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Benjamin Wiggett, a graduate acoustic consultant for AECOM and a former
international DJ, explains why building acoustic design is imperative to a
positive experience for the performer, audience and local environment.

Above: My adrenaline rises as we pass the line of clubbers We can all picture the scene, whether you're a

Benjamin Wiggettat  eagerly waiting outside. The familiar rumble of bass performer or a clubgoer. When we walk into a venue, the

?;:iﬁ:g;ﬁgg’ grows, becoming more and more distinct with every wave of noise and energy can be both exhilarating and

2013 (Copyright step towards the entrance. We enter the foyer and the overwhelming. The sound of music and crowd noise

Sylvio Armando intensity continues to increase. Conversation is difficult come together to create a unique atmosphere. Our

Pinas) as the drums filter through every opened door. A wall of individual aural experience is directly affected by a
sound hits us as we head onto the stage. Show time! venue’s acoustic design — whether for better or worse.
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Everything plays its part; building materials, room finishes,
room dimensions, speaker placement, audience size, and
noise limit.

Raving or behaving

If you've ever ordered a drink in one attempt, you
probably weren'’t at a gig of mine. Saying that, if you had
to repeat yourself multiple times, the music was obviously
too loud. Acoustic design is crucial to creating a
comfortable and safe environment both inside and
outside the venue. Also, it’s not all about the audience or
the neighbours, noise poses a serious risk to employees
too. Noise legislation exists to reduce the risks associated
with noise exposure, mitigate noise nuisance, and
improve overall health and safety.

Relatively early in my DJ career, circa 2003, | recall
performing in a warehouse rave with a poor sound system
and layout. To be honest, the standard of sound may have
been acceptable for that era, but | know now there was
no science applied by the production team at all. | kept
turning up the DJ monitor to hear the tune | was mixing. It
was so loud it was distorting badly. Vinyl was the format in
our arsenal back then. As it’'s analogue — every snap,
crackle and pop blares out — at levels well over 100 dBA.
The damage | did to my ear in a single night was
probably irreversible.

The art of sound

Assessing and managing the risk of noise exposure is
required under the Control of Noise at Work Regulations
(2005), which aims to protect workers from exposure to
excessive noise in the workplace. It is a legal requirement

for employers to provide hearing protection to staff when

exposure levels reach 85 dBA. I've been wearing

custom-made earplugs for 20 years now, whether
performing at or attending events. | cannot recommend
them enough and the protection they provide is priceless.

Legislation like the Control of Noise at Work Regulations,

exists for every element of acoustic design for a

performance space and provides a framework for

designers, architects and acousticians to implement their
design principles collectively.

In the UK, the standards used for the acoustic design of
performance spaces and nightclubs are largely based on
the guidelines set out by the Association of Noise
Consultants (ANC), the Institute of Acoustics (IOA), and the
British Standards Institution (BSI). Some of the specific
standards include:

« BS 8233:2014 provides guidance on the control of
noise in and around buildings, including performance
spaces and nightclubs;

« BS ENISO 3382-1:2009 provides guidance on the
measurement and evaluation of room acoustics
parameters, including reverberation time, clarity,
and definition;

« Code of Practice on The Control of Noise from Pubs
and Clubs, published by IOA, this guide provides
practical advice on the control of noise from nightclubs;
and

- BS 4142:2014+A1:2019 provides guidance on the rating
of industrial and commercial sound. While not strictly
applicable to music and entertainment noise, the
guidance is still useful to assess noise generated
by nightclubs.

Left:

Benjamin Wiggett at
Homegrown,

Cape Town,

South Africa, 2012
(Copyright

John Henry)
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Often, bespoke criteria are used; combining relevant
guidance to meet the client’s needs.

These standards and guidelines provide a framework
for the acoustic design of performance spaces and
nightclubs in the UK, helping to ensure that they provide
optimal sound quality while minimizing noise impact on
the surrounding environment.

It is critical to consider the design of the acoustic
environment, including looking at the architecture of the
space, the soundproofing (sound insulation) materials
used, and the placement of loudspeakers or other audio
equipment. Acoustics and noise control measures
typically include the installation of acoustic barriers (to
block noise at the source or at the receiver), absorbers
(to reduce the number of sound reflections in a space),
and diffusers (to increase the ‘scattering’ of sound to
create a more diffuse space). Additionally, the sound
system can be designed and adjusted to achieve a
desirable noise level. With consideration for relevant
guidance and legislation, a nightclub can be designed in
such a way as to create a vibrant and fulfilling
atmosphere without introducing health risks, noise
nuisance or running afoul of the law.

The power of acoustics

When performing, the bass in the DJ booth can be
overwhelming and the room itself can play havoc with
bass frequencies. Room modes (or loud spots) can often
be due to problematic frequencies forming standing
waves. This is where soundwaves bounce between
reflecting surfaces (usually a wall, floor or ceiling)
constructively interfering with each other. The effect is a
series of bass-heavy hotspots around the room. In theory,
the same physics can be used to ‘cancel’ these waves out

— much easier in theory than applied to a nightclub in
full swing.

The sound of bass that used to echo from town
centres in days gone by is seldom heard now. This was
partly due to clubs not meeting local authority
noise regulations. This is where building acoustics plays
a vital role in the refurbishment of existing clubs that
have been part of the communities and culture for
generations, or indeed, part of the planning process of
building new state-of-the-art clubs that will inspire the
next generations of artists.

From a performance perspective, compensating for
excessive bass can be difficult. Adjusting the bass lower
on the mixer solves the problem for me (and maybe the
neighbours) but significantly reduces the impact on the
dancefloor. To reduce the transmission of sound from the
main room, concrete walls, air gaps and acoustic
springs/mounts can be used. These make it more
difficult for sound to travel through each material and be
re-radiated on the other side.

Another important factor for noise control is the use of
sound-absorbing materials in the venue. These materials
help to reduce echoes and reverberations, which can
cause the sound to bounce around the room and
interfere with the clarity of the music. Weirdly, the
audience themselves act as a pretty good absorber for
some of the higher frequencies, (the larger the audience,
the greater the absorption coefficient), but larger
wavelengths (bass notes) require more thought.

The sound of success

From a DJ’s perspective, sound quality is essential as it
can make or break their performance. It’s a pleasure to
perform in a venue where the clarity of sound is crystal

Constructive interference

Destructive interference

Result

™
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Above: https://www.fizzics.org/standing-waves/
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clear. Performing in a world-class nightclub, with optimal
acoustic conditions can give the DJ confidence to mix
with full control, trust their ears and encourage creative
freedom. A well-designed acoustic environment can
enhance the clarity and definition of the music, making it
easier for the DJ to mix and for the audience to appreciate
the nuances of the performance. This in turn transcends
onto the dancefloor, creating energy and connection. The
atmosphere alone becomes a memory for both the DJ
and the audience. These are the moments that DJs and
performers crave.

In contrast, a poorly designed acoustic environment
can have the opposite effect. The music can become
distorted and muddled, making it difficult for the DJ to mix
effectively and for the audience to fully engage and

Media links

Drumsound & Bassline Smith v Utah Saints — What Can You Do For Me —

https://www.youtube.com/watch?v=9CjHKPKgZ7Y

connect with the performance. This can lead to a lack of
energy and excitement and ultimately detract from the
overall experience. The acoustic design of the space
plays a significant role in shaping the overall tone and it
can have a profound impact on the performance’s
success. By understanding the importance of acoustic
design and taking steps to optimise the space
accordingly, both DJs and nightclub owners can create a
thrilling and memorable environment for everyone
involved. Properly placed acoustic panels, curtains and
carpets can all contribute to a better sound experience.
Ultimately, this creates a sense of immersion and
connection between the DJ and the audience,
heightening the energy and excitement of the night. It isn’t
all about loudness!

Drumsound & Bassline Smith — Through The Night ft. Tom Cane
https://youtu.be/S85q2xSpwUl

About the author:

Benjamin Wiggett was a founding member of the Drum & Bass collective Drumsound & Bassline Smith who achieved two UK Top 40 singles in 2012. He was
an international touring DJ for 20 years and before studying for a BSc in Music Technology and Production at the University of Derby. He also conducted sound
design and audio post-production for independent film producers and game developers before pursuing a career in acoustics.
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Designing for
acoustic satisfaction
N open plan offices

Environmental satisfaction in work places is closely associated with comfort
and productivity, but it turns out to be quite a challenge to get the design spot
on. This article shows how to understand acoustic satisfaction in open plan
offices, and how we align design processes to achieve the desired outcomes.

By Jack Harvie-Clark

The Leesman Index is the world’s largest employee Below left: Case study on acoustic satisfaction
workplace experience survey and it has been telling us _T_:g;;;;al This was an office transformation project to facilitate
for over a decade’ that in open plan offices: office layout new ways of working. The traditional office is shown in
- dissatisfaction with noise levels kills productivity Figure 1, with rows of assigned desks arranged
(importance rated around 70%); and Below right: perpendicular to the facade. Figure 2 shows the same
-+ average satisfaction with noise is only around 36%. Figure 2: building, where there has been no change to the
The noise problem is one of the hardest for The same office ceiling, facade, lighting, or HVAC system — but the
organisations to crack and so it's down to acousticians to ?:Z‘ii;g:g;h furniture has been re-designed to support the new ways
improve the working conditions of many people. furniture of working.

Footnotes
1. https://www.leesmanindex.com/a-decade-of-change/
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In the traditional layout there are few meeting rooms
so informal meetings just convened at people’s desks. In
this project, they had a strong change management
programme that included management by results rather
than presenteeism. As part of this change, they had to
change the office landscape so that nobody had an
allocated place, people were encouraged to find a place
to work that suited their task in hand.

Following the transformation, surveys revealed that staff
members were so much happier with the acoustics in
the new office that the organisation wanted to replicate
this in their design and specification for future offices. So
the room acoustic response in the old office, coupled
with the new ways of working were measured according
to ISO 3382-3; to include conditions when the offices
were occupied, the ambient noise and the liveliness?
were also measured.

But the measurements taken did not distinguish any
significant difference between the old and the new offices.
However, the staff could clearly distinguish the difference,
not just for their satisfaction with the acoustics but also
with their satisfaction with the lighting and thermal comfort,
as shown in Figure 3. (The term ‘pre-show-case’ refers to
the traditional office layout. The surveys carried out in
September and December 2016 were on the ‘show-case’
floor plate, which adopted the new ways of working.)

In the traditional office, satisfaction with the lighting and
thermal comfort were almost exactly on the global
benchmarks according to Leesman, whereas satisfaction
with the acoustics was already much higher. This may be
because the question is asked slightly differently —
Leesman asks about ‘satisfaction with noise levels,
whereas in this questionnaire they were asked about

Above:

Figure 3:

Results of staff
surveys on
traditional and

new ways of
working floorplates,
compared

with Leesman
global benchmarks

‘satisfaction with the acoustics;” people may respond
differently to the different question.

Satisfaction with the lighting and thermal comfort
improved significantly, as well as the satisfaction with the
acoustics. And yet neither the lighting nor HVAC system
changed, and no difference in the acoustic conditions in
the room could be measured.

This case study demonstrates very powerfully
how people experience an improvement in their
environmental satisfaction when they have more control
over their environment?.

How important is control for acoustic satisfaction?
Psychological literature tells us that a level of ‘control’ is
essential for an individual’s wellbeing, and that it’s a
psychological and biological necessity". In building
services the importance of control is well known, and is
described as a ‘killer variable’ for comfort and
productivitys. A ‘killer variable’ means it's a key indicator;
people’s sense of comfort and self-rated productivity are
strongly dependent on how much control they feel they
have in a building.

Strength of acoustic indicators to predict
acoustic satisfaction

Of the indicators in ISO 3382-3, the only one that is
statistically significantly associated with noise annoyance
is the distraction distance®. In presenting the
accumulated data between distraction distance and
disturbance by noise, the authors knew that control was
important. The four offices where the occupants either
had an opportunity to use a protected quiet room or they
were activity-based working (ABW) offices are

Footnotes

o swN

Proposed Method For Measuring ‘liveliness’ In Open Plan Offices. Sara Vellenga, Tom Bouwhuis, Theodoor Hongens. ICSV24, 2017.

The value of control for acoustic satisfaction in open plan offices: a case study. Jack Harvie-Clark, Richard Hinton. ICBEN 2021.

Born to choose: the origins and value of the need for control, Lauren A. Leotti et al, Trends in Cognitive Sciences, 2010.

Productivity in buildings: the ‘killer’ variables. Adrian Leaman & Bill Bordass, Building Research & Information, 1999.

Distraction distance and perceived disturbance by noise—An analysis of 21 open-plan offices. Annu Haapakangas, Valtteri Hongisto. JASA, 2017.
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marked with a different symbol. These are the offices
where people had more control, and don’t seem to
follow the same trends as the rest of the data.

New acoustic narrative required

Our case study office can’t be plotted on that chart due
to the questions being asked differently, but the change
in acoustic satisfaction might have moved it from around
the middle of the chart, towards the peripheral data
amongst those ABW offices.

It's important to remember at this point that we have
no acoustic diagnostic tools to even understand how the
acoustic satisfaction was improved. It’s not part of the
acoustics narrative. What we really need is a new
framework that can describe acoustic satisfaction in its
entirety. That sounds like an ambitious prospect but it
already exists, just not in acoustics for open plan offices.

The soundscape framework

The soundscape framework has been developed to
describe people’s experience of sound holistically, in
context. The ISO 12913-1 Standard was published in
2014, with the conceptual framework as shown in Figure
4. Also on Figure 4 are annotations of where the room
acoustics and acoustic space planning fit in. The room
acoustics are described by the indicators in ISO 3382-3
- this is the way that the empty room responds to sounds
within it - the most notable indicator being the distraction
distance, denoted rp. The acoustic space planning refers
to the process of planning the different occupancy
locations or zones - to avoid acoustic conflicts; these

typically occur between people who talk frequently -
either because they are extrovert types, or their job
requires it (e.g. a contact centre or IT help desk), and
people who work mostly without conversing.

Non-acoustic factors

The larger part of this diagram is given over to ‘context’
and this refers to the non-acoustic factors. The non-
acoustic factors are all the things apart from the sounds
that affect people’s experience of sound. The non-
acoustic factors are starting to be documented and
categorised as either personal, tangible, or psycho-
social factors’. Some of the most advanced work to
describe and document non-acoustic factors is currently
taking place for aviation noise®. In this field, researchers
have determined that one-third of the variance in
annoyance reactions is due to acoustic factors, another
third of the variance in annoyance can be explained with
non-acoustic factors, with the final third currently
unexplained. As it cannot be explained with the acoustic
factors, this means that there are non-acoustic factors
that are yet to be accounted for.

Personal factors are things like noise sensitivity,
capacity to cope, perceived control and perceived fear.
These are associated with an individual and are
relatively stable over time. Tangible factors (sometimes
called environmental factors) are factors relating to the
environment rather than the individual. For example;
‘visual modifiers’ — looking at foliage or trees rather than
looking at a road, the road traffic noise is perceived as
less annoying. It is also established that road traffic noise

Sound
sources Canvert
2 Non-acoustic factors: Personal, Tangible, Psychosocial

Room acoustics

|

Acoustic space planning U

V v

3 2 Interpretation I
Acoustic . Audlt;).ry of auditory Responses -
environmen sensation sensation J

Above: Figure 4: Soundscape conceptual framework, with red boxes overlaid

v

Outcomes

Footnotes

7. Development of a new ISO Technical Specification on non-acoustic factors to improve the interpretation of socio-acoustic surveys Benjamin Fenech, Lisa Lavia, Georgia
Rodgers, Hilary Notley. ICBEN 2021.
8. Coping with Aviation Noise: Non-Acoustic Factors Influencing Annoyance and Sleep Disturbance from Noise. Susanne Bartels et al. (2022) Aviation Noise

Impact Management.
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is less annoying if there is access to green space within
a five minute walk of the home.

Psycho-social factors are described in acoustics
literature as factors which are shared between members
of a community — qualities such as perceived fairness,
perceived community benefit from the sounds and
attitudes towards noise authorities. A new ISO Technical
Specification (ISO/TS) on non-acoustic factors has been
proposed to improve the interpretation consistency of
socio acoustic surveyss.

Non-acoustic factors in open plan offices

It might seem as if a whole new branch of science is
required to investigate non-acoustic factors in open plan
offices, but in fact much of this work has already been
carried out in this area — just not described in this way.

The response to noise distraction by different
personality types has been investigatedg, demonstrating
that extroverted people are more satisfied with noise in
open plan offices in both allocated and unallocated
settings and that both introverted and extroverted
people are less satisfied at allocated desks compared to
unallocated desks. Perhaps that’s the control factor
coming in there as well.

Another study1° looks at the personal need for
privacy and how that affects people’s perception of
how well an activity is perceived to fit in a particular
work setting. The personal need for privacy affects
both satisfaction with the work environment and
task performance.

This isn’t about the need for acoustic privacy — it's
about people’s personal needs and how well they are
suited to different tasks in different settings. We can’t
necessarily understand an individual’s personal factors
when they are moving into a new office but we can
design for a range of sensitivities and personal needs.
Or we can be explicit about the fact that an office may
be designed for a limited range of personal needs. We
need to understand that two people doing the same
task in the same environment will have a different
experience of comfort in that place; they will have
different needs even when they are performing the
same activities, because of their personal factors.

Other personal factors which are important in open
plan offices are people’s experience and their
expectations. A new office implies a change. The study
of personal office preferences" and other studies have
demonstrated that people prefer the work setting that
they are already in. People in private offices rate private
offices more highly than other types of work settings,

whereas people in other types of work settings (open
plan, ABW) rate private offices less highly. When people
move from private offices to open plan offices, then on
to ABW offices, they generally don’t want to move back
down that path.

We are creatures of habit and we don’t like change.
Change invokes fear. People’s expectations about a
new office are very important, as are the way in which
people’s expectations are managed. A study of a
workplace change process and satisfaction with ABW'?
showed that the strongest predictor of the change in
environmental satisfaction, a year after the move, was
the degree of agreement with the management’s
reasons for the change.

This can be understood as a psycho-social factor: if
you believed your manager’s reasons for the change,
you felt more comfortable in the new office, and vice
versa. We should not underestimate the importance of
change management and the way in which that process
is carried out. Another study showed that where people
thought they were going to have more impact on the
design than they did, they felt disappointed with the
new office and consequently felt less comfortable in it.

Can you improve our acoustics?

In another case study that we carried out, our client
asked how can we improve the acoustics in their office
and we threw everything at it. We visited when the office
was unoccupied, and we measured the ISO 3382-3
room acoustic indicators. We visited when it was
occupied and measured ambient noise and liveliness?;
and we used a noise comfort questionnaire to ask
people about their experience.

The data that was most useful to us were the
observations we made when we were taking the
attended measurements and talking to people about
their experiences in this office.

The people that sit at the middle table simply like to
chat more— they are doing the same type of work as
people in other parts of the office but they’re more
sociable or extroverted perhaps. This was demonstrated
in the measured results for liveliness, as shown in
Figure 5. On the left hand side of the office it was
tranquil most of the time, whereas on the right hand side
of the office, it was much more lively for most of the time.
The table seating people who prefer to talk while they
work impacts on the people sitting around them.
Talkative people need a protected area of the office
without disturbing others around them; which requires
specific acoustic space planning.

Footnotes

2. Proposed Method For Measuring ‘liveliness’ In Open Plan Offices. Sara Vellenga, Tom Bouwhuis, Theodoor Hongens. ICSV24, 2017.

8. Coping with Aviation Noise: Non-Acoustic Factors Influencing Annoyance and Sleep Disturbance from Noise. Susanne Bartels et al. (2022) Aviation Noise Impact Management.
9. The response to noise distraction by different personality types: An extended psychoacoustics study. Nigel Oseland & Paige Hodsman. Corporate Real Estate Journal, 2020
10. Perceived fit in activity-based work environments and its impact on satisfaction and performance, Hoendervanger et al, J. Environmental Psychology 2019
1. Personal office preferences, Nigel Oseland, 2019.

12. Workplace change process and satisfaction with activity-based office. Pia Sirola et al, Facilities, 2020
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Could this situation have been predicted during the
planning of this office? We don’t think so. This is a type
of insight and intervention that can only be revealed in
an operating office to improve the acoustic conditions.
This demonstrates that the acoustic design should not
be considered ‘complete’ when an office is handed over;
as people learn to use the office, there are always
interventions and changes that can be made to improve
the acoustic conditions.

The noise comfort questionnaire revealed that the
sound of telephones ringing was a significant problem.
Further investigation indicated that the six desks on the
far right hand side are sometimes used as a contact
centre. Telephones don’t need to ring these days —
operators can use light indicators and turn the volume
right down. A few simple changes that were indicated
and led by the occupants, improved acoustic conditions
without changing the room acoustic indicators
measureable with ISO 3382-3.

Change the narrative

So we need to change the narrative — acoustic
satisfaction does not exist in the room, it’s in people’s
minds. To design for acoustic satisfaction we need to

IOA BUILDING ACOUSTICS
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Above: Figure 5: Measurements of liveliness in an occupied office

take room acoustics out of the equation and address the
people who are using the office. We need to understand
their range of needs, and design the accommodation so
that they enjoy a degree of agency in controlling their
choice of space that suits their needs.

We need participatory design processes and to find
out what people need. Acoustic design should not stop
when the building is handed over. A new office is like a
tool — it takes time to learn how to use it. Not many
engineers would design a bespoke new tool without
engaging with the users. Each one is like a prototype —
its use can always be improved by reflecting on how it’s
used, observing and understanding from the users what
the issues are, and improving those places where
there’s acoustic conflict.

Everything we do must be in the context of our
sustainability crisis. We can’t afford to keep designing
workplaces that don’t work for people: it's a huge waste
of our resources.

Conclusion

The science of acoustics in open plan offices has made
great advances with the room acoustic indicators in ISO
3382-3. These are necessary but not sufficient to



explain occupants’ acoustic satisfaction. We need to
take account of the diversity of people who will use an
open plan office, and the activities that they will
perform. We need to take their experience and
expectations seriously if we want them to be more
comfortable in a new office. We need to give people a
genuine sense of control over their environment, so that
they can be confident of finding a suitable place for the

variety of tasks that they perform. If we don’t do this,
people will attend the office reluctantly; both the
organisation and the individuals will lose the benefits
that can be gained by collaborative working with
colleagues. Human-centric design already exists; this
needn’t be reinvented; we just need to include
acoustics in those processes as much as a human factor
as a technical factor.

Above: Many people find the acoustic environment in open plan offices can significantly impair their ability to work; so they use a range of coping mechanisms,

or avoid the office as much as possible
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—xploring the cultural heritage
and restoration of
Cathedral through acoustic

Notre-Dame

digital reconstructions

The acoustics of a place are ephemeral, but they are intrinsically connected to
the physical environment. With acoustic measurements, acoustic models, and
extensive archival research, acousticians are reconstructing the sounds of
Notre-Dame through the ages after it was damaged by fire on 15 April 2019.

By Sarabeth S. Mullins, Elliot K. Canfield-Dafilou and Brian F.G. Katz

The modern experience of profound historical
architectural achievements such as Etruscan tombs or
Gothic cathedrals is strongly linked to each site’s
acoustic environment. The acoustics of an ephemeral
heritage site are an intangible consequence of the
tangible construction and furnishing of the space.

The echo of the cathedral
With the recent adoption of the UNESCO resolution on
the importance of sound, in addition to the Convention for
the Safeguarding of the Intangible Cultural Heritage,
awareness is now growing of the importance of
preserving, studying, and recreating the soundscapes and
acoustics of historical sites. At the same time, the rapid
development of available computing power has allowed
for acoustic simulations capable of modelling vast and
complex buildings in which acoustics often play a crucial
role, such as theatres, concert halls and cathedrals.

While Notre-Dame has burned before, the 2019 fire is
a reminder of the fragile nature of our cultural heritage.
Fortunately, acoustic measurements made prior to the
fire preserved the sound of this grand cathedral — and to
a certain extent, preserved it. What’s more, the
application of these measurements creates tools

IOA BUILDING ACOUSTICS

allowing archaeologists, historians, musicologists, and
the general public to discover the lost acoustics of the
damaged site. As part of the European Past Has Ears
(PHE) and the French Past Has Ears at Notre-Dame
(PHEND) research projects, and in conjunction with the
acoustics working group of the Chantier Scientifique de
Notre-Dame, we have been investigating the acoustic
heritage of the cathedral over the centuries.

The contemporary acoustics of Notre-Dame
Despite the notoriety of the cathedral, there are few
examples of published data on the acoustical parameters
of this space. While some previous studies had been
published in the early 21st century [Hamayon, 1996,
Mercier, 2002], these reported varying reverberation times
for the modern cathedral (e.g. 7.5 s and 6.5 s at 500 Hz,
respectively), and did not fully explain the measurement
protocols used. However, members of our laboratory
carried out two previous measurement campaigns before
the 2019 fire. After the fire, we were also able to make
further measurements to document changes to the
building’s acoustic state. The plans from these three
measurement campaigns are shown in Figure. 1. The first
of these, from 1987, was recovered from an acoustic study



conducted about a potential organ. While a variety of
stimuli were employed, only a few balloon-burst sources
were exploitable due to a lack of excitation stimuli details
(e.g. anechoic signals, sweep stimuli parameters). While
not an ideal omnidirectional source, balloon bursts are
valuable in certain situations, offering a portable impulsive
source [Patynen et al., 2011]. The recorded bursts were
digitised from the original analogue tape and analysed.

Later, as part of a French research project on Binaural
Listening (BiLi), we made a series of acoustic
measurements in 2015 almost four years to the day before
the 2019 fire. These detailed measurements were made
with the modern sine-sweep technique Farina [2000], with
multiple receiver positions spread over a large portion of
the floor area, including binaural and ambisonic
microphones at select positions (see Figure 2a).

After the 2019 fire, access was granted to the
construction site for the third measurement campaign,
carried out in June 2020. The spire had damaged the

central part of the transept/altar marble floor as it fell. Due
to the risk of further falling debris and structural instability,
the central nave and transept were off-limits to people, as
highlighted in Figure 1c. The choir area was likewise
cluttered with debris, and therefore inaccessible. Many of
the side altars had been used to store objects. There was
also scaffolding installed for the removal of the organ and
a protection barrier (construction fencing and waist-height
perforated metal panels) surrounding the central nave.
See photos in Figure 2b; a short video documenting the
measurement session is available online' .

Comparisons between the results of the two pre-fire
sessions (1987 and 2015) show a slight, but significant,
reduction in reverberation time (8%), which is likely
attributed to the installation of a carpet runner in the
1990s to reduce the footfall noise of circulating tourists.
Compared with the 2015 data, the reverberation time
after the fire has decreased significantly (20%) [Katz and
Weber, 2020].

Below: Figure 1: Measurement plans for the three sessions at the Cathédrale Notre-Dame de Paris

Below: (a) 1987

Below: (b) 2015

Below: (c) 2020
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Positions are centred under numbered source (S# (red)) and microphone (# (blue and green)) Footnotes

labels or at points when the measured grid is too dense. The 2020 plan (c) also indicates in
shaded regions the scaffolding (yellow), people exclusion (red), and encumbered/damaged 1
ground (blue) exclusion zones where it was not possible to place measurement equipment

https://youtu.be/YLi7ASosKvw
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Figure 2: Images highlighting conditions for the (a) 2015 and (b) 2020 measurement sessions

Right:

Figure 2:

(a) 2015,
highlighting
measurement
equipment in the
central aisle of the
nave and carpet
runner in a side
aisle during the
measurement
session

Right:

Figure 2:

(b) 2020,
highlighting the
remote-controlled
robot-pulled
microphone tripods
and the general
empty state of the
nave during the
measurements
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Reverberation time (sec)

Figure 3: Summary of (a) mean reverberation time over receivers, (b) example RICs, and (c) coupled volume analysis
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the acoustic coupling conditions. The variability in Late
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acoustic zones, leading to more than a simple double-
slope decay with higher-order coupling.
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3 we look forward to assessing the next iteration of this
monumental building’s acoustics.
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Above: (c) Double-slope decay 500 Hz-octave band analysis distributions showing Early and Late reverberation times and the relative time (BPt) of the identified
bending point in the RIC decay curves ([Luizard et al., 2015] for parameter details). Notched boxplots show the median, 95% confidence interval, 25th and
75th percentiles of the data spread
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building over centuries have all left their marks on the
cathedral, from architectural renovations to politically-
motivated redecorations, re-purposings, and damages. To
modify the cathedral is to participate in a cultural legacy of
continuous change.

While physical and digital simulations have been used
for decades, digital approaches used in the 20th century
were initially limited in their utility. As recent studies have
shown the improved reliability of numerical simulations for
studying complex, coupled acoustic conditions [Weber
and Katz, 2019], we can expect such analytical efforts to
be credible for Notre-Dame. We have shown in previous
studies that geometrical acoustic simulations (CATT-
Acoustic/TUCT) can be perceptually comparable to in-situ
recordings [Postma and Katz, 2016b].

A geometric acoustic model of the cathedral was thus
created and calibrated on the basis of measurements
taken in 2015. Subsequent work on the historical
acoustics of Notre-Dame has refined this computer
model, featuring alterations in interior geometry, closure
of lateral chapels, inclusion of the cléture and rood
screen, reshaping of choir stalls, and other details.
Additional measurements of historical materials and

supporting archival documentation are used to modify the
simulations, adapting the model to the cathedral’s
historical or future states. To date, 13 acoustic models
spanning the time period from before Notre-Dame was
built in ca. 1163 CE to ca. 1712 CE have been created using
this same software (CATT-Acoustic v9.1, TUCT v2.0, see
Figure 5a).

The ca. 1163 model is a speculative one based on the
foundations of a massive basilica found in archaeological
digs in 1847 CE [Hubert, 1964, Barbier et al., 2019,
Sandron, 2021]. Acoustic measurements and architectural
plans of an extant and contemporaneous building of a
similar architectural style [Cirillo and Martellotta, 2005]
were used to create a calibrated model of the stand-in
church, which was then modified to match the
architecture of the ruins below Notre-Dame. All models
after ca. 1163 CE are based on the GA model reported in
Postma and Katz [2016a] and subsequently modified to
match the historical states as discussed in Mullins et al.
[2022], Canfield-Dafilou et al. [2022, 2023]. These models
allow us to examine the acoustic evolution of the
cathedral over generations, yielding insights into the
experience of previous societies at the church.

Figure 4: Several acoustic simulation models and overview of reverberation time results
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Above: Geometrical acoustic model of Notre-Dame de Paris



Figure 5: Overview of several simulation models and associated reverberation time results
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Above: (a) Plans and elevations of ca. 1163, ca. 1182, ca. 1225, and ca. 1350 states

Listening to the past

This type of historically-informed simulation can be a
powerful tool for historical studies, providing researchers
with a sensory presentation of sound that was previously
only available through description and supposition.

In parallel with the construction of the cathedral, a new
genre of music developed among the musicians of
Notre-Dame. Known as the Ecole de Notre-Dame, these
composers and musicians pioneered a virtuoso style of
singing that embellished established melodies with
prescribed and notated polyphonic ornamentation.

Working with musicologists, acoustic simulations are
used to study the potential relationship between these
musicians and the reconstructed acoustics of Notre-Dame
and its predecessor. These experiments use real-time,
immersive virtual acoustic environments to allow singers
to perform as an ensemble in the different simulated
acoustic conditions. A choir specialising in medieval
singing was studied as they sang Organum Purum and
Organum Notre-Dame in the varying acoustics.

Analysis of musical parameters extracted from their
recordings helps to examine what influence the different
architectures may have had on musicians’ performances.
Listening tests with specialists focus on the differences in
the suitability of music styles to the historical acoustic
conditions. In this way, we hope to provide a new level of
insight into the interconnected domains of culture and
acoustics at the cathedral in the past.

Footnotes

2. http://www.lam.jussieu.fr/Projets/GhostOrchestra
3. http://lavierge2020.pasthasears.eu

4. http://lookingfornotredame.pasthasears.eu

5. https://youtu.be/i8AE-u9JIUO

: : : |—©&—ND 2015, sim
------- Lo B = ND 1987 meas

i |=—©—ND 1220, sim
——ND 1182, sim
~|—+— Pre-Gothic est., sim

125 250 500 1000 2000 4000
Octave band (Hz)

Above: (b) Summary of mean reverberation time

In addition to the scientific aims, the acoustic model of
Notre-Dame has been used to draw awareness to the
cultural significance of the aural history of the cathedral.
This includes a virtual ‘magic carpet’ tour of the
cathedral while listening to an extract from a
performance of Massenet’s oratorio La Vierge. The
intention of this production (entitled ‘Ghost Orchestra’z)
was to capture the acoustics of the cathedral and how
they vary according to the position of the sound source
and the listener. An extended version, offering the entire
concert from several fixed positions, was produced
during the COVID lockdown in the form of a virtual
sound-only experience3.

The selected piece of music, actually performed at
Notre-Dame for its 850th anniversary, offers a unique
experience with musicians positioned both in the transept
and in the liturgical choir, in addition to several movements
where soloists are positioned high up in the galleries,
offering spatially variable sources and a truly immersive
experience. These efforts have produced a short series of
audio dramas, placing the efforts of the scientific team in
an easily accessible format. Looking for Notre-Dame®*
plunges us into the mind of the young Victor Hugo as he
begins work on his future ‘cathedral novel’ Notre-Dame
de Paris. Another public work, is the production of a
geolocalised audio-guide, Whispers of the Past at
Notre-Dame® , an immersive experience in the aural
memories of the cathedral Notre-Dame de Paris. 2
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Concluding remarks

Exploring acoustic cultural heritage through digital
reconstruction brings an additional perspective and
tool-set to researchers in the arts and humanities.
Furthermore, it brings a powerful means of
communicating and delivering memorable, meaningful
and, most importantly, informed multi-sensory
experiences. This is evident by the range of projects of
this type across Europe. Despite its potential, auralisation
is a static representation of how an environment sounds,
a snapshot in time, and the final result depends greatly on
the limitations of the systems and techniques used to
create it. When developing a model of any heritage
space, the auralisation is only as good as the groundwork
research into the source material documenting its history.
Perhaps most importantly, our judgements on the
auralisation reflect our selves, our experiences, and our
expectations. As with many historical conceptualisations,
the final results are created from and perceived through

our modern state of mind. Despite these caveats, we
believe that Notre-Dame is the perfect opportunity to
showcase the opportunities of interdisciplinary
partnerships. It is our hope that this work contributes to an
appreciation of the cathedral’s legacy as it moves towards
full restoration.
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Glossary

All industries have their own technical terms or abbreviations that don’t
immediately make sense to lay people. This glossary will help to de-mystify
some common terms used in acoustics

<t Less than
>: More than

Acoustic indicator — a series of agreed metrics for describing or
measuring sound.

Acoustic narrative — the perception of sound and how that might
tell a story of a location.

Amplitude modulation — amplitude (the maximum extent of a
vibration or oscillation) varying over time.

Anthropocene — the current geological age, viewed as the period
during which human activity has been the dominant influence on
climate and the environment.

Attenuator - device used to reduce the strength of an
audio signal.

Auralisation — a simulation of an acoustic phenomena.
Binaural measurements — a sound is recorded using two
microphones mimicking the placement of human ears

(often using a dummy head).

dB - decibel - a unit based on a logarithmic scale used to
measure the intensity of a sound.

Hyperacusis — intolerance to common sounds that causes
significant distress.

Life Cycle Assessment — (or LCA) a framework for\assessing the
environmental impacts of product systems and decisions.

Mechanical ventilation — the use of powered fans to provide
fresh air to rooms.

Meta analysis — the objective examination of published
information to determine overall trends.

Misophonia — a condition where a person has a severe sensitivity
to specific sounds and visual images.

Net zero - the target of completely negating the amount of
greenhouse gases produced by human activity.

Noise distraction — noise that redirects a listener’s attention.

Noise rating (NR) — often used in the measurement of noise from
mechanical sources such as air conditioning systems in environments
such hotels, cinemas and schools.

Pre-completion testing — pre-completion sound testing places
the responsibility for testing on the owner or builder to prove that
the sound rating is accurate and complies with modern regulations
regarding noise control.

Psycho-social — the psychological development of the individual
in relation to his or her social environment.

Reverberation — the reflections of sound that cause a continuation
of audible sound beyond an initial event.

Robust detail — a robust detail (RD) is a separating wall or floor
construction which has been assessed and approved by Robust
Details Limited. In order to be approved, each robust detail (RD)
must be capable of consistently exceeding the relevant regulatory
performance standards and be practical to build on site).

Sound transmission — how sound energy is transferred from one
material to another.

Soundscape - the acoustic environment as perceived by humans,
in context.

Soundwalk — a walk that focuses on hearing and listening to the
environment. Often linked with soundscape.

Spectrum adaptation terms — the value (in decibels) to be
added to the single-number quantity to take account of the
unweighted impact sound level, thereby representing the
characteristics of typical walking noise spectra.

Speech Transmission Index — a measure of speech
transmission quality.

Virtualisation — to produce a virtual version of a real object
or sound.
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