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Can acoustic design accommodate aural diversity?
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ABSTRACT

Up to now, the acoustic design of almost everything has assumed a typical listener with “normal”
hearing. This includes the physical environment (homes, workplaces, public space), products that
make sound (transport, appliances, loudspeakers), and systems for broadcast and reproduction
(TV, radio, games). But at least one in five people in the world has atypical hearing. They are either
narrowly medicalised (e.g., hearing aids) or mostly ignored (e.g., noise sensitivity). As the global
population ages this proportion will increase. Aural diversity is a way of reconceptualising human
experience of sound that emphasises the broad and semi-continuous distribution of differences that
exist in detecting, processing and responding to sound. This paper explores whether acoustic
design could adapt to incorporate the concept of aural diversity and what might be gained in doing
so. The literature is reviewed to see how several different kinds of aural divergence are currently
characterised and to identify some other auditory differences that are under-researched. A
conceptual framework is proposed in which a single “normal” hearing model could be replaced
with a hearing distribution or a multi-dimensional space of aural experience.

1. INTRODUCTION

The concept of normal hearing is everywhere in acoustics, even if it is often implicit. Students of
acoustics are taught about the normal hearing threshold and the functioning of the otologically
normal ear. They may be taught about the underlying psychophysical relationships that underpin the
decibel and the A-weighting curve, but soon the units are used as if they correctly represent the
response of all humans. Hearing is thus partitioned into normal and impaired. Acoustic design
usually has targets based on user acceptability — noise level, reverberation time, and so on — but
these are almost always tacitly based on normal hearing (unless we are designing a hearing aid).
Variance in human response to sound, whether community noise annoyance or perception of audio
artefacts, is often treated as an annoying but inevitable statistical noise. It can be dealt with by
recruiting enough participants and finding the average response. For many purposes, this is
perfectly adequate. However, growing societal awareness of the need to better accommodate the
widest range of human ability, partly driven by the disability rights movement, is driving a re-think.
A large and growing proportion of the population has atypical “non-normal” hearing. Some of these
people do not necessarily see themselves as impaired, but rather disabled by acoustic environments
which do not cater to them. Inspired by the neurodiversity movement, Drever coined the concept of
aural diversity as a way to represent the multi-dimensional, complex picture of hearing differences
[1]. Aural diversity is seen as being in opposition to the binary partition of all humans into normal
and impaired hearing. Aural diversity encompasses all kinds of individual differences in human
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response to sound, including hearing differences (and impairments), auditory processing differences
(and disorders) and sound response differences.

Aural diversity presents an interesting challenge to acoustic design: Can design move away
from assuming a single normal hearing type and move towards accessible design that work for an
aurally diverse population? This paper aims to make a start on this large question by first reviewing
the existing acoustics literature to see how aural diversity and individual and group differences have
been represented so far. It then makes a proposal for a new aural-space framework that could both
represent and quantify aural diversity while (eventually) providing useful data on how to design for
it.

2. LITERATURE REVIEW

2.1. Aural diversity

Finding previous acoustics research on aural diversity per se is difficult. The concept as defined by
Drever [1] is as recent as 2017. Searching specifically for “aural diversity” produces a small
number of papers since then. On the other hand, one might suspect that in the huge psychoacoustic
and physiological acoustics literatures, the concept of a distribution of hearing types (rather than a
division of normal and impaired) might have been invented before, perhaps multiple times.
Accordingly, a structured search of the literature since 2012 was made using the databases and
search strings shown in Table 1.

Table 1: Databases and fields searched, search query and number of results.

Database  Fields Search query Results
Web of title (TS=((“‘aural*” OR “hear*” OR “listen*””) NEAR/5 3645
Science  keywords (“diversity” OR “diverse” OR "differ*") AND

(full) abstract (“acoustic*” OR “audio®*” OR “noise™))) NOT

TS=("heart" OR "differential diagnosis") AND
PY=(2012-2022)

Scopus title TITLE-ABS-KEY(("aural*" OR "hear*" OR "listen*") 3936
keywords W/5 ("diversity" OR "diverse" OR "differ*") AND
abstract ("acoustic*" OR "audio*" OR "noise") AND NOT
("heart" or "differential diagnosis")) AND PUBYEAR >
2011
Google Title allintitle: (aural OR hear OR listen) (diversity OR 41
Scholar diverse OR differ)

Automated removal of duplicates in Endnote reduced this dataset to 5404 papers. The dataset was
then sharply reduced by a combination of manual screening and further searching for specific terms
(e.g., “fish” or “bird” to remove papers dealing with non-human hearing). Many additional
duplicates were found during this process. Common reasons for removing papers during screening
included:

e Topic is difference in some other acoustic aspect then hearing (e.g., source, environment)

e Hearing difference noted is essentially binary (normal/impaired)

e Topic is difference or diversity within a single specific impairment (e.g., range of hearing

thresholds in clinical presentations of tinnitus)
e Target is non-human species
e Topic is another kind of diversity in humans (e.g., political views)



After screening 82 records remained. Some themes emerge from this reduced dataset. Several
papers discuss the distribution of various aspects of speech perception in human populations [2] [3]
[4] with a general consensus that individual differences in basic neural processes such as executive
function and working memory can help to explain the observed performance differences [5]. A
second theme is the wide range of outcomes experienced by hearing aid users, even when they have
similar pure-tone hearing thresholds. One set of papers in this theme discuss this problem in terms
of adapting and improving techniques for fitting hearing aids to individual users [6] [7]. The second
set of papers within this theme seek to develop new measurements of above-threshold hearing tasks
which can help to predict the diverse outcomes for people with hearing impairments [8] [9]. A third
theme concerns the distribution of a specific audiological measurement in a population, most
typically pure-tone hearing threshold [10]. The fourth and final theme in the dataset are papers
which postdate Drever and which use the term aural diversity in approximately the sense coined by
him. These typically argue for an inclusive design approach for soundscapes, though hearing
differences are typically still conceptualised as impairments or disease and the normal hearing
paradigm still seems central [11].

During the screening process it was found that the specific term “aural diversity” has been
used a small number of times in acoustics prior to Drever, but only to refer to different concepts
than diversity of hearing. The earliest use found was by Lewers, who in 2004 used aural diversity to
refer to a diverse range of acoustic environments which one might experience in moving through a
well-designed building [12].

It was observed from the structured literature review above that searching for papers
specifically on aural diversity (or similar topics) does not produce a complete picture of how the
diversity of hearing and listening is represented in the acoustics literature. This is because
(reasonably enough) the great majority of papers on atypical hearing are concerned solely with a
specific aspect of a specific hearing condition and do not try to discuss the full range of hearing
differences in humans. It is therefore helpful for this paper to briefly review the main hearing
differences to build up a picture of what aural diversity might look like. This is divided into the
categories of hearing (detection and peripheral processing), auditory (neural) processing and
response.

2.2. Diversity in hearing

The detailed mechanisms by which acoustic waves arriving at the ear are transduced into nerve
signals encoding low-level percepts including pitch, loudness and spatial location are well
understood [13]. Equally well characterised are many types of hearing impairments arising from
dysfunction of parts of the ear; these include the most common, such as noise-induced hearing loss
and presbycusis [14] and less common such as Meniere’s disease [15]. One important research gap
in many conditions is an explanation for individual differences often observed clinically, in
symptoms, outcomes, clinical measures, severity and changes over time.

Significant individual differences have also been found in the most basic percepts such as
pitch, although these are not usually identified as dysfunctions. As well as differences in accuracy
in relative pitch judgement, evidence exists for two different mechanisms for perceiving musical
pitch: holistic and spectral [16] [17].

Significant differences in loudness perception, in contrast to pitch, usually are found to be
significantly disabling. Increased loudness perception is usually described as hyperacusis, although
there may be more than one type: in their review, Tyler et al. split the condition into loudness
hyperacusis, annoyance hyperacusis, fear hyperacusis and pain hyperacusis, noting that “people
with hyperacusis can experience these reactions singly or in combination” [18]. Hyperacusis may
be common, although prevalence in the general population is still uncertain, at 0.2—-17.2% [19].

2.3. Diversity in auditory processing

The general principles by which the signals arriving at the ear are parsed into a useful
representation of our acoustic environment have been extensively studied [20], including models
[21], the role of attention [22] [23], and the balance between prediction and hearing [24] [25].



Auditory processing disorder is a broad diagnosis which captures many individuals who experience
some difficulty with auditory processing [26]. The definition, diagnosis and even research of APD
continues to be a topic of debate [27] though the most common presentation is a person with a
normal pure-tone audiogram who nonetheless has significant difficulty in processing speech,
especially in the presence of noise or reverberation [28]. The category of APD includes difficulty or
difference in several functions which are usually represented in auditory models as distinct
processes, including source or stream parsing [29], attention selection [30] and higher-order
processing such as speech prosody [31]. Thus it may be that in the future APD is decomposed into
several different disorders, although one factor mitigating against this, is the prevalence of people
with difficulties in more than one aspect of APD.

Autistic people are one special group who often seem to experience several different forms
of atypical auditory processing. While hyperacusis and noise sensitivity are common, so are
difficulties with speech-in-noise and attention differences [32]. There are also reports of autistic
advantages including much better pitch detection [33], greater auditory capacity [34] and joy in
soundscape decomposition abilities [35]. An interesting aspect of diversity within diversity is that
many reports emphasise the heterogeneity of autistic people, so that significant individual
differences in audition are to be expected within a group of autistic people.

2.3. Diversity in response

Response to sound here includes value judgements such as preference, emotional responses such as
annoyance and cognitive responses as found in some soundscape research. Annoyance is probably
the most common outcome measure of all in acoustics research. One of the biggest problems in
noise annoyance, especially in field experiments, is the variance found when trying to correlate
subjective ratings of annoyance to objective measurements of noise exposure. The scatter in
response is sufficient that large-scale meta-analyses of many environmental noise trials were
needed to develop our current gold-standard metrics of environmental noise [36]. Looked at
through the lens of aural diversity, though, the scatter seen in dose-response relationships could also
be a true reflection of stable individual and/or group differences in response. Some progress has
been made in exploring variance of annoyance following the introduction of the concept of noise
sensitivity [37]. This is now understood as a stable personality trait which modulates noise
annoyance response [38].

Soundscape researchers typically find significant variance in human response to a given
acoustic environment, including on the standardized response scales of pleasantness and
eventfulness [39]. The most common theoretical model has a large box labelled ‘context’ which
modulates human response, and context includes many factors, including “the interrelationships
between person and activity and place, in space and time” [40]. It is not unusual for soundscape
studies with large enough cohorts to find that participants partition into sub-groups according to
individual differences in response [41] [42].

Research in perception of concert hall acoustics has found ample evidence of the importance
of individual differences in preferences, from the seminal early work of Schroder et al. [43],
through the seat-selection schemes of Ando [44], to a more recent finding of two clusters of
listeners: one preferring an intimate, detailed sound, and the other a louder, more reverberant
acoustic [45].

3. AURAL-SPACE

It is currently difficult for acoustic design to take account of aural diversity. On the one hand,
almost all design is currently based on an assumed normal hearing user. Designers may want to
move beyond this hearing model to allow a broader range of users to access their building,
soundscape or product. But then they face either too much information or not enough. Too much
information, in the sense that the hearing research literature contains enormous quantities of data on
a wide range of conditions. Too little, information, in the sense that the connections between
physiological and psychophysical data and everyday aural experience is often not obvious, because



some possible group and individual differences have yet to be studied, and also because there is a
lack of an overall organizing framework.

Other research areas have made significant progress when an organizing framework in the
form of a multi-dimensional space was imposed. A good example is face-space, developed by
Valentine to organize and theorise visual perception of the human face [46] [47]. The dimensions of
face-space are unspecified but can represent any aspect on which human faces can be discriminated,
including simple physical measurements like jaw width, to more abstract perceptual traits like
assertiveness. Face-space has been successfully used as a framework to explain several phenomena
in how faces are perceived, including why some faces are more memorable than others, and how
people adapt to different faces over time. Inspired by face-space, other authors have proposed other
perceptual spaces, including mind-space, which seeks to explain how humans represent the thinking
of others (theory of mind) by proposing that our perception of the minds of others may be
represented in a multi-dimensional space [48].

Aural-space is here proposed as a multi-dimensional space to represent the full distribution
of human aural experience. In keeping with Drever’s concept of aural diversity, aural-space is
conceived as representing human aural experience of the world, not any particular set of
audiometric, behavioural, acoustic or neural measurements. Like face-space and mind-space, aural-
space will therefore be a high-dimensional construct. A point in aural-space represents the aural
experience of an individual. Two individuals with similar aural experience (hearing, processing,
responding) will be represented by points close together in aural-space. Vectors in aural space
represent various divergences, a common auraltype is a cluster of points in aural-space, and the
aural diversity of a population could be characterised along one or more dimensions of its aural-
space. If aural-space is a valid construct, then it is likely that, like face-space, it could be
represented by a low-dimensional projection for some specific purpose, such as setting the optimal
reverberation time of a specific type of room. An example 3D projection of aural-space is shown in
Fig. 1. The true dimensions of aural-space would have to be determined by experiment (as they
have been for face-space [47]).

High sensitivity to intensity

Strong pitch
discrimination

Strong component
separation

Weak component
separation

Weak pitch
discrimination

Low sensitivity

Figure 1: Aural-space is a multi-dimensional space representing the full range of individual
differences in aural experience. In this example projection, the dimensions represent differences in
parsing components of an acoustic scene (e.g., speech and noise), sensitivity to intensity, and ability
to discriminate pitch. The actual dimensions of aural-space are yet to be determined empirically.



Although the dimensions of aural-space represent differences in subjective aural experience,
an obvious research target would be to find objective correlates of the subjective dimensions, as has
been done in many perceptual space research before. In this case, the objective correlates might be
some combination of audiological, neural and physiological measurements. If aural-space were
adopted as an organizing framework it might help direct efforts to find objective metrics that better
correlate with common aural divergences such as APD. Existing multi-dimensional spaces of
audiological measurements are uncommon, but Sanchez-Lopez et al. recently proposed a two-
dimensional space to represent a diverse group of people with sensorineural hearing loss in four
distinct clusters [6].

Advantages of aural-space include:
Representation of the most important aspects of subjective aural experience
Representation of full range of individual differences
Represents common experience fairly as clusters
Retains normal hearing as a central cluster while fairly representing other auraltypes and
individual divergence
Disadvantages of aural-space include:
e Current absence of data to populate and scale aural-space

How would any of this benefit acoustic design? An initial rendering of aural-space would
allow acoustic designers (and everyone else) to have a clearer picture of aural diversity. But further
steps would be needed. A significant gap would still remain in understanding how to best fit a
particular acoustic design to a particular group or whole population. For example, what range of
reverberation time would optimize a room for human conversation for a given percentage of the
population or a particular set of clusters in aural-space? This and similar questions might be
answered by research which sought to construct a multi-dimensional space of acoustic
environments and then map it to aural-space. Multi-dimensional metric spaces exist for some types
of acoustic environment, such as concert halls [49], everyday rooms [50] and (to a partial extent)
outdoor urban soundscapes [51].

4. CONCLUSIONS

Human hearing (and processing and responding to sound) is very varied. The normal hearing model
is very useful but because it does not represent significant individual difference, can result in
acoustic design which excludes some people. Aural diversity is a concept that suggests replacing
the single normal hearing model with something that acknowledges the multi-dimensional variance
in hearing. A review of the existing literature showed that there is evidence of many different kinds
of divergence, though many research gaps yet exist. Finally, a novel frame-work, aural-space, was
proposed to represent and characterize aural diversity in such a way as to motivate future research
and to eventually provide better information to acoustic designers about their users.
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