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ABSTRACT

With an increase in the consumption of mobile media, audio is being consumed in a range of contexts. The
literature describes several techniques to improve the experience of mobile listening by utilising information about
the environmental noise of the listening environment, however, none of the previous work utilises object-based
audio. This paper investigates the possibility of using object-based audio to improve the experience of mobile
listening by investigating whether environmental noise influences preference of background-foreground audio
balance. A listening test was carried out in which listeners were asked to adjust the background-foreground balance
to their preference whilst in the presence of reproduced environmental noise. It was found that environmental noise
can have a significant effect on preferred background-foreground balance.

1 Introduction

As mobile devices become increasingly integrated into
everyday life, more and more people are consuming
audio content in a wide variety of contexts [1].
Whether it be on a train or in a café, the characteristics
of the context that the user is in are likely to influence
the perceived experience of the content they are
consuming. With a growing interest in object-based
audio [2], a greater number of options for adapting
content on the user’s end are possible. For example,
with object-based content the user could have control
of dialogue and background music levels in order
to adjust the mix to their preference. An interesting
question therefore arises of whether it is possible
to optimise the listener’s quality of experience by
adapting audio content to the listening environment,
utilising object-based content.

In this paper, one aspect of this broad question is stud-
ied. We investigated if environmental noise, i.e. sound
related to one’s listening environment, influences lis-
tener preference of background-foreground audio ob-
ject balance for broadcast audio content. Additionally,
it was investigated whether this is influenced by re-
production method, namely, stereo headphone versus
dynamic binaural reproduction. To answer these ques-
tions a listening experiment was conducted. Environ-
mental noise was reproduced via ambisonics in a con-

trolled listening environment and participants were re-
quired to adjust the balance of background-foreground
audio objects to their preference for various audio clips
and the two reproduction methods. Results presented
here give insight into how object-based audio could
help improve the quality of experience of mobile listen-
ing.

2 Related work

A range of previous studies have looked at the influence
of environmental noise on the use of mobile devices
and how these devices can automatically adapt to im-
prove the quality of experience. For example, Reis
et al. [3] developed and evaluated a prototype sys-
tem that utilises inbuilt microphones on regular mobile
devices to adjust the volume of communication and
media applications according to different aspects of
context, whilst considering user preferences. As well
as using environmental noise as a contextual variable,
they also considered users’ hearing capabilities. A
slightly different approach was taken by Mason et al.
[4]. They developed a system known as ‘personalised
compression’ that adapts the dynamic range of the au-
dio being played according to the environmental noise
in the listening situation. To investigate the relation
between environmental noise and preferred loudness
range, Kean et al. [5] conducted an experiment in
which participants were asked to adjust the loudness
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of audio content whilst listening in the presence of re-
produced environmental noise, for both headphone and
loudspeaker listening. By comparing loudness changes
of the content to gain changes made by the listeners,
they produced compensation slopes, which describe the
preferred level of loudness compensation for different
conditions.

2.1 Object-based audio

In this paper, we build on the previous work by investi-
gating the use of object-based content in the adaption
of audio to environmental noise. Object-based audio is
a method of representing sound as separate elements
with corresponding metadata, so that the objects can be
rendered with a large degree of flexibility at the user’s
end [6][7][8]. One advantage of this is the opportunity
for greater personalisation, as demonstrated by Mann
et al. [9][10]. They experimented with an object-based
audio broadcast of a live football match where listeners
were given audio feeds from opposite ends of the sta-
dium together with a commentary feed and were able
to mix the balance to suit their preference. Roughly
three quarters of listeners preferred the object-based
experience compared to traditional radio coverage. An-
other advantage, as mentioned by Parmentier [2], is
cleverer adaption to environmental noise. One such
adaption could be to adjust background and foreground
object levels in a mix (such as crowd vs. commentary)
to better suit the listening environment.

2.2 Background/foreground distinction

The concept of background and foreground audio scene
components has previously been discussed by Rum-
sey in relation to his scene-based paradigm for spatial
quality evaluation [11][12]. Foreground components
consist of localisable objects whereas background com-
ponents consist of diffuse or environment-related as-
pects of the scene. Another interesting view on audio
object classification comes from Shirley and Oldfield
in the context of improving the TV experience for hard
of hearing users [13]. They suggest that that diegetic
sounds that are critical to the narrative of the program
should be treated differently to the background “noise”
- i.e. objects that are not important to the narrative.
From this they propose three categories of sound ob-
jects - speech content whose comprehension is critical,
background noise that has been shown to be detrimen-
tal to both clarity and to perceived overall sound quality,

and other non-speech sounds that are considered impor-
tant to comprehension and/or enjoyment of the material.
In this study, a combination of these two classifications
is used; foreground objects are important to the nar-
rative and generally localisable whereas background
objects are non-critical to the narrative and generally
more diffuse.

2.3 Environmental noise reproduction

In order to have full control of the environmental noise,
this study was carried out in a laboratory setting. This
therefore posed the challenge of realistically reproduc-
ing environmental noise in a listening room. A range
of studies from the field of soundscapes have inves-
tigated how to reproduce environmental noise in an
ecologically valid way. Guastavino et al. [14] state
that it is necessary to provide both a neutral visual en-
vironment and a good sense of spatial immersion in
order to ensure ecological validity when reproducing
urban environmental noise. One method of providing
a good sense of spatial immersion is through ambison-
ics - a reproduction method that works by capturing a
loudspeaker-independent 3D representation of a sound-
field and decoding this to a loudspeaker array. Studies
have shown [14][15] that ambisonics can successfully
reproduce soundscapes in the sense of semantic evalua-
tion, that is, similar semantic categories are elicited by
reproduced soundscapes as in-situ soundscapes. There-
fore in order to reproduce realistic environmental noise
in this study, ambisonic reproduction was used.

3 Experimental Design

The method used for this experiment was a method of
adjustment whereby participants were asked to adjust
the background-foreground balance and overall listen-
ing level of three audio excerpts for multiple conditions.
The conditions consisted of four environmental noise
conditions and two reproduction methods. The follow-
ing sections describe these in more detail before the
test procedure is outlined.

3.1 Environmental noise

In order for the results to have ecological validity it
was important to choose environmental noise clips that
correspond to realistic use cases for mobile audio lis-
tening. With that in mind, two scenarios were chosen:
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a café type environment and an underground train en-
vironment - both situations where mobile listening is
common. Table 1 outlines the properties associated
with the noise clips. As well as representing different
use cases, the two clips were chosen to be spectrally
different, as seen in Figure 1; the train environment has
more high frequency content than the café environment
and is seen to be more tonal. The clips were trimmed so
as to be spectrally consistent throughout their duration.
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Fig. 1: Environmental noise spectrograms.

These two environmental noise clips were used to cre-
ate a total of four noise conditions: ‘No noise’, ‘Café
quiet’, ‘Café loud’ and ‘Train’. The ‘Café quiet’ clip
was calibrated to an LAeq of 54.5 dBA, the ‘Café loud’
clip to an LAeq of 64.0 dBA and the ‘Train’ clip to an
LAeq of 64.8 dBA. The calibration levels of the two
café clips were chosen to be representative of realistic
levels. The calibration level of the ‘Train’ clip was cho-
sen to equal the level of the ‘Café loud’ clip, however,
it should be recognised that this is possibly lower in
level than real life situations [16]. The recordings were
B-format and were provided by a professional sound
recordist who captured them with a Soundfield ST450
microphone system. The four channel B-format files
were decoded for an eight channel cube array with a
WigWare Ambisonic Decoder [17].

3.2 Reproduction methods

The audio content was reproduced via two headphone-
based methods: conventional two channel stereo and
virtual surround sound by means of dynamic binaural
processing. Virtual surround sound aims to emulate

a surround speaker setup over headphones by using
head-related impulse responses (HRIRs) [18]. For in-
creased plausibility, impulse responses containing the
room response, known as binaural room impulse re-
sponses (BRIRs), can be used in combination with
head-tracking, which keeps the reproduced scene sta-
ble by compensating for head motion [19]. By compar-
ing these two methods it will be possible to assess if
preferred background-foreground balance is dependent
upon headphone reproduction method.

3.3 Audio excerpts

Three pieces of audio content were used in this study,
as described in Table 1. Items ‘Sport’ and ‘Radio Doc’
were sourced from object based productions, meaning
that mixes of separate background and foreground ob-
jects were available. Item ‘TV Doc’ was sourced from
a 5.1 channel based production. The centre channel
provided the foreground content for this item and the
remaining channels provided the background content.
This was a suitable distinction as the dialogue in this
clip was mixed to the centre channel. The LFE channel
was discarded. All items were available in a five chan-
nel surround format and were down-mixed to stereo
via coefficients specified in ITU-R BS.775, Annex 4
[20]. The excerpts ranged in duration from 15 to 20 sec-
onds so as to be long enough for judgments to be made
but short enough for the constituent background and
foreground levels to remain relatively constant. The
excerpts were normalized to -23 LUFS (background
and foreground combined) and all audio used was 24
bit, 48 kHz.

3.4 Setup

The experiment was carried out in an ITU-R BS.1116
compliant listening room [21] with further properties
outlined in [22]. For the environmental noise reproduc-
tion a setup of eight Genelec 8030B loudspeakers was
used, with four placed on the floor at the corners of a
square with a 3.3 m side length and four placed on the
ceiling at the corners of a square with a 2 m side length.
The listening position was located at the centre of the
array, both horizontally and vertically. Although the
speakers were not setup to form a perfect cube due to
practicalities, this was not believed to be detrimental
to the reproduction. Loudspeaker magnitude responses
were equalised, time-aligned and level-aligned accord-
ing to [21] . An acoustically transparent curtain was
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Stimulus Description Background Foreground

Café Noise
B-format recording made in a New York diner. Sounds of many
conversations, distant music and occasional cutlery clatter.

- -

Train Noise
B-format recording made on an underground train. Sounds of
rumbling carriage, electric engine, screeching wheels and very
distant platform announcements.

- -

Sport 20 second excerpt of an English football broadcast Crowd noises Commentary

Radio Doc 15 second excerpt of a radio documentary - “The Cornish Gardner”
Music and
atmospheres

Narration

TV Doc 17 second excerpt of a TV nature documentary - “Africa”
Orchestral music
and effects

Narration and
prominent effects

Table 1: Descriptions of environmental noises and audio items.

placed in a square around the listener so as to prevent
visual bias and increase plausibility of the reproduced
scene.

Open-back electrostatic headphones (STAX SR-207)
were used for the reproduction of the audio content. It
should be noted that headphones of this brand and de-
sign are close to acoustically transparent [23]. A BBC
R&D binaural renderer was used in combination with
an optical head-tracking system (VICON Bonita) to
dynamically render the virtual surround sound content.
The five virtual surround speakers were positioned ac-
cording to ITU-R BS.775 [20]. Binaural room impulse
responses corresponding to the room and speaker setup
in question were used in the binaural rendering, for
more information on this see [24] and [25].

3.5 Participants

A total of 22 participants (age range: 19-45, mean: 28,
gender: 11 male, 11 female) participated in this study.
All participants self-reported normal hearing, were flu-
ent in English and could be classed as naïve listeners,
that is, they were not professionals in the field of audio
and had no or little experience of critical listening tests.
When asked about their mobile listening habits, all par-
ticipants reported that they listen to audio content from
a mobile device with headphones at least monthly, with
77% reporting that they listen to audio content from a
mobile device with headphones everyday.

3.6 Test administration

The listening test software was implemented in MAX
MSP; a screenshot of which can be seen in Figure 2.
Each page of the software represents the adjustment of

one audio excerpt for one environmental noise condi-
tion and one reproduction method. Controls available
to the participant were background-foreground balance,
overall level and play controls for the audio excerpt.
The background-foreground balance was adjustable
from only background objects audible to only fore-
ground objects audible. Both the initial background-
foreground balance and overall level were randomised.
The playback of the environmental noise was not con-
trollable by the participants. It should be noted that
there was no visual feedback for the adjustments so as
not to influence the participants’ judgments.

Fig. 2: Graphical user interface for the experiment.

A repeated measures design was used so that each par-
ticipant had to make adjustments for all conditions.
Two noise conditions were repeated so as to enable
analysis of participant consistency, therefore a total
of 36 adjustments were made per participant. The ex-
periment was split into two sessions of 18 adjustments
corresponding to each of the two reproduction methods,
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with a short break in between. The order of reproduc-
tion method was balanced across participants. For each
reproduction method, adjustments were grouped by
the environmental noise condition, that is, the three
audio excerpts were adjusted for each environmental
noise condition in succession. When a new environ-
mental noise began, participants had to wait for at least
20 seconds before playing the audio excerpts so as to
familiarise themselves with the environmental noise.
The order of the environmental noise and audio excerpt
conditions were randomised. Before the main rating
sessions, a familiarisation stage allowed participants
to explore the interface and to listen to the three audio
items without environmental noise.

4 Results

4.1 Outlier detection

The recorded data consisted of background-foreground
balance (referred to as ratio in the results) and overall
level values for every condition. An initial analysis of
the data revealed a number of extreme outliers (2.6% of
all data), defined as values which lie outside three times
the interquartile range (IQR). Due to the nature of these
outliers it was suspected that the majority were due to
an error in the test software. More specifically, the
process that exported the adjustment data to text files
occasionally did not initiate correctly resulting in 100%
background or foreground adjustments being recorded.
These occasional errors were confirmed by questioning
participants about their responses and, as a result, it was
deemed justifiable to remove these specific outlying
data points from further analysis. Mild outliers were
also observed (a further 2.4% of data), defined as values
which lie outside 1.5 x IQR, although these were not
excluded as they were considered as valid data.

4.2 Participant consistency

Participant consistency was assessed by examining the
mean variance between repeated adjustments. Noise
conditions ‘No noise’ and ‘Café loud’ were repeated for
all content and both reproduction methods resulting in
a total of 12 repeated conditions per participant. When
averaged over participants, the mean overall variance
(including both ratio and level variances) was 3.9 dB.
Participants were less consistent with ratio adjustments
compared to level adjustments - the mean ratio variance
was 4.5 dB compared to a mean level variance of 3.3 dB.

In terms of individual participants, the most consistent
participant had a mean overall variance of 2.1 dB and
the least consistent had a mean overall variance of 5.9
dB. The distribution of participant consistency was
assessed and from this it was decided to include all
participants in the further analysis.

4.3 Linear mixed model analysis

Due to the removal of outliers, a repeated measures
analysis of variance could not be used to analyse the
interaction and statistical significance of variables. In-
stead, a linear mixed model analysis was conducted for
both the ratio and level data. As fixed effects in the
model, variables System (reproduction method), Con-
tent (audio content) and Noise (environmental noise)
including all interactions were used. To account for
differences between individuals, variable Participant
was used as a random effect in the model, including
intercepts. Visual inspection of residual plots did not
reveal any obvious deviations from homoscedasticity
or normality.

4.3.1 Level

Firstly, the model was calculated with level as the de-
pendent variable. Type III tests of fixed effects revealed
that the main effects of System, Content and Noise
were statistically significant (p < .05), as well as the
interaction System*Content (see Table 2). In particu-
lar, we are interested in how the environmental noise
influences the level and therefore post hoc Bonferroni-
corrected pairwise comparisons of the significant factor
Noise were calculated. From Figure 3 it is seen that, as
expected, participants increased the level according to
the environmental noise. This is consistent with other
studies, e.g. [26]. The spectral characteristics of the
noise did not have a significant influence on the level,
as seen by the two noise items ‘Café loud’ and ‘Train’,
which are not significantly different.

4.3.2 Ratio

For background-foreground ratio as the dependent vari-
able the main effects of System, Content and Noise
were all statistically significant (see Table 2), how-
ever, none of the interactions were. This therefore sug-
gests that participants preferred different background-
foreground ratios for the different noise conditions, the
different systems and also the different pieces of audio
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Variable Source d f F p
Level System 1 / 475.07 133.11 .000

Content 2 / 475.05 6.37 .002
Noise 3 / 475.04 212.87 .000
System*Content 2 / 475.04 3.09 .046

Ratio System 1 / 460.00 5.37 .021
Content 2 / 459.30 34.78 .000
Noise 3 / 459.50 4.61 .003

Table 2: Statistically significant type III fixed effects
for dependent variables level and ratio.
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fé
lo
ud

Tr
ai
n

M
ea
n
le
ve
l,
n
or
m
al
iz
ed

[d
B
]

-2

0

2

4

6

8

10

12

No
no
ise

Ca
fé
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Fig. 3: Mean level and ratio with respect to environ-
mental noise, normalized to the mean of the
‘No noise’ item. A positive ratio represents in-
creased foreground levels whereas a negative
ratio represents increased background levels.
Error bars show 95% confidence intervals.

content. To investigate how environmental noise in-
fluenced the preferred background-foreground balance
the mean ratio with respect to environmental noise was
examined, Figure 3. In other words, this is the mean
ratio averaged over both content and system. Post hoc
Bonferroni-corrected pairwise comparisons of the sig-
nificant factor Noise reveal a significant difference be-
tween conditions ‘No noise’ and ‘Train’ (p = 0.02).
Interestingly, the noise conditions have a mean ratio
that is negative, which represents an increased back-
ground level in comparison to the ‘No noise’ condition.

Despite the fact that the three-way interaction Sys-
tem*Content*Noise did not have a significant effect on
the background-foreground ratio, it was considered use-
ful to examine plots showing the ratio of each condition
separately. To enable easier interpretation of the results,

data from each participant were first normalized to the
‘No noise’ conditions. In other words, for each partici-
pant the difference between the ‘No noise’ condition
and the other noise conditions for each piece of content
and system was calculated. Figure 4 shows the mean
normalized ratio for each condition. It is apparent from
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Fig. 4: Mean ratio for all conditions, normalized to par-
ticipants’ ‘No noise’ ratios. 0 dB represents the
‘No noise’ ratio. Error bars show 95% confi-
dence intervals.

Figure 4 that, even though no significant interactions
were found in the linear mixed model calculated from
the non-normalized data, interactions between System,
Content and Noise should not be disregarded. Content
‘Sport’ via stereo reproduction appears to exhibit dif-
ferent behaviour from the other Content and System
combinations. Such interactions should be considered
in further studies. It is also apparent from Figure 4
that there is a large degree of uncertainty in the results.
From looking at data from individual participants and
also from discussions with participants, it is believed
that this large uncertainty is simply caused by differ-
ing preferences for the background-foreground ratio in
noisy conditions; the majority of participants increased
the background levels although others kept a constant
ratio across all conditions or increased the foreground
levels in noisy conditions. This was investigated further
by applying a clustering algorithm to the ratio data.

4.4 Cluster analysis

Cluster analysis is a statistical analysis method whereby
objects are classified into clusters that share similar
properties, see [27] for an example in the context of
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audio preference tests. In order to investigate possi-
ble clustering in the ratio data, a k-means clustering
algorithm was applied to the normalized ratio data as
a whole with two clusters and a simple Euclidean dis-
tance measure. The two clusters (C1 and C2) consisted
of 13 and 9 participants respectively. It should be noted
that when clustering into 3 or 4 clusters, the majority
of participants were still grouped into 2 clusters. The
ratio patterns of the two clusters can be observed in
Figure 5. Cluster C1 consists of the same subset of
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Fig. 5: Mean ratio with respect to environmental noise
for each cluster of participants, normalized to
the ‘No noise’ item. Error bars show 95% con-
fidence intervals.

participants for all noise types and likewise for cluster
C2. It is seen that participants in cluster 1 adjusted
the background-foreground ratio towards higher back-
ground levels in the presence of environmental noise,
whereas participants in cluster 2 slightly increased the
foreground levels or kept the ratio the same. This clus-
ter analysis suggests that background-foreground ratio
adjustment is very much down to personal preference
and results should not be generalised.

5 Discussion

The results presented in the previous section have il-
lustrated that environmental noise can significantly
influence preferred background-foreground balance.
It was shown that, when in the presence of environ-
mental noise, the majority of participants adjusted the
background-foreground balance towards higher back-
ground audio levels compared to adjustments made
without environmental noise. This interesting result can

possibly be explained from discussions that were had
with the participants. One participant mentioned that
they “used the crowd to drown it [the environmental
noise] out”, where the crowd refers to the background
content in the ‘Sport’ item. In other words, it appears
that some participants were adjusting the balance so
that the background audio masked the unwanted envi-
ronmental noise, whilst keeping the foreground audio
at an intelligible level. An interesting continuation of
this study would be to investigate if this trend reverses
at higher environmental noise levels. Perhaps at moder-
ate environmental noise levels, like those used in this
experiment, intelligibility is not an issue and therefore
the balance can be adjusted towards higher background
levels to mask the environmental noise, however, at
higher environmental noise levels it might be the case
that intelligibility becomes more of an issue and there-
fore the balance is adjusted to higher foreground levels.

Another participant mentioned that they adjusted the
balance towards more background audio so as not to
miss any of the background objects that they felt were
important to the mix. This raises questions about spec-
tral similarities between the environmental noise and
background audio objects. One reason why the ‘Sport’
clip was often adjusted to much higher background au-
dio levels with environmental noise could be due to the
similarities between the crowd sounds (background)
and the environmental noise. It was speculated that
the dynamic range of the background audio might be
higher than that of the foreground content and would
therefore need to be increased more in the presence of
noise. This was however checked and was found not to
be the case.

Results from the cluster analysis of the participants
suggest that the mean results should not be taken as
representative of the whole population. A cluster rep-
resenting 41% of the participants preferred unchanged
to increased foreground ratios in the presence of envi-
ronmental noise. Ideally, a similar experiment with a
higher sample size should be conducted to investigate
possible subpopulations further.

With regards to ecological validity a point to take into
consideration is headphone choice. The headphones
used in this experiment were chosen for their acous-
tical transparency, thus increasing reproducibility and
maximising any effects seen. In reality, mobile audio
consumers are likely to be using earbuds or headphones
which are less acoustically transparent than those used
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here. Reported attenuation levels from typical earbuds
range from less than 2 dB [5] to 11 dB [26]. Attenua-
tion levels are greater for other headphone types such as
in-ear and supra-aural [26]. Relating this to the results
presented here, when using headphones with higher
attenuation levels one would expect smaller changes in
preferred background-foreground balance for environ-
mental noise of the same levels. Likewise, to produce
similar changes in preferred background-foreground
balance one would need environmental noise of greater
levels.

6 Conclusions

This paper has presented an initial study on the influ-
ence of environmental noise on preferred background-
foreground balance. A listening experiment was con-
ducted in which 22 participants were asked to adjust the
balance of background and foreground audio objects to
their preference whilst in the presence of reproduced
environmental noise. It was found that environmental
noise can significantly influence preferred background-
foreground balance and that the majority of participants
adjusted the ratio to more background audio in the pres-
ence of environmental noise. Cluster analysis of the
data revealed that this should not be generalised to the
whole population as one participant cluster preferred
unchanged to increased foreground ratios in the pres-
ence of environmental noise.
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