® CrossMark
& click for up

Exploration of room acoustics coupling in Hagia Sophia

of Istanbul for its different states
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Department of Architecture, Bilkent University, 06800, Ankara, Turkey

ABSTRACT:

Istanbul’s Hagia Sophia is a monumental structure with multiple sub-spaces coupled to one another through arches.
Its architectural elements have undergone alterations as its function has changed from that of a church to a mosque,
a mosque to a museum, and back to a mosque. This study makes use of Hagia Sophia’s rich formal and material
characteristics to conduct a comprehensive investigation of room acoustics coupling. The methodology involves the
application of the diffusion equation model (DEM) for sound energy flow analysis. Energy flow decays and energy
flow dips are examined for almost 1000 receiver positions distributed throughout the various sub-spaces of the
building. Ray-tracing (Ray-t) simulations are used to support the energy flow decay analysis conducted using DEM.
The Ray-t data are subjected to Bayesian analysis to identify the decay parameters and the degree of acoustical cou-
pling. Among the many variables, the source-receiver distance and positioning within different sub-spaces appear to
be the underlying determinant of multi-slope sound decay pattern. On the other hand, the cases of multi-slope decays
identified within the structure tend to weaken and single-slope cases increase when the overall absorption area
increases in the mosque state due to the carpeted floor. © 2021 Acoustical Society of America.
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I. INTRODUCTION

The acoustics of historically significant sacred spaces
has long attracted the interest of researchers seeking initially
to identify and later to preserve their characteristic sound
fields (Cirillo and Martellotta, 2005; Kleiner et al., 2010).
Previous studies have focused on the sound field analysis of
churches (Pedrero et al., 2014; Luigi and Martellotta 2015;
Giron et al., 2017), basilicas (Martellotta, 2009; Martellotta,
2016), cathedrals (Suarez er al., 2015; Alvarez-Morales
et al., 2016; Martellotta et al., 2018; Anderson and
Anderson, 2000), and mosques (Abdelazeez et al., 1991;
Abdou, 2003; Sudrez et al., 2018; Su and Yilmazer, 2008;
Si Giil and Galigkan, 2013a,b; Sii Gil er al., 2014).
Research has also been conducted on the virtual reconstruc-
tion of sacred spaces with a view to archiving their intangi-
ble heritages and comprehending their architectural and
acoustical evolution over time (Suarez er al., 2005, 2018;
Alonso et al., 2018; D’Orazio et al., 2020).

Many Christian and Islamic worship spaces, especially
those of monumental appearance and historical significance,
are characterized by gigantic interior volumes. These are com-
posed of multiple, interconnected sub-spaces covered by a
central dome, sub-domes, or vaults. These specific architec-
tural tectonics have the potential of multi-slope sound energy
decay formation similar to that observed in coupled-volume
spaces (Su, 2006; Pu et al., 2011; Meissner, 2012; Xiang
et al., 2013; Xiang et al., 2018). The multi-slope (i.e., non-
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exponential) sound energy decay formation in the coupled
volumes of sacred sites is a significant topic of ongoing
research. The literature contains detailed descriptions and dis-
cussion of particular sound fields with multiple decay rates in
various worship spaces including churches (Magrini and
Magnani, 2005; Chu and Maka, 2009), basilicas (Raes and
Sacerdote, 1953; Martellotta, 2009, 2016), cathedrals
(Anderson and Anderson, 2000; Martellotta er al., 2018), and
mosques (Su Gl et al., 2016; St Giil et al., 2017).

The methods of data collection and analysis employed
in these studies include field tests, scale modelling, and
acoustical simulations. These methods suffice to obtain the
impulse responses recorded in, or simulated for, a building.
Further in-depth analysis is needed to estimate and analyze
the sound fields of coupled-volume systems, where the prob-
ability of multi-slope sound energy decay is high. State-of-
the-art non-exponential energy decay investigations in
coupled volume spaces employ various models that have
their roots in statistical theory (Eyring, 1931; Cremer and
Muller, 1978), wave theory (Harris and Feshbach, 1950;
Meissner, 2007, 2012), statistical energy analysis (Wester
and Mace, 1998; Anderson and Anderson, 2000;
Martellotta, 2009), further, geometrical acoustics (Nijs
et al., 2002; Summers et al., 2004; Summers et al., 2005),
and diffusion equation modeling (DEM) (Billon et al., 2006;
Jing and Xiang, 2008a; Xiang et al., 2009; Luizard et al.,
2014; Su Giil et al., 2017).

The present study concerns Hagia Sophia, one of the
most significant monuments of the Historic Areas of
Istanbul World Heritage Site, and a building of great
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importance for different religions. Hagia Sophia’s rich
visual and aural aesthetics has been a source of inspiration
for researchers regarding its touch upon art history, architec-
ture, and acoustics (Pentcheva, 2011). At different times,
Hagia Sophia has been used as a church, a mosque, and a
museum. It was recently re-converted to function as a
mosque. Previous research on Hagia Sophia includes multi-
slope decay analysis (Sii Gl et al., 2018) for the field con-
figurations at the time of the measurements when Hagia
Sophia was functioning as a museum, and a validation of
the simulated DEM for a multi-domain solution (St Giil
et al., 2019). According to field tests, Hagia Sophia pos-
sesses a variety of aural experiences (Su Giil ef al., 2018),
including both single and multiple sound energy decays.

The aim of this study is to conduct a comprehensive
study over the whole interior space of Hagia Sophia that has
the potential of multi-rate energy decay formation in rela-
tion to its complex formal identity, which could not have
been measured in field tests due to practical limitations. The
results are discussed in terms of the changes in the function
of the building as well as the way in which the sound energy
decay pattern (multi-rate or single) relates to geometry, the
volumes of the spaces, the apertures (arches), and the
source-receiver distances. By presenting the results of a
comprehensive analysis of architectural and acoustical vari-
ables in relation to multi-slope sound energy decay, this
study also aims to guide possible future applications of
coupled-room designs in architectural acoustics. These anal-
yses can also further inspire auralization studies, held previ-
ously for Hagia Sophia, that rely on the impulse responses
synthesized over the balloon pops, for additional receiver
positions where multi-slope energy decay is observed (Abel
et al.,2010; Abel et al., 2013).

This study primarily applies DEM using a multi-domain
solution in a finite-element medium. As previously demon-
strated (Su Gil et al., 2019), the multi-domain solution
approach has been found to be much more reliable for this
structure than the single-domain diffusion model approach.
Subsequently, DEM, ray-tracing (Ray-t), and Bayesian analy-
sis are all used to investigate the room acoustics coupling for
unmeasured receiver positions within the whole volume for
both museum and mosque state. In the investigation of multi-
slope sound energy decays, the selection of the proper model
is critical. This study applies Bayesian probabilistic inference
in order to quantify the decay parameters of multi-sound
energy decays. This approach has proved to be efficient for
estimating key characteristics of multiple-slope sound energy
decays (Jasa and Xiang, 2009, 2012; Xiang et al., 2011).

This paper is structured as follows. Section II sets out
the historical and architectural features of Hagia Sophia.
Section III gives details of the methodologies used for col-
lecting and analyzing the data, including in situ (field) tests,
DEM equations and their numerical implementation, Ray-t
model implementation and calibration, and Bayesian decay
parameter estimates. In Sec. IV, the results are discussed in
detail. Section V concludes the paper by emphasizing the
major findings.
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Il. HISTORICAL AND ARCHITECTURAL DESCRIPTION
OF HAGIA SOPHIA IN ISTANBUL

Hagia Sophia is not only a masterpiece of Byzantine art
but a significant element of the world’s historical heritage. It
was constructed in Constantinople (Istanbul) as a church
between the years 532 and 537, during the reign of the
Byzantine Emperor Justinian. After the Ottoman conquest
of 1453, during the rule of Mehmet II, it was converted from
a church to a mosque. In 1934, upon an order from Atattirk,
Hagia Sophia was converted to a museum (Mark and
Cakmak, 1992). Very recently (July 24, 2020), the building
has once again begun to function as a mosque.

In the almost 1.5 millennia of its existence, Hagia Sophia
has suffered much damage, mostly due to major earthquakes.
It has undergone various phases of structural repair and rein-
forcement. The alterations and interventions that have
occurred as a result of the repairs and restoration work have
been discussed in detail in a previous study (Su Gul, 2019).
The conversion of the building from a church to a mosque
entailed the concealment of some Christian elements and the
addition of some Islamic ones. Among the Islamic additions
in the interior space, a mihrab was added on the kiblah axis.
The minbar was constructed in the same direction. Prayer
mats and banners of victory were hung on the walls. A mahfil
was placed for use by the miiezzin. The Imperial Pavilion and
Imperial Loge were added. Since pictorial representations are
traditionally not permitted in Islam, the mosaics were gradu-
ally covered up, whitewashed, or plastered over and conse-
quently preserved (Kahler and Mango, 1967). In 1847, all the
surviving mosaics were uncovered and copied in order to
ensure a visual record. In 1992, when the Hagia Sophia was in
use as a museum, major restoration and consolidation work
was carried out on the mosaics in the dome in collaboration
with, and with the support of UNESCO (Oyhon and Etingti,
1999). Meanwhile, the carpets on the floor were removed.
When, very recently, the building started to function as a mos-
que again, the floors of the main prayer zone, or naos, were
once again covered with carpets and the frescos exposed to
the prayer hall were masked with curtains.

In architectural terms, Hagia Sophia is an expanded dome
basilica: a rectangular building covered by a central dome situ-
ated between two half domes that integrates longitudinal and
centralized planning. The structure has an approximate width
of 70m. The length of the entire interior from the exonarthex
to the edge of the apse is 92m. The central nave is built on an
east-west axis. The central dome rises 55 m above the paving
of the nave. Today, the dome is not exactly round but slightly
elliptical, with a diameter of 31.2 m on one axis and 32.8 m on
the other (Oyhon and Etingii, 1999). The domed central space
is skirted by two large hemicycles covered by half-domes to
the east and west. The side aisles are separated from the central
nave by columns and arches and sheltered under vaults. Above
the side aisles and the inner narthex, there are galleries that
form a U-shape.

Hagia Sophia has an approximate interior volume of
150000m®. This creates an outstanding visual and
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acoustical environment. The opportunity to study the interior
sound field of such a majestic building with so many coupled
sub-spaces is very inspiring. At the same time, the sound
field has changed continuously during the life span of the
building due to the changes in the pattern of activity. The
architectural adaptation of worship spaces to meet the needs
of different religions has also been observed to alter their
sonic environments in other sacred sites (Suarez, 2005).

The interior sound field of Hagia Sophia has previously
been described through the investigation of sound energy flow
vectors (Su Gtl et al., 2019). This previous study focused on
the building in its museum state and a limited number of
source and receiver positions (in situ tests). It proved that a
diffusion model for a multi-domain solution could be reliably
employed in multi-rate sound energy decay analysis. The pre-
sent study extends the multi-rate analysis conducted within
that immense volume to almost a thousand positions, which it
would not be practical to test, including different elevations,
and to the mosque scenario with its carpeted floor, with a view
to understanding the parameters affecting sound propagation
in acoustically coupled volumes contained and unified within
an immense structure. This in-depth multi-rate sound energy
decay investigation makes use of a variety of methods as
detailed in the following section.

lll. METHODOLOGY

The principal methods used in this study are the DEM
method for investigating sound energy flow dips, and Ray-t
simulations for further investigation of multi-slope decay
parameter estimates within a Bayesian framework (Xiang
et al., 2011). Data previously obtained from the earlier in
situ tests are used for the calibration of the acoustical mod-
els employed in the simulations.

A. In situ tests

In a previous study, acoustical field tests were conducted
in Hagia Sophia (Sii Giil et al., 2018). The tests were held on
25 August 2014, on the ground floor, when the building was
unoccupied. In accordance with ISO 3382-1:2009 (ISO,
2009), a B&K (type 4292-L) standard dodecahedron omni-
power sound source was used for acoustical signal genera-
tion with a B&K (type 2734-A) power amplifier. The
impulse responses at the various measurement points were
captured by a B&K (Type 4190ZC-0032) microphone incor-
porated into a B&K (type 2250-A) hand-held analyzer. The
sampling frequency of the recorded multi-spectrum impulse
was 48 kHz, and the interval of interest was between 100 and
8000Hz. DIRAC Room Acoustics Software (type 7841
v.4.1) was used to generate different noise signals. In order
to be able to make reliable decay parameter estimates, it was
aimed to obtain a signal that was at least 45-50dB higher
than the noise in all octaves. The signals tested were
E-sweep, MLS, MLS-pink, balloon pop, and wood clap. Up
to five pre-averages were applied over multiple measure-
ments, with an impulse response length of 21.8s. Since
E-sweep provided the highest peak-to-noise ratio (PNR)
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values, the results from these samples were utilized in post-
processing. Three sources (by the mahfil and in front of the
altar, S1; in a corner side aisle, S2; and underneath the central
dome, S3) and six receiver positions were tested in numerous
configurations within the limited time span permitted by the
museum at the time. The source and receiver locations were
selected not only to reflect positions of significance in the dif-
ferent religious uses of the building but also to examine possi-
ble multi-rate decay patterns. Thus, the first source position
(S1) represents a typical position in the sacred use of the
space, while the second, corner position (S2) was chosen with
a view to exciting the space from an asymmetric location so
as to be able to investigate different decay patterns.

B. DEM

As discussed in previous literature (Ollendorff, 1969;
Picaut er al., 1997; Valeau et al., 2006; Visentin et al.,
2012), the DEM method is based on the assumptions that
particles travel along straight lines at the speed of sound in
the interior space and that multiple diffuse reflections occur
at the room boundaries which can be conceived of as
scattering objects. The sound radiation is treated in a similar
way to electromagnetic radiation. For the DEM method to
be valid in room acoustics scenarios, the density of the scat-
tering sound particles must be high, and the reflection of
energy must dominate over absorption in the space under
investigation (Navarro et al., 2010). Hagia Sophia’s interior
surfaces are fragmented by architectural elements and the
majority of the interior surfaces are highly reflective. In this
study, the DEM method is essentially used to identify
energy flow decays and energy flow dips in the search for a
multi-slope decay pattern in Hagia Sophia. The equations
used are as follows.

The sound energy flow vector J caused by the gradient
of the sound energy density w at position (r), and time (#)
can be expressed by Fick’s law (Ollendorff, 1969; Visentin
etal., 2012),

J(r,t) = —=DVw(r, 1), (1)

where D is the diffusion coefficient, which takes into
account the room morphology via its mean free path (MFP)
(1), given by (Valeau et al., 2006)

e _4ve

3 3’ @

where V is the volume of the room, c is the speed of sound,
and S is the total surface area of the room.

The time-dependent sound energy density w in a unit
time (t) and position (r), in the presence of an omni-
directional sound source, ¢(r, ) can be estimated by

ow(r,1)

2 0 £\ — o
o~ DViw(r0) = q(r1), € V. 3)

In Eq. (3), the source term ¢(r, ) is zero for any sub-domain
in which no source is present. Physically, the sound source,
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which is a point source, is turned on for a sufficiently long
period of time to establish steady-state field conditions and
is then switched off at a time point referred to as 0s (Xiang
et al., 2009). The numerical implementation requires a time-
dependent solution already before + = 0 s in order to ensure
the system arrives at the steady state. The energy flow level
is then defined as (Jing and Xiang, 2008b)

Jo(r,t) = 1010g10{ [Bwég:’ f)} ’ + [8w(§;, I)} 2

[Eiw(nt)}2 1z 4
+ 5 . 4)

It should be noted that J; in Eq. (4) gives the sound-energy
flow level, whereas J as given in Eq. (5) indicates the sound-
energy flow vector for a specific location in space at a
specific time. The effects of enclosing room surfaces for
cases in which the sound energy in an enclosure/domain (V)
cannot escape from bounded surfaces (S) is determined as

J(r,t)-n=—=DVw(r,t)-n = Axcw(r,t), onS, )

where A, is the modified absorption factor, with A, = a/[4(1
— 0/2)]. It should be noted that the average absorption coeffi-
cient of overall interior surfaces of Hagia Sophia for 1 kHz
is 0.08 with marble floor and 0.12 with carpet floor. The
condition with carpet meets DEM assumptions when the
modified absorption factor is applied. The modified bound-
ary condition suits situations when a diffuse field condition
is satisfied by totally sound reflective interior surfaces, but
as well applicable for rooms where a small portion of surfa-
ces is moderately absorptive or one boundary absorbs a por-
tion of the sound energy (Jing and Xiang, 2008).
The resulting system boundary equation is as follows
(Jing and Xiang, 2008a):
ow(r,t) ca

P T A=)

w(r,t),onS, (6)

where « is the absorption coefficient of the specific surface
or boundary. Another boundary condition is the continuous
boundary of the coupling aperture, applied in multi-domain
solutions, which has to fulfill the following condition (Xiang
etal.,2013):

A - [DINW(ry, 1) — DyVw(ry, 1)] = 0. (7

This represents a continuity boundary condition for interior
boundaries at the aperture position 5, where D is the diffu-
sion coefficient in the primary room and D, is the diffusion
coefficient for the secondary room. For two rooms with pro-
portionate dimensions, D; = 4;¢/3, with /; being the MFP
of the individual rooms.

C. Bayesian decay parameter estimates

The computational analysis methodology of this study
employs Bayesian probabilistic inference, which is a
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quantitative theory of inference that includes valid rules of
statistics for relating and manipulating probabilities.
Bayesian analysis has recently been applied in several stud-
ies, and reliable methods of characterizing sound energy
decays consisting of one, two, or more slopes have been pre-
sented (Jasa and Xiang, 2009, 2012; Xiang et al., 2011).

In the process of Bayesian analysis, room impulse
responses (RIR) are first collected through either field tests
or simulations. These RIRs are then used to generate
Bayesian model-based parameter estimates which determine
the parameters of the decay profile, namely, the “slopes of
decay” and the “ordinate intercepts” of these slopes. The
parametric model given in Eq. (8) describes the Schroeder
decay function and contains decay parameters of A; and T},
where A; is the linear amplitude parameter and is related to
the level of individual exponential decay terms, T} is the
decay time associated with the logarithmic decay slope of
individual exponential decay terms, with j=1, 2, ..., S, and
S is the maximum number of exponential decay terms, also
termed the decay order, A (tx — i) is the noise term, and fx
is the upper limit of integration, where the subscript K is the
total number of data points and #; with a lower-case subscript
i represents the discrete time variable (Xiang et al., 2011)

N
Hy(A,T, 1) =Ao(tx —t;)+ Y _Ajle™ 3 80/1 — e=138i/T5)
=

®)

where index 0 <i< K- 1.

In estimating the probable number of decay slopes, the
quantifier Bayesian information criterion (BIC) is used as
proposed by Xiang et al. (2011). Implementing the princi-
ples of parsimony and Ockham’s razor, Bayesian evidence
prefers simpler models and penalizes over-fitting. It there-
fore offers effective tools for model selection and compari-
son, going beyond traditional parameter estimation methods.
When selecting from among a set of decay models in the
course of an energy decay analysis, the model yielding the
highest BIC value is considered to be the most concise
model providing the best fit to the decay function data and
at the same time capturing the important exponentially
decaying features evident in the data.

D. Model implementation and calibration for DEM
and Ray-t

The acoustical model of Hagia Sophia is generated on
the basis of the latest building survey registers (roleve)
provided by the Turkish Ministry of Culture and Tourism—
General Directorate of Turkish Cultural Heritage. In order
to minimize discrepancies between the findings, the same
acoustical model is utilized both for DEM and for Ray-t.
The solid model used for the DEM solution is converted to a
model composed of three-dimensional (3D) faces for import
to Ray-t. The Ray-t simulations are carried out on ODEON
Room Acoustics Software v.14.04 (Odeon A/S, Lyngby,
Denmark) (Naylor, 1993), which is a combined model of the
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image source method and Ray-t. In the Ray-t simulations,
up to 1000000 rays are tested in order to ensure the inclu-
sion of sufficient numbers of rays reaching the farthest loca-
tions, while the maximum reflection order is set to 10 000.
As no significant difference in outcomes is observed for
numbers of rays between 250000 and 10000000, 250000
rays are used to simulate all the receiver positions for
greater efficiency in terms of computation time.

The DEM of Hagia Sophia is numerically implemented
in a finite-element medium. The effect of the coupling of
different sub-volumes is reflected using a multi-domain
solution (Su Giil et al., 2019), which has proved to be much
more reliable for modeling Hagia Sophia’s fragmented inte-
rior space. As highlighted in a previous study (Su Gtl et al.,
2019), if the mean coupling factor (MCF) of two rooms that
are connected with an aperture, arches in the case of Hagia
Sophia, is smaller than 0.30, the rooms or volumes can be
treated as individual domains (sub-domain of the main
structure) with their specific diffusion coefficient in a DEM
computation. Accordingly, specific diffusion coefficients are
defined for the sub-volumes (hereinafter sub-domains) in
relation to their MFPs. The sub-domains are defined on the
basis of architectural details. In Hagia Sophia, the narthex,
aisles, and galleries (at balcony level), all sheltered under
vaults of various styles, are connected to the main space, the
naos or middle nave, by arches (coupling apertures) of dif-
ferent sizes. All are treated as individual domains. Mesh
size is a critical parameter in finite-element solutions given
considerations of computational speed. However, the DEM
can be applied as long as the maximum mesh size is smaller
than the MFP of the room. The geometrical model of Hagia
Sophia has 691 865 linear Lagrange-type mesh elements
(Fig. 1, bottom). The mesh sizes range from 1/4 to 1/14 of
MFP, satisfying the MFP criteria for the DEM.

Table I shows the volumes and total surface areas of the
individual domains. The MFPs and diffusion coefficients
(D) calculated for the different domains are also given. As
in the field tests, omni-directional sound sources are used in
the simulations. To calibrate the model, the field test results
for two source positions and six receiver positions are com-
pared to the simulation results for the same positions. A total
of 980 additional receiver positions are distributed through-
out the interior space to test the occurrence of multi-rate
decay in relation to geometrical attributes including aperture
sizes, the volumes, and shapes of the primary and secondary
spaces of the structure.

Figure 1 shows the plan and a longitudinal section of
Hagia Sophia (top and center) along with the mesh model
(bottom). In the Appendix, the individual domain numbers
and receiver positions are coded. Domain numbers DO to D9
and receiver positions a to d indicate the main domain num-
bers and L1-L12 refer to different elevations (L1 =1.20 m
above ground; L2 =4.20 m above ground, and so on). For
ease of comparison of the results using graphs, each domain
is also divided into multiple groups. The first point of each
of the vertical groups is indicated on the plan on Fig. 1 (cen-
ter) and the group continues upwards to the highest level at
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FIG. 1. (Color online) Hagia Sophia plan and longitudinal section views
(top and center); mesh model with individual domain numbers (bottom).

that specific position on the plan. This provides a grouped
grid distribution for receiver positions inside the entire
space. On both the plan and the longitudinal section shown
on the top and center of Fig. 1, the positions of the sources
and receivers that were also tested during the field measure-
ments are highlighted in red fonts.

The sound absorption coefficients of the interior surfa-
ces are determined for each material by tuning the models to
the existing field test results. In the process of calibrating
the DEM and Ray-t models, the decay rates obtained from
the field tests for receiver positions exhibiting single-slope
characteristics are compared to the same receiver positions
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TABLE 1. Volume (V), surface area (), MFP, and diffusion coefficients
(D) of individual domains.

V (m®) S (m?) MFP (m) D
DO 95960 17647 21.8 2487
D1 2575 1241 8.3 949
D2 625 468 53 611
D3 4430 2158 8.2 939
D4 6771 3434 7.9 902
D5 2395 1728 5.6 635
D6 4254 2328 73 836
D7 2499 1190 8.4 960
D8 782 584 5.4 613
D9 3625 1938 75 855

in the models. Initially, this calibration check is held for all
measured source-receiver configurations with single slope
decay formation. For other configurations, with multi-slope
decay formation, multiple decay times (T, T,) are com-
pared for measured versus simulated data. Just noticeable
differences (JND) are utilized to assess and regulate the tun-
ing. The sound absorption coefficient data for standard
materials such as marble on concrete, stone cladding, and
large-pane or multi-layer glass surfaces are well defined in
various sources. These are more or less identical and mostly
reflective. The critical issue is the assignment of coefficients
to comparatively absorptive materials. The sound absorption
performances of plaster surfaces vary considerably, espe-
cially where historical plasters are concerned (Su Giil,
2019). For this reason, the tuning process is mostly directed
towards adjusting the sound absorption coefficients of
plaster surfaces. In the museum scenario and the church
scenario, the materials and the architectural features vary
only minimally in terms of their effect on the overall acous-
tical character of the building. This has also been established
previously by another research group (Weitze et al., 2002).
The main variation occurs when the structure is adapted for
use as a mosque and the floors are covered with carpets. The
carpeting is simulated by applying the absorption coeffi-
cients found for another mosque dating back to the period
when Hagia Sophia served as a mosque (CAHRISMA
Project, 2001). These coefficients are 0.38 for 1kHz and
0.12 for 250 Hz. The scattering coefficients for different sur-
faces required for Ray-t are based on the quantity of surface
irregularities on either small or large scale.

In the diffusion model, the marble floor of Hagia
Sophia has an absorption coefficient of 0.01 for medium and
low frequencies while the upper structure, which is cladded
with stone facings, plaster, and mosaics, has an average
sound absorption coefficient of 0.094 for 1kHz and 0.075
for 250 Hz. It should be noted that the solid (for DEM) and
the 3D-face models (for Ray-t) of Hagia Sophia are kept as
it is utilized in the previous study (Su Gul et al., 2019). The
absorption coefficients are re-tuned for DEM and Ray-t, by
checking all tested source positions. For this study, there is
no significant change over DEM model. However, for Ray-t
the sound absorption coefficient, especially for 1kHz, are
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revised for the results to be more compatible with the field-
tested data, whereas previously the same coefficients were
applied for both DEM and Ray-t, as the analysis of ray trac-
ing was not further developed or discussed in that study
(Su Gil et al., 2019). Accordingly, the sound absorption
coefficients for the upper structure need to be adjusted for
Ray-t in order to match the field test results. In this case, the
mid-frequency average sound absorption coefficient is found
to be 0.082 for 1 kHz and 0.079 for 250 Hz. As can be seen
in Table II, the JND between the simulated decay rates and
the field-test results for 1kHz and 250Hz are well below
5% and less than 1 JND (ISO, 2009).

IV. RESULTS AND DISCUSSION
A. Comparison of simulations with in situ test results

The systematic investigation of multi-rate decay inside
the interior volume of Hagia Sophia starts by comparing the
results obtained during the field tests, for those sample
source-receiver positions, to the energy flow decays obtained
from DEM and to the sound energy decays obtained by
Ray-t. Bayesian analysis is applied to impulse responses gath-
ered from Ray-t simulations for decay parameter estimations.
Table III lists the decay parameters including decay times (7}
and T5), decay levels (A; and A,), and coupling quantifiers—
i.e., the decay ratio (DR) and the level difference (AL). It has
previously been demonstrated that the energy flow direction
reversal, expressed as a dip in the energy flow decay, is asso-
ciated with the turning point in Schroeder decay functions
(Xiang et al., 2009). A “dip” is generally followed by a
“peak” and both the dip and the turning point indicate the
time at which the second energy decay starts to dominate the
first energy decay. Accordingly, the turning point times of
the sound energy decays of RIRs obtained during the field
tests and in the Ray-t model are compared with the energy
dip times from the DEM estimates to assess their correlation.

As shown in Table III, the T values from the Ray-t
data are approximately 10%—20% higher or lower than those
obtained from the field tests in cases where the source-
receiver distance is greater than 7m. The differences
between the T, values are much lower than those for the T}
TABLE II. Comparison of decay rates (s) for source (S) and receiver (P)

positions exhibiting single-slope characteristics obtained from field tests,
Ray-t, and DEM for 1 kHz and 250 Hz.

Decay rate (s)

S#P# (frequency) Field Ray-t DEM
S1P171 (1kHz) 7.90 7.90 8.01
S1 P8 (1kHz) 8.25 8.00 8.06
S2 P171 (1kHz) 8.10 8.20 7.97
S2 P8 (1 kHz) 7.93 8.15 8.01
S1P171 (250Hz) 9.60 9.90 9.80
S1 P8 (250Hz) 9.80 10.0 9.88
S1 P160 (250 Hz) 9.78 10.0 9.82
S2 P171 (250 Hz) 9.80 10.2 9.80
S2 P8 (250 Hz) 9.71 10.0 9.86
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TABLE III. Comparison of multi-slope sound energy decay parameters obtained from Bayesian analysis (T, 1st decay time; 75, 2nd decay time; Ay, Ist
decay level; A,, 2nd decay level; DR, decay ratio; AL, level difference) for field tests and Ray-t simulations; and comparison of turning point times (TPe)
obtained from field tests and Ray-t to energy flow dip times (Dipyiy,e) of DEM simulations; for sample source (S#) and receiver (P#) positions for frequencies

of 1kHz and 250 Hz.
Parameter S1-P172 (1kHz) SI-P142(1kHz) S1-P160(1kHz) S2-P172(1kHz) S2-P160(1kHz) S1-P142(250Hz) S2-P172 (250Hz)
Field T, (s) 6.61 6.75 6.69 6.9 4.89 8.2 8.54
Field T; (s) 8.89 9.40 9.47 9.4 9.7 10.9 113

Field A, (dB) 7.0 7.0 7.0 27 6.5 4.6 2.6

Field A, (dB) 9.8 9.7 9.8 6.1 12.0 7.8 6.5
Ray-t T, (s) 5.00 5.30 5.90 6.1 32 8.2 9.20
Ray-t T (s) 8.90 8.80 9.1 9.35 8.3 10.9 10.9
Ray-t A, (dB) 10.0 47 3 2.1 2.5 3 3.0
Ray-t A, (dB) 12.8 6.0 53 5 7.8 5 5.0

Field DR 13 1.4 1.4 1.4 2.0 1.3 1.3

Field AL (dB) 2.8 27 2.8 3.4 5.5 32 3.9
Ray-t DR 1.8 17 L5 L5 2.6 13 1.2
Ray-t AL (dB) 2.8 13 23 2.9 53 2.0 2.0

Field TPme (ms) 1140 1048 1085 1473 920 1770 2285

Ray-t TPyme (ms) 530 310 659 857 530 1095 1609

DEM Dipyme (ms) 480-500 260-330 430-560 730 440-510 340 870

values; at most, the difference is between 5% and 10%, and
for certain configurations and tested octave bands—such as
S1-P172 (1kHz) and S1-P142 (250 Hz)—the values are
identical. This may be because the T, values are more repre-
sentative of the decay rate of the larger volume, so that the
use of single-slope cases in tuning the models to the field
test results may have had a positive impact on the 7, values.
On the other hand, a recent study of some sample coupled-
space scale model test configurations indicates that the JND
is 10% for the first decay time and 20% for the second decay
time (Luizard et al., 2015). In this previous study, the vol-
umes are much smaller and the reverberation times of indi-
vidual rooms are much lower than in the case of Hagia
Sophia. So, given that the single-slope decay rates reach up
to 10s in Hagia Sophia for low to medium frequencies, the
JNDs may still be subject to change and a value of 20%
might be plausible for both T and T, in the comparison of
the different simulation techniques.

The AL quantifies how much lower the sound becomes
during the second decaying process or T, relative to the first
decay time 7. The two decay times, the DR (7, /T), and AL
are sufficient to quantify the double-slope characteristics of
sound energy decays (Xiang et al., 2009). The AL results
obtained from the field tests and the Ray-t model are not com-
parable in value, but the trend among the different source-
receiver configurations is similar. According to both methods,
for instance, the highest decay level is observed in the case of
S2-P160 (1kHz) and the lowest decay level in the case of S1-
P142 (1kHz). Last, the turning point times obtained from the
field tests and the Ray-t model are compared to the energy flow
dip times from the DEM estimates. The turning point times
derived from the field tests are from 400 to 740 ms longer than
those obtained from the Ray-t model, depending on the receiver
position. It should be noted that the closest position tested in
the field experiments is 7m away from the sound source (S1-
P172), whereas the most distant receiver locations (S1-P160
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and S2-P172) in cases where a double-slope pattern is observed
are almost 30m away from the sound source. Consequently,
differences in source-receiver distances explain some of the
variations in the turning point times obtained through the use of
different methods. On the other hand, the Ray-t TPy, are O to
100ms longer than the DEM flow dip times for 1kHz and
approximately 750 ms longer for 250 Hz. It can be stated that
the turning point times derived from the field test data are con-
sistently longer than those obtained from both the Ray-t and
DEM models. This is attributable to the fact that the DEM solu-
tion does not take into account the early decay component but
is only valid at least two or three mean free times after the
direct sound (Xiang et al., 2013). The differences between the
multi-slope sound energy decay parameters of tested scale
models and numerical simulations have also been noted in a
previous study, where the variances are even greater for differ-
ent numerical methods (Weber and Katz, 2019).

It will be useful to discuss and visualize a specific
example of sound energy decay and of the comparisons of
the sound energy flow decay as obtained from the different
methods. For this purpose, S2-P172 has been selected as a
sample configuration. Figure 2 (left) presents the Bayesian
decay analysis of the data obtained from the field tests for
frequencies of 1kHz (top) and 250Hz (bottom). The two
sloping straight lines indicate the decay slopes of the indi-
vidual exponential decay terms and the third component
relates to the background noise, which is not present for
either in the Ray-t model, (Fig. 2, center) or in the DEM
simulations (Fig. 2, right). As long as the noise term is suffi-
ciently low from the signal, the impulse response can reli-
ably be analyzed for multi-slope formation. In Fig. 2 (right),
sound energy flow dips are easily identifiable for frequen-
cies of both 1kHz (top) and 250 Hz (bottom), indicating the
energy flow return that arises due to the exchange of sound
energy between different interconnected domains or loca-
tions within Hagia Sophia’s interior volume. The energy
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FIG. 2. (Color online) Sound energy decay for domain D0-a2 and source-receiver configuration S2-P172 at frequencies of 1 kHz (above) and 250 Hz (below)
based on data obtained from in situ tests (full decay, left), Ray-t (close-up view, center), and sound energy flow decay obtained by DEM (close-up view, right).

flow returns can also be observed through the reversal of
energy flow vectors in a time-dependent DEM solution.
Figure 3 shows a sample flow vector return pattern for

A"
source-receiver configuration S2-P172 and 250Hz. The 450 ms N
energy flow vectors at the receiver P172 (indicated with a N ‘Q 3 5'
blue dot) can be followed in time instants before (450 ms) X L
and after (1300 ms), for which the energy flow dip time is \\\ NN /
870ms (see Fig. 2 bottom-right). The depth of the dip is AR AR
indicative of the strength of the coupling. The following sec- > CSERRA I \ ! 5‘
tions will discuss these matters with reference to the entire . S Q 4
interior volume of the building. IS RGN
s L = \
B. Energy flow decay investigations and Bayesian A\ N Vi
analysis results for museum state <) N -
AN S = =
This study analyzes the sound energy flow decays 7~
obtained from DEM simulations using two different source T
positions and 980 receiver positions distributed throughout 1300 ms \ Q \
the entire interior volume of Hagia Sophia. The complete N § A ;
analysis is initially performed for 1kHz; later, for 250 Hz. Q \
These analyses are conducted for the state of the building in B & 7 4
which the field tests were conducted; i.e., when it was in use \:“: Q.‘QQ :Q 5, %
as a museum with a marble floor. Afterwards, some sample S BRVARRA N A S d
positions are also tested for the state of the building with a b \\ .
carpeted floor, representing the mosque case, which is also s ';';»; »j v XN Q\
the most recent state of the building. The domains to which % / 3
individual diffusion coefficients are attributed, the sub- 7 /
domains, and the receiver positions at varying elevations are 2 } 7 §
coded in Fig. 1 and the Appendix. In order to discuss some '5 'f /
typical sound energy flow dip patterns, and to explain the R T A T A B

findings briefly, a number of sub-domains and receiver posi-
tions within those sub-domains are selected for further dis-
cussion. Figure 4 presents the sound energy flow decays
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FIG. 3. (Color online) Energy-flow vector maps (plan views) of DEM solu-
tion at 250 Hz, for S2 (red dot), P172 (blue dot), for times of 450 ms (above)
and 1300 ms (below).
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obtained for source #1 (S1) and Fig. 5 shows the representa-
tive results for source #2 (S2).

The source (S1), as in the in situ tests, is located inside
the main prayer zone, on the central axis, 20m away from
the apse wall. The source is in front of the mihrab, and as
close to it as was practically possible at the time when the
field tests were performed, due to the ongoing restoration
works and restricted/closed zones. The closest simulated
receiver position on the horizontal (plan) axis is 5.7 m away
from S1 and the farthest is almost 70 m away. The simulated
receiver positions are at different elevations, ranging from
1.20m, a typical measured receiver height, up to 52.4m,
which is the highest elevation inside the structure—just
1.54 m below the central vertical axis of the main dome (see
Figs. 1 and 6). DO is the main volume underneath the central
dome (the main prayer hall or naos) and the two semi-
domes. DO-a is the volume underneath the central dome,
DO-b is the volume underneath the semi-dome closer to the
narthex, and DO-c is the volume underneath the second
semi-dome, which is closer to the apse wall as well as to S1.

According to the analysis, for sub-domain DO-b, the
energy flow decays indicate a single-slope pattern for all
receiver positions. The smooth energy flow decay pattern

shows no indication of a dip and is very similar to the result
for D4-7 S1 given in Fig. 4. The minimum distance from
source to receiver for the receiver positions in domain D0O-b
is 33m. In this case, both the source and the receiver are
within the largest volume in the building, and separated by
the arches, almost 30m in width, that couple the sub-
volume under the semi-dome to the main volume under-
neath the central dome (i.e., the naos). Energy flow decays
with a noticeable sound energy flow dip start to occur in DO-
a, which is the main volume underneath the central dome
and the largest of all the sub-domains. In DO-a, flow dips are
observed for simulated positions at horizontal (plan) distan-
ces of between 5.7 and 13 m from S1 and at vertical (eleva-
tion) distances of 1.7 m to 40 m from S1 (Fig. 6). Examples
of the energy flow dips in this sub-domain are presented in
Fig. 4 (DO-a2 S1). The energy flow dips disappear 16 m
away from the source on the horizontal plane, in the direc-
tion of the narthex, and at all elevations above 45 m. The
energy flow decays directly underneath the central dome
show no energy flow dip at any of the receiver positions at
any elevation. The sound energy decay flows tend to show a
more convex pattern as the elevation increases (above 42 m
above ground), but none of those positions generate a
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FIG. 4. (Color online) Sample sound energy flow decays obtained from DEM simulations for different domains and different receiver heights within each

domain for sound source S1 and for 1 kHz; marble floor (museum state).
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FIG. 5. (Color online) Sample sound energy flow decays obtained from DEM simulations for different domains and different receiver heights within each

domain for sound source S2 and for 1 kHz; marble floor (museum state).

double- or multi-slope decay pattern neither in the Ray-t
simulations.

DO0-a2 is the sub-domain underneath the main dome
representing the closest receiver position to S1. There is a
clear energy flow dip and the double-slope energy decay is
also corroborated by the in situ test data (Table III) for the
receiver position 1.20m above ground (S1-P172). At this
position as the elevation from the ground as well as the dis-
tance from the source increases, the depth of the energy
flow dip also tends to increase, reaching its maximum level
at 30m above ground (S1-P954) and then tending to dis-
solve slowly before disappearing altogether. In the sub-
domain DO0-a6 (see Figs. 1 and 4), the dip reaches its
maximum depth at an elevation of 36 m; otherwise, the pat-
tern is similar at the various elevations, indicating a rela-
tively weak-to-medium case of flow dip occurrence. D0-a7
is the sub-domain that mirrors D0-a6, taking S1 as the mir-
ror axis. As expected, the results are largely identical to
those for DO-a6, further supporting the findings. DO-al4
and DO0-a20, which are the receiver positions within DO-a
that are closest to the corners of one of the main piers
towards the apse, are the farthest receiver zones within DO
that demonstrate energy flow dips for the sound source S1.

J. Acoust. Soc. Am. 149 (1), January 2021

For D0-a20, which is 14 m away from S1 on the horizontal
plane, the results for the different elevations are mostly sim-
ilar in pattern, showing a shallow dip. D0-a23 includes the
group of receivers right behind the mahfil of the muezzin
(see Figs. 1 and 6). In terms of source-receiver distance, this
domain mirrors D0-a20 (with reference to S1), so the pattern
of energy flow dips is similar. DO-a21 is the receiver zone
group right underneath the main arch, carrying the central
dome, that is closest to the apse wall. The nearest receiver
position in this group to S1 is P15, which is 7m away. Here,
the dips tend to increase with the elevation, reaching their
greatest depth at the highest elevation, the receiver position
P940, which is 30 m above the ground.

The domain D0O-c accommodates the receiver points
underneath the first semi-dome on the side of the apse wall
and above the minbar and mihrab. S1 is located closer to
this semi-dome than to DO-b. This domain contains the
greatest number of receiver positions, at different elevations,
for which flow dips are observed. DO-c1, which is the zone
underneath the central axis of the semi-dome (Fig. 4), may
be given as an example and as a particularly strong case.
The receiver position in DO-c1, which has the lowest eleva-
tion (P36), is 8.6 m away from S1 on the horizontal plane.
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FIG. 6. (Color online) Plan and section views of the overall distribution of the receiver positions highlighting energy flow dips supported by double-slope
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Two energy flow dips are observed for that specific position,
one occurring at 80 ms and the other at 190 ms. This is simi-
lar to the double-dip pattern observed for D1-d2 S2 (Fig. 5).
At the remaining elevations, single distinctive sound energy
flow dips are observed for the source S1 (Fig. 3, DO-cl S1).
The receiver group DO-c4 generates strong energy flow dips at
different elevations. The lowest receiver position in this group,
P37, is 15 m away from S1 towards the side of the apse.

Other locations where energy flow dips are observed for
the sound source S1 are D1-c, D1-d, D2-c, and D2-d (see
Figs. 1 and 4). The case of D1 may be illustrated with the
case of the receiver position group D1-c3, which is right on
the border of the arch connecting from D1-c to DO-c. This
group of receiver positions generates energy flow dips with
a wider base. The same situation is observed for the sub-
domain which it mirrors. Underneath the corner fan-vault,
the dips are observed for only 5m into the space after the
separating arch, after which they disappear. For the barrel-
vaulted D2-c sub-domains, connecting D1-c sub-domains to
D3-a sub-domains, the dip is very marked at the lowest ele-
vation (as for P125) and weakens as the elevation increases
from 1.2m to 10.2 m above ground (Fig. 4, D2-c1 S1). None
of the other domains and sub-domains (see Fig. 1), compris-
ing Dla-b, D2a-b, D3a-b, D4, and D5 on the ground floor
and D7a-b-c-d, D8a-b-c-d, D9a-b, and D6 at the balcony
level, indicate a potential flow dip, and there is, therefore,
no indication of multi-slope energy decay. For example,
D4-7 constitutes a perfect single-slope case with a linear
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energy-flow decay. D7-dl is the case that shows the most
convex pattern of energy flow decay among all the balcony
level results, but this is still not strong enough to indicate a
flow dip or a potential multi-slope. These cases are also
checked through Ray-t and later Bayesian analysis, the
results of which support the finding that a single-slope
energy decay pattern prevails in such positions and in the
domains farther away from the sound source S1.

Figure 5 presents the energy flow decay patterns
obtained for selected receiver positions for the source posi-
tion S2, which is in the side aisle, underneath the corner fan-
vault. From the coupled-space point of view, source S2 is
located within a comparatively smaller volume and hence a
volume with a lower natural reverberation time in de-
coupled condition. The position is also asymmetric with
regard to the plan of the building. All 980 receiver positions
are analyzed again, and those generating dips of various lev-
els are presented in Fig. 5. Accordingly, D0O-a, DO-c, D1-d,
D2-d, and D3-b are the sub-domains where energy flow dips
are most strongly observed (see Figs. 5 and 6). D0O-a2 shows
clear dips for S2, especially up to a height of 42m above
ground, with the most prominent for P954 at 30.2 m above
ground. DO-a7 and Do-a22 also generate noticeable dips.
These receiver groups are all close to the border between the
DO0-a and DO-c sub-domains, and the maximum distance of
the receiver positions from S2 on the horizontal plane is
36m. All the receiver points in DO-c, which are located
below the central axis of the structure (see Fig. 1) or towards
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the side of the aisle accommodating S2 (or sub-domain
D1-d), generate energy flow dips in DEM and double-slope
pattern indicated by Ray-t simulations. DO-c2 and DO0-c14
are presented as sample receiver groups in Fig. 5. The
closer one approaches the border, or the arch connecting
DO-c to D1-d, the deeper the dips become. The strongest
flow dips are observed in the receiver groups that are clos-
est to the source in D1-d. The shortest distance from the
source horizontally is 4m and the shortest distance verti-
cally is 5.7 m above the source. The sub-domains D2-d and
D3-b, exemplified in Fig. 4 by D3-b15 and D3-bl1, also
yield energy flow dips, and this finding is supported by
double-slope energy decay outputs from the Bayesian anal-
ysis of the Ray-t simulations for the same positions. As a
specific note, the receiver position P163 within D3-bl1
shows one of the sharpest energy flow dips for S2. This
receiver position has no direct sight-line to the sound
source, thus is located in the shadow-zone, but still is within
the critical distance from the source where energy flow dips
are observed (Fig. 6). Overall, energy flow dips occur for
S2 in a zone within 45 m of the source including the sub-
domains D1-d, D2-d, D3-b, and D2-b on the side aisle in
which the source is located. The energy flow decays at the
receiver positions located in all other areas, whether on the
ground floor or at balcony level, are observed to be smooth
and without dips. Once again, this finding is supported by
the Bayesian analysis of the data obtained by the Ray-t
method, all of which demonstrate single-slope sound energy
decay. Figure 6 presents an overview (on plan and section
views) of the receiver positions that display single- and
double-slope patterns or marked energy flow dips when
either S1 or S2 is activated. The Appendix is also utilized
to indicate single versus double-decay occurrence. Some
instructive source-receiver dimensions are highlighted (Fig.
6). This condensed mapping relies on both the DEM energy
flow decay results and on the sound energy decay analysis
of impulses obtained from Ray-t simulations analyzed by
Bayesian analysis.

Apart from energy flow decay and flow dip investiga-
tions, overall receiver positions are examined through the
Bayesian analysis for both S1 and S2 source locations for
1kHz. The results out of impulse responses gathered by
Ray-t simulations are presented in Table IV. The table
includes number of positions in each sub-domain, mean
value and standard deviation (g) of T30 values for single
slope cases, mean value and ¢ of decay rates (T, T5), and
AL results for multi-slope cases. Accordingly, the double
slope decay occurs at 17% of overall receiver positions for
S1, and 19% of overall receiver positions for S2. 7.97 s is
the average 730 value for both S1 and S2, whereas o is
0.08 s for S1 and 0.28 s for S2. This indicates that the single
slope energy decay rate within the volume is more dispersed
for S2 than S1, which is expectable for this off-axis source
position. Other than that, the T30 values are quite evenly
distributed. Double slope case results are as follows; mean
value for T is 5.59 s for S1 and it is 3.55 s for S2, whereas ¢
is 0.20s for S1 and 1.35s for S2. The deviation of early
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TABLE 1V. Bayesian analysis overview for receivers in overall sub-
domains for S1 and S2, for 1 kHz; n (number of positions), mean and ¢ val-
ues of 730, Ty, T», and AL.

T30 T, T,
S1 [/ n

Domain single Mean ¢ double mean ¢

AL dB
mean ¢

mean g

DO-a 145 800 0.03 93 549 0.60 883 020 2.7 08
DO-b 114 8.01 0.03 0 - - - - - -

DO-c 26 796 0.16 39 566 027 883 0.17 26 0.7
Dl-a 32 7.88 0.05 0 - - - - - -

D1-b 28 8.08 0.04 0 - - - - - -

Dl-c 10 8.06 0.04 8§ 57 0.10 895 0.05 35 05
D1-d 14 8.09 0.07 8§ 533 001 883 0.02 13 0.0
D2-a 10 8.00 0.02 0 - - - - - -

D2-b 10 7.99 0.04 0 - - - - - -

D2-c 0 - - 12 526 0.05 888 0.04 15 03
D2-d 4 791 0.04 8§ 612 009 892 0.09 1.6 0.1
D3-a 64 794 0.03 0 - - - - - -

D3-b 64 795 0.07 0 - - - - - -

D4 52 793 0.02 0 - - - - - -

D5 69 7.90 0.04 0 - - - - - -

D6 26 8.02 0.07 0 - - - - - -

D7-a 20 8.05 0.02 0 - - - - - -

D7-b 19 8.07 0.03 0 - - - - - -

D7-c 11 7.86 0.01 0 - - - - - -

D7-d 13 7.78 0.02 0 - - - - - -

D8-a 6 791 0.04 0 - - - - - -

D8-b 6 814 0.01 0 - - - - - -

D8-c 6 794 0.05 0 - - - - - -

D8-d 6 794 0.01 0 - - - - - -

D9-a 24 793 0.05 0 - - - - - -

D9-b 24 8.03 0.07 0 - - - - - -

S2

DO-a 176 795 0.05 62 542 128 8.63 036 1.7 0.6
DO-b 114 7.98 0.07 0 - - - -
DO-c 29 8.02 0.02 36 524 157 884 024 26 22

Dl-a 32 8.04 0.05 0 - - - - - -
D1-b 28 8.07 0.03 0 - - - - - -
Dl-c 18 8.09 0.02 0 - - - - - -
D1-d 4 6.62 0.07 18 1.97 0.10 8.14 0.08 129 0.6
D2-a 10 795 0.03 0 - - - - - -
D2-b 2 791 0.04 8 3.5 0.15 848 0.03 3.7 05
D2-c 12791 0.03 0 - - - - - -
D2-d 0 - - 12 218 0.12 8.16 0.11 11.5 0.7
D3-a 64 7.96 0.03 0 - - - - -
D3-b 16 7.86 0.05 48 333 0.76 839 043 3.7 1.3
D4 52 8.03 0.12 0 - - - - -
D5 69 8.08 0.15 0 - - - - - -
D6 26 8.13 0.09 0 - - - - - -
D7-a 20 8.03 0.01 0 - - - - - -
D7-b 19 8.04 0.01 0 - - - - - -
D7-c 11 8.08 0.02 0 - - - - - -
D7-d 13 8.09 0.01 0 - - - - -
D8-a 6 8.01 0.02 0 - - - - - —
D8-b 6 810 0.00 0 - - - - - —
D8-c 6 810 0.08 0 - - - - -
D8-d 6 8.02 0.01 0 - - - - -
D9-a 24 8.02 0.10 0 - - - - -
D9-b 24 8.07 0.07 0 - - - - - -
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decay rate (7) values is greater for S2 again. This is specifi-
cally due to the receiver positions in close-by locations to
S2, with high levels of AL, in domains such as D1-d, D-2d
versus more distant locations that still indicate double slope
formation but with weak ALs, like in the case of D0-a and
DOc receivers. On the other hand, mean value for T, is 8.87 s
for S1 and it is 8.44 s for S2, whereas ¢ is 0.07 s for S1 and
0.24 s for S2. Later energy decay rate (7,) for S1 and S2 are
higher than 730 values estimated for single slope cases,
whereas the deviation among different positions within the
volume is quite similar for single and double slope cases.

Another discussion is presented here on energy flow dip
levels versus AL, which are the indicators of how strong
or weak a non-exponential energy decay is. According to
Figs. 4 and 5, in overall flow dip indicating receiver positions
for S1, the dip levels are smaller and shallower than those
obtained for S2. The maximum relative dip level (from the
starting point of the flow to the lowest point of the dip) is
around —15dB for S1, while it reaches almost to —35 dB for
S2. This possible indication of the degree of coupling is also
investigated by means of Ray-t and Bayesian analysis. The
decay times, decay levels, and coupling quantifiers—i.e., the
DR and AL obtained from Ray-t simulations and the relative
flow dip levels shown by DEM simulations for selected con-
figurations at 1 kHz—are summarized in Table V. The table
shows that the T'; values are affected more than the T, values
by the location of the source and the distance of the receiver
from the source. This finding also supports the conclusions
of Anderson and Anderson (2000) regarding large interiors
with coupled rooms.

According to Table V, the AL of from 2 to 3DB, which
indicates a relatively weak double-slope case, corresponds
to energy flow dips ranging from —14 to —18dB, as in the
cases of S1-P965, S1-P954, S1-P929, S1-P381, S2-P642,
and S2-P161. For the AL range between 6 and 11dB, the
flow dip levels drop to the range from —23 to —35dB, as in
the cases of S2-P211, S2-P137, S2-P141, and S2-P146. This
second group highlights the strongest double-slope cases.
These are mostly observed for the source position S2 and
for the receiver positions located closest to the source within
the same domain, which is much smaller in volume, in

comparison to the main volume (see Table I). Likewise,
DRs of 1.5-1.6 correspond to the first group, consisting of
weak double slope cases, and DRs of 3.5—4 correspond to
the second group of stronger double-slope cases. This does
not necessarily mean, or prove, that the quantitative relation-
ship between the flow dip levels obtained from DEM and
the AL and DR values for other structures will be the same
as those given here. However, it shows that different identi-
fiers from different simulation methods point to a similar
pattern in the degree of coupling.

In order to illustrate the different levels of flow dips,
and hence the degree of coupling, further, two cases are
selected from Table V, namely, S1-P954 from sub-domain
D0-a2 and S2-P141 from sub-domain DI1-d3. Figure 7
presents the Bayesian analysis-processed sound energy
decay graphs (data from Ray-t simulation) and sound energy
flow decays (data from DEM) for these two cases. The turn-
ing points, individual decay slopes, and ALs for these two
source-receiver configurations are indicated on the sound
energy decay graphs (Fig. 7, left and center) and the flow
decays are plotted on the same graph (Fig. 7, right). S2-
P141, which is a strong case, exhibits a DR of 4.2, a AL of
13.3DB, and a flow dip at around 35dB below 0dB. SI-
P954, as a relatively weak case, exhibits a DR of 1.7, a AL
of 2.5dB, and a flow dip at around 18 dB below 0.

This study has initially concerned with the overall
acoustical performance of the entire interior volume of
Hagia Sophia for 1kHz, investigating every position on the
grid. 1 kHz, as one of the mid-band frequencies, is more reli-
able to compare different simulation techniques. For octave
bands above 1kHz, very similar trends have been observed
for the source and receiver positions used in situ tests (Su
Gl et al., 2018). The distribution of multi-slope patterns, in
overall volume, at these higher frequencies might therefore
not differ greatly from the results obtained from the mid-
octave band 1 kHz. To analyze the performance of the struc-
ture at low frequencies, 250 Hz is selected for analysis. In
fact, the results obtained from Bayesian analysis of the in
situ test findings for frequencies of 250 and 125Hz are
almost identical (Su Gul er al., 2018). Given the MFPs of
Hagia Sophia (see Table I) due to its immense volume, the

TABLE V. Comparison of multi-slope sound energy decay parameters from Bayesian analysis of Ray-t simulations with relative flow dip level of DEM sim-

ulations for sample source (S#) and receiver positions (P#) for 1 kHz.

Domain S#P# Ty (s) T, (s) A; (dB) A, (dB) DR (To/T}) AL (dB) Flow dip level (relative dB)
DO0-a2 S1 P965 5.7 8.7 4.0 6.0 1.5 2.0 —14.0
DO0-a2 S1 P954 5.4 9.2 3.5 6.0 1.7 2.5 —18.0
DO0-a6 S1P929 5.3 8.7 4.0 6.0 1.6 2.0 —11.0
DO0-c4 S1 P381 5.9 8.9 3.0 5.9 1.5 2.9 —14.0
DO0-a23 S2 P198 2.6 8.4 4.1 7.7 3.2 3.6 —20.0
DO0-cl S2 P642 4.9 9.0 3.7 5.8 1.8 2.1 —15.0
DO0-c2 S2 P211 2.1 8.3 2.3 8.5 4.0 6.2 —26.0
DO0-c10 S2 P137 2.0 8.3 1.6 13.0 4.2 11.4 —-29.0
D1-d3 S2 P141 1.9 8.0 3.1 16.4 4.2 13.3 —35.0
D2-d2 S2 P146 2.3 8.3 1.0 12.0 3.6 11.0 —23.0
D3-bl15 S2 P161 4.1 8.7 2.9 5.2 2.1 2.3 —14.0
D3-bl1 S2 P335 2.8 8.6 2.2 6.0 3.1 3.8 -21.0
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FIG. 7. (Color online) Sound energy decays of data obtained from Ray-t (close-up views, right and center) and sound energy flow decays obtained by DEM

(close-up view, right) for D0-a2 S1 P954 and D1-d3 S2 P141; for 1 Khz.

wavelength of 250Hz is much smaller than the smallest
dimensions of the structure. For this reason, it would be pos-
sible to discuss different simulation techniques reliably here
as well. For this frequency, samples from different domains
are selected for both energy flow decays and Bayesian anal-
ysis. For the double-slope cases, the energy flow decay
patterns at 250 Hz are very similar to those observed at
1 kHz, except that the energy flow dips occur later in time.
Figure 8 illustrates the findings for three different source-
receiver configurations, two of which (Fig. 7, left and
center) generate energy flow dips. For the configuration S2-
P140, the shift in the energy dip time is 60 ms, from 310 ms
at 1 kHz to 370 ms at 250 Hz. For this specific position, there
is also another, much earlier dip at a higher level for both
octaves at around 40 ms. This is not captured by the Ray-t
data. As previously indicated for a couple of other locations,
this very initial first dip in the energy flow decay (out of two
dips in total) may not relate to the exchange of sound energy
between coupled domains, but may instead be attributable to
the strong energy moving towards the receiver at these
close-by locations. After a time, the point from which the
strongest energy emanates shifts from the source to another
position in the domain close to the source, indicating that
the energy flow now points outwards from a different spot
as previously discussed in another study (Jing and Xiang,
2008b).

P161, the second receiver point presented in Fig. 8, is in
the sub-domain D3-b15, 1.2 m above the ground and under-
neath one of the five arches connecting D3-b to DO-a.

Consequently, this point is a typical aperture position at
which energy is exchanged. For S2-P161 the shift in the
energy dip time is 50 ms, from 420 ms at 1 kHz to 470 ms at
250 Hz. The third case shown in Fig. 8, S1-P8, is one of the
positions also measured during the field tests which demon-
strates a single slope decay. No energy flow dip can be iden-
tified using DEM data either for 1 kHz or for 250 Hz (Fig. 7,
right). This outcome is confirmed by the Ray-t results for
the same configuration. In this case, the main difference
between the two frequencies is that the decay time (730) is
longer for 250 Hz, which is why the flow decay line for
250 Hz is above that of 1 kHz in the close-up view shown in
the figure. For the single-slope cases, in situ test results indi-
cate that the 730 values are about 1.6 s longer at 250 Hz than
at 1kHz (see Fig. 9). The difference in the 730 values at
these two octave bands also explains the shift in the timing
of energy flow dips, occurring during the earliest stages of
the flow decays.

C. Impact of conversion to a mosque

In this section, it may be instructive to present the aver-
age T30 values of the single-slope cases identified in Hagia
Sophia for the different octave bands. Figure 9 shows the
average values obtained from the field tests, which were
conducted when Hagia Sophia was a museum. The single
slope source-receiver configurations for both the DEM and
Ray-t models are initially tunes in accordance with these
results. The figure also shows the 730 values obtained from
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FIG. 8. (Color online) Sample sound energy flow decays from DEM simulations for D1-d2 S2 P140, D3-b15 S2 P161, and D0-a26 S1 P8 for 1 kHz and
250 Hz for the tested museum state (marble floor) and for 1 kHz for the mosque state (carpeted floor).
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FIG. 9. (Color online) Average 730 values for single-slope sound energy
decay cases in the measured state (museum; marble floor) of Hagia Sophia,
Ray-t model results tuned by field tests for the measured or museum state
(marble floor), and Ray-t model results for the mosque state (carpeted floor).

the Ray-t model for the building in its mosque state (i.e., its
condition before it became a museum and its current state
following its recent conversion back to a mosque) with a
carpeted floor.

The same procedure that was applied for the analysis of
energy flow decays in the museum state of the building
(with a marble floor) at 250 Hz was used in the analysis of
flow decays in the mosque state (with a carpeted floor). In
order to observe the difference made by the absorptive prop-
erties of the carpet, the mosque scenario is tested for 1 kHz,
since for low octave bands the difference between the sound
absorption coefficients of marble and carpet gets closer. The
analysis is conducted for selected receiver positions located
in different domains through both DEM and Ray-t simula-
tions. For the sake of the briefness of the paper, not all the
data are presented here. The effect of the use of the Hagia
Sophia as a mosque with a carpeted floor can be discussed
briefly with reference to Figs. 8 and 9.

In Fig. 7, the selected source-receiver position configu-
rations used to compare the sound decay at 1 kHz and 250 Hz
for the museum state (with marble floor) of the building are
also used to draw comparisons with the sound decay at 1 kHz
in the carpeted-floor scenario. Basically, the higher degree of
absorption within the structure that stems from the carpeting
of the floor causes the energy flow dip either to occur earlier,
but with a smaller dip, or to disappear altogether. This indi-
cates that the carpeting of Hagia Sophia contributes to the
single-slope sound energy decays and weakens the possibil-
ity of multiple-slope cases. It would be more scientific to
support this argument with field tests, but this is not likely to
be possible so soon after the monument’s re-conversion,
while it is attracting so much interest and debate.

In Fig. 8, T30 values over octave bands for single-slope
sound energy decay cases depict both the mosque scenario
as well as the previous museum state of the building (which
is very close to the initial church state). It is observed that
the sound absorption performance of the carpets does not
have much impact on the 730 values at 125 Hz. At higher
frequencies, however, the 730 values fall below the values
obtained for the museum state. The difference is 2s at
250Hz, 3.42s at 500Hz and 1kHz, 2.79s at 2kHz, and
1.78s at 4kHz. A dryer reverberance, or less liveness,

334  J. Acoust. Soc. Am. 149 (1), January 2021

should therefore be expected in the building in its latest con-
dition. Meanwhile, the bass ratio (the ratio of low- to mid-
frequency reverberation) increases, from 1.03s in the
museum state to 1.49s in the mosque state, pointing to an
augmentation of the sensation of the male voice and the
warmth of the sound within the building. All these estimates
assume that the mosque is empty: the presence of a congre-
gation will change the ratios slightly.

As a final discussion point, this study also investigates
how changes in the absorption area and in energy flow dips
or multi-slope energy decay patterns are affected either by
changes in material or by the frequency range. The quantifi-
cation of degrees of coupling in relation to architectural
parameters is always difficult because it involves many vari-
ables. As proposed by Cremer and Muller (1978) and more
recently discussed by Billon et al. (2006), the MCF, with a
value of between O and 1, denotes the strength of coupling
of different volumes through a specific aperture (or aper-
tures), which is applied in statistical theory. The MCF
increases as the aperture sizes increase and it also takes the
absorption areas of the individual volumes into account. A
high coupling factor indicates that the connected volumes
behave more like a single space than like an acoustically
fragmented complex. The MCF is utilized in an earlier study
of Hagia Sophia and of another monument (Su Giil et al.,
2019) to compare single versus multi-domain DEM solu-
tions, and to determine in which conditions the domains
should be considered as separate volumes and should be
attained by their specific diffusion coefficients.

As shown in Table VI, MCFs are ascertained for
domains of Hagia Sophia—including DO, D1, D2, D3, D4,
and D5—which are considered to be coupled to the main
(whole) volume. In most cases, the different domains are
connected by multiple arches, so the total area of these aper-
tures (arches) is used in the estimation of MCFs. In Table
VI, the results are presented for different material states
(marble floor versus carpeted floor) and different octaves
(1 kHz and 250 Hz). It is observed that the MCF decreases
as the absorption area increases (carpeted floor at 1 kHz ver-
sus marble floor at 1 kHz and 250 Hz). The lowest MCF val-
ues are observed in the domain D5, the outer narthex, which
is the domain farthest from the sound sources and the apse,
and for the carpeted floor state of the building. At the same

TABLE VI. MCF for couplings of different domains (D) to the main volume
based on the total coupling aperture areas (total area of arches) and the
absorption areas of individual domains (D) at 1kHz and 250 Hz for the
museum state (marble floor) and 1 kHz for the mosque state (carpeted floor).

# Domain- main Marble floor: Marble floor: Carpet floor:
volume 1 kHz 250Hz 1 kHz
DO-D 0.51 0.56 0.39
D1-D 0.20 0.23 0.14
D2-D 0.17 0.19 0.12
D3-D 0.25 0.29 0.18
D4-D 0.20 0.23 0.14
D5-D 0.13 0.15 0.08
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time, the mosque scenario with a carpeted floor has already
been shown to produce shallower energy flow dips and more
single-slope cases, while all D5 receiver positions show
single-slope patterns only as well. So, the lowest coupling
factor does not always indicate the greatest potential for
non-exponential energy decay formation as might be
expected in a simple two room-coupled scenario.

To sum up, in the light of the source and receiver posi-
tion configurations that yield double-slope patterns given in
Fig. 6, it is clear that the coupling factor alone does not deter-
mine the occurrence of multi-slope patterns in structures like
Hagia Sophia that have many numbers of domains/volumes
coupled to each other. In fact, the distance between the
source and the receiver is found to be of greater significance.
According to the simulations, the potential for sound energy
flow dips supported by double-slope sound energy decays
exists only within a maximum horizontal distance of around
45 m (for the side aisle), and a maximum vertical distance of
around 40 m (for the central domain), of the sound sources,
where the plan of Hagia Sophia has a longitudinal axis of
97 m and the dome reaches to a height of 56 m. Beyond the
zones mentioned, the reverberant sound follows an exponen-
tial decay (single slope) out of Ray-t data and the sound
energy flow decays obtained from the DEM simulations are
smooth (convex) and indicate no particular dips.

V. CONCLUSION

In this study, Hagia Sophia, one of the world’s most signif-
icant architectural inheritances, is thoroughly investigated in
order to understand the acoustics of its multiple connected
spaces. The objective is not only to determine the sound energy
decays or sound energy flow decays that occur in the different
states of use of the building, but also to utilize its rich architec-
tural scheme to provide a systematic perspective on the study
of room acoustics coupling. To this end, 980 receiver positions
are distributed inside the whole volume, and simulations are
run for two different source positions. The models are initially
tuned using data from in situ tests previously conducted for a
limited number of positions. The diffusion model is utilized to
gather energy flow decays and to observe energy flow dips.
Later, the findings are supported by Ray-t simulations, the
impulse responses of which are analyzed within a Bayesian
framework to estimate the energy decay parameters.

Among the many outputs, it should be pointed out that
Hagia Sophia is a system of coupled volumes in which the
acoustic conditions vary significantly with the positions of the
sources and receivers, just as they do in some other sacred
spaces that incorporate such coupled systems (Martellotta
et al., 2018). Sound energy flow dips occur in particular zones
within a certain distance of the sound sources. This distance
can be as far as 45 m and four sub-domains apart (for the side
aisle) on the horizontal plane and 42m in a vertical direction
for the largest sub-domain, which is under the central dome.
Receiver positions in the locations farthest from the sound
sources, including the balcony levels, the inner and outer nar-
thex, and the farther side of the space below the central dome
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towards the narthex, generally yield no flow dips and show a
perfectly single slope when the data is analyzed through Ray-t
and Bayesian analysis. This indicates a convergence of the
early decay towards the late decay (s) as the distance from
source to receiver increases, which is also observed in other
worship buildings (Cirillo and Martellotta, 2005).

To check the variations in the coupling quantifiers
obtained by different simulation techniques, the flow decay dip
times and flow dip levels obtained using DEM are compared
to the turning point times, DR and AL, from the Ray-t results.
In almost all of the cases where the sound energy flow decay is
convex and no dip is observed using DEM, the Ray-t data also
indicate a single-slope sound energy decay. In the cases where
multi-slope decays are observed, consistent shifts are detected
in the flow dip times and turning point times. Moreover, the
magnitudes of AL (obtained by Ray-t) for different source-
receiver configurations show a similar pattern to the magni-
tudes of the sound energy flow dip levels (obtained using
DEM) for the same configurations. Thus, the DEM and Ray-t
methods provide a consistent overall assessment of the acoustic
coupling among the various domains of the interior volume of
Hagia Sophia. Meanwhile, the level and sharpness of the
energy flow dips observed are shown to be a significant indica-
tor of the strength of the room acoustics couplings at a particu-
lar position. Overall, the dips are stronger for the receiver
positions close to S2, a source which is located in a compara-
tively small sub-domain (with lower reverberation), as in a typ-
ical coupled-room scenario. Unlike in some simple two-room
coupled spaces (Jing and Xiang, 2008b), there are no particular
changes in energy decay patterns at the apertures within Hagia
Sophia’s fragmented interior, which has multiple apertures in
the form of arches. This may be due to the size of the arches:
the minimum width of the arches connecting the side aisles to
the main volume is 3 m, and the minimum surface area of the
aperture is 42 m>. However, some receiver positions without a
direct sight-line to the sound source (i.e., in the shadow zone),
but which still fall into the zone within a critical distance of the
sound sources in which multi-slope decay patterns occur, gen-
erate the deepest and most distinctive energy flow dips. The
critical distance may vary in different structures according to
their sizes, material distributions, and volumetric configuration;
however, it may be stated that the for receiver positions that
are located three sub-domains farther away from the source
position, the potential of multi-slope energy decay formation
drops substantially. This applies for both horizontal and verti-
cal adjacencies. On the other hand, it is recommended to locate
at least one source in a central axis of a symmetric structure
and one other at an off-axis position. Additional source posi-
tions, located at smaller domains and close-by receivers within
the same domain, will increase the possible number and level
of multi-slope sound energy decays.

The study also investigates the effects of variations in
frequency and changes in materials and sound absorption.
For single-slope cases, reverberation times for the entire
volume are longer at 250 Hz than at 1kHz. In cases with
energy flow dips, a similar pattern is observed, and the dips
are shifted later in time at 250 Hz. The effect of the use of
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carpeting when the building is used as a mosque—which repre-
sents its most recent state—is tested for 1 kHz. In carpeted con-
ditions, the flow dips occur earlier and are shallower in some
cases, which means that the turning point also occurs at an ear-
lier instant. This implies a weaker degree of coupling, as also
previously discussed by Luizard et al. (2014) with reference to
the sound energy decays. In general, indeed, the incidence of
single-slope cases increases under carpeted conditions. This
means that the introduction of carpeting in the architectural
scheme of Hagia Sophia may reduce the potential for multi-
slope formation. Meanwhile, when the 730 values of the
single-slope cases are estimated through the Ray-t models for
different octave bands and for the mosque state, a substantial
increase in the bass ratio is observed by comparison with the
previous church and museum states, indicating an augmenta-
tion in the male voice and increase of warmth of the sound.

To sum up, this study has provided a methodology for
investigating room acoustic couplings which involves the
examination of sound energy flow dips using DEM followed by
Bayesian analysis of Ray-t data. This methodology can be
applied to other researches on coupled spaces, in which in situ
or scale-model tests may not always be practical or possible.
The techniques used in this study also exhibit some shortfalls.
For instance, in the field tests at few source-receiver position
configurations and specific octave bands triple-slope decay pat-
terns are identified, whereas neither of the simulation techni-
ques has detected such a formation. This could be caused by
the early reflection pattern, due to the existence of nearby surfa-
ces that might be missed in the models, or it may be attributable
to some repetitive, late-arriving reflections (i.e., flutter echo)
from focusing geometries. Such effects might be better under-
stood by means of directional intensity measurements, which
have been used in other studies (Martellotta er al., 2018). This
may be considered as a topic for future research. Finally, it
should be noted that the degree of coupling and the parameters
obtained both from DEM and through Bayesian analysis of
Ray-t data, as well as the comparisons between them, are
through objective parameters. The degree to which multi-slope
sound energy decays are perceived and the preferences of users
regarding different and varying activity patterns in such sacred
spaces is a noteworthy research question for another future
study with a focus on subjective testing and analysis.
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APPENDIX

In this appendix, the individual domain numbers and
receiver positions are coded. D (0 to 9) — (a to d) indicate
the main domain numbers, and L1-L12 refer to different
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TABLE VII. Coding of receiver positions. S1, double slope; S2, double slope; S1&S2, double slope; S1&S2 single slope.
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elevations (L1=1.20 m above ground; L2 =4.20 m above
ground, and so on). The double slope indicating receiver
positions for S1 only (boldface fonts), for S2 only (italic
fonts) and for both source positions (boldface-italic fonts)
are highlighted.
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