors (with
correction for guessing) for each tested condition. The dashed
red lines correspond to the respective median results with open
ears without background noise.

earmuffs. The tonal signal increased the median percent-
age of contralateral errors for earmulffs in passive mode by
6.3 percentage points at 85 dB(A), and even doubled them
at 7T0dB(A), compared to the multi-tone signal. No clear
trend regarding the influence of level per signal could be
seen for the passive earmuffs. In contrast, the target signal
did not influence the results with active earmuffs, but the
higher level increased the errors by up to 8.1 percentage
points compared to the lower level. Thus, the advantage
or disadvantage of the active in contrast to the passive
setting depended on the signal and its level. The active
setting was beneficial at lower levels, especially with the
tonal signal, but detrimental at higher levels, especially
with the multi-tone signal.

According to Shapiro Wilk’s test on normality, the
data were not normally distributed except for four
streams of data (p < 0.313). As a non-parametric alter-
native, the three factors level, signal, and HPD were ana-
lyzed separately using Friedman tests. Table 2 shows
the results. To assess the influence of HPD, the data
were aggregated by subject and HPD using the median
value. The Friedman test indicated a significant differ-
ence between the HPD conditions. Post-hoc Dunn tests
with Bonferroni correction revealed significantly more
contralateral errors with the earmuffs than in the other
HPD conditions in both settings. There was no significant
difference between both earmuff conditions, and between
the other HPD conditions. The data were aggregated over
subject and level or signal to assess the statistical influ-
ence of level or signal, respectively. Wilcoxon signed rank

Table 2. Statistical analysis of the three factors level,
signal, and HPD on contralateral errors, and post-hoc
tests. Significant results are marked bold.

Wilcoxon signed rank test

Effect v D
Level 8 0.005
Signal 46.5 0.277

Friedman test
Effect df x2 P
HPD 4 38.05 <0.001

Post-hoc Dunn test with Bonferroni correction
HPD Group 1 HPD Group 2 V4 P
Open ears, Earplugs off/on < —3.25 <0.006
Earmuff off 0.01  >0.999
Open ears, Earplugs off/on < —3.25 <0.006
<0.52  >0.999
Earplug on 0.26  >0.999

Earmuff on

Earmuff off

Open ears

Earplug off /on

Earplug off

tests revealed no influence of signal, but of level (higher
errors overall at the higher level).

3.2 Technical measurements

Before analyzing the ITDs and ILDs, the reliabil-
ity of the phase inversion method was verified by com-
puting the verification signals from (Signal+Noise) +
(—Signal—Noise) measurements. IEC 60118-16 requires
the verification signal levels to be at least 10 dB below the
levels of the extracted target and noise signals. The anal-
ysis revealed 99% compliance for target signals (31.1dB
average separation) and 100% compliance for noise sig-
nals (29.8 dB average separation). The few non-compliant
cases occurred randomly across different angles rather
than systematically at specific locations. The phase-
inversion process achieved approximately 30dB noise
reduction, providing sufficient signal separation for a
reliable analysis of the binaural cues.

To quantify the measurement error of the ILDs derived
from the phase-inversion method, the additional repeata-
bility measurements were analyzed. The analysis revealed
substantial differences across conditions. Open ear mea-
surements (0.7dB RMS error) as well as the tested active
modes (1.1-1.3dB RMS error) showed excellent repeata-
bility. In contrast, the ILDs in the passive settings of
both HPDs varied largely (5.4—5.6dB RMS error, and
maximum differences up to 28.6dB between any two
repetitions with the tonal signal and passive earplugs).
Refitting of the HPDs led to the largest variability of ILD
and thus, was identified as the primary contributor to the
measurement error. In contrast, artificial head reposition-
ing and repeated playback showed minimal effects on ILD
measurements.

The calculated values for the ILDs of a single mea-
surement at each direction are illustrated for the tonal
signal at 70dB(A) in Figure 8. ILDs for the other con-
ditions can be found in Figures S.9-S.11. Negative ILDs
for signals from the right (0°—180°), positive ILDs for sig-
nals from the left (180°—360°), and no ILDs for frontal
(0°) or rearwards (180°) sources were expected for open
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Figure 8. Calculated ILDs for each HPD condition for the
tonal signal at 70dB(A), either calculated out of the clean
target signals (open ears, without noise) or extracted by the
phase-inversion method.

ears. Interestingly, for the “Earmuff on” condition in
some instances, ILDs are reversed in direction. Note that
the asymmetric masker level distribution (Fig. 2) was
not expected to produce asymmetric ILDs because the
target signal was extracted from the masker using the
phase inversion method as described above, and the ILDs
were calculated from the extracted target. Without back-
ground noise, the ILDs directly in the front (0°) and
back (180°) were below 1.5dB. ILDs were largest on the
left (270°) and right (90°) £ 40°, respectively.

For wvalidation purposes of the phase-inversion
method, the ILDs with open ears (with and without back-
ground noise) were compared. Two directions sticked out
in the results for the tonal alarm at 70 dB(A): The maxi-
mum ILDs with open ears estimated from the phase inver-
sion method on the left and right were up to 3.5dB (60°)
and 7.0dB (330°) larger than those calculated from the
clean target signals measured without background noise.
Apart from these two directions, the measured ILDs with
open ears with and without background noise differed for
each angle by less than 2.9 dB, mostly less than 1.7dB.

With background noise, the ILDs in Figure 8 with
open ears and the active earplugs led to comparable
results with differences below 3.0dB. In contrast, the
ILDs differed up to 18.0dB with the passive earplugs.
Nevertheless, the general trend of the ILDs remained
although the peaks and troughs were generally less
pronounced than with open ears and active earplugs.
Exceptions were found for frontal signals with +8.5dB
ILDs pointing towards the left, the frontal right area
where the ILDs were reverted and consistent with a
sound coming from the opposite direction or most likely
towards the front, and at +165° with a highly pronounced
ILD towards the right. Thus, the active setting of the
HPDs preserved the ILDs better than the passive mode
in comparison to open ears.

The earmuffs in passive setting altered the ILDs for
the tonal signal at 70 dB(A) particularly with regard to
the frontal right region up to 30° indicating a signal arriv-
ing from the left or front. Overall, the general trend of

the ILDs was altered by means of partly switched peaks
and troughs which led to large differences compared to
the ILDs with open ears. In contrast, the ILDs were low-
ered for each direction with the active earmuffs, and even
reversed towards the contralateral side for signals arriv-
ing from the left (270°) and right (90°) £30°, respectively.
The values of the reversed ILDs reached more than 7.5dB
towards the contralateral side. Except for these lateral
directions, the ILDs were preserved better than with the
passive setting, especially for frontal signals.

Compared to the tonal signal, the general trend and
the values of the troughs remained similar with the multi-
tone signal for each device, but the peaks were up to
18.2dB less pronounced (see Fig. S.9). Accordingly, the
differences between the peaks and troughs as well as
between the HPD conditions became smaller. The dif-
ferent trend in the passive earmuff compared to the other
conditions became less distinct, and reversed ILDs with
the active earmuff were very small (<1.6 dB) and occured
rarely. In contrast to the differences in ILDs between sig-
nals, the level had a smaller influence on the ILDs. The
difference between both levels with the multi-tone sig-
nal (Fig. S.10) was < 0.6dB for all HPD conditions
except the active earplugs (<2.2dB). With the tonal sig-
nal (Fig. S.11), the differences between the different HPD
conditions, including the reversed ILDs and peaks with
the earmuffs, were more pronounced at 85dB(A) than
at the lower level. An exception were the results with
the active earplugs which still showed a similar trend as
open ears but with smaller absolute ILDs on each side.
All in all, the differences between the HPD conditions
were more distinct at the higher level and with the tonal
signal.

The correlation analysis between the angular localiza-
tion errors (Figs. 6, S.5-S.8) and absolute ILD changes
(HPD conditions vs. open ear from Figs. 8, S.9-S.11)
was limited to the active earmuffs due to methodolog-
ical constraints. For both HPDs in passive setting, the
high fit-related variability in ILD measurements pre-
cluded a meaningful correlation analysis, as individual
participant fit conditions and corresponding ILD alter-
ations could not be determined. For the tested active
earplugs, the minimal variance in ILD changes compared
to open ear ILDs (<5dB) resulted in insufficient data
spread for a robust correlation analysis. Significant cor-
relations with the tested active earmuffs were found for
both signals at both levels (tonal: » = 0.30 (70dB(A))
and r = 0.32 (85dB(A)), p < 0.037; multi-tone: r = 0.51,
p < 0.001 for both levels). These results indicate a
moderate relationship between the ILD alterations and
behavioral performance with the tested earmuffs in active
setting. An additional correlation analysis between ILD
alterations and the changes in angular error compared to
open ears resulted in similar findings.

The differences of the tested conditions with respect
to ITDs at 70dB(A) can be found in Figure 9. Since the
noise floor of residual noise in the measurement equip-
ment was relatively high in the passive conditions with
low incoming sound pressure level at the microphones,
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Figure 9. Calculated ITDs for each HPD condition for both
signal types at 85 dB(A), either calculated out of the clean tar-
get signals (open ears, no background noise) or extracted by
the phase-inversion method. The data were calculated auto-
matically (solid lines) and corrected for phase, if necessary
(dashed lines). If no automated calculation was possible, the
data were analyzed manually (crosses). The data for open ears
without background noise (played back only at 70 dB(A) were
analyzed automatically as well as manually for certain angles
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an automatic analysis of ITDs could not be obtained.
Instead, they were analyzed manually by visual inspec-
tion for certain angles as indicated by crosses in the figure.
The recorded signals with open ears without background
noise were computed automatically as well as manually to
compare the results. Automatically computed ITDs per
cross-correlation in Matlab are visualized as solid lines.
The automatically and manually calculated ITDs with
open ears without noise differed in maximum by 0.04 ms.
In case the automatic computation of cross-correlation
resulted in a flipped phase due to the ambiguity of the
target signals’ frequency components, this was detected,
visually checked and compensated (dashed lines). The
ambiguity occurred much more often with the tonal sig-
nal than with the multi-tone signal, irrespective of HPD
condition. The automatically calculated ITDs were sym-
metric around 0° with maximum values at the left (270°)
and right (90°). An influence of the HPD conditions on
the ITDs could not be found except for slightly increased
maximum values with the earmuffs in the active setting.
The ITDs with open ears, earplugs and passive earmuffs
were in the range of £0.75 ms for both signal types. With
the active earmuffs, the maximum ITDs were increased to
+0.92 ms. However, the general pattern remained similar
over all conditions. The results at 85 dB(A) were similar.

4 Discussion

In the reported listening tests, best localization accu-
racy and fewest confusions (Figs. 5-7) were reached
without any background noise and the tonal target sig-
nal. Unexpectedly, the multi-tone signal in quiet led to
more front-back reversal errors than the tonal signal.
These findings contradict those of Vaillancourt et al.
[19] who also measured with open ears, but with noise.
We supposed that signal-specific interactions with indi-
vidual HRTF characteristics might have manifested as

systematic response biases, but the analysis revealed no
such signal-dependent bias patterns. While a general bias
toward frontal responses was observed, this bias was con-
sistent across both signal types and therefore does not
explain the increased reversals with the multi-tone signal.
The underlying mechanism for this counterintuitive find-
ing remains unclear and needs further investigation. How-
ever, no contralateral errors and only small angular errors
occurred with the multi-tone alarm in the current study.
This indicates that the participants were quite certain
about the correct direction but only confused between
front and back. On the one hand, those confusions can
easily be resolved by head movements in practice, which
subjects were instructed not to perform during stimulus
presentation in these experiments. On the other hand,
any confusion can increase the time needed to localize
sounds. To gain insights in the effective influence of any
error on safety, a dynamic test paradigm such as the third
method described in [33] should be employed to assess the
overall time needed to localize correctly.

Regarding all conditions with background noise, open
ears neither led to the fewest front-back confusions nor
contralateral errors. However, while HPDs reduced cer-
tain error types in noisy conditions, this typically occured
at the expense of increased errors in other dimensions,
resulting in no overall improvement over open ears. As
expected from several former studies, the tested earplug
conditions and open ears led to similar results concerning
front-back confusions [19] and contralateral errors [7, 8,
19]. All of them reported percentages of left-right errors
lower than 5%. The measured ILDs in these conditions
support the findings as well, because they appeared to be
well preserved or at least pointed in the correct lateral
direction. Different results were observed by Bolia et al.
[6] and Zimpfer and Sarafian [10] who found increased
reversal errors with their tested earplugs compared to
open ears. The larger AEs on the left than on the right
were most likely due to the asymmetrical noise with a
higher level and, respectively, a smaller SNR on the left.
The AEs on the right are in line with the findings of Good
and Gilkey [34] and Lorenzi et al. [35] who used a sim-
ilar SNR as the current study. Additionally, both stud-
ies showed that the errors rise with (higher) background
noise which supports the findings of larger AEs on the
left than on the right.

Overall, the tested earplugs in our study outper-
formed the earmuffs concerning AEs and contralateral
errors (Figs. 6 and 7). Several former studies found sim-
ilar results [7, 9, 10, 17, 19]. However, the tested ear-
muffs in our active setting led to the fewest front-back
reversal errors which is contradictive to the previously
mentioned studies who typically found more front-back
reversal errors with earmuffs compared to their other
measured conditions. Additionally, most former studies
(that used different SNRs or target signals in quiet) usu-
ally found more reversal errors [7, 19] and fewer contralat-
eral errors [7, 8, 18, 19] with their tested active earmuffs
compared to those in the current study. The mean AEs for
the earmuffs depended on the setting. The active earmuff
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led to larger errors on the left than on the right like
the earplug and open ear conditions. Apart from that,
large errors could be found directly towards the left and
right where the reversed errors occurred. In contrast, the
passive earmuff was not that influenced by the different
SNRs on the left and right, possibly because of too much
confusion overall. Therefore, in case of the tested ear-
muffs in both settings, a second factor apart from the
asymmetric noise (as seen in the open ear and earplug
conditions) influenced the AEs: the largely altered ILDs
(Fig. 8). The passive earmuff changed the ILDs due to
the covered pinna and consequently different frequency-
dependent patterns as created by the scattering of high
frequencies at the pinna. The general pattern of the ILDs
with peaks and troughs was modified. This led to the
decrement of performance over a broad range of incident
angles, mostly towards the front of the listener. These
errors could potentially be corrected by visual cues in
real-life scenarios. However, the visual cues might only be
beneficial if the measurement error stays within a limited
range that can be easily captured by vision. Otherwise,
the time needed to localize the sounds in real-life most
likely also increases which then can also lead to safety
risks.

While the generally larger AEs on the left than on the
right hemisphere with the tested active earmuff (Fig. 6)
are still most likely due to the asymmetrical noise, the
extraordinary large AEs towards the left (270°) and
right (90°) can be explained by the reversed ILDs towards
the contralateral side (Fig. 8). These findings also fit to
the large percentage of contralateral errors. Such errors on
the sides and even slightly towards the back are harder to
correct by visual cues and might lead to an increased time
needed to find the sound sources in real-life scenarios. The
switched ILDs might be explained by the compressive
behavior of the earmuffs. For incident signals from the
right, the higher level at the right ear might be more com-
pressed than the lower level arriving at the left ear. This
effect should be stronger at higher sound levels due to the
higher compression of the level-dependent HPDs. A larger
influence of the higher level was indeed found concerning
the contralateral errors or AEs. Nevertheless, the different
compression should not lead to negative values accord-
ing to the measured input-output curves of the tested
earmuff. The correlation analysis provides quantitative
support for the relationship between ILD alterations and
localization performance in the active earmuffs, reveal-
ing significant correlations for both signals at both levels.
While more sophisticated modeling approaches such as
those by Baumgartner et al. [36] in [20, 22] or spectral
cue analyses as demounstrated by Brown et al. [4] could
provide additional insights, the limited frequency range
of the target signals (1000-1300 Hz) constrains the appli-
cability of such approaches since spectral cues crucial for
localization typically occur between 2 and 16 kHz [4].

The same earmuff as in the current study was investi-
gated in the study of Laroche et al. [9]. An increased num-
ber of contralateral errors was found, but not in the same
dimensions as in the current study. A reason might be

the reduced number of used loudspeakers and directions
in their study. The directions that were critical in the cur-
rent study could have simply not been investigated. More-
over, the target signals in the current study were ramped
which typically decreases localization performance due to
missing onset cues. This factor could be another reason
for the different performances in the current study com-
pared to those of Laroche et al. [9]. However, we were
mostly interested in to what extent the level-dependency
of the hearing protectors affects localization performance
and if or how technical measurements are connected to
the performance. By eliminating the sharp onset cue, the
analysis and interpretation of the results could be focused
solely on the HPDs’ influence. In contrast to the study of
Laroche et al. [9], Brungart et al. [24] found reversed ILDs
in the frequency region of the tested warning signals with
one active earmuff as well. This supports the findings of
the current study. Nevertheless, a hidden defect within
the currently tested device cannot be excluded. A defect
can be very hazardous considering occupational safety
because it is not apparent for the user. This could lead
to an increased time in assessing the correct direction of
an approaching alarm-emitting vehicle and, consequently,
to an increased risk of accidents. Further investigations
with more copies of this earmuff and other HPD devices
are necessary to find out if the results with this earmuff
are an individual case or a more systematical problem.
The good fit of the hearing test data with the techni-
cal results suggests that the less complex investigation of
ILDs would be sufficient to check the devices.

Overall, the results regarding an improvement or
degradation of localization performance by using level-
dependent instead of conventional passive devices are
conflictive as indicated by the literature. The study
by Mlynski and E. Kozlowski [17] showed an improve-
ment, reduction or no difference between performances
depending on the used device. Larger differences between
the settings were found with their earmuffs than earplugs.
The results are in line with the current study, where the
seleted active setting was disadvantageous regarding con-
tralateral errors and AEs for the tested earmuffs, but
not the tested earplugs. With the earmuffs in active set-
ting, more and larger errors occurred, especially at the
higher level. Although reversal errors diminished in the
tested active compared to the passive setting with both
HPDs, this reduction likely reflects the overall localiza-
tion disruption rather than improved performance, as
severe angular errors and contralateral responses pre-
clude classification as simple front-back reversals. The
large number of contralateral errors with the active ear-
muffs leads to an increased risk concerning safety at
work since, typically, levels above 70 dB(A) are very often
present in occupational scenarios where HPDs need to
be worn. However, our findings are for two particular
examples of devices and one level-dependent setting each
only. We caution to generalize these finding on all level-
dependent settings and earmuffs or earplugs based only
on the presented results since their conservation of spa-
tial cues depends on the HPD’s physical characteristics,
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microphone processing as well as their processing algo-
rithms. Conducting this experiment again with several
level-dependent earmuff and earplug devices with differ-
ent characteristics would be beneficial to gain insight in
the specific influence of these characteristics on localiza-
tion performance with realistic alarm signals at certain
levels.

The type of target signal did not have an influence
on most HPD conditions. Former studies suggested that
broader bandwidths would lead to smaller localization
errors and fewer confusions (e.g., [7-9, 37, 38]). This led
to the assumption that the multi-tone with three main
frequency components (1000, 1150 and 1300Hz) in the
current study should have supported a better localiza-
tion performance than the tonal signal with only one
main frequency component at 1250 Hz (compare signals
in Fig. 1). However, the signal only made a difference
when comparing the earmuffs in active and passive setting
(Figs. 5 and 7). A reason for that could be that the three
frequency components of the multi-tone signal only span
a little more than one critical band, which may have lim-
ited the additional spectral information compared to sig-
nals with components distributed across multiple critical
bands. This could explain why signal-dependent effects
were observed only for some conditions. However, the
results suggest that in difficult hearing conditions like
with the tested passive earmulffs, localization performance
is better with a multi-tone than tonal signal. In con-
trast, easy scenarios like when listening with the tested
earplugs (that did not largely alter localization cues) are
not strongly affected by the type of warning signal. This
is underlined by the measured ILDs. The HPDs affected
the latter more in the tonal than the multi-tone signal.
This suggests that ILDs are more reliable for (warning)
signals with a broader frequency range. Moreover, dif-
ferences between the HPDs were more prominent in the
ILDs and participants’ results when listening to the tonal
signal. This is in line with the finding of Vaillancourt et al.
[19]. They used the same target signals and found smaller
differences in the performance between earplugs and ear-
muffs with the multi-tone than the tonal signal. Moreover,
the tonal signal increased the number of contralateral
errors, too, especially with passive earmulffs.

The measured ITDs (Fig. 9) with all HPD conditions
but the active earmulffs fit to the typical maximum values
that can be calculated according to [39] for a sphere with
a diameter of 17.5cm. In all these conditions, the maxi-
mum ITDs are driven by the distance of the two ears. In
contrast, in case of the tested active earmuffs, the sound
is picked up at the two microphones on the outside of
the cups which have a larger distance than the two ears.
Accordingly, the maximum ITDs are larger because they
depend more on the microphones that are further apart
than on the ears that are comparatively closer together.

Based on the results, the question rises why human
listeners would rely on the altered ILDs instead of the
ITDs when localizing the given warning signals. The
frequency content (1-1.3kHz) of the signals falls in
the transition region where neither I'TDs nor ILDs are

particularly reliable. Since the behavioral data cannot be
solely explained by the ILDs, it is possible that both cues
contribute equally to the localization difficulties, partic-
ularly when ILD and ITD modifications point towards
different directions, creating conflicting spatial informa-
tion that significantly impairs localization performance.
However, Wightman and Kistler [40] demonstrated that
ILD dominance over ITD depends critically on frequency
content. In their experiment, ILDs of broadband noise
became increasingly dominant the more low frequen-
cies were removed. The transition region between ITD
and ILD dominance began with a highpass filter at 1—
2.5kHz. Our stimuli fall precisely in this transition range
where ILD influence becomes substantial and where ITDs
become ambiguous. Additionally, the ITDs as well as
ILDs of the human listeners could have been more impov-
erished due to the noise than the technical data suggest
since participants do not benefit from an internal phase
inversion method. Additional analyses of ILDs derived
from the bandpass-filtered mixed signals showed a simi-
lar slope as the ILDs of the extracted target signals but
with lower magnitudes. These two approaches likely rep-
resent the upper and lower bounds of ILD information
available to participants, with the true perceptual ILDs
falling somewhere between these estimates.

The repeatability analysis provides crucial valida-
tion for interpreting the technical findings and addresses
potential measurement artifacts. The ILDs with open ears
showed asymmetric and unusually large values (20dB)
for certain angles, e.g., for signals arriving from 330°,
substantially exceeding the typical 7dB reported by [41]
for frequencies between 1 and 1.3kHz. These large dif-
ferences cannot be explained by the small measurement
error of 0.7dB with open ears. Additional measurements
with pink noise from all directions using the same mea-
surement setup confirmed the symmetry of the artificial
head and validated the setup for broadband signals. This
suggests that the large ILDs are specific to the tonal
alarm signal, which may interact differently with the arti-
ficial head’s acoustic diffraction patterns compared to
the broadband signals typically used in literature stud-
ies. Similar differences were found in [42]. Overall, the
excellent repeatability of ILDs in open ear conditions as
well as in active modes, combined with the symmetry
confirmed in broadband measurements, validates that the
measurement setup introduced only minimal systematic
error and ensures valid relative comparisons between all
HPD conditions.

Additionally, the repeatability analysis strengthens
confidence in the main findings regarding active earmuffs.
The systematic ILD reversals observed in these devices far
exceed the measurement uncertainty (£1.3dB), confirm-
ing that they represent acoustic processing effects rather
than measurement artifacts. Moreover, the consistency of
these effects across multiple refittings demonstrates that
the reversals are not fit-related but systematic character-
istics of the used active earmuffs. However, for passive
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modes, a high fit-related variability (£5-6 dB) shows the
need for a cautious interpretation of smaller ILD changes
and reflects the challenge of achieving consistent passive
HPD fit.

Beyond validating the measurement repeatability, this
analysis also addresses potential limitations of the phase-
inversion method itself since it has several limitations
including sensitivity to random loudspeaker and sound
field effects that can impact signal cancellation effi-
ciency. However, our repeatability analysis with identical
setups showed minimal variability between repetitions in
all measured conditions, confirming that these random
effects did not significantly impact our measurements.
Combined with the excellent IEC 60118-16 compliance,
this confirms the reliability of the ILD measurements with
the phase-inversion method and strengthens confidence in
the observed effects.

A further limitation of this study is the use of arti-
ficial head measurements rather than individual HRTF
recordings for ILD analysis. While individual HRTF's
would provide more personalized localization cues, pre-
vious research supports the validity of our population-
level approach. Genuit et al. [43] demonstrated that
monaural HRTFs in the horizontal plane showed sig-
nificantly less variation between different artificial head
measurement systems than between individual subjects,
suggesting that artificial head measurements can pro-
vide representative ILD patterns for group analysis. This
is particularly relevant for this study’s focus on sys-
tematic effects of the tested hearing protection devices
rather than individual localization performance. More-
over, this approach is advantageous from an HPD
design perspective, as it allows for reproducible device
comparisons.

5 Conclusions

This study investigated the influence of two electronic
level-dependent hearing protectors on localization per-
formance. According to the present results, the earplugs
tested in this study should preferably be worn at work-
places where auditory localization is critical because only
small decrements compared to open ears could be found.
In contrast, the performance with earmuffs used in our
study was clearly degraded. The level-dependent setting
even led to reversed ILDs at specific angles which was
worse with the tonal signal and at high signal levels than
with the multi-tone and at lower levels. These acoustic
changes that were consistent with the directional pat-
terns observed in the behavioral localization data suggest
that modifications in interaural cues contributed to the
observed localization performance changes. A reason for
the reversed ILDs might be the compressive behavior of
the level-dependent earmuff. The higher inaccuracy and
increased risk of contralateral errors in combination with
the reversed ILDs can lead to a wrong perception of an
incoming warning signal, potentially increasing the risk
of accidents.

Thus, it is important to check HPDs during their
development for changed interaural cues compared to
open ears. Further research is needed to see if the current
results are an individual case or more general problem.
The results can help to develop or enhance current local-
ization models to predict which HPDs should not be used
in localization-critical work environments.
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Supplementary material

Figure S1. Heatmaps of all HPD conditions and participants
for the multi-tone signal played back at 70 dB(A). Gray-
scaled pixels indicate the relative frequencies of the partici-
pants responses plotted against the true target angles.
Figure S2. Heatmaps of all HPD conditions and participants
for the multi-tone signal played back at 85 dB(A). Gray-
scaled pixels indicate the relative frequencies of the partici-
pants responses plotted against the true target angles.
Figure S3. Heatmaps of all HPD conditions and participants
for the tonal signal played back at 70 dB(A). Gray-scaled
pixels indicate the relative frequencies of the participants
responses plotted against the true target angles.

Figure S4. Heatmaps of all HPD conditions and participants
for the tonal signal played back at 85 dB(A). Gray-scaled
pixels indicate the relative frequencies of the participants
responses plotted against the true target angles.

Figure S5. Mean (dashed line) and standard deviation of the
angular error distributions with front-back correction for each
HPD condition pooled over all participants for the multi-tone
signal at 70 dBA.

Figure S6. Mean (dashed line) and standard deviation of the
angular error distributions with front-back correction for each
HPD condition pooled over all participants for the multi-tone
signal at 85 dBA.

Figure S7. Mean (dashed line) and standard deviation of the
angular error distributions with front-back correction for each
HPD condition pooled over all participants for the tonal sig-
nal at 70 dBA.

Figure S8. Mean (dashed line) and standard deviation of the
angular error distributions with front-back correction for each
HPD condition pooled over all participants for the tonal sig-
nal at 85 dBA.

Figure S9. Calculated ILDs for each HPD condition for the
multi-tone signal at 70 dB(A), either calculated out of the
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clean target signals (open ears, no background noise) or
extracted by the phase-inversion method.

Figure S10. Calculated ILDs for each HPD condition for the
multi-tone signal at 85 dB(A), calculated out of the extracted
target signals by the phase-inversion method.

Figure S11. Calculated ILDs for each HPD condition for the
tonal signal at 85 dB(A), calculated out of the extracted tar-
get signals by the phase-inversion method.

The supplementary data show heatmaps per condition, sig-
nal and level as in Figure 4, AEs per condition, sig-
nal and in Figure 6 and ILDs per condi-
tion, signal and level as in Figure 8. The material is

level as

available at https://acta-acustica.edp-sciences.org/10.
1051/aacus/2026002/0lm.
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