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Abstract: This paper presents an acoustic reconstruction of the UK House of Commons between c.
1820 and 1834. Focusing on a historically important site where political decisions were debated over
the centuries, we aim to simulate and present the intangible principles of the acoustic properties and
sounds heard within the space. The acoustic model was created based on available historical evidence
with the aid of commercial acoustic simulation software. We discuss the decisions made for this
reconstruction based on further experimentation with the acoustic characteristics of the constituent
materials and settings of the available software. An additional comparison of the achieved acoustic
results with spaces of similar historical importance and layout is presented, as a calibration of the
model with in situ measurements was not possible in this case study. The values of T30, EDT, C50
and Ts are presented, while auralization examples are also available for a subjective evaluation of
the results.

Keywords: room acoustics; intangible heritage; UK House of Commons; St Stephen's Chapel
Westminster; geometrical acoustics

1. Introduction

In an effort to investigate some of the intangible aspects of history, including the acous-
tics of heritage spaces and the audio experiences perceived within them, new technologies
and tools have been used in recent studies. For a more complete study of heritage sites,
historians, archaeologists, musicologists and acousticians are just some of the specialists
that should collaborate and exchange knowledge, methods and experience. The current
paper focuses on the virtual acoustic reconstruction of the UK House of Commons as it
appeared between c. 1820 and 1834. The interior of the Commons chamber had undergone
multiple changes since its conversion from St Stephen’s Chapel in the mid-sixteenth cen-
tury; we focus on the last stage before it was severely damaged by a re in Westminster
Palace in 1834 and demolished in 1837. Considering the importance of this building in
shaping the history of the UK, and the political speeches and decisions that took place
within it, we aim to study the acoustic characteristics of the space and understand more
about its impact on history. An acoustic model has been created based on the historical
evidence that is available to us. In this paper, we discuss the process of creating this model
and the decisions we have made to arrive at a plausible acoustic result for the simulated
virtual space. We also compare the acoustic results with spaces that appear to have some
similarities with the history, layout, and fabric of the lost Commons chamber. Despite the
uncertainties and limitations of not having in situ measurements of the space for further
calibration of our model, we believe that our estimations contribute to a more holistic
history of this historic site.
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2. History of the House of Commons Chamber in the Palace of Westminster

The modern debating chamber of the UK House of Commons is not the same space
that elected Members of Parliament historically occupied, nor is it in precisely the same
location. The original Commons chamber was located in the former medieval chapel of St
Stephen within the Palace of Westminster until 1834, when a major re destroyed the space,
and a replacement chamber was built nearby in the Gothic style. This House of Commons,
in turn, was destroyed during the Second World War, following which the chamber was
rebuilt on the same footprint in a similar but modernised style.

The rst dedicated House of Commons chamber was located in the former royal chapel
of St Stephen in the Palace of Westminster. The chapel itself was built during the reigns
of Edward |, Edward Il and Edward Ill, and was completed in the 1360s. The building
was then refurbished and restructured in 1548-1550 during the Reformation of Edward
VI, when the former college of St Stephen was dissolved and the upper chapel became the
Commons chamber: the rst time that the House of Commons had a permanent home of
its own. The choir stalls were replaced with tiered benches arranged in parallel rows across
the length of the room facing each other, with further seating wrapped around the east
end of the space. As the purpose and the needs of Parliament were different from those
for which the space had originally been designed, several alterations had to be made over
the years. In 1692, the architect Sir Christopher Wren was called in to stabilise the building
and modernise the interior. Wren lowered the ceiling of the medieval chapel, according to
some in an effort to improve the acoustics of the space or to make the chamber warmer [ 1].
The galleries were extended to the north and south sides, and more benches were added
to the existing west gallery. The medieval decorated stone walls were also covered with
wainscot panelling, leaving a gap between the original walls and the panels and reducing
the dimensions by 3 feet (0.91 m) at both the north and south sides. After the Acts of Union
(1706-1707), additional seats were needed to accommodate the new Scottish Members of
Parliament. The solution offered by Wren was to widen the galleries by one more row on
each side.

In 1801, with the entry of Ireland into the United Kingdom, the architect James Wyatt
was given the task of creating more space for the one hundred new members [ 2]. While
his initial intention was to extend the west side of the chamber by merging it with the
lobby located in the former antechapel, his work was limited to removing parts of the
wainscot introduced by Wren and (more controversially) any remaining stonework and
wall-paintings that had survived from the medieval St Stephen's chapel. Wyatt replaced
the wainscot but without leaving any gap between the original stone walls and the panels.
This created extra space for additional rows on the main oor of the chamber and space
underneath all the windows and between the piers for additional benches. Additional
columns were added underneath the galleries for extra support. After Wyatt's alterations,
the nal dimensions of the space were 18.6 min length, 11.4 m in width and 8.6 m in height,
based on the detailed architectural plans (as in Figure 1) that are available for all three levels
(main oor, galleries, and ventilation space) [ 3] with a volume approximately 1823.5 m 3
without furnishing and about 1402 m 2 with furniture.

The capacity of the House of Commons, however, was always problematic, leading to
overcrowding and uncomfortable sessions for the Members. The conditions in the chamber
were poor; there was a constant issue with ventilation and room capacity while hosting the
debates [2]. The heat, the smoke from candles and res, and the background noise were
reported on numerous occasions. Manuscript evidence implies that the architects involved
in the reconstruction and renovation of the House of Commons between the 17th and 19th
centuries included acoustical considerations in their planning and design [ 1].
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Figure 1. Detail from the architectural plans of the pre- re House of Commons, as seen at[ 3]. The
blue frame highlights the original boundaries of the medieval chapel of St Stephen, which was then
separated into the House of Commons (east) and the Lobby (west).

The period of our investigation is focused between c. 1820 and 1834. During that
time, the Commons chamber was in its very last stage of development before the re.
Additionally, we aim to include another historical element, which will be an interesting
subject of future work. The ventilation space above the Commons ceiling, represented
mainly as an octagon funnel in the middle of the House of Commons chamber, opened out
into the original upper section of the medieval St Stephen's chapel (as appears in Figure 2).
Evidence from the 1820s and early 1830s reveals that this space was used by women,
formally excluded from the chamber itself, to gather and listen to the parliamentary debates
going on below. An initial and partial study of this space was conducted previously [ 4],
and we aim to follow this up with the current acoustic model as a basis for future work.

Figure 2. Section from west to east, showing the storeys of the House of Commons spaces, August
1834 [3].

3. Establishing the Geometry for the Acoustic Model

While focusing on the period from c. 1820 until the Palace re of 1834, it was necessary
also to retrace architectural changes over the centuries since a lot of surfaces and materials
had remained the same or had been reused during the renovations of the space. Visual
sources such as engravings, paintings [—9], editorial cartoons [ 10-13], and architectural
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plans (such as Figures1 and 2 shown above) have been studied for different periods of the
House of Commons. Relevant literature, including modern publications and reports of
committee meetings in the chamber before or after the re, have helped to create a better
understanding of the space over these years.

The House of Commons and St Stephen's Chapel have been the focus of two previous
projects, which have proven very useful sources for this current work. Figure 3is a virtual
reconstruction of the House of Commons in 1692—-1707 from [14], giving information on the
seating layout and its materials, wall materials and decorations, as well as oor and ceiling
as they appeared after Wren's alteration.

Figure 3. The House of Commons Remodelled, 1692-1707, St Stephen's Chapel Westminster Project
2017, image from [14].

An acoustic reconstruction of the House of Commons in ¢. 1789 was created in [4]
using CATT-Acoustic [ 15], as presented in Figure 4a,b. This model was used as a starting
point for this current study. Several changes had to be applied to this original model to
re ect the state of the chamber after the signi cant alterations by Wyatt in 1801.

Figure 4. The original version of the model in CATT-Acoustic by [ 4], representing the House of
Commons in c. 1789: @) Section from north to south where the main entrance of the House of
Commons was. (b) An elevation view of the model.

For the new version of the model, the wall surfaces on the north and south side
of the room were set back between the piers, with additional seating areas underneath
the windows. Additional ventilators have been added to the ceiling, working from new
evidence on the ventilation systems of the period [ 2], and information about the use of the
space above the ceiling by those well-connected women who were able to access it. The
positioning of several doors and windows has been reconsidered for this model, following
architectural plans (Figures 1 and 2) and discussions with historians [ 16-19].

It appears that the construction of adjacent buildings (as can be seen in Figure 1)
had led to the blocking of some windows and others being covered with wooden panels,
leaving the space with two windows on each side of the galleries, one window per side
on the north and south walls of the ground oor and the three principal windows to the
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east. Evidence from engravings suggests that some windows at the ground oor level were
covered with heavy green curtains, as were external passageways on the other sides of
those windows, as also shown in Figure 5. All of these details have been simulated in the
latest version of the space.

Figure 5 was also a great source of evidence for the additional seating areas between
the columns at the north and south walls, and the additional fth row of benches om the
east side of the chamber and behind the Speaker's chair. Discussions with historians and
researchers [L6-19] specialising in the history of House of Commons and House of Lords
gave assurance of the nal decisions made in the creation of the geometric model and the
materials used for the latest design.

Figure 5. The House of Commons, 1833 by Sir George Hayter, oil on canvas, 1833-1843, 136 1/4
in. 2133/8in. (3460 mm 5420 mm) overall, © National Portrait Gallery, London [ 20].

In this updated geometric model, the new seats have been added following the
design of the previous version; however, it was considered to be an unnecessarily detailed
design of the benches, as there were many surfaces smaller than 0.5 M (as shown in
Figure 4a,b). Literature on acoustic simulations and the comparison of detailed and simple
versions of the geometric models on which they are based have indicated that by applying
different scattering coef cients and overall settings in the acoustic modelling software, the
results of the two versions could be suf ciently close [ 21,22]. ODEON [ 23,24] and CATT-
Acoustic [15] guidance, however, suggest that this detailed approach can signi cantly
increase the calculation time, while for the authors of this study, it was considered as an
additional challenge to adjust the signi cant number of surfaces with different materials
during the calibration process of this model.

It was also considered necessary to merge geometric planes (such as several planes
forming part of the same wall or sides of the oor) and hence de ne them with the same
materials. The updated and simpli ed version has 361 surfaces in total, which is reduced by
half from the original detailed model, and a total surface area of 1175.68 m 2 with adjusted
absorption and scattering coef cient for the seating area, as will be discussed in Sections 4.1
and 4.2. The model was also imported into the ODEON 14.00 Auditorium with some small
changes to the subdivided surfaces as recommended for the use of this software. Figure 6
in CATT-Acoustic and Figure 7in ODEON show the versions of the model based on the
different detailed levels of the seating areas.
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(@) (b)

Figure 6. The updated version of the model extended on the north and south walls by the window
areas in CATT-Acoustic. (a) A detailed simulation of the benches is represented. (b) The benches'
surfaces have been simpli ed.

Figure 7. A virtualisation of the nal model in ODEON with the simpli ed representation of the
seating areas.

4, Materials and Methods

Examples in previous studies [ 22,25,26] where the acoustics of heritage sites have been
reconstructed and studied using the two commercial acoustic software applications also
used here, CATT-Acoustic and ODEON, have been considered, and useful information
was taken regarding the estimation of the materials used, their absorption and scattering
coef cients, and the calculation settings speci c to each software.

For both ODEON and CATT-Acoustic models, the conditions in the acoustic envi-
ronment were set to 20 °C for air temperature and 50% for the relative humidity. The
results were obtained from an omnidirectional source at position P2, on the right side
of the Speaker's chair (presented in red in Figure 8) and from eleven additional receiver
positions (presented in blue), excluding receiver 2, which represents the seated speaker
for future scenarios. The Speaker's position was not used as a candidate source position,
as the speaker chair with the high marble back would have had a strong impact on the
distribution of the early sound.
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(@ (b)

Figure 8. (a) An elevation view of the nal ODEON model and ( b) an east-to-west view of the space
demonstrating the chosen source as a Member of the Parliament (MP) speaker on the right side of
the Speaker's chair (presented in red), and twelve receiver positions (presented in blue) in several
positions on the main oor, galleries and ventilation space, all facing the source.

4.1. Absorption Coef cients

The materials below (Table 1) have been identi ed and de ned by following infor-
mation from historical references and images of the chamber and in combination with the
available materials' library properties from CATT-Acoustic and ODEON software.

Table 1. The chosen materials with their absorption coef cient across the frequency bands, and the
overall surface area of each of them, as used in the early versions of the model.

Materials 125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz Surface Area
Woodenpanel 0.20 0.15 0.10 0.08 0.04 0.02 630.4 n?
Audience 0.52 0.68 0.85 0.97 0.93 0.85 222.9n?
Plaster 0.20 0.15 0.10 0.08 0.04 0.02 148.0 n?
Wooden oor 0.15 0.11 0.10 0.07 0.06 0.07 112.0 n?
Glass 0.18 0.06 0.04 0.03 0.02 0.02 24.7
Light velour 0.03 0.04 0.11 0.17 0.24 0.35 9.6 m?
Marble 0.01 0.01 0.01 0.01 0.02 0.02 10.8 n?
Metal perf 0.76 0.76 0.90 0.99 0.85 0.70 11.5 n?
Curtains 0.04 0.23 0.14 0.57 0.53 0.40 5.8 m?

The next step was to experiment with different possible materials and replace those
surfaces of a considerable size, that is, the wooden panels on the walls and the seating area,
and the wooden oor. Information on the absorption coef cient values for the materials
used in the simulated model is limited in the literature, and even less for the scattering
coef cient values. However, absorption and scattering coef cient values from church,
cathedral and ancient theatre simulations have been taken into consideration, and the
model was tested under a variety of different settings [ 22,25-31]. It was observed that
different de nitions for wooden panels (e.g. 16 mm wood on 40 mm studs wooden oor on
joistsor wood, 25 mm with air spagevill only just slightly change the obtained results as the
absorption coef cient of the possible options documented does not differ signi cantly (as
also discussed in [24]). Thus, the challenge for this project was mainly in the estimation of
an appropriate absorption coef cient for the seating area.

For the purpose of this study, it was considered best to rede ne the space as unoccupied
in order to help the calibration process and comparison with similar physical spaces, which
have been measured unoccupied (see Sectiorb). Our evidence for the benches in the House
of Commons c. 1820-1834 is limited to the images of the period where some indication of
upholstering can be observed when they are occupied. References from an earlier period
suggest that the green fabrics that covered the seating area during meetings of Parliament
were then restored at the end of each session. The seating area can play a signi cant role in
the overall absorption and reverberation of a space, especially in large rooms that further
lack additional absorbing surfaces. The prediction of absorption coef cients for chairs and
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pews varies signi cantly with the type and design of the seats and any upholstered material
that might partly cover these seats. Table 2 shows some of the different materials with their
absorption coef cient across the frequency bands, as found in previous studies [ 32-3€],
which have been tested in the calibration of this model, with some being more plausible than
others. Scattering coef cients are also provided for some of these materials (as the second
values across the frequency bands) and were also used for the acoustic experimentation.

Table 2. Frequency-dependent absorption coef cient of the materials found in previous studies and
tested for the seating surfaces in the model. The material wooden pew8NP) is taken from [ 37], and
its scattering coef cient values are listed as well ( gures on the right in the corresponding row).
The material unoccupied moderately upholstered ch@U€) is from [ 38]. The material empty chairs,
upholstered with leath€t C) is taken from [ 23]. The material empty chairs upholstered with cloth coy&C)
is from [ 23]. The material wooden pews (A/S) with seat cushions (without persgWépC) is from [ 36].

Materials 125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz
WP 0.10/0.30 0.15/0.40 0.18/0.50 0.20/0.60 0.20/0.70 0.20/0.80
uc 0.44 0.56 0.67 0.74 0.83 0.87
LC 0.40 0.50 0.58 0.61 0.58 0.50
cC 0.44 0.60 0.77 0.89 0.82 0.70

WPC 0.21 0.53 0.77 0.69 0.58 0.59

Figure 9 presents the T30 results of the model from the different variations of the
materials used on the seats as listed above. For this analysis, and what follows, the Aurora
tools v.12.2.23-alpha B9 in Audacity 20.0 were used to obtain the relevant ISO3382 acoustic
parameters from impulse responses generated as an output from the acoustic model. The
observations from the previous studies highlighting the importance of the unoccupied
seats in a space with the dimensions, furnishing, and materials as the current model have
also been con rmed here. Signi cant changes in the average T30 values are obtained with
the different materials on the seating area.

18-
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Figure 9. Average values of T30 obtained from experimental versions in ODEON by using different
materials to de ne the surfaces of the seating area.
4.2. Scattering Coef cients

Scattering coef cients were also assigned to the experimental versions listed above.
Initially, scattering coef cients were de ned as 0.05 (as the default values in ODEON). By
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assigning detailed scattering coef cients, for the wooden pewf/NP), as shown in Table 2,
and for the rest of the surfaces, as shown in Table 3, the results of global parameter T30
were slightly changed. The results of C50, however, evidenced a signi cant increase, as
shown in Figure 10.

1.8~ 0.5
1.6~
125 250 500 1000 2000 4gpo

14 0

Frequency Band (Hz)

31.2 r
t =-0.5
=3 1.0 %
Fo8- g
0.6- &-1.0
0.4 -
0.2 - -1.5
-=-WP -==WP without scattering
125 250 500 1000 2000 4000 20 ~=WP ~="WP without scattering
Frequency Band (Hz)
(@ (b)

Figure 10. (a) Average T30 values and (b) C50 values with and without scattering coef cient informa-
tion applied to all surfaces.

Table 3. Scattering coef cients applied to the used materials in ODEON and CATT-Acoustic.

Materials Scattering Coef cient Scattering Coef cient in CATT-Acoustic (in %)
in ODEON 125Hz  250Hz 500 Hz 1 kHz 2 kHz 4 kHz

0.2-0.5 for coffered

Wooden panel - 2 5 25 45 70 90
panels and ceilings [40]
Wooden pews 0.7 40 9 35 60 80 90 90
Plaster 0.1 for large smooth 1 2 5 30 60 85
surfaces [40]
Wooden oor 0.1 1 2 5 30 60 85
Glass 0.15 1 3 5 16 54 85

The actual surface scatteringas been used on the settings in ODEON in order to assign
scattering coef cients to each surface, and the screen diffractiomption was selected due to
the non-visible source from various locations/receivers in the space as recommended by
the ODEON manual [ 23]. These are the receivers R8, R10 and R11, as shown in Figuré,
which do not have visibility of the source S2. Using this software, scattering coef cients
are de ned for the middle frequency of 707 Hz, while for the rest of the frequencies, the
software takes into consideration the Sets of Scattering Coef cient curvas suggested in the
manual.

For further con rmation of the results by the use of geometric acoustic models, the
nal model from ODEON was imported and adjusted in CATT-Acoustic v9.1b. The same
absorption coef cients were used for each individual surface (as shown in Tables 1and 2);
however, scattering coef cients are not applied to individual surfaces as in ODEON but to
each group of surfaces with the same material. Materials with the same name are de ned
with the same absorption and scattering coef cient. This can result in differences in the
estimated parameters between the two pieces of software. The setting of the 2D Lambert
scattering functionwas chosen for the materials in CATT-Acoustic, and the values of the
scattering coef cients across the six different frequency bands were estimated by the same
scattering coef cient curves provided by ODEON, all listed in Table 3.

4.3. Software Settings

For the nal settings in ODEON, 30,000 rays were used, a Transition Orderof 2, an
impulse response resolution of 3 ms and an impulse response length of 3000 ms. These set-
tings were the result of experimentation with a variety of recommendations from relevant
literature [ 24,41], providing no unusual issues with the estimation of the acoustic param-
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eters, or suspicious re ections/spikes in the obtained impulse responses, as explained
in [ 36], while the auralisation results also sounded reasonable at the informal subjective
evaluation.

For the calculation in CATT-Acoustics, Algorithm 2was used in TUCT (see e.g. [L9),
and similarly, several recommendations from the literature [ 22,25,26,37] were taken into
consideration. For the number of rays/cones and impulse response length, the suggested
values from the software were used, which were 470,688 rays/cones and 731.4 ms, corre-
spondingly.

5. Model Validation Based on a Survey of Comparable Spaces

When developing an acoustic model, whether for an existing space or one that does
not yet exist, it is important to build in calibration processes to justify the decisions made at
key stages in the model de nition and execution and to verify that the results obtained are
plausible within a range of possible outcomes. This is particularly important in cases where
it is not possible to obtain in situ measurements from the acoustic space being studied. In
such circumstances, it is common to calibrate the model based on a comparison between
predicted results obtained from the model and acoustic measurements from sites with simi-
lar characteristics or purposes. There are a signi cant number of studies that consider the
acoustic properties of concert halls, ancient theatres, classrooms, and performance spaces in
general [25,26,42]. The data from these studies, either based on acoustic measurements or
acoustic reconstructions using computer modelling software, is of great value in informing
the development and improvement of the acoustic experience in future similar designs [ 27].
In the acoustics of heritage sites, however, there is minimal supporting information avail-
able to better understand and compare the acoustic characteristics of spaces that no longer
exist, and this information is usually limited to the study of other spaces with a comparable
construction, design, or purpose. Thus, the design and the prediction of any acoustic result
using computer modelling is based on a researcher's best experience and knowledge of
acoustics, materials used in the construction of a place, and its characterisation.

In terms of this study, the architectural style and acoustic characteristics of the c.
1820-1834 House of Commons have not been discussed much in the literature on the
acoustics of heritage buildings or performance spaces. As a result, we embarked upon
a study of historical sites around the UK that demonstrate some comparison with the
House of Commons. The ve chosen spaces have been surveyed and acoustically measured
by various research teams from the AudiolLab, University of York from 2017-2018, as
independent studies, and some of their results are presented in [43]. In this section, we
summarise these results and present additional acoustic information for the comparison
and veri cation of the acoustic results of the nal House of Commons model.

Two of the spaces, the Convocation House and the Divinity School in Oxford, were
used as meeting places for the House of Commons away from the Palace of Westminster
in the 17th century. A third space, the modern House of Commons, has largely retained
the layout and architectural style of previous chambers; however, the current space is
signi cantly larger and with contemporary materials and fabric. The last two spaces, the
Holywell Music Room in Oxford and the York Guildhall Council Chamber, were not used
for Parliamentary meetings; however, their layout and volume are similar to the c. 1820-
1834 House of Commons chamber. The Holywell Music Room has been mainly used for
music concerts, while the York Guildhall Council Chamber is the one space that is perhaps
closest to the purpose and period of the model in this study. It was built in the 1880s and is
still used as a place of political debate and discussion for current local government.

For the acoustic measurements of the Convocation House, Divinity School, House of
Commons, and Holywell Music Room, a Genelec 8030 (Genelec Oy, lisalmi, Finland) was
used as the sound source and a SoundField ST450 microphone (SoundField, Silverwater,
Australia) as the receiver, using a 20 Hz—20 kHz exponential sine sweep of length 15 s. In the
Guildhall Council Chamber, in York, the research team used a Genelec 8130A for the sound
source, a SoundField ST450 Mkl microphone for the receiver and a 30s 20 Hz—22 kHz sine
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sweep for the excitation signal. For the analysis, MATLAB R2021a was used to post-process
the recorded les, while the Aurora tools [ 39] in Audacity were used to obtain the 1ISO3382
acoustic parameters T30, C50, EDT and Ts from the resulting impulse responses. Overall,
the methodology established by Farina [ 44] has been followed in all cases, such that the
data obtained can later be used in a variety of auralization applications.

5.1. Convocation House, Oxford

The Convocation House (CH) at the University of Oxford is part of the Bodleian Library
and was formerly used for meetings of University committees. During the English Civil
War and again in 1665 and 1681, it was also used for meetings of the House of Commons
when Parliament was summoned to Oxford, which makes it an especially interesting space
to compare with the designed model of the House of Commons at Westminster. It is a
rectangular shape with dimensions of 18.55 m in length, 8.4 m wide and 7.63 m in height,
with wooden stalls and wainscot decorating half of the height of the walls. During the
measurements, three source locations were chosen and six receiver positions, resulting in
fteen source/receiver combinations, as shown in Figure 11. For the obtained average
acoustic results in this paper, the measured position S2-R4 was excluded. The results of
energy-based acoustic parameters (such as C50, C80 and D50) obtained from this position
were quite different from the rest of the measurements in the space, as presented in [43].
Our explanation is that at location R4, the microphone was placed close to a wooden
stand, which will have unduly in uenced the acoustic behaviour at this location that was
unrepresentative of the space more generally.

While the size and the architectural layout of the seating area are comparable with the
House of Commons in the 1820s, the tiled oor and the vaulted ceiling make the space more
reverberant, as is also found with examples of different ceiling designs in mosques [ 45,
and as presented in T30 and EDT values shown in Figure 12. C50 and Ts values show high
energy in the late re ections, which also indicate the perception of a reverberant space.

N
R3 | ‘
S2/R2
|
S1 R6 R1
| R4 Qilllﬂl: ‘ |

(@ (b)

Figure 11. (a) Convocation House, University of Oxford, photo by DAVID ILIFF. Licence: CC BY-SA
3.0 via Wikimedia Commons [ 46] and (b) oor plan of the measured positions.
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Figure 12. Results of the fourteen individual measured positions in the Convocation House, and the
average values across frequency bands for @) T30, () C50, () EDT and (d) Ts.

5.2. Divinity School, Oxford

The Divinity School (DS) is adjacent to the Convocation House at the University of
Oxford. During the English Civil War and in 1625, it too was used for meetings of the House
of Commons. It has dimensions of 27.6 m in length, 10.3 m in width and 7 m in height and
is constructed from stone, marble, and large panelled windows. A single source/receiver
position measurement was obtained for this space, as shown in Figure 13.

Its architectural characteristics and materials, as well as the lack of additional furnish-
ing, indicate a much longer reverberation time compared to the c. 1820-1834 House of
Commons chamber. Similar to the Convocation House, T30, EDT and Ts values (as shown
in Figure 14) are quite high, with very poor clarity for speech (C50) as well. The highly
re ective materials on the walls, as well as the long rectangular shape of the space, also
cause high reverberation of low frequencies in comparison with the wooden furnishing in
the Convocation House.
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Figure 13. (a) Divinity School, University of Oxford, photo by DAVID ILIFF. Licence: CC BY-SA 3.0
via Wikimedia Commons [ 47] and (b) oor plan of the measured position.
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Figure 14. Results of the measured positions in Divinity School across frequency bands for (a) T30,
(b) C50, () EDT and (d) Ts.
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5.3. Modern House of Commons Chamber, Palace of Westminster

The modern House of Commons chamber (HoC), being built in a somewhat different
style, is not directly comparable with the House of Commons as it was in the period 1820—
1834. The use and purpose of the space for speech and debate were taken into consideration
when the space was designed. This represents a signi cant difference between the modern
House of Commons and the model under study, as St Stephen's Chapel had originally been
intended for the sung liturgy. The study of the acoustics of the modern House of Commons,
however, offers useful information on the possible acoustic behaviour of the 1820-1834
model.

Designed by Sir Giles Gilbert Scott in 1950, the current House of commons deliberately
echoes the same architectural style as the previous chambers, with the benches laid out
in parallel rows across the length of the room. Its dimensions are 21 m in length, 16 min
width and 14.7 m in height, with a volume of approximately 4839 m 2 without furnishings.
Two-thirds of the walls are covered with wooden coffered benches and galleries, which
work as acoustic diffusers, while the tops of the walls are covered with stone columns and
large windows. The roof beam ends on a long roof window, the oor is covered with carpet,
while the wooden benches are upholstered with green leather at the back and on the seats.
Two source locations and six receiver positions were used during the measurement process,
resulting in eight source/receiver combinations, as shown in Figure 15. The measured
position S2-R5 was excluded from the averaged results obtained here. It was noted that the
receiver position was in the near eld of the sound source, and this unduly in uenced the
acoustic results (e.g., T30) obtained at this location that, upon inspection, could be seen to
be unrepresentative of the space more generally [43].

@ (b)

Figure 15. (a) Chamber of House of Commons, Palace of Westminster, in its current condition.
Licence: CC BY-SA 3.0 via Wikimedia Commons [48] and (b) oor plan of the measured positions.

Despite the large volume, the materials in the space absorb a signi cant amount of
sound energy, which impacts the values of the acoustic parameters obtained from the
measurements, as shown in Figure 16.
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Figure 16. Results of the seven individual measured positions in the modern House of Commons
and the average values across frequency bands for @) T30, (b) C50, ) EDT and (d) Ts.

5.4. Holywell Music Room, Oxford

The Holywell Music Room (HMR) was built in 1748 and is considered to be the rst
custom-built concert hall in Europe [ 49 (Figure 17), with dimensions of 19.7 m in length,
9.77 m in width and height of 9 m, and a volume of approximately 1732.22 m 3. While its
acoustics are suited for chamber music, and it is particularly well-known for performances
of Haydn, there are no direct links with parliamentary history or meetings of the House
of Commons within this space. However, its layout with the parallel benches across the
room and a gallery at the back, together with the wooden oor and benches covered with
cushions, makes the space comparable with the previous spaces and the model under study.
It is worth noting, however, that the ceiling and walls are covered with plastered brick,
making the space more reverberant than the c. 1820-1834 House of Commons model with
its wooden coffered walls, and this was noted after a comparison of absorption coef cients
for these materials in [ 15,23,38]. There is also a curtain installed across the west wall of the
space, which should reduce the reverberation time further, as well as help prevent utter
echoes between the two parallel walls. Twenty-seven impulse responses were obtained
during the in situ measurements from a combination of three sound source locations and
nine receiver points. The measured position S1-R9 was also excluded from the averaged
results presented in Figure 18. Upon inspection, the results of energy-based parameters
(C50, C80, D50) were quite different from the rest of the measurements. A closer look at the
time domain impulse response revealed that strong early re ections could be evidenced,
potentially due to the concave nature of the stage and its focal point coinciding with position
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R9. This measurement was, therefore, considered to be unrepresentative of the space more
generally and so unsuitable for this acoustic analysis.

(@ (b)

Figure 17. (a) Holywell Music Room, in Oxford in its current condition [ 49] and (b) oor plan of the
measured positions.

(@ (b)

(0) (d)

Figure 18. Results of the twenty-six individual measured positions in Holywell Music Room and the
average values across frequency bands for &) T30, (b) C50, () EDT and (d) Ts.

5.5. The Guildhall Council Chamber, York

The Council Chamber of York Guildhall (YGCC), built in 1888-1891, has signi cant
architectural similarities with the historic House of Commons chamber. As Figure 19shows,
the members of the council are seated in an oval layout of wooden benches, surrounded by
wooden panels on the walls from the oor to approximately 2.5 m in height. The rest of the
height of the walls is wallpapered plaster up to the ceiling, which is arched and timbered.
In addition to the comparable layout of the seated area, where members face each other
during debates, it is worth noting that this particular space shares very similar dimensions
and construction materials to the House of Commons chamber of c. 1820-1834. The York
Council Chamber measures 15.23 m in length, 10.04 m in width, and 8.68 m in height and
is approximately 1327.24 m3 without furnishings. Twelve combinations of source/receiver
had been obtained from three source and four receiver positions. The acoustic results of all
these source/receiver combinations for T30, C50, EDT and Ts, were averaged and presented
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in Figure 20. Itis noticeable that all the studied parameters have a at curve across all the
frequency bands, overall presenting very good acoustic characteristics for speech.

(@ (b)

Figure 19. (a) Photograph of the York Guildhall Council Chamber (2023) and ( b) oor plan of the
measured positions.

@) (b)

(©) (d)

Figure 20. Results of the twelve individual measured positions in York Guildhall Council Chamber
and the average values across frequency bands for &) T30, (b) C50, ) EDT and (d) Ts.
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6. Results and Discussion

For the evaluation of the designed model, we have followed two approaches, and
the results are analysed and discussed in this section. First, the results of the two models
(the latest version in CATT-Acoustic and the one in ODEON) are presented, and their
comparison provides us with con dence in the decisions made for this simulation. Secondly,
the results of the acoustic parameters of the ve existing spaces, as discussed above, are
compared with the nal version of the ODEON model, and conclusions are drawn in
relation to the validity of the nal model.

All the presented results have been analysed using the Aurora tools; both those from
the in situ measurements and also those from the impulse responses generated by the two
software applications. By using a common calculation tool for all, we aimed to avoid any
further uncertainties regarding the calculation methods that the different software may use
for the acoustic parameters.

It is also worth explaining that for this study, we used the average results of all the
measured positions for all spaces. While the recent practice in the literature discourages
this approach, as important information on local re ections and material characteristics
can be overlooked when aiming to calibrate acoustic models, in this current study, any
comparison of individual locations would have been meaningless, as the compared spaces
and in situ positions differ.

6.1. Acoustics of the Simulated Models

The two commercial software applications, CATT-Acoustic and ODEON, have been
used for several studies and a signi cant amount of literature is available discussing their
effectiveness in simulating enclosed spaces. While they are both based on geometrical
acoustic methods, they have some important differences in their algorithms, which espe-
cially affects the scattering and diffusion prediction of the models. Thus, a comparison of
the model from the two types of software can help to con rm the validity of the decisions
taken for this studied space. For this nal version of the model, the material wooden pews
(A/S) with seat cushions (without person@)/PC) from [ 36] was used for the seating areas.
Figure 21 presents the results of both models for T30 and C50. The values are very close
to each other, and for some frequency bands, the results are within 1 JND value for each
of the parameters (these limits are indicated with X marks for each point). This gives us
signi cant con dence in the decisions taken for each of the two software applications and
their individual settings. The error bars present the standard deviation of the results across
the eleven measured positions. It is noticeable that the standard deviation is wider for
the ODEON model and especially for the results observed for C50 (which is a position-
dependent parameter) [50]. The difference in the standard deviation could be caused by
the different methods used to simulate scattering in these two applications, as well as
the de nition of the scattering coef cients for the individual materials (as discussed in
Section4.2).

6.2. Acoustics of the Measured Spaces

The average results of the ve chosen spaces (as discussed in Sectiorb) are compared
with the nal version of the c. 1820-1834 House of Commons acoustic model as simulated
in ODEON. Results of T30, EDT, C50 and Ts for all the spaces are presented in Figure22,
with error bars indicating the standard deviation of the values across source/receiver
locations for the ODEON results. Figure 23 also provides very interesting information by
comparing the spaces based on the T30 average values and their volume.

It is observed that the Convocation House (CH) and Divinity School (DS) have the
highest values of T30. Considering their materials and shape, this was not a surprise;
however, they should not be used as a direct comparison or for a calibration of the House
of Commons model c. 1820-1834.
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Figure 21. Comparison of the average values across eleven simulated positions in both CATT-Acoustic
and ODEON for ( a) T30, (b) C50. TheX marks indicate the £1 JND values for each parameter. Error
bars at each point indicate the deviation of the results obtained from all eleven simulated positions.

(@ (b)

(©) (d)

Figure 22. Average values of the ve in situ measurements compared with the nal model in ODEON:
(a) T30, (b) C50, ) EDT and (d) Ts. Error bars indicate the deviation of the values across the different
measured positions of the ODEON model.
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Figure 23. Average T30 results across all frequency bands of the ve measured spaces and the
ODEON model versus their volume. Error bars represent the deviation of the individual positions
for each site, while the pink circle represents the averaged T30 values at 1 kHz.

The modern House of Commons chamber (HoC), while signi cantly larger in volume
than the other spaces (as shown in Figure 23), has a T30 value of 1.14 s (an average across
measured positions and across frequency bands). Together with the results obtained from
the rest of the acoustic parameters considered here, this indicated that it is a suitable space
for the clear perception of speech. This is comparable with the much smaller spaces of the
York Guildhall Council Chamber (YGCC) with T30 = 0.86 s, and Holywell Music Room
(HMR) with T30 = 1.44 s, as well as the nal ODEON c. 1820-1834 House of Commons
model with T30 = 0.94 s. This low T30 value for the modern House of Commons was
expected, considering the leather materials covering the seating area and the additional use
of carpet on the oor. Itis also noticeable that the T30 values at 1 kHz for the Convocation
House, Divinity School, the modern House of Commons and York Guildhall Council
Chamber are at the peak values of the error bars of the average T30 values, indicating
the concave curve of the results across frequency bands with maximum values obtained
at 1 kHz.

The results of the Holywell Music Room are also as might be expected, considering
that the space was designed and used for musical performances. All acoustic parameter
values are reasonably higher than the model of the historic House of Commons, and this is
useful information and helps to provide veri cation for the design of the model.

As we had hypothesised from the description of the measured spaces (Section 5), the
York Guildhall Council Chamber is the space that not only looks similar to the shape and
materials of the designed model of the ¢. 1820-1834 House of Commons chamber but also
has very similar acoustic characteristics to the results achieved for the simulated model.
The values of C50 and Ts are also very similar for the two spaces. Ts has a fairly linear
shape across all frequency bands, and this is also re ected in the behaviour of the C50
curve. This is something that is observed in both spaces: York Guildhall Council Chamber
and the c. 1820-1834 House of Commons model.

The shoe box shape of the modern House of Commons, York Guildhall Council
Chamber and the model of the ¢. 1820-1834 House of Commons, while common, could
prove problematic in terms of the distribution and magnitude of early re ections. In
all these cases, however, the use of various architectural and design features, such as
ornaments, galleries, and coffered wooden panels, help the scattering of the sound across
the room.
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7. Auralizations

For the evaluation of the simulated model, auralizations are provided as Supplemen-
tary Materials as detailed in the section “Data Availability Statement', enabling the results
of the acoustic model for both software (CATT-Acoustics and ODEON), and for all the
chosen source-receiver positions to be auditioned. The auralization results of the other
presented spaces are also available for comparison, and they are made available via the
OpenAir website [ 51] for posterity. The W channel of the Ambisonic impulse responses
(generated from either the commercial software or measured in situ) have been convolved
with an anechoic stimulus. The anechoic sample is an excerpt of Henry Beaufoy's speech to
the House of Commons in 1792 on the subject of the slave trade, performed by John Cooper
(co-author) in the anechoic chamber at the Audiolab, University of York. The perceived
differences and similarities of the recorded/simulated spaces as heard in these audio les
help to further verify the results of the acoustic parameters presented in this paper.

8. Conclusions

This study has allowed us to present an acoustic reconstruction of the historic House
of Commons chamber in the period c. 1820-1834, shortly before its destruction by re. The
acoustic properties have been studied using two commercial software applications based
on a 3D model of the reconstructed space. Several implemented versions of the model have
allowed us to investigate in depth the most plausible scenarios for the design and choice of
construction materials. As in situ measurements of the actual space (either from the past or
in a more modern condition) were unavailable, evidence has been gathered from various
categories of literature, manuscripts and artistic sources. Information from relevant studies
has also been taken into account for the software settings, the chosen materials and the
various design decisions.

In situ measurements of spaces with similar architectural characteristics or that have
been used similarly, e.g., for parliamentary debates in the 17th century, have offered very
helpful data for the comparison and veri cation of the design of this model.

Considering the above comparisons, we have reassurance that the version of the
model presented in this paper provides a plausible representation of the acoustics of the
simulated space. It was considered appropriate in this case study to calibrate this model by
experimenting mainly on the materials used for the seating area, as con rmed from the
results obtained from the in situ measurements of the ve spaces. While the assumptions
used in de ning the absorption and scattering coef cients for the chosen materials can be
considered as the main sources of uncertainty for this project, the comparison of the nal
results with these ve spaces has offered con dence towards the nal validity of the model.

Future work will take this validated model and use it as a means to investigate the
impact of the acoustics of this space on the spatial variation of speech intelligibility. This is
with a view of determining the extent by which Members of the UK Parliament, more than
two centuries ago, would have been able to hear and contribute effectively to debates based
on the location of their seat/position within the Historic House of Commons chamber at
this time.
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