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Abstract: Worship space acoustics have been established as an important part of a nation’s cultural
heritage and area of acoustic research, but more research is needed regarding the region of northern
Europe. This paper describes the historical acoustics of an important abbey church in Sweden in the
1470s. A digital historical reconstruction is developed. Liturgical material specific to this location is
recorded and auralized within the digital reconstruction, and a room acoustic analysis is performed.
The analysis is guided by liturgical practices in the church and the monastic order connected to it. It
is found that the historical sound field in the church is characterized by the existence of two distinct
acoustical subspaces within it, each corresponding to a location dedicated to the daily services of the
monastical congregations. The subspaces show significantly better acoustic conditions for liturgical
activities compared to the nave, which is very reverberant under the conditions of daily services.
Acoustic transmission from the two subspaces is limited, indicating that the monastic congregations
were visually and acoustically separated from the visitors in the nave and each other.

Keywords: archaeo-acoustics; worship space acoustics; acoustic subspaces; auralization

1. Introduction

The acoustics of worship spaces are a significant element of a nation’s cultural heritage.
The concept of cultural heritage is described by UNESCO as

“those sites, objects and intangible things that have cultural, historical, aesthetic,
archaeological, scientific, ethnological or anthropological value to groups and
individuals” [1].

Since UNESCO’s adoption of the Convention for the Safeguarding of the Intangible Cul-
tural Heritage [2] in 2003, the acoustics and acoustical experiences of churches have been
established as an important area of research. The interaction between ritualistic and cul-
tural expressions in churches and their acoustics have been the topic of several research
projects [3–10]. The comprehensive review article on church acoustics by Girón et al. [11]
discusses the efforts of several research teams who have acoustically characterized a large
number of churches across the world and, specifically, Europe.

Most of this research has focused on churches located in countries around the Mediter-
ranean sea, resulting in less scientific literature regarding churches in northern Europe.
While Polish researchers have made interesting analyses on some churches around the
Baltic Sea [12,13] and there is research on some Russian churches [14], there is very little, if
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any, acoustic research on religious buildings in Scandinavia and, specifically, Sweden. The
research presented in this paper sheds new light on intangible cultural heritage in this part
of the world by presenting a room acoustic analysis on a digital reconstruction of Vadstena
abbey church in Sweden. This work is part of a larger research project [15].

Such archaeoacoustical [16] projects, where acoustic simulations in digital reconstruc-
tions of historical spaces are performed, have already been undertaken [17–21]. The results
of these projects may be combined with visual models to produce Virtual Reality experi-
ences, which has been done by several teams [22–24] and is the goal of this project. Efforts
such as these require a tight collaboration between acousticians, 3D artists, historians, and
musicologists to tackle the intrinsic multidisciplinary nature of the research. The large
amount of heritage objects not yet investigated with such techniques, the relative novelty
of the underlying technologies, and the challenges posed by such collaborations motivates
further research projects such as the one reported on in this paper.

The combination of archaeoacoustic modeling and visual models often requires some
form of auralization. Auralization can be defined as “... the process of rendering audible, by
physical or mathematical modeling, the soundfield of a source in a space, in such a way as
to simulate the binaural listening experience at a given position in the modeled space” [25].
Application and implementation of auralization is in itself a large research area [26–28].
Although auralized audio samples are presented in this paper, the main focus is placed
on the development of the 3D model, and on the room acoustic analysis. A foundational
course in auralization can be found in [29].

Liturgical practices are characterized by significant auditory elements, such as prayers,
chants, or preaching. Understanding of these practices and how they function within a
church benefits from room acoustic analyses of churches. Such analyses are based on room
acoustic parameters typically computed from impulse responses, which can be estimated
using acoustic simulation software. For example, the perception of chant is strongly related
to early reverberation [4], and the intelligibility of song and speech can be related to clarity
parameters. As within any volume, room acoustic parameters in a church may have a
weaker or stronger spatial dependence.

Spatial variations of room acoustic parameters within churches depend partly on
varying materials and partly on varying geometry. Churches are often large, complex
buildings with vaulted ceilings and spaces such as choirs, transepts, chapels, or apses.
This may lead to the formation of acoustic subspaces [30] that are characterized by room
acoustic parameters significantly deviating from the rest of the space. For instance, such
subspaces may result in varying perceived reverberation as indicated by EDT within the
apse, or degradation of clarity far from the chancel.

In some cases, the structural separation of such subspaces serves a liturgical purpose.
For example, smaller chapels may be dedicated for funeral procedures, or the choir for
the hourly services of a monastic congregation. Distinct liturgical purposes may coincide
with distinct liturgical activities, such as the monastical service being characterized by the
chanting of the congregation. As the liturgical activities benefit from proper acoustics,
the acoustics in a given subspace must be evaluated with respect to the activities at that
location. Pedrero et al. [7] presents such research regarding the cathedral in Toledo, which
indicates that the acoustical properties in the subspaces supported the activities performed
there. Similar results regarding the choir have been seen in several research projects [31–33].

The interaction between religious rites and acoustics is not yet fully understood, espe-
cially when spatial variations within churches are considered. It has been established that the
acoustic requirements of worship spaces differ from conventional acoustic guidelines [7,34],
but there is not yet a strong consensus on what these requirements are. As of yet, the interna-
tional standard on measurements of room acoustic parameters, ISO 3382, does not contain
guidelines for acoustic measurements of worship spaces. Although there exist established
methods for such measurements [35] , the lack of an official standard may lead to variations
in the measurement methods which in turn cause issues when comparing the results of
such measurements. In addition, the lack of guidelines regarding acoustic requirements may
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cause issues when acousticians are tasked with constructing new worship spaces, or improve
existing spaces. The analysis in this paper, where room acoustic parameters within the abbey
are combined with a discussion of the religious purposes of various subspaces, may help
shed light on these questions.

The goal of this paper is twofold: First, describing the process of constructing a his-
torically accurate archeo-acoustical digital model of an abbey church in Sweden. Second,
presenting the analysis of its room acoustic properties. To start, some background informa-
tion on the abbey is briefly presented. Then, certain aspects of the historically based digital
reconstruction are discussed. This description shows that the conclusions of the acoustical
analysis rely on sound historical research, and act as inspiration for future, similar projects.
Subsequently, recordings of material for auralization are briefly presented. The process of
acoustic simulation is described, and the simulated acoustic field is analyzed in detail both
globally and locally within acoustic subspaces.

2. Background on the Church

The church targeted for reconstruction in this paper is a Gothic abbey church located
in the south of Sweden, built in the 14th and 15th century. It played an important religious
and cultural role in the Nordic countries in the middle ages. After the Swedish reformation
(1527), the monastery was eventually dissolved and the abbey church fell into disrepair and
neglect for almost two centuries. Although some artifacts remain and most of the abbeys
extensive library has been preserved, the interior space of the church has been significantly
altered due to several renovations [36].

The church itself is oriented west–east, with the chancel in the west. Its nave is divided
into three aisles of five bays each, every bay measuring about 11 × 11 m2. In the west, the
central aisle is extended by an apse of approximately the same size as the bays. The church
walls and pillars are built of limestone, and the ceiling vaults are of plastered brick. In the
present day, the interior walls are of naked stone, but their rough surface indicate that they
were originally plastered. It is also known that plaster was removed during a renovation in
the 19th century [36]. A photograph of the modern day church can be seen in Figure 1, and
a 3D model of the interior walls and vaulted ceiling is shown in Figure 2.

Figure 1. Present day church. View from east to west.
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Figure 2. 3D scan showing only the church’s original 15th century parts. View to the north, with the chancel and the location
of the monks’ choir to the west, on the left.

The church and its abbey was the mother abbey of a religious order of both monks
and nuns. The monks and nuns lived in separate enclosures, but shared the same church.
Both congregations had a specific location within the church where their services were
celebrated. The order was characterized by the premiership of women, and is the source of
the only known monastical office exclusive for women [37].

The information about the order guides the acoustic analysis to focus on the dedicated
spaces for the monastic congregations, especially the nuns’. These two areas are digitally
reconstructed, as described in Section 3.1. The monks’ choir and the gallery may both
be interpreted as choirs. As the choir often has an important role in the acoustics of
a church [32,33], a deep acoustic analysis is motivated both by religious and acoustic
considerations. However, only traces of the structures remain in the church today, and a
historically based digital reconstruction is the only practical option to evaluate the historical
sound field of the space.

Below, the processes of digital reconstruction, recording of liturgical elements, and
acoustic simulations of the church are presented. The foundations of the historical model
are described thoroughly, as one of the goals of the paper is to inspire future researchers in
similar projects, and to validate the acoustic results based on historical information.

3. Digital and Historical Reconstruction

The digital reconstruction aims at a time period around year 1470, as this coincides
with a period in the abbey’s history for which the historical source material is rich. The
acoustics of daily religious practices are examined by recording and auralizing material
from an ordinary Friday sext. This condition was also the target of room acoustic analysis,
characterizing the acoustic properties of the space under normal conditions.

In the following sections, the process of creating the elements for auralization and room
acoustic simulation are described. First, the construction of the digital model is discussed.
The reconstructions of the spaces for monks and nuns in particular are presented. The
recording of material for the auralization is discussed, and finally a few comments are made
regarding the adaptation of the high-detail visual model for acoustic simulation software.
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3.1. Model Creation

A wide range of historical sources were used in the construction of the digital model.
Due to the importance of the church in question, there are many sources directly related
to it. This includes drawings, documents, plans, maps, traces in the church room, and
historical objects such as sculptures and textiles. In addition, there is a range of earlier
research [36,38–42]. This material could be complemented by more general historical
information regarding practices for the given time period and geographical location. The
collected information was translated into concrete 3D suggestions of what lost and altered
parts of the church interior may have looked like.

One of the first steps in the creation of a digital model was the laser-scanning of the
complete interior space of the church, aimed at obtaining a high-resolution 3D model to be
used as reference. This model was then further processed and refined using the graphical
modeling software Blender. First, elements of the scan dating later than the 15th century,
as based on historical information, were removed from the digital model. The resulting
model of the 15th century shell (Figure 2) was a starting point for the digital reconstruction.

The 15th century shell was extended by 3D suggestions of lost and altered parts of the
interior, based on information in historical sources. Different suggestions were then evalu-
ated to find which were more plausible. This process was iterative, and involved primarily
the art historian and 3D modeler within the project. Experts on medieval construction,
theology, and archaeology were consulted when appropriate.

The evaluation and appraisal of the different 3D suggestions benefited from working
in a spatial environment. Formulating the constructions in a 3D space made it clear that
some suggestions were incompatible with the church room itself, historical accounts, or
other constructions. For example, in some cases several constructions would need to
occupy the same space, or they might lack necessary physical support structures. Further
refinement could be achieved when liturgical practices were considered. Line of sight
to certain spots important for the liturgy, processional walkways, and easy access to key
locations was necessary for the religious functionality of the space, and could thus be used
to dismiss less appropriate solutions.

The next sections will focus on key areas of the church. First, the furnishings in the
nave are discussed briefly. Second, the reconstruction of the gallery and the choir are
described and motivated.

3.1.1. The Nave Area

The historical nave of the church was filled with over 60 altars [39] and a multitude of
richly decorated grave chapels, giving it a very different impression compared to today
(Figure 1). Examples of high-detail reconstructions of chapels and altars are shown in
Figure 3. These types of structures are expected to have had a significant impact on the
acoustics of the medieval nave. The large number of decorated and complex surfaces
lead to increased scattering of the acoustic field, which may have contributed to increased
diffusivity. On the other hand, the presence of these structures may have lead to the
formation of acoustical subspaces which would imply an increased acoustic heterogeneity.

An additional aspect affecting the acoustic field in the nave was the prevalence of
textiles. Textiles played an important part of the furnishing in a late medieval church, and
were used as curtains creating small enclosures around most altars (see Figure 3), covers
for altars not in use, decorations on altars and walls, and carpets.

The historical reconstruction is expected to reduce reverberation in the nave compared
to today, both due to textiles and wood structures such as chapels. The large empty stone
volume of the nave today offers very little absorption area, and the reverberation time is
long [43]. Wooden grave chapels are expected to increase the amount of absorption across
all frequencies, most significantly for the mid-high range. In addition, the large amount of
textiles will increase absorption for high frequencies. Together, these effects will lead to a
decrease in reverberation across the full frequency range. Such results have been found in
other projects [5,44].
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Figure 3. 3D model of three reconstructed chapels (left foreground, middle, right background). In the far left corner is the
side of an altar with textile curtains, and a platform on its front covered by a carpet. View from the northeastern side of the
nuns’ gallery (compare with Figure 4) towards southwest.

3.1.2. The Nuns’ Gallery

The construction of an elevated platform for the nuns in the middle of the church is
prescribed in the building instructions of the abbey [45]. The only visible remnant of this
platform today is a niche near the ceiling vaults that was once its entrance (Figure 4). Research
has several suggestions on the specific form and placement of the nuns’ gallery [36,38], but
there is so far no consensus on its specific location, size, or configuration.

The suggested configuration of the gallery in this project is based on historical docu-
ments and physical traces in the church room, and shown in Figure 4. It is surrounded by
high panels, and its size was estimated to 10 × 18 m2. This is large enough to accommodate
the congregation of nuns and the furnishings required for religious purposes [45,46]. In
addition, this size allows for the display of a series of paintings along the interior western
side of the gallery, which are recorded in [47]. The high panels surrounding the gallery
ensure that the nuns could not be seen by anyone else in the church, although see-through
lattices allow them visual access to key altars, as required by religious documents [48].

The location of the gallery was determined by using information from a geophysi-
cal investigation of the church floor. This investigation revealed anomalies which were
interpreted as foundations of support pillars for the gallery. The final model of the gallery,
shown in Figure 4, satisfies requirements regarding function and size, is structurally sound
and matches the physical traces well.
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Figure 4. 3D model of the nuns’ gallery (other nave elements mentioned in the text are not visualized here), showing the
entrance niche in the northern wall, leading through a crossing to the gallery. The panels on the shorter sides have small
windows for visual access. The gallery is supported from beneath by four brick pillars. View from south to north.

This interpretation of the gallery is located close to the vaulted ceiling and is separated
from the rest of the nave by its floor and panel walls. As such, it likely acts as an acoustical
subspace for the congregation of nuns, as is often found in the choir [7,31,32]. As the
congregation of nuns gathered there, it is also plausible that the space was characterized
by increased absorption by the presence of nuns and their clothing, leading to decreased
reverberation and increased clarity. In addition, the gallery’s central position close to
the vaulted ceiling may have had a significant effect on the transmission of sounds from
the gallery.

3.1.3. The Monks’ Choir

The monks were located in the choir behind the chancel, in the apse in the west of the
church. (left side, Figure 2). As the ground level in this area is about 1 m below the nave, a
wooden platform has been suggested to bring the monks to an elevation more liturgically
favorable [36]. Possible beam holes and records of the removal of wooden elements from
this location support this theory, and it is adopted in this reconstruction.

The shape and size of the wooden platform were determined based on physical traces
in the church. Beam holes, book niches, confessionals, and a door opening prescribed the
solution shown in Figure 5. Choir stalls were based on duplicates of two choir stalls which
remain today.

Similar to the nuns’ gallery, this space served the purpose of housing a monastical
congregation. Some differences with the nuns’ gallery are noted. First, the distance between
monks and the vaulted ceiling was significantly larger than that between nuns and the
ceiling. Second, the monks’ choir was in a recessed position nestled in the apse behind the
chancel. It is thus enclosed by close, hard walls on three of four sides, which may affect
the sound field within the choir to the point where it differed significantly from that in the
gallery and the nave. The acoustic characteristics of this space, especially as compared to
the gallery, are further investigated in Section 4.1.
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Figure 5. 3D model of the monks’ choir with beams fitted in the wall niches to the left, supporting the platform. The back
part of the stalls are modeled based on preserved stalls used by the monks. View from the west towards the east. The main
altar is visible east of the platform.

3.2. Recording Liturgy

This section describes the overall process of acquiring anechoic recordings of ap-
propriate liturgical material for the auralization task. The full process of selecting mate-
rial, recording material, and choosing performers will not be fully described here. Only
the final choice in material will be presented, and the recordings themselves will be
briefly discussed.

The liturgical practices of the order located in this abbey are quite well documented.
The daily services consisted of monophonic Gregorian chant, from the respective divine
offices of the monks and nuns. The nuns followed their unique liturgical office, as men-
tioned in Section 2, while the monks observed the liturgy of the diocese where the abbey
was located [37]. This information made it possible to recreate a plausible Friday sext, from
which elements were chosen for recording. The selected material was chosen to include the
important liturgical elements of the service: short responsories, antiphons, prayers, and
psalms.

The number of participants in the Friday sext was estimated to about 10 for each
congregation. There were to be 60 nuns and 25 monks in the monastery, and only 13 of the
monks were ordained and participated in all services. All members of the congregations
had responsibilities which may excuse them from services and in particular they might
be absent from the small hours (prime, terce, sext, and none). It was concluded that eight
male voices and twelve female voices would suffice for the recordings.

3.2.1. Recordings

The recordings were made in the anechoic chamber at Engineering acoustics, LTH,
Lund University. Four male and three female singers, familiar with the style of music and
the material, were recruited for the recordings. They were recorded using four close mics
model Milab VM-44, hanging from the walls.

In order to reach a plausible number of voices in the recordings, the singers were
recorded multiple times. During each recording, all participants belonging to the same
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group were performing together in the anechoic chamber. One of them was wearing
headphones, playing back any earlier recordings and fed with generic live 6 s reverb effect;
this time length was chosen as the singers deemed it more helpful to achieve good results as
compared to no, or 3 s, reverb. The others followed this individual. The variations caused
by this method are thought to be consistent with the assumption that these individuals
were performing a daily task, albeit as part of a service. Recording and mixing were done
in Cubase 11.0.

Singing in a anechoic chamber may pose challenges for singers both due to lack of
support and response from the room, and due to the physical influence such environment
may have on humans. Such circumstances have an impact on the performance itself, and
may result in a presentation that is quite different from how the same material would be
presented in a more traditional space, such as a church. The addition of artificial reverb,
the choice of singers, and great care during the recording process were used to combat
these effects, but it is not possible to guarantee that the presentation is not affected by the
discrepancy between the recording conditions and the church. Such problems have been
encountered in other research projects, and have not yet been solved [22,49].

A musicologist familiar with the material was present for the full duration of the
recordings, ensuring that the performance was as accurate as possible. As the act of
performing in an anechoic chamber can be very challenging, the singers took frequent
breaks. During these breaks, the performers, the producer, and the musicologist listened
together to the recording, both dry and with added reverb, and determined whether it was
of an appropriate tempo and quality.

In addition to elements of the sext, some additional sounds were recorded. These
were background sounds including prayers, said by female and male voices, the sound
of historically representative clothing, sounds from a rosary, sounds from walking with
leather shoes against a stone surface, and coughing.

3.3. Room Acoustic Simulations

The digital model constructed in Section 3.1 was exported from Blender to Google
Sketch-up and therein adapted for simulations in ODEON 16.0 [50]. Simulations were
performed both to characterize the historical sound field in the reconstructed abbey and
with the goal of producing auralizations of the sext itself. This section describes the process
of adapting the digital model for simulation, as well as the choices made for simulation
and auralization.

During the simulation, air absorption was tuned to conditions of 18◦C and 50% relative
humidity.

3.3.1. Adaptation of the Digital Model

The high-detail model used for visual presentation was transformed into a digital
model for acoustic simulation, primarily by simplification of various surfaces. The structure
of the ceiling vaults was simplified significantly, and detailed models of sculptures and
altar decorations were replaced by simple geometric forms. This improves the performance
of the acoustic simulations with regards to accuracy and to calculation speed. Examples
of simplifications are shown in Figures 6 and 7. The simplified model is exported from
Google Sketch-up using ODEON’s exporting tool and imported to ODEON. The exported
model counts 5600 surfaces and takes around 1.5 s to export to ODEON format.
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Figure 6. Simplification of vaults and chapels in the acoustic model, view from below with floor layer being hidden. The
elaborate wooden walls around the altars and graves (compare to Figure 3) are rendered with boxes which are assigned a
45% transparency in ODEON. Screenshot from Google Sketch-up.

Figure 7. Simplification of statues from the visual model to the acoustic model. Screenshot from Google Sketch-up.
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3.3.2. Acoustic Properties of Materials in the Church and Calibration of the Model

The acoustic properties of the various materials in the church needed to be estimated.
As an initial step, table values for absorption and scattering from several different sources
were used. The full table of material parameters is given in Appendix A.

Whereas there are many table values for absorption coefficients, scattering coefficients
are more difficult to measure and may vary depending on the software used. In ODEON,
scattering coefficients for 707 Hz are provided by the user, which are then extrapolated to
the full frequency range using a built-in algorithm. For the simulations in this project, table
values were primarily used. When these were unavailable, mid-frequency scattering was
estimated from the characteristic depth of the structure in question, as discussed in [51].

To improve the quality of the absorption coefficient estimates, calibration by compar-
ison to modern reverberation time measurements (measured by the integrated impulse
response method [52] and a B&K type 2270 analyzer) was performed. As the modern
interior of the church differs so significantly from the historical configuration (see, e.g.,
Figures 1 and 3–5), only a few materials can be calibrated: the vaulted ceilings, the glass
windows, and the stone floor. These are assumed to have the same material properties as
during the 1470s, whereas the walls which were historically covered by plaster are now
bare and can not be calibrated.

The calibration is performed using ODEON’s built-in genetic algorithm optimization
tool, in a digital model corresponding to the modern church. This model comprises
the exterior shell, modern wooden pews, and the main altar. This corresponds to the
conditions under which the modern measurements were performed. The average error of
the simulated reverberation time in the calibration model compared to measurements is
within ±1.4 JND (see in Figure 8 for detailed comparison for each octave band and position).
The calibrated material parameters were then used in the historical digital model.

63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz0

2

4

6

8

10

Figure 8. Comparison between simulated and measured T20 values in the modern church. The red
triangles show the results of the calibrated simulation, and the black boxes correspond to measurements
together with frequency-dependent 1 JND error bars. The results for six different listener–receiver
combinations are shown across center octave-band frequencies from 63 to 8000 Hz. For low frequencies,
some values could not be extracted from the measurements and only the simulated results are shown.
The average error in JND is highest in the 63 Hz and 8000 Hz octave bands with 1.2 and 1.4, respectively;
the remaining octave bands have values between 0.2 and 0.7.
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3.3.3. Listener and Source Positions

Sound source and sound receiver positions were chosen according to the goals of the
simulations. The source positions for room acoustic simulations are shown in Figure 9.
The nuns’ gallery was identified as a location of interest, and source P1 and a receiver
are located there. Similarly, both a source (P2) and a receiver are in the monks’ choir.
In addition, one sound source was located close to the high altar (point P3). Additional
receiver positions are distributed on the floor of the nave. In the auralization, twelve nuns
and eight monks modeled as point sources are placed in their respective choir stalls in the
gallery and choir.

Figure 9. Top-down view of the digital reconstruction of the abbey. North is up in the figure. The monks’ choir is the red
area to the left, and the nuns’ gallery is the red area in the center. Three source positions—P1, P2, and P3—are marked.

4. Room Acoustic Analysis

The sound field in the reconstructed church was evaluated from room acoustic simu-
lations. Three questions were specifically examined. First, three different visitor conditions
were evaluated. The three conditions corresponded to an empty church, an ordinary sext
(about 30 individuals), and a more festive event (about 140 individuals). The sext condition
corresponds to the situation targeted in the auralization, with twelve nuns in the gallery,
eight monks in the choir, and about ten other visitors in the central-eastern part of the nave.
In the festive condition, denoted “full”, there were 70 nuns in the gallery, 13 monks in the
choir, and about 70 visitors in the nave.

Second, the sound fields within the choir and gallery are examined. These locations
are important for the religious practices of the order, and acoustic analysis of these spaces
may provide new insights. Third, the sound field in the nave is examined.

The auralizations are provided as supplementary material, and are not further ana-
lyzed in this text.

Four room acoustical parameters are presented, as defined in ISO 3382-1:2009 [52].
The reverberation time T20 is presented, due to its traditional importance in acoustics. It
is primarily useful as a tool for comparison to other spaces, as the reverberation time is a
commonly measured acoustic characteristic. The early decay time (EDT) is also presented.
It describes the rate of sound energy decay in the first parts of the impulse response, and is
closely related to perceived reverberation and the presentation quality of Gregorian chant.
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According to guidelines proposed by Martellotta et al. [4], EDT values in the range 2.1 s to
4.2 s are appropriate for churches. In addition, C80 is presented as an indicator of the clarity
and intelligibility of chant. As the liturgical practices of this region and time do not contain
significant spoken elements, C50 (speech clarity) is not presented separately. For concert
halls, C80 values of above 0 dB are usually considered “good”, but no such guidelines have
been defined for worship spaces. Finally, the sound strength (G) is presented. This value
shows the total sound pressure level (SPL) at the receiver, as compared to what would be
perceived from the sound source in free field at a distance of 10 m. G is positive in enclosed
spaces.

A summary of the results is shown in Table 1. This table gives values for T20, C80, EDT,
and G, averaged according to ISO 3382-1:2009 [52]. In addition, the results are divided into
categories based on the location of sources and receivers. If the source and the receiver are
both within the gallery (point P1 in Figure 9), the data is denoted “Gallery”. If both source
and receiver are in the choir (point P2 in Figure 9), the data is denoted “Choir”. Finally, if
the sound has travelled through the nave, the data is categorized as “Nave”. This includes
when either the source or the receiver is located in the nave, but also the conditions where
one is in the choir and one is in the gallery.

Table 1. Room acoustic parameters in various configurations of the reconstructed abbey. The values
have been averaged according to ISO 3382-1:2009 [52].

Gallery Choir Nave
Empty Sext Full Empty Sext Full Empty Sext Full

T20 (s) 5.17 4.90 4.00 4.06 3.89 3.26 5.37 5.19 4.36
EDT (s) 1.21 1.10 0.62 2.41 2.33 2.21 5.47 5.29 4.55
C80 (dB) 8 8 10 1 1 1 −10 −10 −10
G (dB) 16 16 15 15 15 15 6 6 4

One result seen in Table 1 is that the number of visitors and the visitor condition
have an impact on all room acoustic parameters presented. There are no or almost no
differences between the empty and the sext condition, but the full condition leads to
significant decreases of EDT and T20. This is an expected result of the increased amount of
absorption when the number of visitors increase. Increased absorption should also lead to
an increased C80 and a decrease in G. These patterns can be seen, but are weak. The only
differences larger than 1 JND are seen for C80 in the gallery and G in the nave.

The results in Table 1 show a clear difference between the sound field within the
gallery and within the choir, compared to the other configurations. All of the room acoustic
parameters presented above are significantly different for these two subspaces as compared
to the rest of the church. The subspaces are analyzed separately in Section 4.1. The results
for the rest of the church is presented in Section 4.2.

4.1. Acoustics within the Choir and Gallery

The acoustic simulation results within the gallery (source and receiver both near
point P1 in Figure 9, reflecting the experiences of the nuns), and within the choir (source
and receiver near point P2, reflecting the experience of the monks) are presented in
Figure 10. In these graphs, room acoustical parameters T20, EDT, C80, and G are shown in
octave band resolution. The gallery data are shown together with lines denoting ±1 JND,
such that when the choir data falls within these lines there is no perceivable difference
between the two locations.
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Figure 10. Graphs showing (a) T20, (b) early decay time (EDT), (c) C80, and (d) G in octave band resolution in the
reconstructed abbey choir and gallery. The results for the gallery (red) are shown with dotted lines corresponding to ±1 JND.
When the results for the choir (blue) falls within these lines, there is no perceivable difference between the two data sets.

The reverberation time is significantly lower in the choir compared to the gallery. A re-
view of the full results in Table 1 shows that the results in the gallery and the results in the
rest of the church only differ by ±1-2 JND, whereas the discrepancy with the choir is larger.

The second reverberation parameter, EDT, shows a different pattern. The EDT is much
smaller than T20 for both positions, and the EDT in the gallery is significantly lower than
that in the choir. The large discrepancy between the EDT and the T20 may indicate that the
decay curves in these spaces follow a multi-slope decay pattern, which would be consistent
with these spaces acting as acoustically distinct subspaces. The energy decay curves are
more closely investigated in Figure 11.
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Figure 11. Energy decay curves in the (a) nuns’ gallery and (b) monks’ choir in the reconstructed abbey. The small insets
show the early parts of the decay. Each line corresponds to the results in one octave band.

Reviewing the energy decay curves in Figure 11 shows a distinctly curved decay
pattern in both gallery and choir. As expected from the results in Figure 10, the acoustic
energy in the gallery decreases rapidly in the early parts of the decay, and then flattens
out to a much slower decay rate. This is consistent with the formation of an acoustic
subspace within the gallery, coupled to the larger, more reverberant space in the nave. As
the acoustic energy within the subspace decreases, the reverberance of the nave becomes
more dominant. The transition seems to occur after about 100 ms. The energy decay curve
in the choir seems more complex, and is likely influenced by the three close, hard walls on
three of four sides as well as the more distant vaulted ceiling. It is possible that these decay
curves are formed by more than two distinct decay patterns. It can, however, be seen that
the decay process after about 750 ms is more smooth. This transition time is later than in
the gallery.

Returning to the results in Figure 10, it is seen that C80 is also significantly different
between the gallery and the choir across all octave bands. Clarity is much better in the
gallery compared to the choir, which is in turn much better than what is found in the rest
of the church (Table 1). The reason for these differences can be explained by the physical
configuration and particularly the effects of the ceiling vaults. A time series illustrating a
raytracing model of the energy distribution over time is shown in Figure 12.

On the left hand side in Figure 12, the energy distribution over time for a sound source
located in the choir is shown. The energy emitted from the source travels upward as time
progresses, to be reflected from the ceiling vaults. By 80 ms, the third figure from the top,
the reflected wavefront can be seen in the space above the choir. Consequently, it has not
reached the receiver by 80 ms, and thus has a detrimental effect on C80.

On the right hand side in Figure 12, the corresponding time series for a source and
receiver in the gallery is shown. As the gallery is closer to the ceiling, the strong reflected
wavefront from the ceiling has already reached the receiver in the gallery by 80 ms, thus
improving C80.

The G within the gallery and choir can be seen in Figure 10d. As shown in the graph,
there are no or very small differences between the gallery and the choir. The results in both
spaces are, however, significantly better than outside these spaces. This can be explained
by strong reflections, from the ceiling in the gallery and by the walls in the choir. The
positions of these surfaces ensure that a significant amount of sound energy is reflected
back to the space, thus increasing the total G.
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(a) (b)
Figure 12. Images illustrating the dispersion of acoustic energy, as approximated by an acoustic particle model, over time.
Subfigure (a) shows the progression when the source is located in the choir, and subfigure (b) shows when the source is
located in the gallery. From top to bottom, the pictures show snapshots at 20 ms, 60 ms, 80 ms, and 120 ms.

Finally, some brief comments are made regarding sound transmission between the
gallery and choir, corresponding to the acoustic perception of monks from the nuns’
position and vice versa. It is found that acoustic transmission between the two locations is
very similar to the transmission between choir and nave. As those results are presented in
Section 4.2, no further comments are made here.

4.2. Acoustics in the Nave

Within the nave, the acoustic simulations aim first at characterizing the acoustics of
the space itself and, second, at evaluating any difference between various source locations.
As such, the data in this section are presented separately, according to the source position.
The three source positions are in the gallery (point P1 in Figure 9, nuns’ position), in the
choir (point P2, monks’ position), or in the nave, by the high altar (point P3). T20, EDT,
and G results are shown in Figure 13. As the results in this section are in general spatially
averaged, the standard deviations are also shown as an estimate of the spatial variations
between listener positions.

The average reverberation time in the reconstructed abbey is shown in octave band
resolution Figure 13a. Results for the three different source positions are shown, and are
very similar; also shown in the graph is a gray area delimiting values that are within 1 JND
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of the global average. All lines fall entirely within this area, indicating that there are no
significant differences in the reverberation time in the nave depending on the location of
the sound source; also shown in Figure 13d are the standard deviations of T20 for each
of the source positions. These are shown together with the global JND for reverberation
time. All standard deviations fall below the JND line, indicating that the variations of
the reverberation time are on average imperceptible. This indicates that the late acoustic
response within the nave was, in general, diffuse and not characterized by significant
spatial variations.
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Figure 13. Overview of room acoustic parameters in the reconstructed church. Results are shown for three different source
positions in octave band resolution. (a) The average T20 and (d) its standard deviation. (b) The EDT and (e) its standard
deviation. (c) The G and (f) its standard deviation. All standard deviations are shown compared to the global average JND
of that parameter (dotted line). The gray areas in graphs (a–c) delimit values within 1 JND of the global average.

In general, the reverberation time is long, but comparable to similar spaces. T20
is significantly decreased compared to modern day measurements, as expected by the
discussion in Section 3.1.1. In Table 2, the mid-frequency reverberation time (Tm) is shown
together with measurement results from the modern day church (from in [43]) and some
other Gothic churches around the Baltic Sea (from in [11]). These results allow for a basic
comparison between the reconstructed abbey and similar spaces.

Table 2. Mid-frequency reverberation times for some Gothic churches in Northern Europe.

Church Volume (m3) Tm (s)

Swedish church, current configuration 29,000 7.79
Swedish church, historical configuration 29,000 5.15
Church of our Lady, Krakow, Poland 9500 6.5
Church of St Thomas, Lipsk, Germany 18,000 4.05
Marien Church, Lübeck, Germany 100,000 5.50
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Spatially averaged EDT values for each source position are shown in Figure 13b.
Again, the gray area delimits values within 1 JND of the global average. The variations for
different source positions are greater than those seen for T20, but only the results for the
choir are significant compared to the JND. This difference is, however, small. Comparing
the global EDT values to the guidelines proposed by Martellotta et al [34] shows that the
average EDT exceeds the recommended values for the reconstruction.

In Figure 13e, the standard deviation of the EDT is shown for each source position
together with the global JND. The standard deviation for a source in the gallery is smaller
than the others, and falls below 1 JND for low frequencies. The typical variations for the
sources in the nave and in the choir exceed 1 JND. This shows that the perceived rever-
berance of sources in those two locations varies significantly depending on the listener’s
position. It also indicates that the small difference in average EDT between sources in the
choir and elsewhere (seen in Figure 13e) may be too small to be relevant, compared to the
variations between receiver positions.

G in the nave is shown in Figure 13e, in octave band resolution for each of the three
source positions under consideration. The gray area delimits values within 1 JND of the
global average. In this case, there are significant differences between the average results for
the three positions. Sound emitted from the source by the high altar is on average heard
louder, and sound from sources in the choir are on average heard more quietly. Part of the
explanation for this fact may be that there are more receivers with a direct line-of-sight
to the sound source in the nave than for the sources in the gallery and the choir. The
contribution of the direct sound has a significant impact on the overall sound pressure
level, and thus on G.

The standard deviations of G is also shown, in Figure 13f. Again, these are shown
together with the corresponding JND. This graph shows that for sources located in the
choir or by the high altar, the spatial variations of G are of a very similar magnitude, and
significantly larger than when the source is located in the gallery. This can partially be
explained by the position of the gallery in the middle of the church. G is affected by the
distance between the source and the receiver, and the gallery’s position ensures that the
distance between source and receiver varies minimally.

C80 simulation results are shown in octave band resolution in Figure 14. As C80 is
not expected to be uniform in a space, all measurement points are shown, together with
a line indicating the spatial average. The average C80 for sources in the choir and gallery
fall in the region of −15 dB to −5 dB, significantly below what would be characterized as
“good” for a concert hall. Clarity for sources located by the high altar is better, at about
−5 dB to about 2 dB.
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Figure 14. C80 in octave bands simulated for the recreated church, shown for 13 different receiver positions. The spatial
mean (line) is also shown. (a) C80 when the sound source is located in the nuns’ gallery. One position produces significantly
lower clarity. (b) C80 when the sound source is located in the choir. (c) C80 when the sound source is located by the high
altar in the nave.
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Although C80 is not expected to be uniform in a space, the results in Figure 14 show
that most values fall in clusters around the average value. However, there is one outlier in
Figure 14a, when the source is located in the gallery. This estimate comes from the receiver
located underneath the gallery, below point P1 in Figure 9. It is separated from the sound
source by the physical structure of the gallery itself, and there is no direct line of sight. A
review of the acoustic simulation reveals that the first sound energy reaching this location
from the source in the gallery is a second-order reflection, showing that sound energy
reaching this location from the gallery consists solely of reflections of order two or higher.
This significantly decreases the cohesion and energy level in early parts of the impulse
response, leading to a very poor clarity of sources in the gallery as perceived by listeners
beneath it.

The acoustic field in the nave is further analyzed to determine whether the spatial
variations for sources in the choir and by the high altar, seen in Figures 13e,f and 14, are
caused by acoustic subspaces. It is found that the spatial variations can be explained well
by the distance between source and receiver. Linear regression models for mid-frequency
G and C80 to source–receiver distance are shown in Figure 15, and the R2-values are
presented in the caption. Except for sources in the gallery, more than 70% of the typical
spatial variations in G and C80 can be explained by the source–receiver distance.

In Figure 15, the results from within the gallery, within the choir, and the outlier found
in Figure 14 are marked, and not included in the linear regression models. They deviate
significantly from the pattern defined by the regression line, indicating that the assumption
that these locations are governed by the acoustic properties of a certain subspace is accurate.
However, no other measurement points show a similar deviation from the prediction. Thus,
there are no indications that there are distinct acoustical subspaces in the reconstructed
church except those already identified.

O
O

O

(a)

OO

O

(b)
Figure 15. (a) Mid-frequency C80 and (b) mid-frequency G as they vary with source–receiver distance; also shown are
linear regression models estimating the influence of source–receiver distance for each source locations. R2 values for the
models in subfigure (a): Source in the gallery: (R2 ≈ 0.06), choir: (R2 ≈ 0.78), and nave (R2 ≈ 0.75). In subfigure (b), the
corresponding values are gallery: R2 ≈ 0.48, choir: R2 ≈ 0.98, and nave: R2 ≈ 0.92. In subfigure (b), the regression line
for a theoretical omnidirectional source in free field is also shown. Highlighted data points have been excluded from the
regression lines. These correspond to configurations entirely within the gallery or choir and the outlier case when the source
is in the gallery and the receiver below it.

Another pattern emerges in the evaluation of source–distance dependence, showing
that the influence of distance varies depending on the location of the sound source. As
shown in Figure 15a, C80 decreases as source–receiver distance increases and the rever-
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berant field becomes more dominant. The linear regression quantifies the influence of
distance for each source position. The effects of distance is most strongly seen when the
sound source is located in the nave, by the high altar. Moving the sound source to the
choir decreases this effect slightly. When the sound source is in the gallery, the effect is
almost entirely gone, and clarity is not significantly affected by increasing the distance to a
sound source in the gallery. This analysis is confirmed by a review of the R2-values for the
respective linear regression models. These indicate that only about 6% of the variations of
C80 in the nave for sources in the gallery can be explained by the distance between receiver
and source. The values are significantly higher for sources in the choir and nave.

In Figure 15b, the distance dependence of G is examined and compared to the SPL de-
cay of a free-field source. To facilitate comparison, the free-field condition is approximated
with a linear regression model and is not normalized to the source’s SPL at a distance
of 10 m. As would be expected, the G decreases with increased source–receiver distance
across all data series. However, the slope of the decays within the church are softer than
that for the free field condition. This is due to the sustained reflections of the enclosed
space. The G decay is fastest for the free field condition, followed by the source by the high
altar. For sources in the choir, the effect is smaller and for sources in the gallery smaller
still.

These results indicate that the acoustic perception of sources by the high altar (P3 in
Figure 9) strongly depends on the listener’s position, which implies that the sound field
created by such a source is less homogeneous. This may be explained by the lack of nearby
reflecting structures around that source position, as compared to the choir and gallery.
Accordingly, there are no strong early reflections supporting the transmission of sound
from this location. Thus, acoustic energy is dispersed in all directions, whereas the vaulted
ceiling above the gallery and the walls of the apse reinforce early reflection and direct the
the spread of acoustic energy from the gallery and the choir into the nave.

There is also a significant difference between the choir and the gallery in distance
dependence, which can be understood further by again turning to the raytracing model
shown in Figure 12. From these graphs, it appears that, after about 100 ms, the acoustic
energy is distributed much more evenly in the nave when the source is located in the
gallery, rather than the choir. This behavior can be explained by two factors. First, the
gallery is located in a much more advantageous location in the middle of the church. This
leads to a much more even distribution of sound energy initially. Second, the gallery is
larger and interacts with multiple ceiling vaults, while the acoustic energy from the choir
only is reflected by the vaults of one bay. The reflections from multiple ceiling vaults leads
to a much greater scattering of the acoustic field, and a greater diffusion overall. These
two factors together give a more even distribution of acoustic energy when the source is
located in the gallery.

5. Discussion

The room acoustic analysis of the reconstructed abbey reveals the presence of two
distinct acoustical subspaces, which coincides with locations of significant liturgical impor-
tance. The nuns’ gallery and the monks’ choir are characterized by shorter EDT, greater
G, and improved C80 compared to the rest of the church. These better acoustic conditions
facilitate the auditory elements of liturgical practices, which are a fundamental part of the
monastical congregations’ daily tasks. Examples of such subspaces have been found in
many other worship spaces [31–33] and are sometimes referred to as a “church within a
church”, indicating their role as an exclusive environment for the initiated. The presence
of two such locations, rather than one, is an expected consequence of the presence of two
separate monastic enclosures within the same church.

Despite their similarity as acoustic subspaces with improved conditions for liturgical
activities, there are distinct differences between the gallery and the choir. The proximity of
the gallery to the vaulted ceiling both improves the clarity within it and results in a rather
homogenous sound field in the nave when a sound source is located in the gallery. Within
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the choir, as compared to within the gallery, the reverberation time is more significantly
different to that in the nave. This could imply a weaker coupling between the acoustic
subspace in the choir and the nave, than between the gallery and the nave. This could be a
reason for the poor acoustic transmission from the choir to the nave.

Such differences may reflect a religious intent, irrespective of whether there was an
acoustical intent in the design. The position of the gallery reflects a religious intent to
premier the nuns within this abbey, and the improved acoustic transmission from this
location supports this intent. Its location makes the gallery both acoustically and visually
characteristic for the whole church, and establishes the nuns’ position as central within
the monastic order. The reflections from the ceiling vaults cause the nuns’ chants to be
perceived as coming “from above”. This could reflect an acoustic intent of making the nuns
sound more heavenly.

The spatial variations in the church can be heard in the auralizations (as presented in
the supplementary material) of elements from a Friday sext. When both source and listener
is in the gallery, or both in the choir, intelligibility is acceptable and the acoustics support
chants, prayers, and responsories sufficiently to seem plausible. Reverberation from the
nave can be heard, but is not strong enough to dominate the sound field. The services
as perceived outside the respective monastical subspace give a very different impression.
Individual syllables can not be distinguished, the locations of the sound sources are difficult
to determine and the reverberance dominates perceived sound. This is the case for the
perception of monks from within the gallery, nuns from within the choir and both from
within the nave. Monks and nuns sound distant, yet omnipresent. Liturgical interactions
between monks, nuns or people in the nave were thus likely not possible during daily
services.

Further analysis of the auralizations themselves, with listening tests, could lead to
additional insights regarding the experiences of historical visitors to this place. For example,
the introduction of HRTFs is needed in order to evaluate the perceptual impact of the nuns’
elevated position, to further evaluate the theory of their voices sounding more heavenly.
Such research could show more clearly the perceptual differences between the experiences
of the monastical congregations and the pilgrims. Furthermore, it may be possible to use
the results of the simulation as a tool for VR performances, where singers experience the
“live” simulated acoustics of the historical space as they sing. Such setups may minimize
the effects of recording in an anechoic chamber.

The reverberation time within the nave is long but comparable to other churches
around the Baltic sea. Although no comparison could be made for other Scandinavian
or Nordic churches, comparisons to Gothic churches in other countries around the Baltic
Sea (Germany and Poland) indicate some similarities in the acoustic cultural heritage.
However, as the sample size is so small, further research is needed before any conclusions
can be drawn.

The significant reverberation within the nave, and especially the long EDT, indicates
that the space in the sext configuration is not suitable for the Gregorian chants usually
performed there. This conclusion is supported by listening to the auralizations. However, in
the more festive condition examined, with an increased number of visitors and members of
the congregations, the EDT is decreased sufficiently within the nave to be within Martellotta
et al.’s [34] guidelines for Gregorian chant. While there are no indications that this was
intentional, it implies that during events aimed at a more general public, the acoustics of the
church supported such events. Accordingly, the acoustics could be considered somewhat
self-regulatory; when there are few listeners in the nave, acoustics are sufficient only for the
important monastical congregations, and when the number of visitors in the nave increases,
the larger number of visitors experience an acceptable acoustic field.

However, caution should be applied when making quantitative comparisons of archaeoa-
coustical simulations to guidelines or measurements, such as the comparisons made above.
The rate of uncertainty in the model may be significant, both due to uncertainties in the mate-
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rial parameters and in the geometric modeling techniques [53,54]. The calibration procedure
employed in this paper reduces these uncertainties, but can not remove them entirely.

Despite these words of caution, it should be noted that the major conclusions of this
work concern the acoustic subspaces in the gallery and nave. These effects are primarily
caused by the geometrical configuration of the space, which has been established based on the
thorough historical research presented in Section 3.1. As such, the qualitative conclusions
regarding improved acoustic conditions for the monastical congregations holds, despite
the uncertainties presented regarding the absolute values of calculated parameters.

6. Conclusions

The room acoustic analysis in this paper shows that acoustical subspaces were formed
in locations of religious and liturgical importance. These acoustical subspaces offered
improved acoustics for the monastical congregations for which the church was built. Of
the two congregations, the nuns were more central, and this is reflected in the design and
acoustics of the church.

Although some of the results of the acoustic analysis of the gallery may have been
possible with a less accurate digital model, the thorough acoustical analysis has benefited
from the substantial historic research underlying it and finds its validation from it. The
precise determination of the gallery’s size, elevation, position, and form has been shown to
have consequences for the sound field within the gallery and within the nave. This shows
that archeo-acoustical modeling benefits from tight collaboration between acousticians,
historians, and 3D-artists.
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Appendix A. Material Parameters for Acoustic Simulation

Table A1. Material coefficients used for the room acoustic simulations and auralization of the reconstructed abbey.

Material Absorption Factor
Mid-
Frequency
Scattering

63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz

Thin silk textile, freely suspended 1 0.05 0.05 0.06 0.39 0.63 0.70 0.73 0.73 0.01
Wool textile 1 0.07 0.07 0.31 0.49 0.75 0.70 0.60 0.60 0.01
Thick wool (carpet) 1 0.02 0.02 0.06 0.14 0.37 0.60 0.65 0.65 0.01
Heavy velvet 1 0.03 0.03 0.03 0.15 0.4 0.50 0.50 0.50 0.01
Thick linen against stone 1 0.01 0.01 0.02 0.05 0.15 0.30 0.40 0.40 0.01
Wooden construction, not painted 2 0.09 0.09 0.09 0.08 0.08 0.10 0.07 0.07 0.60
Wooden construction, painted 2 0.11 0.11 0.11 0.10 0.10 0.10 0.07 0.07 0.40
Wooden decoration, painted 2,3 0.12 0.12 0.12 0.15 0.15 0.18 0.18 0.19 0.99
Hollow wooden structure, painted 1 0.40 0.40 0.30 0.20 0.17 0.15 0.10 0.10 0.60
Plastered brick 6 0.102 0.029 0.144 0.097 0.007 0.016 0.008 0.003 0.20
Limestone 6 0.028 0.074 0.005 0.034 0.09 0.028 0.084 0.009 0.003
Plastered limestone 4 0.07 0.06 0.05 0.05 0.04 0.04 0.04 0.04 0.001
Ceiling vaults 5 0.12 0.09 0.09 0.05 0.04 0.03 0.03 0.03 0.30
Leaded glass windows 6 0.254 0.259 0.24 0.016 0.101 0.039 0.495 0.003 0.14
Iron lattice 5 0.01 0.01 0.01 0.02 0.06 0.03 0.03 0.03 0.001
People 1 0.62 0.62 0.72 0.80 0.83 0.84 0.85 0.85

1 From an ODEON standard material [50]; 2 Suarez et al. [55]; 3 Alonso et al. [56]; 4 Postma et al. [51]; 5 Own data; 6 Determined by genetic
algorithm optimization, see Section 3.3.2.
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