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Abstract

Headphones are commonly used in various environments including at home, outside and on public transport.
However, the perception and modelling of the interaction of headphone audio and noisy environments is relatively
unresearched. This work investigates the headphone listening experience in noisy environments using the perceptual
attributes of distraction and quality of listening experience. A virtual sound environment was created to simulate real-
world headphone listening, with variations in foreground sounds, background contexts and busyness, headphone
media content and simulated active noise control. Listening tests were performed, where 15 listeners rated both dis-
traction and quality of listening experience across 144 stimuli using a multiple-stimulus presentation. Listener scores
were analysed and compared to a computational model of listener distraction. The distraction model was found to be
a good predictor of the perceptual distraction rating, with a correlation of 0.888 and an RMSE of 13.4%, despite being
developed to predict distraction in the context of audio-on-audio interference in sound zones. In addition, perceived
distraction and quality of listening experience had a strong negative correlation of — 0.953. Furthermore, the busy-
ness and type of the environment, headphone media, loudness of the foreground sound and active noise control on/

off were significant factors in determining the distraction and quality of listening experience scores.
Keywords: Headphone rendering, Quality of listening experience, Distraction

1 Introduction

Headphones are a significant part of the daily life experi-
ence of most individuals; consumers in the USA and UK
own 2.4 pairs of headphones on average [1]. It is a com-
mon sight to observe users wearing headphones in vari-
ous contexts such as on the street, inside a bus, or in a
cafe. The history of the sonic interaction of the user and
the environment notes that listening technologies over
the years have become more individualised [2], giving
the user greater ability to adapt their auditory experience
— the possibility of personal soundscape curation [3, 4].
This can be exhibited in a process as simple as choosing
to wear or not wear headphones in a noisy environment,
or being able to turn active noise cancellation (ANC) on
or off.
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Headphones are often used in noisy environments,
which means there are two auditory components: the
headphone media (the content being listened to on
headphones) and the environment around the head-
phone user. These components interact and can impact
the listening experience. Research is needed to better
understand the perceptual effect of this interaction.
Réamo et al. [5] used a model based on auditory masking
to simulate how the ambient environmental noise could
mask musical signals. This model was then used to
improve equalisation for headphone listening in noisy
environments [6]. Haas et al. [3] conducted a focus
group with ten people to determine the main effects
of this interaction, and used these in an online survey
with a larger participant pool, identifying the need for
users to be able to modify their perceived soundscape.
Furthermore, both the headphone media and the envi-
ronment sound are dynamic in the real world [3], which
means the interaction and its perception is complex. A
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real-time computational model of perceptually relevant
factors that can track these varying conditions could
assist in improving the overall listening experience.

This interaction of headphone media and environ-
ment could be considered to be a target-interferer
paradigm, similar to the audio-on-audio interference
experienced in sound zones (where there is target audio
in the presence of interferer audio). Francombe et al.
[7] elicited attributes to evaluate audio-on-audio inter-
ference in sound zones, discovering four most salient
attributes: distraction, annoyance, balance and blend,
and confusion. Using principal component analysis it
was found that distraction accounted for the majority
of the variance in describing the effect of audio-on-
audio interference. Further work by Francombe et al.
[8, 9] resulted in a perceptual model to predict this per-
ceived distraction. Features selected to contribute to
this model included the root mean square (RMS) level
of the left ear of the target, the interference-related per-
ceptual score (IPS) from the PEASS (Perceptual Evalu-
ation for Audio Source Separation [10]) toolbox, and
the loudness ratio of target and interferer (TIR). A real-
time model based on this work was subsequently cre-
ated by Rdmo et al. [11, 12]. These perceptual models
were created to predict distraction in audio-on-audio
applications as opposed to the audio-on-noise situation
of headphone listening in noisy environments. Whilst
these can be considered similar in terms of the target-
interferer paradigm and the possibility to separately
measure the levels of each of these using headphones
with externally mounted microphones (as used for
ANC), research is needed to determine whether the
existing models can be directly applied to the differing
context and signal types (noise instead of audio as the
interferer), or whether modification is required.

It is also essential to understand how the headphone-
environment interaction also affects the overall qual-
ity of the listening experience (QoLE), an attribute that
incorporates all factors critical to the individual assessor
[13]. A significant factor in listeners’ dissatisfaction with
current headphones is insufficient noise cancellation
[14]. Hence it is likely that the distraction caused by the
headphone-environment interaction affects the QoLE.
Research is therefore needed to determine the magnitude
of this effect, and the relationship between perceived dis-
traction and QoLE. If these attributes are closely related,
then it is also possible that a perceptual model of dis-
traction could meaningfully contribute to predictions of
QoLE. A perceptual model that assists in the prediction
of QoLE could be used as a design tool or to assist with
real-time optimisation of headphone audio.

Therefore, this research aims to answer the following
questions.
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+ How do the interactions of various environmental
factors and headphone media properties affect the
perceived distraction and quality of listening experi-
ence (QoLE) of participants?

+ How does the perceived distraction relate to QoLE
for headphone-environment interference?

+ How well do distraction models developed for audio-
on-audio interference predict the perceived distrac-
tion and QoLE for headphone-environment interfer-
ence?

By answering these questions, this research contributes
new understanding of the user experience of headphone
listening in noise and the extent to which the attribute
and model of distraction can describe this experience.
With this understanding, a system that can gauge and
respond to the perceptual effect of changes in environ-
mental audio to the headphone listening experience can
be envisaged.

The paper is organised as follows. Section 2 describes
the experimental stimulus parameters, virtual sound
environment, headphone media, and listening test design
used to elicit ratings of perceived distraction and QoLE
for a range of simulated headphone-environment stimuli.
The results obtained from the listening test are then ana-
lysed and discussed in Section 3, before conclusions and
potential future work directions are given in Section 4.

2 Methodology

In order to investigate the effect of the properties of the
environment sound and headphone media on perceived
distraction and quality of listening experience (QoLE),
the experiment needed a method to create and reproduce
environmental sound so that it, and its synchronisation
with the headphone audio, was identical for each trial.
The parameters used for the experiment are discussed
in Section 2.1, the method of recording and reproduc-
ing the environmental sound is discussed in Section 2.2,
the headphone media selected is discussed in Section 2.3,
and the listening test design is discussed in Section 2.4.

2.1 Environmental sound and headphone media
parameters

The first research question asks how the interactions of
various environmental factors and headphone media
properties affect the perceived effect. There are poten-
tially an infinite number of combinations that could be
included in the experiment, so previous research was
used to determine the most important categories of envi-
ronment sound and headphone audio that could affect
the perceived result.

Research into urban sound quality by Maffiolo [15]
indicated that environment sounds can be considered to
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be event sequences (isolated sounds that are processed
based on their meaning or source), or textural/amor-
phous sequences (processed as a whole as they cannot be
separated into individual events). Similarly, Guastavino
[16] categorised environmental sound into source events
and background noise. This separation of foreground
events from background noise has subsequently been
widely used (e.g. [17-20]).

This foreground-background categorisation was used
as the basis for the construction of the experiment stim-
uli, together with an intended context to help with the
plausibility of the simulated environment sound, as well
as the headphone media selection.

« Context: the overall scene that dictates the audio con-
tent of the simulated environment that surrounds the
headphone wearer [21], for example a street would
have a different set of encountered sounds compared
to a classroom.

o External foreground elements (EF): the salient audio
events that can affect the user’s interaction with
their surroundings, e.g. nearby talking or car/train
announcements [15, 16]. Parameters of these that
could affect the headphone listening experience
include direction of arrival, loudness or sound pres-
sure level (SPL), and spectrum and dynamic range
[22].

o External background elements (EB): the relatively
continuous and less separately-identifiable compo-
nents of the scene, that are likely to be more textural
in nature [15, 16]. Relevant parameters include the
average background noise levels and spectrum [22].

o Headphone media (HM): the media playing in the
headphones. The relevant parameters include: the
loudness of the headphone media [23]; spectrum and
dynamic range (which to a degree can be conflated
with the genre or type of the content) [22]; and the
stereo or spatial nature of the headphone media con-
tent.

The parameters chosen for the experiment were as fol-
lows. These are summarised in Table 1.

1 Context and foreground elements: Three contexts
were selected (home, street, and public transport), as
these are the most common environments for head-
phone usage [1, 3]. A single foreground element was
selected for each context that would plausibly be a
loud and close element in that scene (vacuum cleaner
for home; jackhammer for street; and announcement
for public transport).

2 Busyness of background element: It is known that the
loudness of the environment has a significant effect

(2022) 2022:30

Page 3 of 14

Table 1 List of parameters for the experiment along with the
number of choices and the level names

Parameter Number Level names
Contexts 3 Home, street, public transport
EF object 1 (per context) Home: Vaccum cleaner
Street: Jackhammer
Public transport: announcement
EB busyness 2 Busy, and not busy
EF distance 2 Close and distant
EF spatial positions 2 0° and 90°
H media program 3 Pop, Classical, and Radio Drama
H ANC 2 ANC on and ANC off

on the headphone listening experience (e.g. [24, 25]).
To manipulate the environment loudness in a plausi-
ble manner, the busyness of the background element
was changed in each context as follows: home -
empty vs busy kitchen; street — quiet vs busy; public
transport — quiet train vs busy underground train.

3 Environmental foreground loudness: The foreground
element will also have a significant effect on the
loudness of the simulated environment, so this was
changed independently of the busyness of the back-
ground element. To maintain the plausibility of the
resulting scene, the foreground element varied in
both loudness and distance, with the further being
6dB lower in level.

4 Environmental foreground position: It is known that
the relative position of target and interferer sounds
can have a significant effect on masking and intel-
ligibility [26, 27]. To investigate the effect of this on
headphone-environment interference, two fore-
ground positions were used: front; and left.

5 Active noise cancellation (ANC): ANC is highly ubiq-
uitous today and significantly affects the headphone
user’s perception of the loudness of the environment
(1, 3]. As noted above, the loudness of the environ-
ment has a significant effect, so this was included as an
additional variable in the experiment (ANC on or off).

6 Headphone media program: Previous experiments
have indicated that the properties of the headphone
media also affect the listening experience, due to fac-
tors such as the loudness and dynamic range [24, 25].
Therefore three program items were selected with a
range of loudness and dynamic range: pop, classical,
and radio drama.

2.2 Virtual sound environment
For this experiment the environment sound needed to
be consistent between identical trials, which required
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the capture and reproduction of sound scenes using a
virtual sound environment (VSE). The goal was to gener-
ate realistic sounding environments to closely mimic the
perception of real world environments for each context.
Loudspeaker-based VSEs have been used previously for
testing hearing aids [28, 29], and benefit from clear exter-
nalisation unlike some binaural simulations [30].

Based on Oreinos et al. [29], the created VSE combined
features of higher order Ambisonics (HOA) and nearest
loudspeaker (NLS) rendering. HOA was used to record
and reproduce the background elements to give a homo-
geneous rendering of a real environment. NLS was used
to reproduce the foreground elements, allowing clear
variation of distance, perceived location and located-
ness. Based on [29], the created VSE combined desirable
features of higher order Ambisonics (HOA) and nearest
loudspeaker (NLS) rendering. HOA (third-order) was
used to record and reproduce the background elements.
This allowed real-world spatial recordings to be used,
giving a realistic background that directly included the
spatial direction, distance and source width cues from
the recorded scene. To increase the flexibility of the back-
ground rendering [32], NLS was used to reproduce the
foreground elements. This ensured that the foreground
elements could be varied independently of the HOA
background content, while avoiding any timbral quality
and localisation issues that may have arisen from spatial
processing (to achieve panning and distance perception,
for example).

2.2.1 Stimulus recording

The background elements were sourced from HOA
recordings. The quiet and busy street recordings were
taken from the Eigenscape dataset [31] (10 s excerpts
from the files, QuietStreetl.wav, and BusyStreet8.wav
in the dataset). The home recordings were made using a
Zylia ZM-1 microphone at one of the co-author’s homes.
For the quiet scenario a quiet afternoon was chosen,
and for the busy scenario the recording was made in the
kitchen with the dishwasher, washing machine, as well as
the sink on, indicative of a busy home atmosphere. The
train recordings were made using a Zylia ZM-1 micro-
phone: for the quiet scenario, recordings were made on
a national train between two nearby stations; for the busy
scenario, recordings were during the daytime on the Bak-
erloo line (one of the noisiest lines of the London Under-
ground [32]).

The foreground element sounds (vacuum cleaner, jack-
hammer and railway announcement) were sourced from
freesound.org. To make sure that these sounds acousti-
cally blended into the scene, the foreground object sig-
nals were convolved with ambisonic reverberation of a
similar background element: these reverberation impulse
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responses were sourced from the ARTE dataset [33]. The
foreground element was reproduced from a single loud-
speaker (using NLS), and the reverberation was added to
all loudspeakers (using HOA).

The ANC was simulated by filtering the foreground
and background elements to simulate the ANC of state-
of-the-art headphones (Sony WH-1000XM4), using the
target frequency dependent attenuations sourced from
rtings.com'. The target response was matched visually
using the 10-band graphical EQ provided in the Digital
Audio Workstation Reaper?, and used to filter all external
environment sounds, i.e. both the environmental fore-
ground and background. Even though the headphones
used in the experiment had their own ANC, the afore-
mentioned technique was used to ensure a streamlined
and fully double-blind experimental protocol, avoiding
participants changing hardware ANC settings during the
experiment. While this approach is likely to outperform
practical ANC implementations, which cannot converge
fast enough to apply to transient sounds as effectively as
steady state ones, our main goal was to gauge the over-
all effect of ANC on distraction and quality of listening
experience independently of the ANC implementation
on a specific product.

The VSE was created in a listening room that conforms
to ITU-R BS 1116 containing a 22.2 loudspeaker setup,
using 22 Genelec 8330A loudspeakers and 2 Genelec
7350A subwoofers [34]. Two additional loudspeakers
were added for the close EF object positions, one in front,
and one on the left side, 1 m from the listener’s position.
Acoustically transparent but visually opaque curtains
surrounded the participant so that they were not influ-
enced by being able to see the loudspeaker locations [35,
36].

2.2.2 Calibration and reproduction

To maintain the plausibility of the stimuli and the exter-
nal validity of the experiment, the environmental sounds
needed to be reproduced at a realistic sound pressure
level (SPL). The literature on urban soundscapes indi-
cates that the SPL of street scenes can vary from 55.8 to
95.0 dBA SPL [37-39]. Research into overground and
underground trains indicate that the former are gener-
ally quieter, with a range of between 54.0 and 67.8 dBA
SPL for overground trains [40—42] and between 75.1 and
104.5 dBA SPL for underground trains in London [32].
Home environments are often quieter, but can cover a
range of between 35.0 and 85.0 dBA SPL, including the
noisiest conditions with multiple appliances running in
the kitchen [43-45].

! https://www.rtings.com/headphones/1-5/graph#16490/7981

2 https://www.reaper.fm/
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Table 2 Average SPL (in dBA) measurements of the VSE stimuli. The foreground element conditions are F - front position; S - side

position; C - close and louder; D - distant and quieter

dBA

Quiet street Busy street Quiet train Busy train Quiet home Busy home
ANC off + FC 79.8 82.8 64.2 872 61.7 79.8
ANC off 4 SC 799 82.7 64.3 87.3 61.8 79.9
ANC off 4+ FD 66.1 789 588 82.1 574 754
ANC off 4+ SD 65.9 79.1 58.7 82.1 57.2 75.6
ANCon + FC 753 76.8 56.1 766 553 732
ANC on + SC 753 76.8 56.1 76.8 554 734
ANCon + FD 60.8 70.5 54.8 734 53 70.1
ANC on + SD 60.4 70.6 54.7 735 53.1 70.1
Table 3 Headphone media chosen to be used for the experiment, along with the exact timestamps
Genre Artist Media chosen Time stamps Sound level

at ear (dBA)
Pop Billie Eilish Bad Guy 1:29-1:39 80
Classical Gustav Mahler, Berlin Philharmonic and  Mahler: Symphony No. 8 in E-flat major ~ 2:45-2:55 80
Claudio Abbado “Alles Vergangliche”

Radio Drama Eloise Whitmore, BBC The Turning Forest 0:12-0:22 80

Table 2 presents the SPL measurements of the VSE (in
dBA), averaged over the duration of each stimulus. These
measurements were made using an NTI Acoustilyzer
AL1 and miniSPL microphone placed at the approximate
ear height of a participant at the centre of the listening
room. It can be seen that the values for each condition
without ANC applied fall with the target ranges outlined
above.

2.3 Headphone media
The headphone media being listened to is an important
part of the listening experience. The literature shows that
the presence of environmental sound usually degrades
the headphone listening experience, and users will often
increase the loudness of the headphone media to com-
pensate [24, 25]. However, the characteristics of the head-
phone media are likely to have an effect on the result.
Shimokura and Soeta [24] compared vocal and instru-
mental music, highlighting that extracts that were quieter
or had larger dynamic range resulted in the participants
increasing the headphone level more when listening
in the presence of train noise. Wash and Dance [25]
found that the level was increased more for speech than
music when in the presence of underground train noise.
Therefore, the headphone media programs selected cov-
ered both music and speech, and with varied dynamic
range. The extracts chosen were pop (a wide frequency
range and a small dynamic range); classical (densely

orchestrated choral and orchestral performance with a
wide frequency range and a large dynamic range); and
radio drama (both speech and musical elements with a
large dynamic range). Table 3 lists the excerpts chosen for
the listening experiment. These excerpts were presented
to the listeners at an average SPL of 80 dBA at each ear
(measured using a KEMAR head simulator), based on a
comfortable listening level and guidelines for safe listen-
ing of personal devices [46].

2.4 Listening test design

The stimuli presented to listeners consisted of simultane-
ous reproduction of the VSE (using a 22.2 arrangement
plus 2 additional loudspeakers for the close foreground
elements) and the headphone media (using Bang & Oluf-
sen BeoPlay HX headphones). A full-factorial experiment
was conducted using the factors shown in Table 1: 3 con-
texts, 2 states of EB busyness, 2 states of EF loudness, 2
EF spatial positions, 2 states of ANC, and 3 headphone
media programs. This led to 144 combinations in total.
Each stimulus was 10 s long, giving a minimum time to
audition all stimuli of 1440 s or 24 min.

The listening tests were conducted using a multiple-
stimulus grading test, with 10 stimuli per page. An
explicit reference was included that was the pop track
headphone media without added environmental noise. A
hidden reference was included on each page, as was an
anchor stimulus that was selected for having the highest
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Fig. 1 Presentation of the VSE stimuli to the listener in the
experiment

distraction model score. The other stimuli on each page
were randomised across sliders and pages for each par-
ticipant to reduce systematic bias effects caused by con-
sistent co-location of stimuli (Fig. 1).

The participants were asked to rate distraction and
QoLE in separate sessions completed on separate days;
the order of these sessions was randomised. The partici-
pants were asked to imagine that they want to listen to
the headphone media in the context evoked by the envi-
ronmental sound. For distraction, the participants were
asked: how much does the external environmental audio
distract you from your headphone listening experience?
The answer was scaled from 0 to 100, where 0 = not at all
distracting and 100 = overpowered. For QoLE, the par-
ticipants were asked: how do the various environmental
sounds involved impact the overall quality of the listening
experience? The answer was scaled from 0 to 100, where 0
= low quality and 100 = high quality.

The listening test interface was developed using
HULTI-GEN version 2 [47, 48], and is shown in Fig. 2.
Before each test the participants undertook a familiari-
sation stage. This allowed the participants to listen to all
the headphone media in the listening test with a range
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of environmental sound from none to the loudest in the
test. The participants were informed that if they found
the familiarisation stage to be uncomfortably loud, they
could withdraw from the rest of the test. The familiari-
sation also allowed the participants to become familiar
with the user interface and the rating scale used in that
session of the experiment.

Fifteen participants undertook the experiment, and on
average they took between 30 and 45 min to complete
each session of the listening test. These participants were
trained listeners who reported no significant hearing loss,
aged between 18 and 30, mostly from the Institute of
Sound Recording, University of Surrey.

3 Results

Using the methodology mentioned in the above section,
15 participants undertook the listening tests to gather
both distraction and QoLE ratings. Informal conversa-
tions with the participants indicated that they found the
stimuli to be realistic and that they had previously expe-
rienced similar headphone-environment interactions,
especially the busier environments such as the busy train
and street. They also felt that the different tasks — rat-
ing distraction or QoLE — made them focus on different
parts of the listening experience. When they were grad-
ing distraction, they reported that they focused more
on the source of distraction (the external environment),
whereas when QoLE was being graded they reported that
they focused on the headphone media itself and the over-
all experience.

3.1 Data pre-processing

Along with the distraction and QoLE ratings for the
144 stimuli with varying parameters, the listening test
acquired multiple ratings for the reference and anchor
stimuli, which could be used to judge the accuracy of
the participants’ understanding of the task presented
to them. If there are errors in judging the reference by
a participant, this could indicate that the participant
has misunderstood the task. For QoLE, one subject was
eliminated because they had an average error of more
than 10 points from the expected value for the reference.
For distraction, all participants correctly identified the
reference; however, three participants were eliminated
because they had an average error of more than 10 points
across multiple ratings of the anchor stimulus. Based on
these thresholds, the distraction ratings have 12 valid
participants, and the QoLE ratings have 14 valid par-
ticipants. The results for each stimulus were examined
for normality of distribution using Kolmogrov-Smirnov
tests, and it was found that all results apart from the ref-
erence and anchor had a normal distribution.
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Rate the distraction from 0 (least distraction) to 100 (most distraction) compared to the reference
Ref
1 2 3 4 5 6 7 8 I 10 |
High 100 — — — — — — — — —
High
80 — — — — — — — — —
60 — — — — — — — — —
40 — — — — — — — — —
20— — — — — — — — —
Low
Low O s s —— m— S— S— S— S— S—
0. J[o. ][o. ]Jo. [[o- Jfo- J[o- J[o- ][0 ] Next
Trial 1 of 16
Exit Test ‘))
P
Applied Psychoacoustics Laboratory
The University Of Huddersfield Settings
Fig. 2 Interface for the MUSHRA based grading of stimuli presented to listeners [47, 48]

Table 4 The statistical significance and partial 2 values resulting from the analysis of variance for the distraction scores and QoLE,

where the statistical significance was <0.001

Source Distraction Score Sig. Distraction Score Partial  QoLE Score Sig. QoLE

n’ Score

Partial 2

Busyness <0.001 0454 <0.001 0493
Context <0.001 0.026 <0.001 0.008
ANC <0.001 0214 <0.001 0217
Busyness * ANC <0.001 0.052 <0.001 0.062
Context * HeadphoneMedia <0.001 0.017
Busyness * Context * ANC <0.001 0.011 <0.001 0.013
Busyness * Context * EF Loudness <0.001 0.012 <0.001 0.010

3.2 Parameters affecting the distraction and quality
of listening experience

The experiment examined the effect of parameters of the
environmental audio and headphone media on the per-
ceived distraction and QoLE. The parameters included
context, busyness, foreground sound event spatial posi-
tion and distance/loudness, ANC On/Off, and the
headphone media program. A multivariate analysis of
variance (ANOVA) was undertaken to determine which
parameters had a significant effect. The factors and inter-
actions with statistical significance <0.001 are shown in
Table 4.

It can be seen that the parameters that had the larg-
est effect on the results (based on the partial 7> values)
were the busyness of the environment, and the ANC
being on or off. This effect can be observed in Fig. 3a
and b. However, it can be seen from these figures, and
the statistically significant interaction between busy-
ness and ANC, that the ANC has less effect on the
results for the quieter contexts. When the environment
is quieter the ANC provides less advantage. The context
had a much smaller effect, with the train stimuli being
rated more distracting than the street and home stimuli
in turn.
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Fig. 3 Distraction and QoLE ratings across stimuli. This plot provides the variation of the distraction and QoLE ratings through all the stimuli, and
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There are two three-way interactions shown in Table 4.
The interaction between busyness, context and ANC
shows more detail about the two-way interaction men-
tioned above; investigation of post hoc tests indicated
that the ANC had no statistically significant effect for the
quiet train stimuli, again highlighting that ANC has less
benefit in quieter situations. Examination of the post-hoc
tests of the interaction between busyness, context and
the foreground element loudness indicated that the fore-
ground element had minimal effect for the busy scenes,
and a much greater effect for the quiet scenes. This sug-
gests that the characteristics of the foreground elements
are more important when they are in relative isolation —
in a busy scene their perceptual importance is reduced by
the presence of loud background elements.

The headphone media only had a significant effect
on the QoLE results as an interaction with the context.
Examination of the post-hoc tests indicated that this pre-
dominantly occurred with the train context; the stimuli
containing the pop program were rated as having lower
distraction than the stimuli with either the classical or
radio data programs. This may be explained by the pop
track masking the environmental sound more effectively
due to its lower dynamic range and wide frequency range.

Finally, the only parameter not to appear in Table 4 is
the spatial position of the foreground element; it appears

that this did not significantly affect either the distraction
or QoLE ratings.

3.3 QoLE vs perceived distraction
The second research question asked about the relationship
between the perceived distraction and QoLE, to give an indi-
cation of the importance of distraction on the overall listen-
ing experience of headphone media in environmental noise.
A scatter plot of the means of the distraction ratings
against the QoLE ratings for each stimulus is shown in
Fig. 4. It can be seen that these are highly negatively cor-
related in this experiment. Calculation of the Pearson
correlation coefficient between the means of the ratings
for each stimulus gave a result of r = — 0.953. This result
demonstrates a best-case scenario, where the parameters
in the experiment were mostly selected because they
were expected to affect the perceived distraction. It is not
anticipated that there will be such a close relationship
for all headphone-environment interactions, particularly
with a wider range of headphone media. However, this
result demonstrates that factors that affect perceived dis-
traction can also have a significant effect on QoLE.

3.4 Distraction model vs distraction and QoLE scores
Each stimulus was recorded using a KEMAR head and
torso simulator — the headphone media and the VSE both
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separately and combined — as inputs to the real-time dis-
traction model [11]. In this case the headphone media is
viewed as the target and the VSE as the interferer; these
were used to calculate the modelled distraction against
which the distraction and QoLE ratings were compared.

Figure 5 shows the perceived distraction ratings (Distrac-
tion Score) against the modelled distraction (Distraction
Model). It can be seen that there is a positive correlation
between the distraction model and the obtained distrac-
tion ratings. A Pearson correlation undertaken between the
model results and the means of the distraction ratings for
each stimulus gave a result of » = 0.888.

The figure also contains a fit line, obtained using linear
regression over all the distraction rating values to find a fit
between the distraction model and the distraction rating.
This shows that the distraction model results can be fitted
to the distraction ratings using Eq. 1, where D is the mean
distraction rating and M is the distraction model output:

D =0.86%M + 11.91 1)

Even without this fitting equation, the distraction model
shows a good fit to the means of the distraction rat-
ings in this experiment. The original distraction model
achieved a root-mean-square error (RMSE) between the
model results and the means of the subjective distrac-
tion ratings of 9.92% for the training stage, and for the

three validation stages: 13.98%, 12.84%, and 19.27% [9].
The real-time version of the model achieved an RMSE
of 10.2% and 12.6% for the two validation zones [11]. In
comparison, for this experiment the real-time distraction
model achieved an RMSE of 13.4% for the means of the
distraction rating; this compares favourably to the vali-
dation RMSE scores of the original model. In addition, if
the results are scaled using Eq. 1, the RMSE reduces to
10.12%, comparing favourably to both studies.

This indicates that the distraction model developed
for perceptually optimised sound zones by Francombe
et al. [8, 9] and modified for real-time calculation by
Ramo et al. [11], gives useful predictions of perceived
distraction for headphone listening in noisy conditions.

The distraction model results versus the QoLE ratings
is shown in Fig. 6. As may be expected due to a high cor-
relation between perceived distraction and QoLE, and
between the distraction ratings and modelled distraction,
the Pearson correlation coefficient between modelled
distraction and the means of the QoLE ratings is also
relatively high: r = — 0.875. Once the QoLE ratings were
transformed by subtracting each QoLE rating from 100,
the RMSE between the modelled distraction and means
of the QoLE ratings for each stimulus was 15.27%.

As mentioned above, this is a best-case scenario, with
stimuli mostly selected because they are expected to
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affect the perceived distraction, hence there is a strong
relationship between distraction and QoLE in this exper-
iment. However, this result indicates that the distraction
model could be used to predict the distraction-related
elements that contribute to QoLE, and hence could con-
tribute to a larger model of QoLE or be used to help
optimise the distraction-related elements that could neg-
atively affect the perceived quality of headphone media in
the presence of environmental noise.

4 Conclusions and future work

The experiment described in this paper set out to inves-
tigate: the effect of headphone-environment audio inter-
actions on perceived distraction and quality of listener
experience (QoLE); the relationship between perceived
distraction and QoLE; and the ability of distraction mod-
els to predict perceived distraction and QoLE. The results
have demonstrated the following.

+ Of the various parameters affecting the headphone-
environment interaction and the listening experi-
ence, the busyness of the environment and the ANC
on/off conditions have the largest effect. The context,
headphone media, and foreground element loudness
also had an effect in combination with the busyness
and ANC settings. The spatial location of the fore-

ground element was the only parameter that did not
affect the distraction or QoLE ratings.

Distraction and QoLE ratings in this experiment were
highly negatively correlated, with a Pearson correlation
coefficient between the means of these for each stim-
ulus of r = — 0.953. This is a best-case scenario given
that the stimuli varied predominantly in a manner that
affected the perceived distraction, but indicates that
stimulus properties that affect perceived distraction can
have a significant effect on the perceived overall quality.
The distraction model results were fairly well cor-
related with the means of the distraction ratings
(r = 0.888) and QoLE (r = — 0.875). In addition,
the RMSE between the modelled distraction and
distraction ratings was 13.4%, similar to that of the
validation experiments in the original distraction
model literature. This indicates that even though
the model was developed for audio-on-audio inter-
ference, it works well for headphone-environment
audio interference. The RMSE between the mod-
elled distraction and QoLE was higher at 15.27%,
and as above this is a best-case scenario for QoLE
but indicates that the distraction model could con-
tribute to a larger model of QoLE or be used to help
to optimise the distraction-related elements that
affect perceived audio quality.
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The future implications of this work indicate that the
distraction model can be used to predict the perceived
distraction and distraction-related elements of the
quality of headphone-environment audio interaction,
and could contribute to automated optimisation of
these parameters. It would be possible to test and vali-
date techniques to minimise distraction (e.g. equalisa-
tion [6]) using the distraction model, and hence use this
to drive optimisation of the headphone listening expe-
rience in noisy conditions.

The results also indicate that the position of the fore-
ground environment sources may not be important in
influencing the distraction or QoLE. However, only two
positions were used in this experiment; it would be per-
tinent to examine whether this is true for a wider range
of positions. Furthermore, the directional nature of the
ANC is another area that can be explored with regards to
bringing the overall experience closer to real-life stimuli.

This test involves the headphone media being used as the
target listening task. However, in a lot of cases, the envi-
ronment might be an important target for the headphone
user to focus on, especially in traffic/train situations, where
certain stimuli (like vehicles or announcements) might
require a user’s attention. Previous work done on such situ-
ations have indicated how headphone listening can impact
the user’s perception of the environment, potentially even
causing catastrophic results [49-51]. These results can be
used to develop systems and models to gauge and improve
the quality of headphone listening experience based on
changes in the external environment. This area of research
would be useful to investigate to understand how to opti-
mise the overall experience of headphone listening in noisy
environments.
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