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Editor's note: Murray Hodgson’s legacy

Editorial : L'héritage de Murray Hodgson

Murray Hodgson’s legacy: how
acousticians can improve the
world

ear reader, it is with great pleasure that we present
this special issue in memory of the distinguished
fellow acoustician, previous editor-in-chief,
colleague and friend Prof. Murray Hodgson. The 12 papers
here enclosed have been collected and processed after the

namesake special session held in Victoria, BC, Canada on
9 November 2018 at the joint ASA — CAA meeting.

The session lasted one day and had some 17 distinguished
speakers from North-America, Europe and Asia to witness
the many connections that prof. Hodgson had established
during his career. The contributions presented at the
Conference covered a breadth of topics that ranged from the
room acoustical foundations of diffuse field theory, to
studies in classroom acoustics and to diverse applications in
noise control and acoustics for sustainable constructions.
Indeed, the session was a faithful representation of the many
areas in acoustics that prof. Hodgson had researched, and of
his interest in the multidisciplinary approach to problems
involving acoustics.

In addition to the outlook of his scientific achievements,
also the outstanding qualities of prof. Hodgson as a mentor
and as a servant for CAA and for this journal were recalled.
Some of his graduate and Ph.D. students depicted a vivid
image of an extraordinary mix of science, competence and
warmth which were the traits of his activity.

In this respect the introductory speech given by John
O’Keefe, that you will find transcribed in the opening of this
special issue, was a moving testimony and it was very
effective in describing what good science can do to solve
practical problems, an art where the mastery of prof.
Hodgson is undisputed. This special issue has thus the aim
of fixing both the memory of the scientist and of the man.
From many of the papers here enclosed dealing with sound
diffusion or with classroom acoustics just to mention two of
the most covered topics, it clearly appears that he was able
to leave a mark that others could later take over.

Canadian Acoustics / Acoustique canadienne

L'héritage de Murray Hodgson:
comment les acousticiens peu-
vent-ils améliorer le monde

hére lectrice, cher lecteur, c’est avec grand plaisir

que nous vous présentons ce numéro spécial a la

mémoire de I’éminent acousticien, ancien rédacteur
en chef, collegue et ami, le professeur Murray Hodgson. Les
12 articles ci-joints ont été rassemblés et traités apres la
session extraordinaire tenue & Victoria, Colombie-
Britannique, Canada, le 9 novembre 2018, lors de la
conférence conjointe ASA - CAA.

La session a duré un jour et a rassemblé 17 éminents
conférenciers provenant d'Amérique du Nord, d'Europe et
d'Asie, témoins des nombreux liens que le Prof. Hodgson
avait établi au cours de sa carriere. Les contributions
présentées a la conférence couvraient un large éventail de
sujets allant des fondements de la théorie des champs diffus
en acoustique des salles a I'acoustique des salles de classe et
a diverses applications dans le contréle du bruit et
I'acoustique dans les constructions durables. En effet, cette
session était une représentation fidele des nombreux
domaines de I’acoustique étudiés par le Prof. Hodgson et de
son intérét pour une approche multidisciplinaire des
problémes liés & l'acoustique.

Outre les perspectives de ses realisations scientifiques, les
qualités exceptionnelles du Prof. Hodgson en tant que
mentor et serviteur de ’ACA et de ce journal ont été
rappelées. Certains de ses étudiants de deuxiéme et
troisiéme cycle ont décrit une image éclatante d'un mélange
extraordinaire de science, de compétence et de chaleur qui
caractérisait son activité.

A cet égard, le discours d'introduction de John O'Keefe, que
vous trouverez transcrit au début de ce numéro spécial, était
un témoignage émouvant, décrivant efficacement ce qu'une
« bonne science » peut faire pour résoudre des problémes
pratiques, un art que maitrisait le Prof. Hodgson de facon
incontestée. Ce numéro spécial a donc pour but d’honorer la
mémoire du scientifique et de I'nomme. A partir des
nombreux articles inclus dans ce numéro, traitant de la
diffusion ou de I’acoustique des salles de classe, pour ne
citer que deux des sujets les plus abordés, il apparait
clairement qu’il a pu laisser une empreinte dont d’autres ont
pu s’inspirer.

Vol. 47 No. 1 (2019) - 3



This is a rare but an essential quality that helps our
discipline to progress step by step, and from one generation
to the next.

Another legacy of prof. Hodgson that you will find across
the papers of this issue is the convincement that the
openness of acoustics to meet other disciplines should be
fully exploited. In fact, a more comprehensive and useful
view of many practical problems could be accomplished
from such contaminations.

In conclusion we hope that this special issue will provide a
picture, albeit partial and incomplete, of the relevant and
lasting contributions in science and style that an exemplary
career in acoustics such as that of prof. Murray Hodgson has
left to us.

We wish you a pleasant reading of this issue.

Umberto Berardi and Nicola Prodi
Editors for this special issue.

4 - Vol. 47 No. 1 (2019)

C’est une qualité rare mais essentielle qui permet a notre
discipline de progresser pas a pas, et d’une génération a
"autre.

Un autre héritage du Prof. Hodgson, que vous trouverez a
travers les articles de ce numéro, est la conviction que
I’ouverture de I’acoustique a d’autres disciplines devrait étre
pleinement exploitée. En fait, une telle contamination peut
donner une vue plus compléte et utile a de nombreux
problémes pratiques.

En conclusion, nous espérons que ce numéro spécial
brossera un tableau, bien que partiel et incomplet, des
contributions pertinentes et durables & la science et au style
que I’exemplaire carriére en acoustique du Prof. Murray
Hodgson nous a laisseé.

Nous vous souhaitons une bonne lecture.

Umberto Berardi and Nicola Prodi
Editeurs pour ce numéro spécial.

Canadian Acoustics / Acoustique canadienne
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MURRAY HODGSON:
AN APPRECIATION FROM A PRACTICING ACOUSTICAL CONSULTANT

John O’Keefe”
O’Keefe Acoustics, Toronto, Ontario, Canada

Résumé

Une grande partie de ce que nous savons sur le comportement du son dans les salles provient d'études effectuées dans des
salles de réverbération et des salles de concert. Une géométrie architecturale peu commune au quotidien. L'auteur a rencontré
Murray Hodgson pour la premiére fois a Cambridge lorsque le Dr. Hodgson était en train de faire ses premiéres études de
modeles sur des usines. Du point de vue géométrique et acoustique, les usines ressemblent beaucoup plus a I'environnement
bati dans lequel nous habitons au quotidien. La géométrie d'une usine est généralement longue, large et trés plate avec des
éléments dispersants, généralement au sol. Murray appliqua ensuite son travail sur les usines a d’autres salles longues, basses
et larges. Notre compréhension de I'acoustique des bureaux & aire ouverte, des établissements de soins de santé et, bien sdr,
des salles de classe peut étre attribuée a ses travaux postdoctoraux & Cambridge. Il est impressionnant que ses travaux sur
I’acoustique en usine aient été transposés a une grande partie des pieces dans lesquelles nous vivons. Plus impressionnant
encore fut sa capacité a traiter des questions auxquelles personne ne souhaitaient répondre. Des questions souvent posées aux
consultants en acoustique et qui n’ont toujours pas de réponse, comme par exemple, celles concernant le contréle du bruit
dans les batiments a ventilation naturelle. Ses travaux sont devenus un fondement pour le genre naissant de 1’écoconstruction.

Mots clefs : acoustique architectural, réverbération, intelligibilité de la parole, lutte contre le bruit

Abstract

So much of what we know about the behaviour of sound in rooms comes from studies in reverberation rooms and concert
halls. Hardly everyday architectural geometry. The author first met Murray Hodgson in Cambridge when Dr. Hodgson was
doing his early scale model studies on factories. Geometrically and acoustically, factories are much more akin to the day to
day built environment that we inhabit. The geometry of a factory is typically long, wide and very flat with scattering
elements, typically on the floor. Murray would go on to apply his work on factories to other long, low and wide rooms. Our
understanding of the acoustics of open plan offices, health care facilities and, of course, classrooms can be traced back to his
post-doctoral work in Cambridge. One is impressed how the work on factory acoustics grew to cover so much of the rooms
we live in. More impressive was his ability to tackle questions that others wouldn’t. Questions that acoustical consultants are
often asked and really don’t have an answer for yet. Noise control in naturally-ventilated buildings for example. His legacy
will show this work as seminal in the nascent green building type genre.

Keywords: architectural acoustics, reverberation, speech intelligibility, noise abatement

1 Preamble 2

The following comes from the tribute session for Murray
Hodgson, convened at the joint meeting of the
Canadian Acoustical Association/Association Canadienne
d’Acoustique and the Acoustical Society of America, held

Introduction

J’ai pensé que je pourrais commencer mes quelques mots
sur notre ami Murray en Francais. Parce que quand je pense
a Murray j’entends I’homme criant a 1’arriére de la salle lors
d’une réunion de la ACA en criant a l’orateur : «En

in Victoria BC on 8 November 2018. In the spirit of a
testimonial to a friend, the author has suggested, and the
editor and reviewers have kindly accepted, a proposal to
reproduce this paper as presented. Which is to say that the
following prose is more about stand up and deliver as
opposed to sit down and read. This also explains its less
formal conversational, first person nature, for which the
author apologises for in advance.

" john@okeefeacoustics.com

Canadian Acoustics / Acoustique canadienne

Francais !». Donc, Murray, j’essaie d’apporter ma petite
contribution, «en Francgais».

For our American friends, and | dare say one or two
Canadians, | was just saying that one of my enduring
memories of Murray was the voice from the back of a CAA
General Meeting shouting to the poor fellow at the front of
the room: “En Francais !”. And now you’ve just heard my
feeble attempt.

Vol. 47 No. 1 (2019) - 7



3 Early years

I first met Murray some 35 years ago. He’d just finished his
Ph.D. [1] at Southampton’s Institute of Sound and Vibration
Research (ISVR) the same year that | started my Master’s.
That was 1983. I don’t recall meeting him at ISVR though.
We met in Cambridge where he was doing his post-doc
work on factories and | was doing my thesis on British
theatres.

There was quite a team of acousticians there, though we
didn’t think much of it at the time. There was Raf Orlowski,
who would go on to do some important things. Mike
Barron, who had already done important work and would
continue to do so. Murray, doing his early scale model work
on factories. And for better or (probably) worse, me!

I would go on, later, to do quite a bit of work in scale
modelling. So, when | was invited to give this talk, I
originally thought that | would focus on Murray’s models.
Something | knew a little bit about. But, after some thought
and a bit of review, | realised | could talk on something |
know a little bit more about — acoustical consulting.

4 Contributions

Because Murray’s work has made a significant contribution
to the tool-kit of the average work-a-day acoustician. People
like many of us here today. And it all started with scale
models of factories.

There was a fantastic scale modelling facility up in
Cambridge, cobbled together originally by Mike Barron to
study, among other things, the then new Barbican Concert
Hall. Raf Orlowski tells me [2] that Mike recruited both
Murray and himself. Their first grant was for the concert
hall kind of work that Mike was doing. But when the 2nd
and 3rd grants came along, the powers-that-be suggested:
“Hey, wouldn’t it be nice if you included some factories?”
You know, real people! So they followed the money.
Murray, of course, had done his Ph.D. on scale model
factories. And that was a fortunate thing for all of us.

Here’s a thought that occurred to me. Most of what we
know about the behaviour of sound in a room comes from
reverberation rooms and concert hall research. Neither of
which share a geometry with the great bulk of the built
environment. Concert halls and reverberation rooms are,
proportionally, tall and often narrow. Factories, on the other
hand, are often very wide with, proportionally, very low
ceilings. And so are open plan offices, classrooms and
hospital wards. All areas of study that Murray would go on
to explore. Not to mention roadside noise barriers. The sort
of thing that the average work-a-day acoustician might
confront. As | have with, at the time, little guidance from
the literature. Something Murray would help to take care of.
There are a lot more highways and open plan offices being
built these days than concert halls. There always have been
and there always will be.

Our world of acoustics is, | suggest, a little too
occupied with the success of its first science -
Reverberation Time. For any type of building that we
humans might occupy, be it an office, factory, a classroom
or, yes, even a concert hall... the thing that we respond to

8 - Vol. 47 No. 1 (2019)

most is not reverberant decay, but Loudness. Go home and
look at your stereo. The biggest knob doesn’t control
Reverberation. It controls Loudness!

Perhaps | should be more formal in this forum. To be
more accurate, I’'m referring to the Signal to Noise Ratio.
Something, | note, that is documented in burgeoning field of
classroom acoustics research [3, 4] but is not quite as well
appreciated in concert hall research.

Murray was particularly well positioned to comment
and inform us on the reverberation calculations that are
often found at the foundations of so much of what we do.
That’s because, unlike many others, he has measured all
manner of rooms. Rooms that vary vastly in geometry and,
in particular, the distribution of surface types. If you hang
around with people like me — and many of you do — you’ll
find a lot of measurements in theatres and concert halls.
Rooms where most of the acoustic absorption is found on a
single surface. The floor. Come to think of it, when we use a
reverberation room, we measure the absorption of a material
laid out on the floor. Hardly the uniform distribution that
either Sabine or Eyring had in mind.

So it’s disconcerting that Murray should find — quite
conclusively — that, although both Sabine and Eyring quite
accurately predict reverberant decay, they do not do so for
reverberant level [5]. This, at least in my opinion, comes
from one of his more important pieces of work.

He identifies a problem that we all needed to be aware
of. And now we are. Enigmatically though, he poses no
solution to the problem. But there is, and there was, a
solution [6]. He was aware of it. He chose not to mention it.
But that’s a story for another time.

Still, Murray’s work gave us lowly consultants another
wonderful tool for our toolkits. The knowledge of when our
basic assumptions work and, just as importantly, when they
don’t. Both Sabine and Eyring predict reverberant decay
quite reliably. Neither of them can reliably predict
reverberant level [7].

5 Scale models

I won’t say that we ever did or ever will suffer from a surfeit
of concert hall scale model studies. But Murray started out
with physical scale models of factories and would return to
scale models when he could throughout his career. And
thank goodness he did.

Thank goodness for two reasons. Almost all computer
models these days are energy based, as are our Sabine and
Eyring reverberation calculations. For most of us, there are
no wave effects in our computer models. Parenthetically, |
should add that wave based computer simulations are
quickly catching up and may, someday, be useful in normal
sized rooms. Most current computer models, however, are
based on specular reflections, the physics of which amounts
to the assumption that the reflecting surface is infinite in
size and perfectly flat. No curves allowed. So, in short, if
you want to believe your modern energy based computer
model you have to pretend that sound is not a wave and that
you are a paid up, card carrying member of the flat earth
society!

Canadian Acoustics / Acoustique canadienne



Current computer models only pretend to include
diffusion effects. They do so with a physically inaccurate,
mathematical sleight of hand. Diffusion is a wave effect and
right now, for a large room, that can only be modelled
reliably in a scale model.

One of Murray’s more important studies was a
quantification of the acoustic effects of fixtures on a factory
floor [8]. Something he couldn’t have done without physical
scale models. And, I'll hasten to point out, the acoustic
effects of factory floor fittings are not unlike a row of desks
in a classroom or open plan office. Ever seen a reliable
absorption coefficient for a desk in an open plan office,
occupied or unoccupied? You may have. But I haven’t.

So, that was Thank Goodness #1. That he was working
on scale models.

Thank Goodness #2? That he was working on factories.
Because, as I’ve mentioned, the geometry of a factory is
much closer to the majority our built environment. Much
closer than it might seem at first glance. As, | pointed out, it
was a short step from factories to classrooms, offices and
hospital wards.

6 Sustainable acoustics

Murray points out — quite rightly — that providing
unsatisfactory acoustics in sustainable buildings is... well...
unsustainable! [9] Someone is eventually going to change
things. So much for sustainability.

But there is, or was, a dearth of data on green buildings
as consultants like me so often found as we tried to apply
our nascent science of acoustics to the real world.

Some years ago, | did a green office building for
Manitoba Hydro in Winnipeg. A city known affectionately
to the Canadians in this room as “Winterpeg”. Situated at
the centre of the continent, it suffers a continental climate of
extremes. Freezing cold in the winter and boiling hot in the
summer. If ever there was a challenge for sustainable
design, this was the place. The building more than met those
challenges and won a number of awards. None of them, I’'m
sure you’ve guessed, were for the acoustics!

Murray was one of the first to publish cold hard facts
about the acoustics of green buildings [10, 11].
Unfortunately for me, that was in the early 2,000s, a few
years after we had completed the design. With calculations
that I don’t mind telling you were, at the time, no more than
acoustical stabs in the dark. It’s nice to know that we now
have documented data to verify what we’re trying to predict.
And Murray, more than any other | might suggest, got that
ball rolling.

7 Multi-disciplinary

Murray’s work so often crossed so many disciplines.
Factory workers, architects, school teachers and so many
more. Murray worked with them all.

Having recently donned a pair of hearing aids, [12] I’ve
taken a latter day interest in audiology. My wife, who
actually is an audiologist, never tires of telling me that
acousticians really don’t know all that much about hearing.
But that didn’t faze our friend Murray.
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Get this for a multi-disciplinary study: ship building,
workers’ health and safety and the very wide chasm
between acoustics and audiology. And believe me, there is a
chasm. I’ve lived the last 35 years of my life learning how
just much T don’t know about audiology! I’'m speaking, of
course, of Murray’s work with our friend Chantal LaRoche
[13], oh about fifteen years ago.

The resulting papers, many of which were presented
here in Victoria at our meeting in 1999 were published later
in Canadian Acoustics/Acoustique Canadienne [14]. These
papers are a tour de force in the application of multi-
disciplinary research.

8 Editor

Finally, I would be remiss if I did not mention Murray’s
time as our editor of Canadian Acoustics/Acoustique
Canadienne. From 1990 to 1998.

He said that one of his proudest achievements in that
office was the publication the late Raymond Hétu’s
controversial comments on Occupational Hearing [15].
Which wasn’t easy. The illustrious likes of Edgar Shaw, for
example, refused to review it. Murray was even threatened
with legal action. But you didn’t mess with our Murray,
especially when he cared about something. Thanks to his
persistence, the debate that Hétu initiated was given a voice.

9 Conclusion

Factories, offices, classrooms, hospitals and, yes, even ships
on the ocean. He’s done them all and done them well.

He enjoyed the admiration and affection of his students.
That affection was well earned. | was told last night that he
was still helping his students from his hospital bed.

He commanded the respect of all of us in the Canadian
Acoustical Association and, of course, acousticians
throughout the world. And | thank so many of you for
coming here today. He died too soon. But few of us will
soon forget him.

In our little corner of science called acoustics, the
description of our built environment is a better place for the
work of our friend Murray Hodgson. I can think of no better
tribute for the work or for the man.

Au revoir mon ami.
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MODELING NON-DIFFUSE SOUND FIELDS IN ROOM ACOUSTICS:
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Résumé

Le concept de champ diffus en acoustique des salles est I’hypothése de base de la théorie classique de la réverbération. Cette
hypothése est pourtant fausse dans de nombreuses situations pratiques pour lesquelles le champ sonore réverbéré présente
d’importantes variations spatiales dans la piéce. Murray Hodgson a consacré une partie importante de ses activités de
recherche a 1’étude des champs non diffus, par des études combinant souvent des aspects expérimentaux et de modélisation.
Certaines des premiéres contributions de Hodgson en lien avec ce sujet sont d'abord présentées. Dans une deuxiéme partie, le
papier présente des développements concernant un modele statistique pour les champs non diffus basé sur un processus de
diffusion. Le papier se concentre en particulier sur la modélisation des réflexions diffuses au sein de ce modele de diffusion,
I’application de ce modele aux locaux industriels, et la modélisation des flux d’énergie en utilisant la loi de Fick. Tous ces
développements constituent une suite naturelle des travaux d’Hodgson, concernant de multiples problématiques qu’il a
soulevées sur le sujet des champs non diffus.

Mots clefs : acoustique des salles, réverbération, diffusivité du champ sonore, équation de diffusion

Abstract

The concept of diffuse sound field in room acoustics is the basic assumption of the classical theory of reverberation. This
assumption is however false in many practical situations where the reverberant sound field undergoes significant spatial
variations in the room. Murray Hodgson has dedicated an important part of his research activities to the study of such non-
diffuse sound fields, through studies combining generally both experimental and modeling aspects. Some of Hodgson’s early
contributions in link with this topic are first presented. In a second part, the paper presents some developments concerning a
statistical model of non-diffuse sound fields based on a diffusion process. The paper focuses in particular on the modeling of
mixed reflections within this diffusion model, the application of this model to industrial workrooms, and the modeling of
energy flows by using the Fick’s law. All these developments are a natural continuation of Hodgson's works, concerning
numerous issues that he raised on the modeling of non-diffuse sound fields.

Keywords: room acoustics, reverberation, sound field diffuseness, diffusion equation

Foreword 1 Introduction

The first author of this paper visited Murray Hodgson at the
University of British Columbia for the first time in 2005.
This visit has been followed by several others, which led to
a very friendly relationship, and to numerous and fruitful
exchanges, thanks to Murray’s great expertise in many
fields of acoustics. A collaboration on the development of a
statistical model for room acoustics was carried out in the
years 2005-2008, and the paper is a review of these works,
highlighting the fact that they can be seen as a natural
continuation of Murray’s earlier works on the modeling of
non-diffuse sound fields.

" vincent.valeau@univ-poitiers.fr
T cedric.foy@cerema.fr
tjudicael.picaut@ifsttar.fr
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It is well known that the reverberant sound field in a room
can be accurately described by statistical models at medium
and high frequencies, provided that there is sufficient modal
overlap. In practice, it is considered that such models are
valid for frequencies above the so-called ‘“Schroeder
frequency” [1]. The classical statistical theory of
reverberation is a powerful tool for predicting sound
pressure levels and reverberation times based on little
information about the room. It is based on the concept of
“diffuse sound field”, according to which the reverberant
sound field at any location in a room is due to uncorrelated
waves traveling with equiprobable directions and intensity
[2]. Widely used by practitioners for obtaining acoustic
predictions within “engineering accuracy” [3], the diffuse
field concept is nevertheless limited to restricted practical
situations, and is by nature unable to predict spatial
variations of the reverberant field in a room. Sound fields
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for which such spatial variations are significant will be
called “non-diffuse” sound fields in the rest this paper.

Murray Hodgson, since his PhD works in the early 80s
on the sound field in industrial workrooms [4], has
dedicated a significant part of his research activities to the
study of non-diffuse sound fields, through studies
combining generally both experimental and modeling
aspects. In the years 2000s, Murray Hodgson has been
collaborating with the authors of the present paper on the
modeling of non-diffuse sound fields, by using a specific
statistical model based on a diffusion equation [5]. The
objective of this paper is to underline some aspects of
Hodgson’s research on non-diffuse sound fields, to establish
the link with the research activities on the diffusion model,
and to make a summary of the collaborative activities
between Murray Hodgson and the authors of this paper.

In this purpose, in Section 2, some aspects of
Hodgson’s research concerning non-diffuse sound fields and
the sound field in industrial workrooms are presented. In
Section 3, the diffusion model for room acoustics is briefly
presented, and the different aspects in which Murray
Hodgson has been involved are synthesized, before a brief
set of conclusions and perspectives in Section 4.

2 Some aspects of Hodgson’s research on
non-diffuse sound fields and industrial
workrooms

Murray Hodgson has devoted an important part of his
research to the study of sound field diffuseness in room
acoustics. Several of his papers have had a significant
impact on the scientific community working in the field of
room acoustics. In his 1996 famous paper, “When is diffuse
sound field theory applicable?” [3], Hodgson pointed out
that, based on his experience (“from having measured sound
fields in hundred of rooms of any type™), this theory is
generally accurate for describing the reverberation time in
real rooms. On the contrary, the prediction of steady-state
sound pressure level (SPL) should be limited to rooms with
cubic shape and uniform absorption coefficient. If the room
shape departs from a cubic geometry, the diffuse sound field
theory will be more accurate if the walls have specular
reflections [6]. Indeed, Figure 1 shows the reasonable
agreement of the diffuse sound field theory with the
measured SPL for a squash court (a nearly-cubic room with
flat surfaces, i.e., specular reflections), but also
demonstrates (along with other examples given in [3]) a
general trend of this theory to under-estimate the spatial
decay of the SPL for rooms with common aspect ratios.
Reference [3] is definitely a paper that has been greatly
useful to practitioners, giving accurate guidelines for
applying (or not) the well-known diffuse sound field theory.
This study definitely demonstrated the need for modeling
non-diffuse sound fields with a satisfactory precision.

From the 80’s, Hodgson’s research has been indeed
largely dedicated to the characterization and the prediction
on non-diffuse reverberant sound fields, especially by using
simulations tools based on ray-tracing, image-source,
radiosity models etc. (eg., [6-9]). Hodgson’s most cited
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paper (according to the Scopus database), published in
1991, focused in particular on the influence of the walls’
reflection law on the reverberant sound field [8]; in this
context, a mixed reflection is defined as a mix of diffuse and
specular reflection. The key-parameter is the non-
dimensional scattering coefficient (noted down d in the
following) defining the proportion of specular and diffuse
reflections (ranging from 0 for purely specular reflections to
1 for purely diffuse reflections). The need of incorporating
the scattering coefficient in ray-tracing simulations was
demonstrated experimentally, as illustrated in Figure 2. In
the case of a proportionate room (left column in Figure 2), it
is shown that the scattering coefficient d has no influence on
the predicted SPL; whatever its value, the simulation shows
a generally satisfactory agreement with the measurement
data. On the other hand, in the case of a flat room (an empty
factory, right column), the spatial decay of the SPL is very
sensitive to the scattering coefficient, and increases with the
amount of diffuse reflections. It was concluded that it is
generally possible to obtain a best-fit agreement with
experiment for a particular value of d between the two
extremes. This conclusion is now common knowledge
among practitioners, and most simulation tools incorporate
the scattering coefficient value [10, 11].
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Figure 1 (from [3]): Plain line: diffuse sound field theory, (e)
measured sound level decay in the 1000 Hz-Octave band, as a
function of the distance to the sound source, for: Top: a room with
homogeneous dimensions (a squash court , dimensions 10 X 6 X 5
m?), I33ottom: an elongated room (a classroom, dimensions 14 x 8 x
3.5m’).
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Figure 2 (adapted from [8]): SPL predictions in dB by using the
ray-tracing technique, in several octave bands, for different values
of the scattering coefficient d between 0 and 1, for: a proportionate
room (a gymnasium, left column), a flat room (an empty factory,
right column). (@) measurement data.

Another important interest of Murray Hodgson was the
prediction of the reverberant field in industrial workshops
[4]. The presence of “fittings” in the room (which can be
called a “fitted room”) can potentially enhance the
diffuseness of the reverberant field, due to the acoustic
scattering by the obstacles. The fittings are generally
modeled by a statistical parameter called the fitting density
(analogous to a mean free path [12]), and by their absorption
coefficient. Many models, often empirical, exist for
predicting the reverberation in such rooms, and Hodgson’s
research in this field has been dedicated to accurate
evaluations of such models (e.g., [13-15]), or to assess the
correct values for the fitting characteristics (e.g., [16]) by
using extensive comparisons between predictions and
experiments. Hodgson’s publications on the topic of the
acoustics of industrial workshops illustrates well how
providing reliable tools to practitioners has been a constant
goal in Hodgson’s research.

3 The diffusion model for room acoustics

Hodgson’s works on non-diffuse sound fields truly justifies
the need for a model able to describe common practical
situations involving non-diffuse sound fields, mixed
reflection and scattering by fittings. A solution was
proposed with the development of the so-called diffusion
model for room acoustics.

The idea of describing the reverberant field in a room
by a diffusion process is initially due to Ollendorff in 1969
[17], but the concept was really applied and validated by
Picaut et al. in 1997 [5]. The model is based on the sound
particle concept [18], ie., on the analogy of the acoustic
energy density with a density of “sound particles”
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propagating at the speed of sound c along straight lines.
Many geometrical models (like the ray-tracing technique
and its variants) consist in emitting a great number of

particles (high enough for reaching the statistical
convergence) and following their individual trajectories (the
rays).

Conversely, the diffusion model starts from the

transport theory developed in statistical physics [19], using
the distribution function of the particles in the phase space
for modeling the particle dynamics in a global way. Under a
set of assumptions, in particular, i) the walls of the room are
analogous to a cloud of spherical scatterers located within
the room volume, and ii) the phenomena are nearly
isotropic, a diffusion equation governing the sound energy
density can be obtained [5]. The key-parameter of the
diffusion process is the so-called “diffusion coefficient” D
(unit m%s), and is, in theory, equal to Ac/3, 4 being here the
room mean free path, and c the sound speed. In this
expression, the classical mean free path of an empty room
A=4V/S (V and S are respectively the room volume and the
area of the room surfaces) is used, which is valid in the case
of purely diffuse reflections [2].

This diffusion equation is then associated with an
appropriate boundary condition requiring the introduction of
an exchange coefficient depending on the absorption
coefficient of the walls [20-23]. The advantage of the
diffusion model is that it can be rather easily solved
numerically [21], and can handle complex cases (eg.,
complex networks of coupled rooms [24,25]) with a low
computational cost compared to geometrical techniques.

The diffusion equation was shown to be an extension of
the classical reverberation theory to non-diffuse sound fields
[21], and is perfectly adapted for predicting spatial sound
decays in rooms such as the ones reported in Figure 1 by
Hodgson [3]. In the years 2005-2008, Murray Hodgson was
involved in several contributions concerning the
development of the diffusion model for room acoustics
[21, 26-28], that are reminded in this section.

3.1. Adaptation to mixed reflections

In the validation cases proposed in reference [21], some
comparisons were provided by using a ray-tracing code with
a value of the scattering coefficient d of 1 (purely diffuse
reflections). It was obvious, considering Hodgson’s early
works (see last section), that the model could only be
applied practically if it could handle situations with mixed
reflections (d between 0 and 1).

The observation of the effect of the diffusion coefficient
value on the simulation results brought a first answer to this
problem [26]. In the case of a room with homogeneous
dimensions, it was found that the diffusion coefficient value
has no effect on the predicted levels; let us remind, from
Hodgson’s former results in Figure 2, that similarly, the
reflection law (through the scattering coefficient d) has no
effect on the predicted levels. Let us now define a correction
factor K (K > 1), so that the value of the diffusion
coefficient is set to KxD.
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As initially observed by Hodgson (Figure 2 [8]), the
sound decay in a flat room, predicted by using the ray-
tracing technique, is greatly affected by the amount of
specular reflections (i.e., the value of the coefficient d), as
shown in Figure 3. It was then observed, as demonstrated in
Figure 3b, that it is always possible to find a correction
factor K so that a good match can be obtained between the
diffusion model predictions and the levels predicted by the
ray-tracing technique for different value of the scattering
coefficient d. It was then concluded that there is an
analogous behavior between the effect of the scattering
coefficient d on the ray-tracing results, and the effect on the
diffusion coefficient value KxD on the diffusion result.
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Figure 3 (from [26]): SPL decay in a room of dimensions 30 x 8 x
3.85 m® (source at x=2); (a) Ray-tracing model: (v) d = 1 (diffuse
reflections); (x) d = 0.5; (O) d = 0 (specular reflections); (b)
Diffusion model: (°¢) K = 1 (theoretical model); (x) K = 1.8; (O)
K=5.

As it will be explained in section 3.3, the coefficient D
sets the relation between the energy density and the acoustic
energy flow through the room (i.e., the intensity). For an
elongated room or a flat room, a lower diffusion coefficient
means that the diffuse reflections involve a higher resistance
to energy flow than specular reflection, likely due to back-
scattering.
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Some further research was carried out in order to find a
general empirical law for the correction factor K, which
would allow the diffusion model to be applied for a wide
range of mixed reflection laws and room aspect ratios [29].
A more satisfying solution was finally derived some years
later by working out a theoretical expression of the diffusion
coefficient, starting from the transport theory [30]. A new
expression for the diffusion coefficient D was obtained:

Ac 1

D= 1)

?a+(1—a)d

Where « is the absorption coefficient of the room’s
walls. The dependence to the scattering coefficient d
appears in the expression, and in the case of purely diffuse
reflections (d=1), the expression of Eqg. (1) logically
matches the original value, Ac/3.

More surprisingly, a dependence of the diffusion
coefficient D to the absorption coefficient a also appears in
Eq. (1). At low absorption coefficient (« « 1), the value of
D significantly increases when the amount of specular
reflections increases (ie.,when d decreases), while D
remains approximately equal to Ac/3 whatever the value of d
at high absorption (« close to 1) [30]. The dependence of D
to the absorption was also observed numerically in the case
of elongated rooms [31].

3.2. Predicting the reverberant field in fitted
rooms

As mentioned in Section 2, modeling the acoustics of fitted
rooms have been a constant goal in Hodgson’s research.
Fitted rooms are characterized by the presence of a large
number of obstacles with different shapes and orientations,
and a statistical approach can accurately describe the effect
of the fittings, as initially proposed by Kuttruff [12]. The
statistical parameter for describing the fittings is the mean
free path A of a random spatial distribution of scatterers in
the room volume (the fitting density is then defined as 1/ A
[6, 32]).

The idea of describing the fittings effect by a diffusion
process had been proposed by Kurze in 1985 [33],
associated to an image source model for the ceiling and
floor. In 2007, a unified model [26] was proposed in order
to combine the diffusion by the fittings and by the walls of
the room, considering the classical mean free path A, of an
empty room. The propagation of sound in a fitted room was
supposed analogous to the propagation of sound particles
through a medium of scatterers accounting for both walls
and fittings. In such a medium, the mean free path 4 (in
meter) of the sound particles is:

Ardf

A= @)

ﬂ.r +ﬂ.f

So that a diffusion process describing the propagation
of sound particles in the fitted room can be defined and
solved numerically by adding appropriate boundary
conditions [26].

The example of Figure 4 [26] illustrates the efficiency
of such a model, by considering the case of a parallelepiped
room with specular reflections and half-fitted following two
configurations [32] (the absorption coefficient of the fittings
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is 0.3). In both cases, the diffusion process matches both
ray-tracing predictions and measurement data.

3.3. Predicting energy flows

A diffusion process involves a linear relationship between
the gradient of the acoustic energy density Vw, and the
energy flow J (a vector interpreted in acoustics as the
acoustic intensity with dimension W/m?):

J= -DVw (3)

This law is generally called the Fick’s law. From 2008,
several studies started using the Fick’s law in order to
investigate energy flows in single [28] or coupled rooms
[34]. Ray-tracing or particle-tracing codes can also be used
to evaluate the reverberant energy flow vector, by
associating each ray (or sound particle) with an elementary
intensity vector; by summing the contributions of the set of
rays or particles crossing a given receiving volume, the net
intensity vector can be obtained [28, 31].

The energy flow vector is an interesting quantity for
investigating the diffuseness of a reverberant sound field. A
purely diffuse sound field is composed of many
uncorrelated sound waves coming from uniformly
distributed directions. By nature, the energy flow should be
zero. By considering numerical simulations of the
reverberant sound field, it was found that the geometry that
can meet rigorously this property is a sphere with uniform
absorption [31,18]. A cubical with homogeneous
absorption is known as a favorable configuration for
generating a diffuse sound field [3]. Looking closely at the
energy flow in a cube, it nevertheless appears that the
reverberant intensity vectors describe an organized pattern
with significant intensity [31]. Figure 5 displays the
intensity vector pattern in the vicinity of the corner of a
cubical room, oriented from the source toward the edges of
the room, the norm of the reverberant intensity being larger
close to the room boundaries. This pattern explains that
some significant variations of the sound intensity level close
to the walls of the rooms can be observed, whereas the SPL
of the reverberant field appears to be rather constant
throughout the room [31]. This example demonstrates that
the energy flow pattern is an appropriate tool for
investigating the diffuseness of a sound field.

The Fick’s law is a quite unusual behavior in acoustics
(the intensity is proportional to Vw); indeed for propagating
waves, the intensity is proportional to the acoustics energy
density w.

The simulation results of Figure 5 tend to indicate that
the Fick’s law is relevant for a reverberant field in room
acoustics, because the particle-tracing results reveal the
same intensity pattern as the Fick’s law. The Fick’s law has
been further confirmed in the case of elongated rooms, in
particular by using an experimental approach based on a
scale model and pressure-velocity probes (for measuring the
intensity vector) [35]. The use of the energy flow vector
calculated from the Fick’s law has also been shown to be
very useful for understanding multiple decay phenomena in
monumental spaces such as mosques [36].

Canadian Acoustics / Acoustique canadienne

SPL (dB)

o
(&)
o
o
&
8

Figure 4 (from [26]): SPL decay in a room of dimensions 30 x 8 x
3.85 m® (source at x=1.5); (a) room fitted (4 = 3.9 m) for x<15 m,
empty for x>15 m; (b) room empty for x<15 m, fitted (s = 3.9 m)
for x>15 m. Solid line: diffusion model; (o) ray-tracing prediction;
(e) measurement data [32].
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Figure 5 (adapted from [31]): Left: top view of the cubical room
(10 x 10 x 10 m® source in the room center, purely diffuse
reflections); the grey zone indicates the domain in which the
energy flow vectors are plotted. Right: energy flow vectors
obtained by particle tracing simulations (solid arrows) and the
Fick’s law (dashed arrows).

4 Concluding remarks

Some remarkable contributions of Murray Hodgson’s
research on reverberation modeling, and on the effect of
scattering objects and wall reflection law have been first
presented in this paper. The research works carried out on
the development of a diffusion model for room acoustics
can be seen as a continuation of Hodgson’s work concerning
numerous issues that he raised, generally, on the modeling
of non-diffuse sound fields. The diffusion model for room
acoustics is now applicable to a wide range of practical
situations.

However, some aspects still need improvements and
developments. In particular, the diffusion coefficient, which
is the main parameter of the model, is now known to be
varying along the room [31, 35], and this variation would
need to be taken into account to accurately model complex
situations like flat or elongated rooms with large aspect
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ratios. In some cases of networks of coupled rooms (with
different aspect ratios or coupled by large apertures), the
diffusion model gives some interesting results for physical
interpretations, but the quantitative results still need to be
improved, possibly because the change of the diffusion
coefficient between coupled volumes requires further
improvement to accurately model the energy transfers. The
question to be answered will be if diffusion, which is an
approximation of a more general transport process, has
reached its limits, or if some further modeling of the
diffusion coefficient is still possible in those cases.

References

[1] Schroeder, M. R. Eigenfrequenzstatistik und
Anregungsstatistik in Raiimen, Acustica, 4: 456-468, 1954. English
translation in Schroeder, M. R. Statistical Parameters of the
Frequency Response Curves of Large Rooms, J. Audio Eng. Soc.,
35: 299-306, 1987.

[2] H. Kuttruff, H. Room Acoustics, 4" ed., Spon Press, Oxon,
20009.

[3] Hodgson, M.. When is Diffuse-Field Theory Applicable?,
Applied Acoustics, 49(3): 197-207, 1996.

[4] Hodgson, M. Theoretical and Physical Models as Tools for
Study of Factory Sound Fields, Ph. D. Thesis, University of
Southampton, England, 1983.

[5] Picaut, J., Simon, L., Polack, J.-D. A Mathematical Model of
Diffuse Sound Field Based on a Diffusion Equation, Acustica, 83:
614-621, 1997.

[6] Hodgson, M. On Measures to Increase Sound-Field Diffuseness
and the Applicability of Diffuse-Field Theory, J. Acoust. Soc. Am.,
95(6): 3651-3653, 1994.

[7] Hodgson, M. On the Prediction of Sound Fields in Large
Empty Rooms, J. Acoust. Soc. Am., 84(1): 253-261, 1988.

[8] Hodgson, M. Evidence of Diffuse Surface Reflections in
Rooms, J. Acoust. Soc. Am., 89(2): 765-771, 1991.

[9] Nosal, E.-M., Hodgson, M., Ashdown, I. Improved Algorithms
and Methods for Room Sound-Field Prediction by Acoustical
Radiosity in Arbitrary Polyhedral Rooms, J. Acoust. Soc. Am.,
116(2): 970-980, 2004.

[10] Dalenbéck, L. Room Acoustic Prediction Based on a Unified
Treatment of Diffuse and Specular Reflection J. Acoust. Soc. Am.,
100(2): 899-909, 1996.

[11] Lam, Y. W. A Comparison of Three Diffuse Reflection
Modeling Methods Used in Room Acoustics Computer Models, J.
Acoust. Soc. Am., 100(4): 2181-2192, 1996.

[12] Kuttruff, H. Sound Decay in Reverberation Chambers with
Diffusing Elements, J. Acoust. Soc. Am., 69(6): 1716-1723, 1981.

[13] Hodgson, M. On the Accuracy of Models for Predicting
Sound Propagation in Fitted Rooms, J. Acoust. Soc. Am., 88(2):
871-878, 1990.

[14] Hodgson, M. Experimental Evaluation of Simplified Models
for Predicting Noise Levels in Industrial Workrooms, J. Acoust.
Soc. Am., 103(4): 1933-1939, 1988.

[15] Hodgson, M. Ray-Tracing Evaluation of Empirical Models for
Predicting Noise in Industrial Workshops, Applied Acoustics, 64:
1033-1048, 2003.

[16] Heereema, N., Hodgson, M. Empirical Models for Predicting
Noise Levels, Reverberation Times and Fitting Characteristics in
Industrial Workshops, Applied Acoustics, 57: 51-60, 1998.

16 - Vol. 47 No. 1 (2019)

[17] Ollendorf, F. Statistical Room-Acoustics as a Problem of
Diffusion (a proposal), Acustica, 21: 236-245, 1969.

[18] Joyce, W.B. Exact Effect of Surface Roughness on the
Reverberation Time of a Uniformly Absorbing Spherical
Enclosure, J. Acoust. Soc. Am., 64(5): 1429-1436, 1978.

[19] Morse, P., Feshbach, M. Methods of Theoretical Physics,
McGraw-Hill, New York, 1953.

[20] Picaut, J., Simon, L., Polack, J.-D. Sound Field in Long
Rooms with Diffusely Reflecting Boundaries, Applied Acoustics,
56: 217-240, 1999.

[21] Valeau, V., Picaut, J., Hodgson, M. On the Use of a Diffusion
Equation for Room-Acoustic Prediction, J. Acoust. Soc. Am.,
119(3): 1504-1513, 2006.

[22] Billon, A., Picaut, J., Sakout, A. Prediction of the
Reverberation Time in High Absorbent Room Using a Modified-
Diffusion Model, Applied Acoustics, 69: 68-74, 2008.

[23] Jing, Y., Xiang, N. On Boundary Conditions for the Diffusion
Equation in Room-Acoustic Prediction: Theory, Simulations, and
Experiments, J. Acoust. Soc. Am. El. Lett., 123(1): 145-153, 2008.

[24] Billon, A., Valeau, V., Sakout, A., Picaut, J. On the Use of a
Diffusion Model for Acoustically Coupled Rooms, J. Acoust. Soc.
Am., 120(4): 2043-2054, 2006.

[25] Xiang, N., Jing, Y., Bockman, A. C. Investigation of
Acoustically Coupled Enclosures Using a Diffusion-Equation
Model, J. Acoust. Soc. Am., 126(3): 1187-1198, 20009.

[26] Valeau, V., Hodgson, M., Picaut, J. A Diffusion-Based
Analogy for the Prediction of Sound Fields in Fitted Rooms, Acta
Acustica United. With Acustica, 93: 94-105, 1997.

[27] Foy, C., Billon, A., Picaut, J., Valeau, V. Sakout, A,
Hodgson, M. Diffusion-Based Models for Predicting Sound Fields
in Rooms with Mixed Specular and Diffuse Reflections, 19" Int,
Cong. On Acoustics, Madrid, 2007.

[28] Valeau, V., Boirlaud, M., Picaut, J. Hodgson, M., Foy, C. The
Intensity of a Reverberant Field as an Energy-Density Gradient,
Acoustics’08, Paris, 2008.

[29] Foy, C., Valeau, V., Billon, A., Picaut, J., Sakout A. An
Empirical Diffusion Model for Acoustic Prediction in Rooms with
Mixed Diffuse and Specular Reflections, Acta Acustica United
with Acustica, 95: 97-105, 2009.

[30] Foy, C., Picaut, J., Valeau, V. Including Scattering within the
Rooms Acoustics Diffusion Model: An Analytical Approach, J.
Acoust. Soc. Am., 140(4) : 2659-2669, 2016.

[31] Visentin, C., Prodi, N., Valeau, V., Picaut, J. A Numerical
Investigation of the Fick’s Law of Diffusion in Room Acoustics, J.
Acoust. Soc. Am., 132(5): 3180-3189, 2012.

[32] Ondet, A.M., Barbry, J.L. Modeling the Sound Propagation in
Fitted Workshops Using Ray Tracing, J. Acoust. Soc. Am., 85:
787-796, 1989.

[33] Kurze, U. J. Scattering of Sound in Industrial Spaces, J. Sound
Vib., 98(3): 349-364, 1985.
[34] Jing, Y., Xiang, N. Visualizations of Sound Energy Across

Coupled Rooms Using a Diffusion Equation Model, J. Acoust. Soc.
Am. El. Lett., 124(6), 2008.

[35] Visentin, C., Prodi, N., Valeau, V., Picaut, J. Experimental
Analysis of the Relationship Between Reverberant Acoustic
Intensity and Energy Density Inside Long Rooms, J. Acoust. Soc.
Am., 138(1): 181-192, 2015.

[36] Giil, Z. S., Xiang, N., Caliskan, M. Investigations on Sound
Energy Decays and Flows in a Monumental Mosque, J. Acoust.
Soc. Am., 140(1): 344-355, 2016.

Canadian Acoustics / Acoustique canadienne



There’s a lot of
noise out there.

Rockfon® ceilings provide
the style architects want and
the high sound absorption
you need. Get the facts at
www.Rockfon.com.

The Passing Whistler

The Gum Smacker

The Loud Talker

The Caoffee Slurper

The Click-Clacker

\

Part of the ROCKWOOL Group

~

Canadian Acoustics / Acoustique canadienne Vol. 47 No. 1 (2019) - 17



GRAS .. LSVS

SOUND & VIBRATION SOLUTIONS CANADA Inc.
SINUS

Hearing Protection
Testing

Multifunction
Calibrator

New Low-noise

Rugged Microphone KEMAR Manikin

HALT Tested
IP-67
Gg@“a‘:;‘
{{?ﬁ Low Noise
I-Elgh Sensutlylty Type | & I
—— Low Cost SLM Award V:I :
= Longest Battery Life ward Winning

Beam Forming
Acoustic Imaging

High Performance Low Cost Acoustic Analysers

Sound & Vibration Solutions Canada Inc.
Integrated Solutions from World Leaders

519-853-4495 ametelka@cogeco.ca www.svscanada.ca

18 - Vol. 47 No. 1 (2019) Canadian Acoustics / Acoustique canadienne



Do WE STiLL NEeD DIFFUSE FIELD THEORY?

Francesco Martellotta*
DICAR — Politecnico di Bari, Bari, Italy

Résumé

Plus de vingt ans aprés ’article de Murray Hodgson intitulé “When is diffuse field theory applicable?”, nous avons rassemblé
de plus en plus de preuves selon lesquelles la théorie des champs diffus est essentiellement une chimére. Si nous considérons
les deux implications les plus importantes du modéle de champ diffus, a savoir la distribution uniforme du niveau de pression
acoustique et I’invariance du temps de réverbération, il est assez facile de dire que de telles conditions ne sont pratiquement
jamais retrouvees, sur la base de mesures réelles dans plusieurs espaces différents. La diffusion sonore idéale nécessite des
conditions ergodiques et de mixage, qui ne se produisent pas nécessairement, notamment lorsque I'absorption acoustique est
répartie de maniere inégale ou lorsque les piéces ne sont pas proportionnées. Ainsi, apparemment, la théorie des champs
diffus pourrait étre écartée au profit d’approches plus précises capables de prendre en compte la nature spécifique de chaque
espace. De nos jours, nous disposons de plusieurs instruments allant des nombreuses variations de 1’algorithme de lancer de
rayons a la solution numérique de 1’équation d’onde. Cependant, ces méthodes reposent sur la mesure ou I'estimation d'autres
coefficients qui, s'ils ne sont pas correctement calculés, peuvent introduire des inexactitudes encore plus grandes. Une analyse
critique est présentée ici, principalement basée sur I’expérience de recherche de I’auteur, montrant que la théorie des champs
diffus représente toujours un moyen important de comprendre la propagation du son dans des espaces clos.

Mots clefs:champ sonore diffus, modeles de prédiction, Murray Hodgson

Abstract

More than twenty years after Murray Hodgson’s “When is diffuse field theory applicable?” paper we have gathered more and
more evidence that diffuse field theory is mostly a chimera. If we consider the two most important implications of the diffuse
field model, i.e. uniform distribution of sound pressure level and reverberation time invariance, it is quite easy to say that
such conditions are hardly ever found, based on actual measurements in a number of different spaces. Ideal sound diffusion
requires ergodic and mixing conditions, which do not necessarily occur, particularly when sound absorption is unevenly
distributed or rooms are not proportionate. Thus, apparently, diffuse field theory might be dismissed in favour of more
accurate approaches capable of taking into account the specific nature of each space. Nowadays we have several instruments
spanning from the many variations of the ray-tracing algorithm to the numerical solution of the wave equation. However,
such methods rely on the measurement or estimation of other coefficients that, if not properly made, may introduce even
greater inaccuracies. A critical analysis is presented here, mostly based on the author’s research experience, showing that
diffuse field theory still represents an important way to understand sound propagation in enclosed spaces.

Keywords:diffuse sound field, prediction models, Murray Hodgson

1 Introduction allowed the safe use of either one formula or another in
. . . ) order to predict reverberation time or sound pressure level.
As a young researcher in acoustics, n(_eed_mg ad\_/lce from The paper relied on the in depth study Hodgson had
those who had already mastered the discipline, it was an  conducted on this topic, also involving the role of scattering
obvious choice to rely on my advisors and tutors, who were  glements in rooms [2,3], and the reliability of the Eyring and
there in person, but, in addition, a handful of “sacred texts”  gapine equations when non-low absorption conditions were
were constantly on the desk_, ready to be consulted for a et [4], as well as discussing them in the perspective of
prompt reply (it was quite uncommon to “google” “engineering accuracy” which he assumed to be +2 dB for
everything at the time). Among that pile of books, there  soungd pressure level, and +10% for reverberation time. In
were also some papers, and Murray Hodgson’s “When is  times in which the only alternative to classical formulas
diffuse field theory applicable?” [1] was one of the most  \yere the costly and not yet fast or friendly ray tracing tools,
crumpled (and covered in notes) due to frequent use. In fact,  gch guidance was of the greatest importance in order to
in its concise and schematic clarity, the paper always  ynderstand when diffuse field theory could be applied.
provided guidance as to which classical formula for diffuse When discussing whether real rooms might be
field had to be used or which were the conditions that  considered to fulfill wide ranging requirements, Hodgson
stated that “Generally, sound-decay curves are quite linear,
and diffuse-field reverberation-time prediction is quite
* francesco.martellotta@poliba.it accurate in most real rooms. Consequently, average surface
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absorption coefficients derived from measured room
reverberation times using diffuse-field theory have
considerable applicability. However, diffuse-field steady-
state sound pressure level prediction is seldom accurate in
real rooms and can, in fact, be highly inaccurate.”[1] The
fact that sound pressure level (and other more sensitive
energy-based parameters) were not responding to the diffuse
field theory predictions had previously been discussed (and
brilliantly resolved) by Barron and Lee [5] with reference to
auditoria. They assumed that total sound was made up of
direct sound and a linearly decaying reflected component
(depending on source-receiver distance). Apparently, only
the simplest rooms, with very little sound absorption,
behaved as expected.

According to the theory, propagation of sound inside an
enclosure can be described as a twofold process. First a
deterministic process is followed, since the single or
multiple contributions (within a limited order) stemming
from reflections on room boundaries can be easily spotted.
Secondly, due to the increasing number of contributions, the
process becomes purely stochastic. In particular, these latter
conditions are satisfied when the room is ergodic and
mixing [6]. The first term refers to the sound trajectories,
where the time spent close to a point is the same for all
points in the enclosure. The second term implies that two
trajectories initially close to each other shall have a
vanishing correlation as time goes to infinity (in other words
there should be no memory of the initial state after a certain
time). When both conditions are satisfied the result is an
ideally diffuse sound field, meaning that the sound energy is
uniformly distributed in the space. It should be emphasized
that a mixing room is a necessary, but not sufficient,
condition to obtain diffusion. In fact, non-uniform surface
absorption, or disproportionate rooms, may significantly
compromise the diffuseness of a sound field.

Therefore, it seems that the sound field in an enclosed
room is, more often than desired, far from being ideally
diffuse. Nonetheless, formulas based on diffuse field theory
have been used for a long time. At the end of his paper [1],
Hodgson concluded that “practitioners using diffuse-field
theory should be aware that the assumption of a diffuse
sound field may seriously limit the accuracy of prediction,
particularly of steady-state sound pressure level.” Then he
recommended: “Models, such as the method of images and
ray tracing, which are accurate in the case of non-diffuse
sound fields, are available.”

Nowadays we have even more powerful instruments to
model the sound field in a room. They span from the many
variations of geometrical acoustic (GA) methods [7],
including ray-tracing, cone-tracing, beam-tracing, image
source methods, radiosity, to diffusion equations [8,9], up to
the numerical solutions of the wave equation (based on
finite elements, boundary elements, finite difference time
domain, etc.) [10]. All these methods rely on the proper
description of the surface properties, which is not just
limited to diffuse field absorption coefficients and scattering
coefficients, but may now include angle-dependent behavior
and complex impedance. However, even limiting the choice
to absorption coefficients, which are certainly (and
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dangerously) the easiest values to find, there are several
issues which undermine the quality and the reliability of the
final result. The first aspect is that Sabine’s absorption
coefficients, which suffer from large measurement
uncertainties depending on the test room [11], differ from
diffuse field absorption coefficients to be used in
geometrical acoustic tools. Solutions to overcome this
problem have been proposed and will be discussed in detail
later, but they are mostly circumscribed to research
environments. Similarly, normal incidence absorption
coefficients measured in a standing wave tube cannot be
used “as is” in geometrical acoustic tools as this would
normally underestimate the absorption [12]. Thus, a
practitioner aiming to use one of the many widely available
commercial tools based on geometrical acoustics, should be
equally aware of the “traps” along the way.

Among the emerging methods (diffusion equation,
finite-difference-time-domain, etc.) the treatment of the
boundary surfaces is not a straightforward issue. When
using diffusion methods, proper adaptation of absorption
coefficients is needed [13]. For wave-based methods things
get even more complex because of several factors, including
the difficulty to model frequency dependent absorption, the
surface discretization (staircasing), the need to know angle-
dependent impedances rather than just diffuse field
absorption coefficients, just to mention the most critical.
Nevertheless, convenient solutions have been provided to
address most of these issues [14], so the spread of such
methods is to be expected. However, for the purpose of
comparison with diffuse field theory, as wave-based
methods are typically effective in a frequency range where
the diffuse-field theory cannot be applied at all, they will not
be considered in the following presentation.

In the subsequent sections, the paper discusses in more
detail the problems related to the application of the diffuse
field theory in real rooms, both in terms of energy
distribution and reverberation time, mostly taking advantage
of the author’s own experience. Then, the current
alternatives to the theory are also outlined, discussing some
accuracy issues pertaining to input parameters and
calculation algorithms. Finally, an attempt is made to
respond to the initial question.

2 Diffuse field theory and real rooms
2.1 Sound energy distribution

As anticipated, one of the most evident deviations from
diffuse field theory predictions is the non-uniform
distribution of acoustic energy in enclosed spaces. When the
relative sound pressure level is considered (i.e. the sound
strength G) the theory states that [5]:

G(r)=L{)— Ly, =101log(100/r% + 31200 T/V) (1)

Where T is the reverberation time, V is the room
volume, and r is the source-receiver distance. So, according
to the formula, when the distance from the source is greater
than the critical distance, G is reduced to 44.9+10log(T/V).
Taking advantage of a large set of measurements carried out
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by the author in churches [15] it was possible to show that,
when considering average values, the agreement between
theory and experimental values was good (Figure 1).
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Figure 1: Plot of the of sound strength (averaged at 500 and 1000
kHz) as a function of the /T30 ratio.

However, this apparently reassuring observation had to
be revised after checking the actual dependence as a
function of distance. In this case the results showed a much-
varied condition (Figure 2). In all the cases, and particularly
for the largest spaces, such as the church of the Holy name
of Jesus in Rome [16] (Fig. 2a) and St. Peter’s Basilica in
Rome (Fig. 2b), the level kept on decreasing well beyond
the critical distance. In the first case, the overall room
volume was approximately 40000 m®, and in the second it
was about 500000 m®. Both churches had quite long naves
(but St. Peters’ was twice as long as the first one) and large
transepts with central domes. Thus, the observed behavior
was likely to depend on a subtraction of acoustic energy
from such subspaces, which consequently weakened the
early reflections, particularly at the farthest receivers. The
analysis of the energy decay plots clearly confirmed such
behavior.

According to measurements carried out by the author in
theatres [18], smaller and more compact than churches, the
variations were less dramatic than in the previous cases, but
they were present nonetheless. In such cases some of the
farthest receivers were located in boxes or close to curved
walls around the stalls, clearly contributing to provide
strong early reflection.
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Figure 2: Plot of the distribution of sound strength (averaged at
500 and 1000 kHz) as a function of distance in: a) Church of
“Gesu” in Rome, b) St. Peter’s basilica in Rome. The blue line
represents the diffuse field value neglecting the direct sound
contribution
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Therefore, the reduced rate of variation was not a
matter of better compliance to diffuse field theory.

In all the cases a comparison with semi-empirical
models like Barron and Lee [5] and its variation specifically
adapted by the author to churches [19], showed that the first
model fitted data measured in theatres very well, while the
accuracy tended to decrease in churches (particularly at the
furthest points). The second model managed to better match
the observed values by reshaping the energy decay curve as
the superposition of two exponentially decaying processes
(one affecting the early reflections and one representing the
ideal diffuse field). In addition, it proved also to be suitable
for other spaces, such as churches acoustically treated as
auditoria, if the input parameters were properly chosen [20].
Whatever the model used to “revise” the theory, the
limitations of the “diffuse field” model were mostly located
in the early part of the decay, suggesting that the late part of
the decay behaved as expected, at least when rooms were
proportionate and mixing.

The empirical observation that any decay process could
be schematized as the combination of multiple exponential
decays suggested that, as already demonstrated by Anderson
and Bratos-Anderson [21] for St. Paul’s Cathedral in
London, the acoustics of complex spaces might be described
as the sound propagation in a system of coupled volumes.
According to this approach the diffuse field theory still
retains its validity, but it is applied to a system of subspaces
mutually connected. Therefore, the variation in the early
energy part results from the acoustic energy flow from one
volume to the others, depending on coupling apertures and
sub-volumes. As explained in detail in Ref. 17, the resulting
energy balance equation is:

Vi(dE;/dt) = —cAE;/4 + X cS;;(E; — E;)/4 2

where c is the sound speed, E; denotes the average sound
energy density in the i-th subspace, V; is the volume of the i-
th subspace and A is the equivalent absorption area of the i-
th subspace calculated as S;@, + 4mV;, where S; and &, are
respectively the total surface area and the geometrically
averaged absorption coefficient of the i-th subspace, and
4mV; is the propagation loss due to air. The coupling area
between subspace i and adjacent subspace j is denoted ;.

Application of this model, as refined by Summers et
al. [22], was successfully tested by the author in Roman
basilicas [15,17], while Chu and Mak [23] also proposed an
improvement based on the use of a delayed coupled volume
model which was tested in two Chinese churches. The
application to St. Peters’ Basilica (Figure 3), as well as to
other Roman basilicas, proved capable of accounting not
only for sound level variations but also for other energy-
based parameters like center time, as well as for early decay
time. Thus, after all, a proper application of diffuse field
theory managed to explain the acoustic behavior of very
complex spaces.

Uneven level distribution is also a typical problem in
many spaces in which the reverberation time shows no
significant spatial variation. However, there are a number of
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cases in which this parameter also needs to be carefully
taken into account.
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Figure 3: Plot of the distribution of sound strength and center time
(at 1 kHz octave band) in St. Peter’s Basilica in Rome, measured
and predicted using a statistical acoustic model of coupled
volumes.

2.2 Reverberation time related issues

When dealing with reverberation time, it is common
experience, as Hodgson had anticipated [1], that “generally,
sound-decay curves are quite linear, and diffuse-field
reverberation-time prediction is quite accurate in most real
rooms”. In fact, most of the effects that have been discussed
above affect the early part of the decay and, consequently,
have a lesser influence on the late decay. So, as
reverberation time is always calculated by excluding the
first 5 dB of the decay, the adverse effects are certainly
limited [24]. However, it is not unusual to find exceptions
due to particularly evident influences of early reflections
(e.g. in very large spaces where even T20 or T30 may show
dependence on source receiver distance), or due to coupled
volume phenomena. In both cases, the use of Bayesian
estimation [25] may reliably contribute to identifying the
different components of the decay process. The real
problems arise when it is the late part of the decay to show
large variations, which normally takes place when the
fundamental assumptions of the theory are, in some way,
not satisfied. Thus, disproportionate rooms, and non-
uniform distribution of absorption are the typical causes for
such behavior, but the appearance of modal effects may
equally contribute to abnormal distribution of reverberation
times, particularly in smaller rooms.

A singular example of such odd behavior which was
investigated by the author and colleagues is the crypt of the
Cathedral of Cadiz [26], where the reverberation time
measured in the “rotunda” dramatically changed by simply
moving the source along the axis. Without going too deeply
into the details of the complex phenomena occurring in this
space, the problem could be summarized by stating that the
shape of the space clearly contributed to originating flutter
echoes between the floor and the dome, which became more
evident when the source position moved off the border. The
flutter echoes involved all the receivers in the rotunda, as
shown by the “staircase effect” in the decay curve in Figure
4. A detailed analysis demonstrated that they were caused
by a complex 3D path, and resulted in a much longer
reverberation time. The same decay process also appeared,
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although with a reduced magnitude, in the side chapels as a
consequence of the weak coupling between them.

Y
o

Receiversin the rotunda

[N
o
T

Source S1-500 Hz
Source S2 - 500 Hz

Normalized Level (dB)
& A & !
(=] o o

&
S
T

-70

Time (s)

Figure 4: Normalized backward integrated decay curves in the 500
Hz octave band, as a function of source and receiver position.
Normalization is obtained in each case by taking the receiver with
the highest relative level as a reference.

Non-uniform distribution of reverberation times (or
strong dependence on the source position) may become real
problems if the room is used to test sound absorption
coefficients, as this may cause different results depending
on the measurement set-up, or on the particular set of
sources and receivers chosen for the measurements. From
this point of view ISO standard 354:2003 [27] poses no
limitations to large T30 variances. In fact, the only
qualification test that the room must pass refers to diffuser
installation which must ensure that the measured absorption
coefficient is maximized. Conversely, ASTM C423-17 [28]
requires the relative values of the variation of decay rates
with microphone position (to be moved in at least five
positions) to be smaller than a maximum limit, when the
room is empty. The relative variation is expressed as the
ratio of the standard deviation between decay rate
measurements (sy) and their mean value (dy,).

To give an idea of the sensitivity to change of any of
the possible variables, assuming ASTM limits as a
reference, a set of measurements were carried out by the
author in a 200 m® reverberant room complying with 1SO
standard 354, with six diffusers (covering an overall surface
of 10.2 m?) installed to comply with Annex A requirements.
Figure 5 shows the set of measured reverberation times and
the corresponding relative variations under normal use, with
sources at the corners (Fig. 5a), with source and receivers
moved to different positions and some diffusers removed
(Fig. 5b), and with the room filled with a 10.8 m? sample of
2 cm polyester fiber mat (Fig. 5c).

In the first case, in which both source positions were in
the corners and the receivers were kept at 1 m from walls
but along the peripheral area of the room, the standard
variations were within the limits in nearly all the frequency
bands (with the only exception at 200 Hz, where the limit
was slightly exceeded). In the second case, one of the
sources was moved far from the corner and one of the
receivers was moved towards the center of the room,
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causing significant variations, particularly in the low
frequency range. The large variation of about 6 s depended
on the significant differences appearing in measured
reverberation times when the source was in the corner and
receiver in the center (resulting in the lowest measured
values), and the combination with source far from walls and
receivers at the opposite position of the room (resulting in
the longest measured values). Finally, it was interesting to
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observe (Fig. 5¢) what happened when the room was filled
with a large sample of a material to be tested (2 cm thick
fiber mat). This test was not requested by any standard but
showed the dramatic variations also appearing at medium-
high frequencies as a consequence of a clear violation of the
diffuse field conditions. Similar results were obtained for
different materials.
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Figure 5. Plot of measured reverberation times as a function of frequency and relative variations of decay rate with microphone position
compared with ASTM C423 limits. a) Reverberant chamber with sources in the corners; b) Reverberant chamber with one source in the
corner and one far from the walls; c) Reverberant chamber with sources in the corner and a 10.8 m? absorbing sample.
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The above observations showed that reverberation time
varied more than expected, particularly in the lower
frequencies, but this does not imply that the resulting
absorption coefficients should be less accurate. In fact, a
comparison of the absorption coefficients measured using
both of the previously mentioned configurations (Figure 6)
showed very small variations in the medium and low
frequency range (where the standard requirements were not
met), while some slightly greater differences appeared at the
highest frequencies (with nonetheless negligible variations,
never exceeding 7%). Thus, the relative variation of the
reverberation time in the room was apparently not, by itself,
a measure of the reliability of a measurement. The
differences in the high frequency range were probably due
to the removal of some of the diffusers, which had a limited
effect on the sy/dy parameter when the room was empty,
but made a difference with the sample in place. Thus, in the
presence of a long reverberation time, increasing the number
of measurement positions might be a safer choice than just
choosing a set of combinations that minimize the change.

Nonetheless, it is a matter of fact that changes in the
room configuration and, more obviously, changes within the
room, may induce significant variations in measured
absorption coefficients [29]. The shape of the room and the
position (and type) of the diffusers may play a major role in
directing sound reflections towards the sample under test. If
diffusers (or dampers) are not properly located, persistent
reflection paths may move above the sample with limited
interactions with it (at least at high frequencies), resulting in
a lower absorption. Overall, observed variations can be
quite large, with standard deviations which may exceed +0.1
in many cases, particularly if highly absorbing samples are
tested. Such inaccuracies in absorption coefficient
measurements also pose serious problems when using
numerical tools but this will be discussed in more detail in
the next section.
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Figure 6. Plot of absorption coefficients of a 2 cm polyester mat
under the two configurations analyzed in Fig. 5

3 Computational methods

It is clear from the previous discussion that the cases in
which diffuse field theory is strictly valid are very limited

24 - Vol. 47 No. 1 (2019)

and, consequently, the use of classical formulas to predict
acoustical parameters or derive, indirectly, the absorption
coefficients, may lead to more or less significant
inaccuracies. Therefore, as Hodgson suggested in his 1996
paper, other methods based on geometrical acoustics should
be considered as alternatives. However, since then GA tools
have become so widespread that they are now available both
as specialized acoustic tools but also as plugins of 3D
modeling tools, and are therefore accessible to a much wider
(and not sufficiently aware) audience. Meanwhile, increased
computation power made several alternatives available,
including the use of diffusion equation which was largely
studied by Hodgson himself, as well as solutions of the
wave equation based on finite elements, boundary elements,
or finite-difference-time-domain (FDTD) approaches, which
now allow to complement GA methods in the low frequency
range. Anyway, at the moment the latter are still
circumscribed to a more selected audience of researchers,
which should, in principle, imply that they are used with
criterion.

The description of the available computational methods
goes well beyond the scope of this paper and has been
addressed by several scientific papers and reviews [7,10].
However, in order to understand if such tools may be
reliably used by the acoustic practitioner it is important to
point out the main causes of uncertainties in acoustic
modelling. Vorlander[30] in his comprehensive analysis of
the problem subdivided the uncertainties in two groups:
systematic and stochastic. Systematic uncertainties include
those related to the level of detail of the geometric model, to
the presence of curved surfaces, to the effect of diffraction,
and, finally, to spherical wave impedance. Stochastic
uncertainties are related to the number of rays, and to the
choice of absorption and scattering coefficients. The main
conclusion of the paper is that by using absorption
coefficients measured according to 1SO 354 [27] (i.e. those
typically listed in textbooks and in the same datasets
provided by commercial tools), it is impossible to obtain
simulated results with an uncertainty below one just
noticeable difference. In fact, by propagating uncertainty it
is shown that the uncertainty of T30 follows that of the
absorption coefficients pertaining to materials with the
highest absorption, which may well be characterized by
variations of £0.1 (and things may get worse if seats and
audience are considered).

However, even though, ideally, one should be able to
get a perfectly suitable acoustic model of a space by simply
using literature data, anyone ever involved in the acoustic
simulation of an existing space knows that in order to get
the best possible agreement between measurements and
predictions a calibration step is needed. Calibration typically
consists in changing absorption coefficient values until a
better match is obtained between measured and predicted
reverberation times (with the maximum error being assumed
as 5%, or one just noticeable difference).This is one of the
most “subjective” (and hence questionable) tasks which may
be carried out and, consequently, many authors tried to
propose more objective approaches [31], or possibly use
completely automated systems based on least-mean-squares
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optimization [32]. However, if performed under the right
conditions, that is when there is one surface with markedly
different characteristics or, like in a reverberant chamber
test, a sample that is added to the space, this procedure may
provide very interesting results with the advantage of
returning absorption coefficients which can reliably used.
This procedure was first proposed by Benedetto and
Spagnolo [33] and subsequently applied by Summers [34] to
characterize seat blocks, and by the author and colleagues
[35, 36], to define absorption of seats, audiences, and
tapestries in churches.

The main advantage of this method is that, if properly
carried out, it may account for the surface behavior as a
whole (thus including both absorption and scattering), with
reference to the chosen level of detail of the modelled
surface which, in this case may be relatively low. All the
effects due to irregular shape will simply be accounted by
absorption and scattering coefficients. This might contribute
to significantly remove, or limit, the uncertainties due to the
geometric model discretization.

The level of detail of the geometric model has been a
long debated issue. In fact, a high level of detail in the
model certainly lengthens computation time because of the
need of a proportionally higher number of rays in order to
hit the smallest surfaces. In addition, evidences supporting
an improved reliability of the acoustic results are still not
convincing. So, it is common practice to avoid including
smaller details (relative to the scale of the room) to find a
balance between geometrical accuracy and computation
time. Replacing complex and detailed surfaces by means of
simplified blocks implies that their absorption and scattering
coefficients need to properly take into account the original
features of the surface. The computation will consequently
be much faster, but the adaptation of the coefficients, if not
carried out according to one of the objective procedures
described above, needs an experienced user to avoid
problems.

As an example, it can be instructive to recall the case of
St. Peter’s Basilica in Rome [17], which, despite its volume
of 500000 m*® was modelled by the author by using only
1500 planes. The absorption coefficients of the surfaces
were assigned, where possible, by comparison with other
buildings where those surfaces where found (and their
presence directly influenced the reverberation time), then by
iteratively changing the coefficient for the largest surfaces
(about 40% of the total) largely covered by decorations.
Although made of marble, the absorption coefficients varied
between 0.04 at low frequencies and 0.08 at high
frequencies. Specific tests with scaled down models of
similar decorations proved that, compared to the flat version
of the same surface, the presence of the decorations
increased the absorption from 50% to 110%. Scattering
coefficients were accordingly changed as a function of the
decoration dimension compared to the wavelength. The
resulting accuracy in parameters prediction was very good,
with point by point differences well within the just-
noticeable-difference in nearly all the cases (Figure 7).
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In the previous discussion absorption and scattering
were considered together, but it is worth specifying that if
absorption is affected by measurement uncertainties and,
particularly for existing spaces, by the problem of finding
“equivalent” surfaces, scattering coefficients present even
bigger problems. In fact, tables with measured data are still
too few [37, 38], and many surface treatments which are
sold as “diffusers” do not even have scattering data although
a standard procedure has been defined since several years
[39]. There are some computational tools which allow
calculation of the scattering coefficients based on the
specific design, but they work in 2D and for mostly
repetitive patterns. In addition, GA tools often treat
scattering differently (some by assigning a reference value
and deriving the relevant octave band values, some by
directly assigning them in octave bands). So, the risk is that
an inexperienced user may neglect this coefficient, or just
assume default values, but this may lead to significant
variations in the final results.
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Figure 7: Plot of multi octave average of clarity (C80) as a
function of receiver positions measured and predicted (using GA
model) in St. Peter's basilica in Rome

4 Conclusions

At the end of this brief digression on the state of the “diffuse
field theory” it is clear that, despite the many limitations and
boundary conditions that need to be satisfied in order to
strictly apply the theory, we cannot definitely dump it as it
still proves to be robust enough to offer useful predictions
without significant effort. In addition, despite the
widespread availability of alternative tools based on
geometrical acoustics and other computational models,
without a clear understanding of the theory and of the fact
that models rely on measurements which depend on the
theory, obtainable results may be characterized by
uncertainties which remain quite high for the time being.
Actually, any good acoustician will be likely to use both
theory and computational tools, to find her/his way through
acoustical problems. Hence, when one considers the
acoustics of a space, used for listening or evaluating the
absorption coefficient of materials, the answers Murray
Hodgson gave to the question “When is diffuse field theory
applicable?” remain a safe guide.
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CONCAVE SURFACES AND ACOUSTICS OF PERFORMANCE SPACES
PART | — HYBRID RAY-IMAGE ANALYSIS

Eva M. Johnston-lafelice” and Ramani Ramakrishnan’
Department of Architectural Science, Ryerson University, Toronto, Ontario, Canada

Résumé

Les pratiques acoustiques actuelles considérent que les surfaces concaves ne fournissent pas de bonnes performances
acoustiques. Cependant, les anciennes cathédrales, églises et lieux de spectacle aux intérieurs concaves semblent d’avoir une
bonne performance acoustique. La partie | de cette recherche analyse les performances acoustiques des espaces a surfaces
courbés. L objectif principal est de rechercher I'uniformité du champ acoustique produit par les surfaces courbes en analysant
la distribution des niveaux de pression acoustique dans I’espace du public. Cela a permit d’étudier l'impact du plan focal sur
la distribution générale du son dans un espace clos. Pour analyser I’effet des surfaces courbes a différentes fréquences, trois
lieux fermeées aux surfaces courbes ont été utilisées pour mesurer les niveaux de pression acoustique dans 1’espace du public :
la galerie Paul Cocker a I’Université Ryerson a Toronto; 1'église Anglicane St. Martin-in-the-Field a Toronto; et le Wigmore
Hall au Royaume-Uni. Les évaluations ont été réalisées avec des méthodes expérimentales et des simulations informatiques
utilisant des méthodes d’image hybride-rayon. Les simulations sur ordinateur ont été validées par les mesures initiales aux
sites a Toronto. Aprés que ces analyses étaient effectués, les résultats ont montrés que dans ces conditions, les surfaces
incurvées avaient un impact négatif minimal tel que pergu par le public. Les résultats de cette étude seront présentés dans cet
article.

Mots clefs: Surfaces concaves; focalization; théorie de lancer de rayons; répartition des niveaux de pression sonore;
simulation acoustique

Abstract

Current acoustic practices deem that concave surfaces do not provide good acoustical performance. However, old cathedrals,
churches, and enclosed performance spaces with concave interiors seem to perform well. Part | of the current investigation
analyzes the acoustical performance of spaces with curved surfaces. The main focus of the current investigation was to
research the uniformity of the sound field produced by curved surfaces by analyzing sound pressure level distribution
throughout the audience space. It studied the impact of the focal plane on the overall sound distribution within an enclosed
space. To analyze the effect of curved surfaces at different frequencies, three enclosed rooms with curved surfaces were used
to measure the sound pressure levels throughout an audience space: the Paul Cocker Gallery in the Ryerson Architecture
Building, Toronto; St. Martin-in-the-fields Anglican Church, Toronto; and Wigmore Hall, United Kingdom. The evaluations
were achieved with both experimental methods, and computer simulations using hybrid-ray-image methods. Computer
simulations were validated by the initial on-site measurements in the Toronto locations. After these evaluations were
performed, results showed that in these conditions, the curved surfaces had minimal negative impact as perceived by the
audience. The results of the investigation will be presented in this paper.

Keywords: Concave surfaces; focussing; ray-image theory; sound pressure level distribution; acoustic simulation

The main aspect investigated in the two papers is to
find out if curved surfaces in performance spaces generate
unsatisfactory acoustic results. In Part I, analysis was
conducted applying hybrid image-ray acoustics. The results
are highlighted below. Full details of the investigations can

1 Introduction

Conventional wisdom states that having concave surfaces as
the envelope of any occupied space does not produce good
sound [1]. It is well known that the focussing effect

produced by concave surfaces can be problematic.
Focussing can cause high sound pressure levels, coloration,
and echoes [2]. However, throughout history there have
been many enclosed rooms with large curved surfaces as
envelopes that seem to produce good acoustics. Many
churches, opera theatres, auditoriums, and concert halls
alike were designed with curved features.

" johnstoniafeliceeva@gmail.com
 rramakri@ryerson.ca
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be gleaned from the research report by Johnston-lafelice [3].

2 Background

The rationale for the current investigation was initiated by
the anecdotal observation by O’Keefe during a performance
in Toronto’s Runnymede United Church, shown in Figure 1.
He noted a strong and positive subjective response to a bass
note of the ‘G String (37 Hz)’ even though he was sitting far
away from the focal plane of the barrel vault ceiling. He
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wondered about the reasons for his clear perception of the
note played by the bass. What happens to the sound beyond
the focal plane, he mused. Some of his thoughts resulted in
a conference paper [4]. The current investigation was
undertaken to answer the truisms accorded to curved
surfaces in performance spaces and are highlighted in the
following sections.

Figure 1: Runnymeade United Church with Curved Ceiling (Photo
Credit: John O’Keefe).

Figure 2: Paul Cocker Gallery, Ryerson University, Toronto

Figure 3: St. Martin in the Fields Anglican Church, Toronto.

30 - Vol. 47 No. 1 (2019)

3 Case study spaces

Three spaces were chosen for the investigation. They, as
shown in Figures 2, 3, and 4, are: a) Paul Cocker Gallery
(the Gallery) situated within the Architectural Science
Bulding, Ryerson University, Toronto; 2) St. Martin-in-the-
Fields Anglican Church (the Church), Toronto; and 3)
Wigmore Hall in London England.

Paul Cocker Gallery was used as a test case to conduct
both simulations as well as site measurements. It had no
strong curved surfaces. However, three different concave
surfaces were created and placed within the gallery to
investigate the effects of curved surfaces. On the other hand,
Wigmore Hall and the Anglican Church had strong concave
surfaces as seen in Figures 3 and 4.

Figure 4: Wigmore Hall, Lonmdon, England.

4 Measurements and analysis

Measurements were conducted in the Gallery and the
Church by using a sine-sweep signal to calculate the
impulse response. Some of the basic acoustic metrics such
as reverberation time, clarity, centre time etc were
evaluated. In addition, sound pressure level measurements
were conducted at a number of locations in the Gallery by
generating a pink noise signal through a dodecahedron
speaker system. Measurement locations for the sound
pressure level distribution, in the Gallery, with and without
the curved surface are shown in Figure 5 below.

In addition, field measurements, and simulation of the
three performance spaces were conducted. The site
measurements of reverberation time, evaluated in the
Gallery and the Church, were used to calibrate the
simulations. Measurements of Barron were used to calibrate
the Wigmore Hall simulations [5]. The commercially
available software, ODEON, was used for the simulations,
by applying a hybrid method using image-ray theory [6].
Vorlander [7] and Vercammen [8, 9] have discussed the
uncertainties associated with the application of commercial
software’s  simulating curved surfaces. However,
Vercammne clearly indicates that geometric acoustics can

Canadian Acoustics / Acoustique canadienne



be successfully applied in determining the sound levels
beyond the focal plane of the concave surfaces. In addition,
Woulfrank and Orlowski have successfully used ODEON in
determining the properties of Wigmore Hall with concave
surfaces [10]. The application of geometrical acoustics to
determine the sound levels in the three spaces, under
investigation, is, therefore, valid.

(b) Horizontal Plane at 50 Hz
Figure 5: SPL Measurement Locations in the Gallery.

5 Results and discussion

Measurement results of the Sound Pressure Level (SPL)
distribution around the Gallery are shown in Figures 6 and 7
with the source, OS1 located as shown in Figure 5. A pink
noise was generated through a dodecahedron speaker system
at OS1. The results are shown for four frequency bands at
63 Hz, 125 Hz, 200 Hz and 500 Hz. The SPL variation is
also shown with and without the curve surface placed at
location shown in Figure 5b.

The results at 63 Hz and 125 Hz do not show much
difference with and without the curved surface placed in the
Gallery. The SPL, for the two low frequencies, at Location
12 was not modified becasue the source wavelength was
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larger than the size of the curved surface. The only major
change with the curved surface was seen at Location 12 for
the 200 Hz and 500 Hz bands. Location 12 is within the
curved surface and hence additional reflection at higher
frequency of 200 Hz and 500 Hz was evident (Refer to
Figure 7).

Finally, the SPL variation at Location 8 is shown in
Figure 8 for the two conditions of bare room and the room
with the curved surface. Once again, the curved surface is
seen to have minimal impact on the SPL distribution.
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Next, the simulations results for the three performance
spaces are presented below. Simulations were first
calibrated with site measurements. Simulations were then
undertaken for different source locations within the three
spaces. Results for the Gallery are discussed first. The
results for the Gallery are presented in Table 1 below.

Table 1: SPL variation across the Gallery space, dB

Band Frequency, Hz 125 500 2K
Source Location OS1 4.7 39 45
Source Location LA 48 4.4
Source Location LB 48 38
Source Location LC 4.8 38

The four source locations are highlighted in Figure 9 below.
The table shows the difference between the minimum and
maximum SPL in the gallery with the source placed in four
different locations within the room. The maximum deviation
is 5 dB and the minimum deviation is 3.9 dB.

L-A
0S1

L-C

Figure 9: Source locations for the Gallery simulations.

A sample SPL distribution at 500 Hz for source location L-
B is shown Figure 10 below. The lowest sound level is
behind the large curve surface and if the shadow region is
not included, the deviation will be smaller. Similar
behaviour was observed for the different source location and
other frequencies.

The results for the Church are presented in Table 2

below. The three source locations are highlighted in Figure
11 below.
The table shows the difference between the minimum and
maximum SPL in the Church with the source placed in three
different locations within the Church. The maximum
deviation is 4.8 dB and the minimum deviation is 3.4 dB. A
sample SPL distribution at 500 Hz for source location S-B is
shown Figure 12 below. The lowest sound level is near the
back of the Church. Similar behaviour was observed for the
different source location and other frequencies.

32 - Vol. 47 No. 1 (2019)

Range in Audience Space -38.8 dB to -41.8 dB

Figure 10: Simulation of SPL variation at 500 Hz in the Gallery.
Table 2: SPL variation across the Anglican Church, dB

Band Frequency, Hz 125 500 2K
Source — A (Fig.11) 4 4 4
Source - B (Fig.11) 4.2 3.8 3.8
Source- C (Fig.11) 34 4.8 34

A B C

Figure 11: Source locations for the Church simulations.

The results of Table 2 and Figure 12 showed that the
curved ceiling of the Church had minimal impact on SPL
variation in the audience area except the fact the SPL
decayed from front to the back. The reasons are outlined
below. It is, conventionally, believed that the sound in
enclosed spaces becomes diffused after a short distance
away from the source of sound.

Canadian Acoustics / Acoustique canadienne



L@ msm e .

Range in Audience Space 36548
-40.9 to -44.7 dB :

7 e
T / e
l%;,

/ //

Figure 12: Simulation of SPL variation at 500 Hz in the Church.

But Gade’s study on the room acoustics of Danish
concert halls hinted at the notion that reflected sound
pressure levels in concert spaces decreased as the receiver
moved further away from the source [11]. The ‘revised
theory’ of sound level in rooms was derived from early
research of Barron [5, 12]. The revised theory states that
reflected sound is not constant throughout an audience
space, but decreases as a function of source-receiver
distance.

Finally, the results for Wigmore Hall are presented in
Table 3 below. The table shows the difference between the
minimum and maximum SPL in the audience area with the
source placed in five different locations within Wigmore
Hall. The maximum deviation is 4.4 dB and the minimum
deviation is 2.6 dB.

A sample SPL distribution at 500 Hz for source located
inder the dome on the stage is shown Figure 13 below. The
lowest sound level is near the back of the hall. Similar
behaviour was observed for the different source location and
other frequencies.

The results of Table 3 and Figure 13 showed that the
curved ceiling and domed stage of Wigmore Hall had
minimal impact on SPL variation in the audience area
except the fact the SPL decayed from front to the back. The
reasons for the SPL variation were discussed already.

Table 3: SPL variation across Wigmore Hall, dB

Band Frequency, Hz 125 500 2K
Source-back of stage under dome 2.8 2.6 35
Source at middle of stage 3.8 35 3.6
Source-at front of stage 4.2 3.9 3.8
Source-5 on stage (Unoccupied) 4.0 3.3 2.7
Source-5 on stage (Occupied) 4.4 25 2.8

6 Conclusions

Impact of curved spaces was investigated in the two-part
papers. Three interior spaces with curved surfaces were
selected as test cases for the investigation. Part | of the two-
part papers applied a Hybrid-Image-Ray analysis to evaluate
the impact in mid-to-high-frequencies.

Canadian Acoustics / Acoustique canadienne
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Figure 13: Simulation of SPL variation at 500 Hz in Wigmore
Hall.

The results presented in Section 4 clearly indicated that
concave surfaces have no negative impact on SPL
distribution throughout the audience space. Beyond the
focal plane, curved envelopes diffuse SPL equally
throughout the enclosed spaces. The results also confirmed
the ‘revised theory’ that SPL reduces as a function of
source-receiver distance even in closed spaces.
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CONCAVE SURFACES AND ACOUSTICS OF PERFORMANCE SPACES
PART Il — WAVE ANALYSIS

Ramani Ramakrishnan” and Eva M. Johnston-lafelice’
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Résumé

La croyance conventionnelle nous améne a penser que le fait d'avoir des surfaces concaves comme enveloppe d’une piéce
occupée ne produit pas un son de qualité. L'effet du point focal des surfaces concaves peut provoquer des niveaux de pression
acoustique éleveés, des colorations et des échos. Cependant, tout au long de 1’histoire, de nombreuses piéces avec des grandes
surfaces incurvées semblent produire de bonne acoustique. Des recherches récentes ont suggéré de procéder a une analyse
des ondes pour établir I'impact des surfaces concaves. Contrairement a la partie I de cette étude, 1’évaluation de la distribution
des niveaux de pression acoustique dans les piéces a surfaces concaves, a été réalisée en résolvant I’équation des ondes. La
raison principale en est que la théorie de rayon image n'est valide qu'a des fréquences supérieures a la fréquence de coupure
de Schroeder. La théorie des ondes est utilisé e pour les fréquences inférieures a 100 Hz. La modélisation par éléments finis a
été appliquée pour résoudre le probléme de la distribution du niveau de pression acoustique dans les piéces présentant des
surfaces concaves. Dans cette étude, trois lieux ont été étudiés : la galerie Paul Cocker a 1’Université Ryerson a Toronto,
I’église Anglicane St. Pauls a Toronto, et le Wigmore Hall a Londres. Les résultats pour trois fréquences de basses (25 Hz, 50
Hz et 100 Hz) ainsi que leur combinaison seront présentés dans cette étude.

Mots clefs: Surfaces concaves; focalization; théorie des ondes; répartition des niveaux de pression sonore; simulation
acoustique.

Abstract

Conventional wisdom states that having concave surfaces as the envelope of any occupied space does not produce good
sound. The focussing effect of concave surfaces can cause high sound pressure levels, coloration, and echoes. However,
throughout history there have been many enclosed rooms with large curved surfaces as envelopes that seem to produce good
acoustics. Recent research suggested that wave analysis must be undertaken to establish the impact of concave surfaces. In
contrast to Part | of the current investigation, evaluation of the sound pressure level distribution, in rooms with concave
surfaces, was performed by solving the governing wave equation. The main reason is that the image-ray theory is valid only
at frequencies greater than the Schroeder cut-off frequency. The wave theory is used for frequencies lower than 100 Hz.
Finite element modelling was applied to solve for the sound pressure level distribution within rooms with concave surfaces.
Three spaces, the Paul Cocker Gallery in Ryerson University, Toronto, St. Pauls Anglican Church in Toronto and Wigmore
Hall in London were investigated in this study. The results for three low frequencies (25 Hz, 50 Hz and 100 Hz) as well as
their combination will be presented in this paper.

Keywords: Concave surfaces; focussing; wave theory; sound pressure level distribution; acoustic simulation.

wave analysis was conducted to evaluate acoustic
performances in low frequencies in auditoria with curved
envelopes. The results are highlighted below. Full details of
the investigations can be gleaned from the research report
by Johnston-lafelice [1].

1 Introduction

It is a textbook truism that concave surfaces within confined
spaces focuses sound whereas convex surfaces diffuse
sound. On the other hand, many churches, opera theatres,
auditoriums, and concert halls alike were designed with
curved features from an architectural perspective. Many of
these performance spaces were seen to provide acceptable
and satisfactory acoustic character and focusing was found

2 Background

The rationale for the current investigation was detailed in

to be not an issue.

The main aspect investigated in the two papers is to
find out if curved surfaces in performance spaces generate
unsatisfactory acoustic results. In Part I, analysis was
conducted applying hybrid image-ray acoustics. In Part Il,

" rramakri@ryerson.ca
T johnstoniafeliceeva@gmail.com
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Part | of the two-part papers. The main thrust for the study
was the anecdotal observation by O’Keefe during a
performance in Runnymede United Church in Toronto. He
noted a strong and positive subjective response to a base
note of the ‘G String (37 Hz)’ even though he was sitting
away from the focal plane. Brief details of O’keefe’s
subjective perception were discussed in Part | of the paper.
The current investigation was undertaken to answer the
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truisms accorded to concave surfaces in performance
spaces.

3 Case Study Spaces and Wave Analysis

Three spaces were chosen for the investigation. They, as
shown in Figures 1, 2, and 3, are: a) Paul Cocker Gallery
situated within the Architectural Science Bulding, Ryerson
University, Toronto; 2) St. Martin-in-the-Fields Anglican
Church, Toronto; and 3) Wigmore Hall in London England.

Figure 1: Paul Cocker Gallery, Ryerson University, Toronto.

Figure 2: St. Martin in the Fields Anglican Church, Toronto.

Figure 3: Wigmore Hall, Lonmdon, England.

Paul Cocker Gallery was used as a test case to conduct
both simulations as well as site measurements. It had no
strong curved surfaces. However, three different concave

36 - Vol. 47 No. 1 (2019)

surfaces were created and placed within the gallery to
investigate the effects of curved surfaces. On the other hand,
Wigmore Hall and the Anglican church had strong concave
surfaces as seen in Figures 2 and 3.

The room acoustics software, ODEON, was used in
Part | of the two-part papers [2]. Room acoustics software
conventionally use a Hybrid-Image-Ray method to evaluate
the results in band frequencies up to 8000 Hz. However, the
hybrid method loses accuracy in low frequency below a cut-
off frequency, called Schroeder frequency, given by

Equation 1 below.
£, = 2000 /% 1)

Where, V is the volume of the space and Tg, is the
reverberation time. The main thrust of our investigation was
the ‘G String’ event observed in Runneymede United
Church. Hence, low frequency analysis was undertaken
through wave theory where the exact wave equations were
solved using a finite element method (FEM). The FEM
solutions were evaluated applying a commercially available
powerful multi-physics softaware, COMSOL [3]. FEM
divides the solution region into a number of elements
(i.e., meshing), and solves the governing equation with a
pre-set source defined. A simple example of the meshing of
Wigmore Hall with a point source within the stage area,
below the cupola, is shown in Figure 4 below.

I

Figure 4: An Example of COMSOL FEM meshing of Wigmore
Hall.

4 Results and Discussion

A point source was placed at different locations of the
interior space of the three test cases; the Gallery, the Church
and Wigmore Hall, and the Sound Pressure Level variation
were evaluated along a horizontal plane as well as a vertical
plane. The FEM results are highlighted below.

4.1 Paul Cocker Gallery

It must be noted that the Gallery does not contain any
interior concave surfaces. Hence, three different curved
surfaces were fabricated and placed within the gallery. The
results for one of the curved spaces are highlighted in the
figures below.

Canadian Acoustics / Acoustique canadienne
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Results for SPL variation with the source outside the
concave surface are shown in Figure 5. The results for 25
Hz, 50 Hz and 100 Hz, along a horizontal plane, are shown
in Figures 5a, 5b and 5c¢ respectively. Results for 100 Hz,
along a vertical plane, are shown in Figure 5d.

The main observation is that the concave surface did
not focus the sound and the SPL variation is mainly
controlled by the room modes. Similar results for the point
source placed inside the focal plane of the concave surface
are shown in Figure 6 below.

Similar observation can be gleaned from Figure 6 that
the concave surface has no impact on the SPL variation.

4.2 St. Martin-in-the-Fields Anglican Church

Results for SPL variation with the source near the main altar
of the Church is shown in Figure 7. The results for 25 Hz,
50 Hz and 100 Hz, along a horizontal plane, are shown in
Figures 7a, 7b and 7c respectively. Results for 100 Hz,
along a vertical plane, are shown in Figure 7d.

The main observation is that the concave surface did
not focus the sound and the SPL variation is mainly
controlled by the room modes

4.3  Wigmore Hall

Results for SPL variation with the source on the stage below
the cupola are shown in Figure 8. The results for 25 Hz,

Canadian Acoustics / Acoustique canadienne

L ‘0 x10% mm
(d) Vertical Plane at 100 Hz
Figure 5: SPL distribution for the Gallery, Source outside the curve.

50 Hz and 100 Hz, along a horizontal plane, are shown in
Figures 8a, 8b and 8c respectively. Results for 100 Hz,
along a vertical plane, are shown in Figure 8d.

The main observation is that the concave surface did
not focus the sound and the SPL variation is mainly
controlled by the room modes. Similar results were
observed for both the Gallery and the Church.

It must be also pointed that the results presented in
Figures 5, 6, 7, and 8 were for single frequencies. However,
in actual performances, each note is accompanied by its
harmonics and sub-harmonics and single tones are never
generated. Hence, the actual SPL variation will be a
combination of many frequencies, being generated
simultaneously.

4.4 Discussions

It must be pointed out that the focussing effect of the
concave surfaces depend on the size of the surface and the
wavelength (1) of the generated sound as shown by
Vercammen [4. 5]. Results for 25 Hz (A = 13.6 m), 50 Hz
(A=6.8 m), and 100 Hz (A = 3.4 m) were presented in this
paper. And hence results for the Gallery is truly valid for
100 Hz. The results for Wigmore Hall and the Church are
valid for 50 Ha and 100 Hz and on the borderline for 25 Hz.
However, the results were presented for all the three
frequencies to show the behaviour trend of concave surfaces
at low frequencies.

Vol. 47 No. 1 (2019) - 37



(e) Horizontal Plane at 25 Hz

x10% in 1

A110 (U] Horizontal Plane at 50 Hz

005 ;.

a _
(d) Vertical Plane at 100 Hz (h) Vertical Plane at 100 Hz
Figure 6: SPL distribution for the Gallery, Source inside the curve. Figure 7: SPL distribution for the Anglican Church.
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k) Horizontal Plane at 100 Hz

U] Vertical Plane at 100 Hz
Figure 8: SPL distribution for the Wigmore Hall.
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5 Conclusions

Impact of curved spaces was investigated. Part Il of the two-
part papers applied a wave analysis to evaluate the impact in
low-frequencies. The results presented in Section 4 clearly
indicated that concave surfaces have no negative impact on
SPL distribution throughout the audience space. In addition,
SPL at low frequencies is dominated by the room modes.
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Résumé

On sait que les échelles de réponse sont essentielles a la qualité des réponses. Une échelle numérique unipolaire & 11 points
conforme a la norme ISO/TS 15666:2003 a été largement utilisée pour évaluer la perception auditive a l'intérieur et a
I'extérieur, ainsi que pour les évaluations de terrain et la recherche psychoacoustique. Toutefois, dans de nombreuses
disciplines, une échelle visuelle analogique a été utilisée a des fins académiques plus approfondies. Cette étude vise a
comparer la performance et la préférence de deux échelles de réponse, une échelle visuelle analogique bipolaire et une
échelle numérique unipolaire, pour les différences sémantiques dans la perception auditive a I'aide d'un dispositif basé sur le
Web. Deux échelles de réponse différentes ont été comparées dans cing stimuli acoustiques (niveau de bruit de fond de 38
dBA, bruits de I'eau et bruit du trafic de 42 et 61 dBA, respectivement) avec deux mesures répétées. Les deux échelles de
réponse étaient acceptables pour leur fiabilité et leur sensibilité. Cependant, I'échelle analogique visuelle bipolaire était plus
fiable que I'échelle numérique unipolaire a 11 points dans les mesures répétées, et I'échelle numérique unipolaire a 11 points
était plus sensible que I'échelle analogique visuelle bipolaire pour distinguer les différences subtiles entre sources sonores.
L'échelle analogique visuelle bipolaire était évidemment préférée par les participants. Le choix des adjectifs sémantiques est
une condition préalable essentielle pour déterminer les échelles de réponse pour la perception auditive. En résumé, une
échelle visuelle analogique unipolaire est proposée pour évaluer la perception auditive a des fins de recherche
psychoacoustique chez les jeunes adultes instruits.

Mots clefs : échelles de réponse, échelle unipolaire, échelles bipolaire, échelle visuelle analogique, échelle numérique
unipolaire a 11 points, préférence du répondant, intensite, caractére bruyant, agacement

Abstract

It is known that response scales are critical for achieving the quality of the responses. A unipolar 11-point numerical scale in
accordance with ISO/TS 15666:2003 has been widely used for assessing auditory perception both indoors and outdoors, as
well as for field assessments and psychoacoustic research. However, in many disciplines, a visual analogue scale has been
used for more in-depth academic purposes. This study aims to compare the performance and preference of two response
scales, a bipolar visual analogue scale, and a unipolar numeric scale, for semantic differentials in auditory perception using a
web-based device. Two different response scales were compared in five acoustic stimuli (background noise level of 38 dBA,
water sounds and traffic noise of 42 and 61 dBA, respectively) with two repeated measurements. Both response scales were
acceptable for their performance of reliability and sensitivity. However, the bipolar visual analogue scale was more reliable
than the unipolar 11-point numerical scale in repeated measurements, and the unipolar 11-point numerical scale was more
sensitive than the bipolar visual analogue scale in distinguishing subtle differences between sound sources. The bipolar visual
analogue scale was obviously preferred by participants. The choice of semantic adjectives is a critical prerequisite for
determining response scales for auditory perception. In summary, a unipolar visual analogue scale is proposed for assessing
auditory perception for psychoacoustic research purposes for young educated adults.

Keywords: Response scales, unipolar scale, bipolar scale, visual analogue scale, 11-point numerical scale, respondent’s
preference, loudness, noisiness, annoyance

1 Introduction by ICBEN (International Commission on Biological Effects

. ) i ) . of Noise) [2] are the two major methods for measuring the
The evaluation of the acoustic environment is mainly based  response to ‘subjective questions about acoustic sensation
on the subjective rating scale responses to questions about and perception.

acoustic sensation and perception. The quality of the For better understanding of how humans react to sound,
responses depends on the design of the response scales [1]. jt js necessary to investigate both the negative and positive
The 5-point verbal and 11-point numerical scales proposed aspects of sound. The ICBEN recommendation was
developed for assessing and comparing environmental noise

" wyang@hanyang.ac.kr annoyance, and was later adopted as the international
T jyjeon@hanyang.ac.kr
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standard ISO/TS 15666:2003 [3]. No positive acoustic
aspects were taken into account in the ICBEN methods.
About a decade later, the soundscape was defined as an
acoustic environment perceived or experienced and/or
understood by a person or people, in the context of the first
ISO standard, ISO/TS 12913-1:2014 [4]. Situational
differences between measuring annoyance and measuring
soundscape preference were taken into consideration in the
methods. The 5-point verbal response scale was adopted as
the international standard I1SO/TS 12913-2:2014 [5] for
soundscape data collection and reporting.

For more in-depth psychological understanding of
human sensation, perception, and recognition of sound as
well as speech, a visual analogue scale (VAS) was used in
previous psychoacoustic studies [6-16]. VAS may be
preferred in research due to better sensitivity [17]. VAS is
known for its high sensitivity to discriminate subjective
feelings [18]. At first glance, it may seem that VAS may
have better precision and be more sensitive to detect
changes than numerical scales, simply because of the finer
gradations of response levels [19].

Comparisons of the visual analogue scale and the
numerical scale have been reported in clinical, market
research, and psychology [17, 20-31], and these studies have
yielded contradictory findings. The use of VAS on a
multipoint scale is beneficial with regard to sensitivity,[17,
21, 24] respondent preference [20], accuracy [32], and
response time [30]. On the other hand, a few studies have
evidence supporting the use of a multipoint scale over VAS
regarding response rates [25, 26], respondent preference
[33], and response time [25, 28]. However, many studies
reported no significant difference in the use of the scales [22,
23, 25-28, 31, 33].

Munson et al. [11] recommended the use of continuous
rating scales in their phonetic research, because visual
analogue scales are well correlated with acoustic parameters
and can be easily implemented both in field research on
phonological acquisition and in the clinic. In audiology,
VAS loudness and VAS annoyance are valid and effective
measurements for capturing the reductions in the severity of
tinnitus in patients with chronic tinnitus [13]. In indoor
environmental discipline, although visual analogue scale has
been used in several laboratory studies [8-10, 15, 16], to
date, no study has compared response scales to verify the
quality of subjective responses in psychoacoustic research.

Recently, a few comparative studies between 5-point
verbal and 11-point numerical scales reported noise
annoyance [34-37]. Brink et al. [34] found that standardized
average annoyance scores were slightly higher when using
the 11-point numerical scale, whereas the percentage of
highly annoyed respondents was higher based on the 5-point
verbal scale. The frequency distributions of the two upper
categories (very and extremely) of 5-point verbal scale in
the highest categories out of 10 of 11-point numerical scale
are almost the same. Nguyen et al. [35] expanded the
annoyance response study in Japan and Vietnam. In
Japanese, it was found that the highest category of 11-point
and 5-point scales basically corresponds to the top category
of 5-point and 11-point scales, respectively. However, in

42 - Vol. 47 No. 1 (2019)

Vietnamese, the highest category of 5-point and 11-point
scales corresponded to the two upper categories of 11-point
and 5-point scales, respectively. It was found that logistic
regression curves with high annoyance, defined by the three
upper categories of the 11-point scale, have a good fit to the
quadratic curves with high annoyance, defined by a cutoff
point of 28%, as recommended by Miedema and Vos. [38].
However, these curves are separated from logistic
regression curves with high annoyance, defined by the two
upper categories of the 5-point scale in both countries.
Bjerre et al. [36] reported on consistency between the 5-
point verbal scale and the 11-point numerical scale in their
on-site and laboratory evaluations of the urban soundscape.
Tristdn-Herndndes et al. [37] found no statistically
significant differences between the 5-point and 11-point
scales when evaluating noise annoyance inside university
facilities.

The purpose of this study was to investigate the
performance and preference of two response scales, a
bipolar visual analogue scale, and a unipolar numerical scale,
for semantic differentials in auditory perception using a
web-based device. Specific research interest was the impact
of polarity and types of the scale, which were the
questionnaire related factors in young adults.

2 Method
2.1 Participants

Overall, 50 university students (23 men and 27 women)
participated in a 60-minute session. No hearing impaired
participants were examined by the interview. Informed
consent was obtained from each of the participants, and they
received financial support for their participation. The mean
age of participants was 22.5 (S.D. 2.0) years.

2.2 Testing and
conditions

laboratory experimental

The experiment was conducted in a test laboratory (4.0 m x
5.0 m x 2.4 m), which was built for indoor environmental
research. The indoor environment was maintained at the air
temperature of 245 °C and humidity of 40%. The
ventilation system was in operation during the experiment.
The local air velocity was measured to be less than 0.1 m/s.
The mean illuminance levels along the desk surface during
the experiments were 995.0 Ix.

A loudspeaker system (Turbosound Milan M10) was
used as a sound source and was located on the rear side to
minimize the spatial sensitivity of sound sources. The
reverberation time in the testing laboratory was measured as
0.3 s at 500 Hz for octave bands (01 dB dB4). The ambient
noise level in the laboratory was 38 dBA (01 dB solo) when
the thermal and ventilation systems were operated.

Four different sound sources (water sound and traffic
noise of 42 and 61 dBA) were reproduced through the
loudspeaker, considering the average measured daytime
noise exposure levels [39]. Water sounds, representing a
positive sound, were acquired from an open website [40],
and traffic noises, representing a negative sound, were
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recorded in the living room of a residential building. The
levels of the sound sources were adjusted using an audio
controller. The differences in sound level across the
positions of the participants were measured at + 0.3 dBA.
Figure 1 shows the octave band frequency spectra of the
sound sources, including ambient noise in the chamber.
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Figure 1: Frequency spectra of sound sources

2.3 Response scales

A web-based tablet interface was used for subjective
assessments. Figure 2 shows the two response scales and
their tablet interfaces. A unipolar 11-point numerical scale
(unipolar11) with endpoint and midpoint labels was adopted
based on ISO/TS 15666:2003,[3] which was developed for
socio-acoustic noise annoyance surveys. It is assumed that a
0-to-10 scale would be more understandable and
manageable than the shorter ones. Most people are familiar
with the base-10 numeric systems through currency and
other familiar counted materials. Radio buttons were also
used to create 11 discrete scales from 0 to 10. Three verbal
labels “Not at All,” “Neutral,” and “Extremely” were placed
at the top of “0,” “5,” and “10.” The number of questions
has doubled on the bipolar scales, because a unipolar scale
could only evaluate to a degree of one attribute.

A bipolar visual analogue scale (bipolar VAS) was
introduced in the study. The questionnaire content was
identical to the unipolar 11-point scale, except for the
polarity. VAS consists of a plain, mostly horizontal line
with a length of 100 mm and mostly verbal end labels.
Respondents give a rating by placing a mark on the line. In
this study, a numerical value from -10.0 to 10.0 was
assigned to the responses for statistical analysis. A slider
was placed at the left end in the default setting as an
indicator of the rating mark. However, respondents were
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required not to drag, but click on the slider to avoid
potential technical problems of dragging with their fingers.

The semantic attributes of the questionnaire were four
pairs of adjectives: soft versus loud, quiet versus noisy,
pleasant versus annoying, and uncomfortable versus
comfortable. For a unipolar scale questionnaire, each
semantic attribute was listed one by one. For a bipolar scale,
soft, quiet, pleasant, and uncomfortable were positioned on
the left end, and noisy, loud, annoying and comfortable
were positioned on the right end.

Figure 2: Two types of questionnaire: (a) unipolar 11-point, (b)
bipolar VAS

2.4 Experimental design and procedure

A factorial  within-subject design with repeated
measurements was employed with two independent
variables: response scale (unipolar 11 and bipolar VAS) and
sound source (ambient, water sound 42 dBA, traffic noise
42 dBA, water sound 61 dBA, and traffic noise 61 dBA).

A maximum of six participants simultaneously assessed
the acoustical conditions in a test laboratory. The response
data provided by the participants were automatically saved
on a server. In each session of 60 min, a 20-min adaptation
period was implemented at the beginning of the session for
relaxation and environmental adaptation, as shown in
Figure 3.

1st 2" preference
| | |
| [ | 1
| | 1 1l
0 min 20 min 40 min 60min

Adaptation

Figure 3: Experimental procedure for each session

Participants were seated during the adaptation period.
Each sound stimulus was presented for 50 s, and a response
time was provided until all participants in the test group
submitted their responses. Ambient sounds for four different
response scales were assessed at the beginning and at the
end. Four sound sources combined with four response scales
were randomly presented in each test session, and their
replicas were also presented in random order.
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At the end of the session, a paired comparison was
conducted to investigate participants’ preferences for the
scales between the unipolar 11-point scale and the bipolar
visual analogue scale.

2.5 Statistics

Statistical analyses were performed using two different
approaches: original and normalized data analyses. The
original data from respondents were used to analyze the
correlation performance for reliability. Fisher’s Z
transformation was applied to compare the correlation
coefficients of repeated measurements on each response
scale. The original data were also applied to a factorial
analysis of variance (ANOVA) to validate the effects of
sound sources on each response scale. ANOVA is a
powerful statistical test and it was used in this case,
although normality cannot be guaranteed for subjective
ratings [41, 42].

A repeated-measurement ANOVA was also used to test
the scale factor for two repeated measurements. The original
data were converted to unipolar 0.0-t0-10.0 scales to
perform ANOVA on two response scales with different
numerical ranges. If a response value was greater than zero,
it was treated as a right-end semantic attribute, and if a
response value was less than zero, it was treated as a left-
end semantic attribute. Three corrections (Greenhouse-
Geisser, Huynh-Feldt, and the lower boundary) for
violations of sphericity were used to test the sphericity. The
Mauchly sphericity test requires more than three repeated
measurements, but only two measurements were performed
in this study. An epsilon (g) value of 1 was found for the
three corrections across all subjective attributes, which
indicates that the condition of sphericity was exactly met. A
Bonferroni post-hoc test was applied.

3 Results

3.1 Original data analysis

Correlations were assessed for a pair of the first and second
measurements for each response scale. The bipolar VAS had
higher correlation strength than the unipolar 11-point scale
using the Fisher’s Z transformation (P < 0.05) for all
subjective attributes in Table 1. In the unipolar 11-point
scale, the reliabilities of loudness, noisiness, and annoyance
were significantly higher than those for softness, quietness,
and pleasantness. Loudness and noisiness showed higher
correlation coefficients than any other subjective attributes.
In the bipolar VAS, a pair of quietness and noisiness
showed the highest reliability, and the pairs of
softness/loudness and pleasantness/annoyance followed.
The attributes associated with acoustic comfort, both for the
unipolar 11-point scale, and for the bipolar VAS, were
observed as the least reliable attributes.

The bipolar soft/loud pair correlates better with the
unipolar loudness than the unipolar softness. The unipolar
noisiness correlates better with the bipolar quiet/noisy pair
than with unipolar quietness.
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The bipolar acoustic uncomfortable/ comfortable pair
also correlates better with unipolar acoustic comfort. The
unipolar 11-point scales were, in general, correlated better
with the right-end attributes of the bipolar VAS than the
left-end attributes of the bipolar VAS. The bipolar
quiet/noisy pair was observed as the most reliable measure
in repeated measurements, and it showed the best reliability
in response scale comparisons.

The bipolar soft/loud pair correlates better with the
unipolar loudness than the unipolar softness. The unipolar
noisiness correlates better with the bipolar quiet/noisy pair
than with unipolar quietness. The bipolar acoustic
uncomfortable/ comfortable pair also correlates better with
unipolar acoustic comfort. The unipolar 11-point scales
were, in general, correlated better with the right-end
attributes of the bipolar VAS than the left-end attributes of
the bipolar VAS as listed in Table 2. The bipolar quiet/noisy
pair was observed as the most reliable measure in repeated
measurements, and it showed the best reliability in response
scale comparisons.

Table 3 lists the results of the Bonferroni post hoc test
for each subjective attribute according to the sound sources.
Mean values that do not share the letters in each attribute are
significantly different. The unipolar scale could differentiate
between quietness, noisiness, pleasantness, annoyance,
acoustic discomfort, and acoustic comfort between the water
sounds and the traffic noise, even at the same sound levels.
However, the bipolar scale cannot differentiate any
subjective attributes between water sounds and traffic noise
at 42 dBA, except for the pair of acoustic uncomfortable/
comfortable. The unipolar quietness could distinguish
between background noise and 42 dBA. The unipolar
discomfort and the bipolar discomfort/comfort pair also
could differentiate between background noise and 42 dBA
sounds.

Table 1: Pearson’s correlation coefficients between repeated
measures (P < 0.0005) and Fisher’s Z transformation (P < 0.05)
results (coefficients that do not share a letter are significantly
different, A>B >C>D)

Pearson’s Fisher’s Z
CcC transformation
(P<.05)
N=250 ;| (P<.0005)
Unipolar 11
Soft 0.766 D
Loud 0.897 AB
Quiet 0.856 C
Noisy 0.905 AB
Pleasant 0.772 D
Annoying 0.845 C
Uncomfortable 0.735 D
Comfortable 0.715 D
Bipolar VAS
Soft-Loud 0.875 B
Quiet-Noisy 0.913 A
Pleasant-Annoying 0.871 B
Uncomfortable- 0.813 C
Comfortable
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Table 2: Pearson’s correlation coefficients between the unipolar
11-point scale and the bipolar VAS (P < 0.0005) and Fisher’s Z
transformation (P < 0.05) results (coefficients that do not share a
letter are significantly different, A>B > C > D)

Unipolar 11
Bipolar VAS Left-end Right-end
Soft-Loud -0.772 C 0.868 B
Quiet-Noisy -0.870 B | 0.905 A
Pleasant-Annoying -0.767 C 0791 C
Uncomfortable-
Comfortable | 0702 D 0756 C

Table 3: Results of Bonferroni pairwise comparisons according to
sound sources (Mean values that do not share a letter are
significantly different, A>B > C > D. P <0.05)

BN W42 : T42 : W61 | T61
Soft A A A B B
Loud B B B A A
Soft-Loud C C C B A
Quiet A B B C C
Noisy C C C B A
Quiet-Noisy C C C B A
Pleasant A A B C D
Annoying C o C B A
Pleasant-Annoying C Cc C B A
Uncomfortable C C C B A
Comfortable D C B AB A
Uncomfortable-
Comfortable D ¢ AB A

3.2 Normalized data analysis

The original data of the bipolar VAS from -10.0 to 10.0
were normalized to unipolar 0.0-t0-10.0 scales to perform
ANOVA with repeated measurements on the two response
scales with different numerical ranges.

Table 4 lists the significance levels and size of the
effect of the repeated-measurement ANOVA results for
normalized subjective responses. The effects of repetition
were found only in acoustic discomfort. The effects of the
response scales were found in softness, loudness, noisiness,
pleasantness, annoyance, and acoustic comfort. The right-
end attributes, loudness, noisiness, annoyance, and acoustic
comfort showed higher values with the unipolar 11-point
numerical scale than with the bipolar VAS. Softnhess and
pleasantness among the left-end attributes had higher values
with the bipolar VAS than with the unipolar 11-point scale.
No effects of the response scales were found in quietness
and acoustic discomfort. The effects of sound sources were
found in all subjective attributes, as expected. The positive
attributes, namely, quietness, pleasantness, and acoustic
comfort can distinguish differences between background
noise, water sounds of 42 dBA and traffic noise of 42 dBA.
However, these positive attributes can not differentiate
between the sounds of 61 dBA water sound and traffic
noise. On the other hand, the negative attributes, namely,
loudness, noisiness, annoyance, and acoustic discomfort can
distinguish between the sounds of a 61 dBA water and
traffic noise, but can not distinguish sounds of lower levels.
Figure 4 shows normalized mean values with two different
response scales according to sound sources.

3.3 Preference results

The 86% of participants voted for the bipolar VAS as shown
in Figure 5. Only two options of choice were provided to
participants. Non-response did not occur in this question.

Table 4: Results of significance level (P < 0.05) and effect size (n%) of repeated-measurement ANOVA using normalized data (D:

discomfort, C: comfort) uncomfortable

Softness Loudness Quietness Noisiness Plu:]a(;ssasnt- Annoyance Discomfort Comfort
Within subjects
Repeat P 0.027
n’ 0.015
R1 Mean 4454 A
R2  Mean 3894 B
Between subjects
Scale P <.0005 <.0005 <.0005 0.008 0.010 0.004
12 0.029 0.071 0.129 .0270 0.036 0.030
Unipolar 11~ Mean 4.392 B: 402 A 4712 A 4066 A 4126 B 3.694 Al 3932 A 4978 A
Bipolar VAS  Mean 5.339 A 3133 B 4551 A 2811 B 4726 A 2.786 B: 3370 A: 4156 B
Sound P <.0005 <.0005 <.0005 <.0005 <.0005 <.0005 <.0005 <.0005
1n? 0.117 .0.349 0.443 0.223 0.130 0.307 0.218 0.188
BN  Mean 6.865 A 0841 C: 7671 A 0813 C: 6470 A 1.087 C: 1826 C. 6802 A
W42 Mean 6.620 A 1301 C: 6749 B 1370 C: 6053 A 1.398 C: 1901 C. 62711 A
T42  Mean 6.255 A 1434 C: 6528 B 1462 C: 5182 B 1.790 C: 2276 C. 5403 B
W61  Mean 2.675 B: 6848 B: 1445 C: 6176 B: 2693 C 5.304 B: 5316 B: 2619 C
T61  Mean 1.913 B: 7465 A: 0763 C: 7373 A 1731 C 6.622 A 668 A 1739 C
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Figure 4: Normalized mean subjective judgment with a significant difference on the response scale (black: bipolar VAS, red: bipolar 7,

blue: unipolar 11, purple: combined
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Figure 5: Paired comparison test results between a bipolar VAS
and a unipolar 11-point scale

4 Discussion
4.1 Numeric scale vs. visual analogue scale

Reliability over repeated measurements of the two response
scales was acceptable [43]; however, it was higher with the
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bipolar VAS than with the unipolar 11-point scale within
each pair of subjective attributes. This is consistent with
Rausch and Zehetleitner [28], although they could not have
statistical significance in terms of reliability in comparison
between the VAS and the 4-point scale as measures of a
conscious experience of motion. However, Lewis and
Erding [31] reported that the reliability of 7- and 11-point
Likert-type scales and the VAS had no obvious advantage
over each other in the context of user experience research.
Clear evidence regarding the highest reliability has not yet
been found.

4.2 Unipolar vs. bipolar

The scale sensitivity, the degree of differentiation by
sounds, was higher with the unipolar 11-point scale than
with the bipolar VAS. The bipolar VAS had two adjectives
on each side of the scale. As listed in Table 2, the
correlation coefficients between the unipolar 11-point scale
and the bipolar VAS were higher than 0.7 on all subjective
attributes, which meant a strong correlation [43]. However,
the bipolar VAS of a pair of subjective attributes was highly
correlated and yielded a similar precision in discriminating
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sound sources with the unipolar 11-point scale of the right-
end attributes, rather than the left-end ones with statistical
significance (Table 3). This means that the left-end
subjective attributes of the bipolar VAS cannot be assessed
as reliably as the right-end subjective attributes. The polarity
of the response scale affected the sensitivity of subjective
attributes. However, it is not clear whether the position of
the right-end is simply preferable to the left-end, or the
subjective attributes of loudness, noisiness, annoyance, and
acoustic comfort are more impressive than the softness,
quietness, pleasantness, and acoustic discomfort for the
participants.

The impact of scale polarity on data quality has not yet
been clearly investigated. Alwin [44] reported that unipolar
scales are somewhat more reliable than bipolar scales.

However, in this study, the polarity of the scale was
related to sensitivity, not reliability.

4.3 Participants preferences

The bipolar visual analogue scale was preferable to the
unipolar 11-point scale among young adults in this study.
User preferences on rating scales were studied mainly in
medicine or psychology. The effects of socio-economic
educational factors were significant on the user preferences
of response scales according to studies in medicine [27]. It
has been observed that VAS is not a priority of preferences
for response scales in pain scale studies [27, 45, 46]. In
psychology, Preston and Colman [47] reported respondents’
preference on the response scales for 149 undergraduate
students. For young adults, scales with 6, 7, and 10 response
categories were the most preferable for ease of use, but the
101-point scale was the most favorable rating for adequate
expression of feelings.

User preference may be a factor in choosing a rating
scale, given the positive association between user
performance and their subjectively expressed preferences
[48].Understanding the socio-economic and educational
status of respondents would be the basis for considering user
preferences for response scales.

4.4 Semantic adjective attributes

The differences between the background noise, the water
sound of 42 dBA, and the traffic noise of 42 dBA could be
distinguished by quietness, pleasantness, and acoustic
comfort, which are all positive attributes, except for
softness. The differences between the water sound an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>