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This work investigates the sound energy decays and flows in the Siileymaniye Mosque in Istanbul.
This is a single-space superstructure having multiple domes. The study searches for the non-
exponential sound energy decay characteristics. The effect of different material surfaces and volu-
metric contributions are investigated using acoustic simulations and in situ acoustical measurements.
Sound energy decay rates are estimated by Bayesian decay analysis. The measured data reveal dou-
ble- or triple-slope energy decay profiles within the superstructure. To shed light on the mechanism
of energy exchanges resulting in multi-slope decay, spatial sound energy distributions and energy
flow vectors are studied by diffusion equation model (DEM) simulations. The resulting sound
energy flow vector maps highlight the contribution of a sound-reflective central dome contrasted
with an absorptive carpeted floor in providing delayed energy feedback. In contrast, no multi-slope
energy decay pattern is observed in DEM simulations with a bare marble floor, which generates a
much more diffuse sound field than in the real situation with a carpeted floor. The results demon-
strate that energy fragmentation, in support of the non-exponential energy decay profile, is due to
both the sound absorption characteristics of materials and to their distributions, as well as to rela-

tions between the subvolumes of the mosque’s interior. © 2016 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4953691]
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I. INTRODUCTION

The present work investigates acoustic coupling in a
mosque having a multi-domed superstructure, which is capa-
ble of causing non-exponential decay of its sound field.
Research on mosque acoustics and room acoustics involving
coupling or coupled spaces are key topics involved in this
study. The literature on mosque acoustics falls into three
main categories. The first category comprises assessments of
single mosques,'> comparisons between different mosques,’
and comparisons of mosques to churches.*” The second cate-
gory concerns the renovation of existing mosques®™® and the
acoustic design of the new generation of mosques.” These
studies discuss the acoustic design process and solutions to
overcome acoustic defects. The third category includes inves-
tigations of real or virtual mosques'’ and review studies'’
that focus on acoustic design criteria for this specific type of
building.

By promising a compromise between the competing
acoustic conditions of reverberance and clarity, coupled
spaces have aided acousticians in the design of concert halls
and multi-purpose auditoriums.'? The acoustic consequence
of coupled spaces is a non-exponential decay of the sound
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energy. Theoretical studies of non-exponential sound energy
decay include statistical theory,'*'* statistical energy analy-
sis,lsf17 diffusion equation modeling,lg*20 wave theory,m’22
and geometrical acoustics.> > Different models have differ-
ing advantages and limitations. Selecting the model for any
situation is, therefore, a critical decision. Quantification of
the degree of acoustical coupling is a further challenging
task. Visual inspection, comparison of linear-fits of different
portions of logarithmic decay functions, and application of
ratio-based quantifiers without taking their absolute values
into account are scientifically ineffective,”®*’ especially
when the decay profile has more than two slopes. The present
study uses Bayesian probabilistic inference, which is an effi-
cient tool for estimating key characteristics of multiple slope
sound energy decays.27’28

The acoustics of coupled rooms have previously been
investigated in medium®” and large scale'®!” Christian wor-
ship spaces, but not in mosques with their distinctive design
features. One of the major differences between cathedrals (or
basilicas) and mosques is that the former have a basilican or
rectangular plan layout and the volume is divided into many
sub-spaces. The coupling of reverberant sub-spaces such as
side aisles and the main nave, by means of arched apertures,
is a reason for the non-exponential energy decay that is char-
acteristic of large cathedrals or basilicas. Mosques, in con-
trast, have a square plan layout, and the side aisles, which are
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limited in number, are separated from the main prayer zone
by large arches. Thus, mosques are more symmetrical than
basilicas and are composed of a single unfragmented volume.
Another difference between Christian worship spaces and
mosques is that the former have a stone cladded reflective
floor and mosques have a carpeted, more absorptive floor.

In this study, a historical worship space in Istanbul,
namely, the Silleymaniye Mosque, with its great size and
multi-domed design, is chosen as a case for non-exponential
sound decay investigations. Experimental data were col-
lected through field tests. The collected data are then investi-
gated for non-exponential decay characteristics using
Bayesian analysis. For a better understanding of the mecha-
nisms of non-exponential decay, diffusion equation model-
ing is applied for sound energy flow vector analysis.

Acoustic coupling has been studied and observed before
in coupled spaces and cathedrals/basilicas. The major differ-
ence between a typical coupled volume space and the
Siileymaniye Mosque is that the receiver in the present study
is not in the room with lower reverberation, in which the
energy subsequently reaches from the highly reverberant
main space. On the contrary, the receivers are in the middle
of the main space, or prayer zone, where all energy interac-
tions take place. The main difference between acoustical
coupling investigations in cathedrals and in the Stileymaniye
Mosque is that the fragmented spaces and totally reflective
basilican layouts of Christian worship spaces provide ideal
circumstances for non-exponential energy decay to be
observed, involving the coupling of side chambers to the
main space. The Silleymaniye Mosque, on the other hand,
has a dominant single space and a carpeted floor surface.

The literature shows that in single-volume spaces with a
non-homogenous material distribution, non-diffuse sound
fields may arise. The non-exponential energy decay observed
within such enclosures may be due to this non-diffuse sound
field.'*° Mosques are symmetrical single space enclosures
having a highly reflective upper-structure coupled to an
absorptive floor, and they might induce non-exponential
sound energy decay. This hypothesis should be validated; af-
ter that, the factors and mechanisms involved can be identi-
fied. Most previous work in room acoustics coupling
generates data from scale model tests or computer simula-
tions. The field is still improving and more experimental
data are needed from real architectural venues, as here.

This paper is structured as follows. Section II sets out
the major architectural features of the Siileymaniye Mosque.
Section III specifies the data collection methods and the anal-
ysis used, including field measurements, the diffusion equa-
tion model (DEM) in room acoustics, and Bayesian decay
analysis. In Sec. IV, the results are discussed. Section V con-
cludes the paper by emphasizing the major findings.

Il. THE SULEYMANIYE MOSQUE

The Suleymaniye Mosque and its complex was the larg-
est of the Ottoman building enterprises of its time and was
decreed by Siileyman the Magnificent and designed by Mimar
Sinan, the architect laureate of the Ottoman Empire. The
main construction took place during the years 1550-1557.
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The Silleymaniye Mosque is the centerpiece of the complex
(Fig. 1). The mosque is covered centrally by a single dome
that is supported on two sides by semidomes. Side aisles are
sheltered by five smaller domes, which complete the upper
structure.

The Stleymaniye Mosque has an approximate interior
volume of 100000 m>. The inner plan of the mosque is a rec-
tangle measuring ~63 m x 69 m. The main dome, of diame-
ter 26.20m, rests on four elephant feet. The height of the
dome from the ground to the keystone is 47.75 m. The mid-
dle and corner domes on the side aisles have a diameter of
9.90 m, and the others have a diameter of 7.20 m. Apart from
the elephant feet, there are eight columns carrying secondary
arches. The corner domes are supported by arches between
the elephant feet and exterior shell walls.>'*? Prominent ar-
chitectural features of the interior are historical columns,
marble panels, porphyry discs, great arches, the mihrab, min-
bar (pulpit), miiezzin’s mahfili, the royal box (sultan’s mah-
fili), stained glass windows, and inscriptions. Pendentives
are utilized to smooth the central dome, the secondary half
dome, and the arch connections. Mugarnases made of gyp-
sum are located in the skirting of the half dome and side-
dome arch transitions, which enhance sound diffusion in the
mainly concave transition planes (Fig. 1).

There is a richness of materials used in the Stileymaniye
Mosque. The interior walls are faced with stone revetments,
which were delivered from ruins of ancient cities all over the
world.**** The columns are made of Egyptian porphyry.
The mihrab and minbar are made of carved white marble
and have stained glass windows on the sides. The ceilings of
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FIG. 1. (Color online) Siileymaniye Mosque and the Complex, Istanbul,
1550-1557, largest of the Ottoman building enterprises of the time, de-
signer: Sinan the Architect; exterior view and interior views.
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FIG. 2. (Color online) Siileymaniye
Mosque field tests source (S) and re-
ceiver (R) locations; plan view (left),
section view (right).
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the minbar and the royal box, the domed superstructure, and
the pendentives are painted. Brick is used as the core mate-
rial of the domes because of its lightness. The painted brick
domes were then decorated with gold foiled pen paintings
(Fig. 1). In contrast to the lavishly painted domes and pen-
dentives in the lower zones, the stone revetments are rela-
tively bare. Limestone is the main structural stone, as well as
the facing stone, for interior walls and wall footings. Lime,
horasan, fine sand, gypsum, linen, and straw are the basic
ingredients of the original plaster layers and seams.** Wood
is used in the interior mostly for flat ceilings, doors, window
frames, and furniture. The floor of the mosque is covered
with a carpet.

lll. METHODOLOGY
A. Field measurements

Field tests of the Stileymaniye Mosque took place dur-
ing the night of 23-24 February 2013, within the empty
main prayer hall during the night when there was minimum
background noise (environmental, traffic, etc). To estimate
the basic parameters specifying the sound field, the room
impulse responses were collected. The equipment used was
in accordance with ISO 3382—1.*> A Briiel & Kjer (B&K,
Nerum, Denmark) (type 4292-L) standard dodecahedron
omni-directional sound source was used for acoustic excita-
tion with a B&K (type 2734-A) power amplifier. The room
impulse responses at various measurement points were cap-
tured by a B&K (Type 4190ZC-0032) microphone. The sam-
pling frequency of the recorded multi-spectrum impulse was
48 kHz. The height of the omni-directional sound source was
1.5m off the floor, and the microphone height was always
1.2m. The B&K DIRAC Room Acoustics Software type
7841 v.4.1 was used to generate differing noise signals.

When measuring a room impulse response, the measure-
ment quality is limited in part by background noise, which
can significantly influence all parameter values that can be
estimated from the impulse responses. The level of any reli-
able decay range is significant in multi-slope decay analysis.
In the Siileymaniye Mosque tests, the aim was to obtain a
signal that is at least 50 dB higher than the noise floor in the
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octave bands of interest (peak-to-noise ratio, PNR > 50 dB).
For the same reason, while acquiring signals with least dis-
tortion and highest PNR, an exponential-sweep source signal
was used for all the measurements. The duration of collec-
tion of the room impulse responses was 21.8 s, which is long
enough to avoid time aliasing.

The major source locations were in front of the mihrab
(S1) and at the miiezzin's mahfili (S3), both of which are tradi-
tional imam or miiezzin positions in a mosque (Figs. 2 and 3).
For the room acoustics coupling investigation, further source
locations were used, including underneath the main dome
(S4) and side corner domes (S2). Eight receiver locations
(R1-R8) were combined with four source locations (S1-S4),
giving rise to the measured source-receiver configurations as
shown in Figs. 2 and 3. For the differing microphone-source
configurations, with multiple times of recording for different
pre-average tests, a total of 83 impulse responses were
obtained.

-

FIG. 3. (Color online) Siileymaniye Mosque field measurement photo-
graphs, 23 February 2013.
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B. Diffusion equation model (DEM)

In this research, the DEM is applied in a real superstruc-
ture to study room acoustics coupling. This model is computa-
tionally efficient, and a useful tool in flow vector and spatial
energy density analysis inside the entire volume. The DEM
applies for enclosures with diffusely reflecting boundaries, in
which the rate of change involved in diffusion is slow.*® The
Stileymaniye Mosque has diffusely reflective walls and upper
shell structure, all these surfaces are assigned a sound absorp-
tion coefficient of 0.09 for octave frequency band of 1 kHz. A
low sound absorption coefficient (o1 i, 0.23) of the floor com-
prises a small fraction of the interior surfaces. This assignment
of low absorption coefficient to the carpeted floor through a
modified boundary condition [as discussed below in Eq. (6)] is
based on adjustment of overall reverberation times from the
DEM compared with the field measurement results. The modi-
fied boundary condition suits situations where a small portion
of surfaces is moderately absorptive or one boundary absorbs a
portion of the sound energy.’” With this modified boundary
condition, the DEM is applicable®® provided that the sound
absorption coefficient for the small surface involved is <0.3;
this criterion is satisfied by the carpet in the Siileymaniye
Mosque for 1kHz and below. This section of the paper now
outlines the interior and boundary equations involved; details
of the diffusion equation modeling are given elsewhere.?***

1. Interior diffusion equation

In the presence of an omni-directional sound source
within a room region or domain (V) with time-dependent
energy density ¢(r,t), sound energy density (w) at a position
(r) and time (¢) is defined as"

ow(r,t) )
o DV w(r,t) +cmw(r,t) = q(r,t), €V, (D)
where V2 is Laplace operator, D is the diffusion coefficient,
¢ is speed of sound, and m is the coefficient of air absorption.
The diffusion coefficient D in Eq. (2) takes into account the

room morphology via its mean free path (1)**>%*° given by
e 4
_e T @
3 3S

where 4 is the mean free path, V is the volume of the room,
and S is the total surface area of the room.

In fact, D may not be always assigned to a “constant” in
certain situations, such as in long or elongated rooms, and
may be a “variable” depending on room dimensions and the
source-receiver positions.*' The Siileymaniye Mosque has an
almost square plan layout and a cubical three-dimensional
geometry. Due to its proportionate dimensions, the mean-
free-path is considered as being independent on spatial loca-
tion and D is therefore taken as a constant.

In Eq. (1) the source term ¢(r,f) is zero for any subdo-
main in which no source is present. In a time-dependent
solution, a point source with an arbitrary acoustic power
of P(¢f) can be modeled as an impulsive sound source as
follows:
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q(rs,t) = Ego(r — ry)o(t — to), 3)
where ¢ is the Dirac-delta function, r; denotes the position of
the source. E|, is the energy produced by the source at source
location r, and at time #,. For practical purposes, a source
emitting a constant power P in a short time interval Az can
be considered. Thus, E, can be approximated by E, ~ PAr.%¢

2. Boundary conditions

The boundary condition that takes into account the
energy exchanges on enclosing surfaces is”’

J(rit)-n=—=DVw(r,t) -n=Axcw(r,t), onS, (4)
where J(r,t) is sound energy flux vector, c is the speed of
sound, and Ay is an exchange coefficient, a quantity that
involves differing absorption assignments at different surface
locations. In coupled spaces, distributed absorption is more
accurate than a mean absorption term in the diffusion equa-
tion.” The Siileymaniye Mosque is a single space structure
with a carpeted floor and a reflective upper shell. Thus, its
boundary condition corresponds best to the modified mixed
boundary model [Eq. (5)].>” This exchange coefficient can
be applied for modeling the local effects of the sound fields
having relatively higher absorption on specific surfaces

o
Ay =———. 5
X509 &)
The resulting system of boundary equation is
Oow(r,1) co
-D = t S. 6
On 2(2 — a)w(r, ), on ©®)

A three-dimensional model of the Stileymaniye Mosque
is generated from the most recent architectural survey draw-
ings obtained from the Turkish Republic Prime Ministry
Directorate General of Foundations Archive,3 2 which reflects
the present condition and is suitable for use in the DEM
(Fig. 4). The model is fine-tuned with field test results taking
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FIG. 4. (Color online) Siileymaniye Mosque solid mesh model; total of
124788 linear Lagrange-type mesh elements; mesh size; min: 1.12 m, max:
6.20 m; interior volume: ~129 000 m°.
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TABLE I. Siileymaniye Mosque multi-slope analysis results of sample field measurement data; number of decay/slope (S), decay rates (s) over frequency for
different source-receiver configurations, where T is the first decay rate, T, is the second decay rate, and 75 is the third decay rate.

Frequency (Hz)

Source receiver number 250 500 1000 2000 4000 8000
SiR4 Slope number 2 2 2 2 2 3
Decay rates Ty:11.5 T::5.8 T,:4.6 T,:3.9 T,:2.5 T,:1.0
T,:15.9 T5:9.1 T,:6.6 T,:6.3 T,:4.0 T,:1.8
S-R, Slope number 2 2 2 2 2 2
Decay rates Ty:11.5 T:6.2 T:5.7 T:4.1 T::2.6 T::1.6
75:16.0 T5:10.0 T5:7.9 T5:6.7 T5:4.1 T5:2.2
S3R, Slope number 3 2 2 2 2 2
Decay rates T,:8.9 T,:6.2 T,:5.4 T,:3.9 T,:2.5 T,:1.3
T>:13.5 T,:9.4 T,:8.0 T,:6.1 T,:4.0 T,:2.0
T3:17.1

the reverberation time (730) into account. Although informa-
tion on the random-incident sound absorption coefficient for
generic materials such as stone, glass, or wood can be found
in the literature, the original lime-based plaster finishes in the
Siileymaniye Mosque may not match today’s cement-based
plasters in their acoustic properties, whereas the sound
absorption coefficients of marble and the carpet used (of
which samples are available) are approximately estimated. In
the tuning process, the absorption coefficients assigned to the
plasters are adjusted until decay times in simulations match
those obtained in field tests.

Next, using a finite element solver, Egs. (1), (3), and (6)
are solved for a total of 124 788 linear Lagrange-type mesh
elements, which fulfill the meshing conditions solely governed
through the mean-free path of the room,*® being 18.26 m, and
accordingly the mean free time (MFT) of the room is 53 ms
[Eq. (2)]. In time-dependent solutions, the resulting values of
w(r,t) are used for the spatial sound energy density distribution
and sound energy flow vector analysis. According to Fick’s
law, the gradient of the sound energy density w(r,t) at position
r and time ¢ in the room under investigation is proportional to
the sound-energy flow vector J. In this study, the local sound
energy-density flux J(r,f) is taken as the gradient of the sound
energy density apart from a negative sign as’®

J(r,t) = =DVw(r,1). (7

TABLE II. Decay parameters (decay levels and decay times) for impulse
responses collected at SR, filtered for 500 Hz and collected at S3R filtered
for 250Hz in field tests, where T is the first decay rate, 7, is the second
decay rate, T5 is the third decay rate, Ay is the noise term, A; is the first
decay level, A, is the second decay level, and A; is the third decay level.

Decay parameters S1R4 500 Hz, field S3R5 250 Hz, field

Ap (dB) -85 —86

A, (dB) —6 -8

T, (s) 5.8 8.9

A3 (dB) -15 -9

T (s) 9.1 13.5

A3 (dB) — —15

T (s) — 17.1

BIC (db) 53683 (2 slopes) 68 744 (3 slopes)
BIC (db) 42126 (1 slope) 42126 (2 slopes)
BIC,,, BIC3,, (db) 11557 26617
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C. Bayesian decay analysis

Sound energy decay analysis of measured room impulse
responses is performed in this study via Bayesian probabilis-
tic inference. Bayesian probability theory is a quantitative
theory of inference that includes valid rules of statistics for
relating and manipulating probabilities. It permits the incor-
poration of all the available information concerning the
parameters of interest.** A Bayesian model-based decay
analysis,”’ relying on the model approximation of real data
based on Schroeder integration,*’ is used in the estimation of
multi-rate decay functions. This allows estimation of the
number of decay rates without requiring an initial guess of
the number of slopes inherent in the decay data, generated by
a high level probabilistic inference, model-selection method.
Bayesian parameter estimation®’* is used to analyze the
decay parameters of the decay profile for the selected model.

The Bayesian model analysis is based on the Schroeder
decay model, which is a generalized linear model consisting
of linear combinations of a number of nonlinear or exponen-
tial terms. Schroeder decay functions are obtained through
Schroeder backward integration. A generalized linear para-
metric model (Hg) with S exponential decay terms describing

the Schroeder decay function is”’
= Data Schroeder curve
N.s
k = =Bayesian model curve
_10; - = - 1st decay slope 1
. X —--—2nd decay slope
% -20f RS N 3rd decay slope 1
~ .
§ . — — Noise term
9 -30p N ® @ Turning points -
S LN
@® .
O .
(0] iy
0 -40f * 1
50} ]
-60 i
2 4 6 8 10 2 14 16
Time (sec)

FIG. 5. (Color online) Schroeder curve and the model curve derived from
impulse responses collected at S;R filtered for 250 Hz in field tests. Three
decomposed decay slope lines and two turning points are shown.
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TABLE III. Comparison of decay parameters (decay levels and decay times)
for impulse responses collected at S|Ry filtered for 1000 Hz out of field tests,
DEM simulations for current state with carpeted floor, and DEM simulations
for marbled floor, where T is the first decay rate, T, is the third decay rate,
Ay is the noise term, A; is the first decay level, and A, is the second decay
level.

Decay parameters Field DEM carpet floor DEM marble floor
Ap (dB) —84 —-90 —83

A; (dB) -7 -8 -6

T, (s) 4.6 4.9 8.0

Ay (dB) -9 -9 _

T (s) 6.6 6.2 —

BIC (db) 62112 (2 slopes) 1598 (2 slopes) —

BIC (db) 27195 (1 slope) 1376 (1 slope) 2141 (1 slope)
BIC,; (db) 34917 221 -

Hg(A, T, t;) = Ao(tx — 1;)

S
4 ZAj(eflfﬁ.&t,-/Tf _ 671348.11(/7‘,'), (8)
j=1

where index 0 </ <K — 1. The decay parameters A;: A;, A,
Aj, ... are the linear amplitude parameters and are related to

0 T T T T T T =
(a)
o = Data Schroeder curve
-10 ™ — =Bayesian model curve | |
- = = 1st decay slope

— —-—2nd decay slope

m 20} ) ] _

3 i — — Noise term

° R @ Turning point

9 -30f : 1

>

@

O

o}

0 -40f 1
s  TnTe=- _
_60 L I

0 1 2 3 4 5 6 7
Time (sec)
0 T T T T T -

== Data Schroeder curve
= =Bayesian model curve | -
- - = 1st decay slope

—--—2nd decay slope

® Turning point

Decay level (dB)
&
o

Time (sec)
FIG. 6. (Color online) Field (a) versus DEM (b) results for S;R4; double-

slope model derived from the room impulse responses, band pass-filtered at
1 kHz. Two decomposed decay slope lines and one turning point are shown.
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the level of individual exponential decay terms when
expressed logarithmically. T; are the decay times associated
with the logarithmic decay slopes of individual exponential
decay terms with j=1,2, ..., S, where S is the number of ex-
ponential decay terms, also termed decay orders. Ay(tx — t;)
is a noise term and 7 is the upper limit of the Schroeder inte-
gration, where the subscript K is the total number of data
points,?” and #; with a lowercase subscript i represents the
discrete time variable.

To determine how many decay slopes are contained in the
energy decay data has always been a challenge. Straightforward
curve fitting inevitably leads to over-parameterized models,
because increased decay orders always improve curve fitting.
Xiang et al.?’ proposed instead to evaluate the Bayesian
evidence on the model-selection level, a procedure which
automatically encapsulates the principle of parsimony and
quantitatively implements Ockham’s razor principle. The
Bayesian implementation of Ockham’s razor prefers simpler
models and penalizes over-fitting. In the energy decay analy-
sis, among a set of decay models, the model yielding the
largest Bayesian information criterion (BIC) or approxi-
mated evidence is considered to be the most concise model
providing the best fit to the decay function data while captur-
ing the important exponentially decaying features contained
in the data.”’”

IV. RESULTS AND DISCUSSION
A. Bayesian decay analysis of experimental data

In this section, decay parameter estimations are per-
formed and discussed for room impulse responses obtained in
the field tests. Typical results for the field measurements are
given in Table I, including decay times and the number of ex-
ponential decay terms estimated by the Bayesian analysis for
different source-receiver configurations. The BIC values are
compared for double- and triple-slope cases. A higher BIC
value is associated with a specific number of slopes indicating
the most likely number of decay terms (Table II). Ockham’s
razor prefers the simpler model, so that, for comparatively
close BIC values, or in quantitative terms when one BIC after
conversion to decibans (db)46 is not at least 10 db greater
than the other, then the decay rate with the simpler model is
selected.

Double slopes are predominant in overall measurement
locations, and triple slopes are rarely observed. Table II
presents a complete list of decay parameter values of one
double-slope and one triple-slope decay cases. These include
room impulse responses collected in field tests at S;Ry
(where S, stands for source and R, stands for receiver num-
ber), filtered for 500 Hz, and at S;R -, filtered for 250 Hz. The
Schroeder decay curve derived from the room impulse
response at S;R5 filtered for 250 Hz is shown in Fig. 5 with
decomposed decay slopes and turning points indicated on
the graph.

Data collected at S{R, indicate double slopes for all ana-
lyzed octave bands between 250Hz and 8kHz (Table I),
which is the typical pattern in the overall field test results. In
data collected at S{R4 and filtered for 250 Hz, the decay lev-
els are well separated and decay times differ clearly from
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each other (Table II). The BIC value of the double-slope
model for S;R4 is much higher than for the single-slope
case. For field data collected at S;R~ and filtered for 250 Hz,
the decay times are well separated and the BIC of the triple-
slope model is 26 617 db higher than that of a double-slope
model (Table II). Thus, this data can be confidently taken as
indicating a triple-slope (Fig. 5).

Studies of decay parameters in the Siileymaniye
Mosque based on experimental data indicate multi-slope
decay characteristics within this superstructure. This result
confirms that even single-space venues having specific geo-
metric attributes and material distributions can create non-
diffuse sound fields leading to a convex-curved curvature in
sound energy decay. 14.30
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140
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FIG. 7. (Color online) Spatial sound
135 energy level (dB) distribution, time:

0.1's, 1kHz; volume and slice plots of
Siileymaniye Mosque DEM solution

1130 (a) axonometric view; (b) section par-
allel to the mihrab wall, central axis;
(c) plan view; (d) section through the
125 mihrab wall, central axis.
120

B. Simulated versus field-measured data

The DEM is used to confirm the non-exponential energy
decay patterns observed in the field tests. The DEM is also
used to investigate the influence of interior material configu-
rations in generating non-diffuse sound fields. To experiment
with the effects of material type, the Siileymaniye Mosque’s
carpeted floor was replaced with a marbled floor in DEM
simulation.

Sound energy impulse responses are calculated for some
critical receiver locations in the DEM solution and compared
to the field test results for the same locations. As an example,
T, (the first decay time) and T, (the second decay time)
obtained at S{R, filtered for 1kHz in field tests is compared

118
(dB)

117.5

FIG. 8. (Color online) Spatial sound
energy level (dB) distribution, time:
117 2s, 1kHz; volume and slice plots of
Stileymaniye Mosque DEM solution

(a) axonometric view; (b) section par-
116.5 allel to the mihrab wall, central axis;
(c) plan view; (d) section through the
mihrab wall, central axis.
116
. 1115.5
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FIG. 9. (Color online) Two-dimensional mapping of sound-energy flow vectors (arrow surface plots) for 250 Hz. (a) Time: 0.1 s, (b) time: 0.2, (c) time: 0.3 s,
(d) time: 0.4, (e) time: 0.5s, (f) time: 0.6s, (g) time: 0.7 s, (h) time: 0.8 s, Stileymaniye Mosque present condition.

to Ty and T, of the impulse response obtained via the DEM
solution for S;R, filtered for 1 kHz. The results for 77 and T,
both agree well with the observed and DEM-solved impulse
responses (see Table III and Fig. 6). In fact, the decay rate
(or the slope) for the first decay time (7)) need not coincide
with 730. This depends on where the early decay is crossed/
overlapped with later decay(s).

An important finding for this specific position (S;Ry) is
that neither the field nor the DEM data are single-slope

J. Acoust. Soc. Am. 140 (1), July 2016

cases; rather they comprise double-slope characteristics. In
Fig. 6, the curve difference in the later decay shapes is a
result of the noise term (background noise) that is present in
the field tests, whereas in the DEM simulated data there is
no noise to interfere with the impulse response. Figure 6
indicates that the field and DEM results both support the
double-slope form within the superstructure for that particu-
lar receiver-source configuration, for the present state of the
mosque with carpet floor finish.
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Table III also lists the DEM solution results at position
SR, filtered for 1kHz when the floor material is changed
from carpet to marble. For this specific source-receiver config-
uration, the Siileymaniye Mosque with carpet floor gives rise
to double-slope decays, whereas a marble floor for position
SR, filtered for 1kHz results in a single-slope sound energy
decay. Section IV C discusses this finding in detail.

C. Spatial sound energy distribution and flow pattern

To shed light on the physics of multi-slope decay in this
structure, the interior sound field is visualized via the spatial
sound energy distribution and energy flow analysis. This sec-
tion discusses the results obtained.

For a sound source located centrally in front of the mih-
rab wall, Fig. 7 illustrates the sound energy density distribu-
tions for 1kHz and for the time 0.1 s—right after the
termination of the sound source. Around this time, the sound
energy density is concentrated at the front part of the mihrab
wall, where the point source is simulated. The energy begins
to flow from the mihrab wall toward the back of the prayer
hall. The sound energy density is higher closer to the floor
(receiver/prayer heights) beneath the central dome than at

(a) (b)
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FIG. 10. (Color online) Conceptual
plan (a) and section (b) views of energy
zones in the Siileymaniye Mosque. The
energy concentration zone is the vol-
ume at the upper half of the mosque
sheltered by the central dome over pen-
dentives, which is in between four ele-
phant feet. The energy deficient zones
are the side aisles and the prayer area
over the floor surface.

prayer locations in front of the back wall, and is least under-
neath the back wall corner domes and upper back half of the
central dome (Fig. 7). Figure 8 shows the sound energy den-
sity distributions at time 2s (£100ms) for 1kHz. The high
energy concentration at the upper central dome, and compa-
ratively energy deficient zones by side aisles and floor surfa-
ces, are clearly observed in the spatial sound energy
distribution plots in Fig. 8.

The main reason of providing spatial sound energy dis-
tribution plots is to better visualize the sound energy flows.
Rather than the sound energy level differences (or absolute
difference between the maximum and the minimum in dB),
the pattern of energy flows within the volume is sought.
Regardless of the magnitude of this absolute difference in
sound energy levels, the energy would still drain from the
energy dense volume/zone to the scarce zone. The accumu-
lation of energy in the upper section of the mosque contrib-
utes to the overlapping of early and late energy decays,
particularly in areas closer to the floor.

Following the spatial energy distributions, energy flows
are investigated by a flow vector analysis based on the DEM
solution from which the energy flow vectors are derived by
Fick’s law [Eq. (7)]. The energy flow vectors derived from

124

(dB)

123.8

123.6
FIG. 11. (Color online) Spatial sound

123.4 energy level (dB) distribution, marble

’ floor scenario for 1kHz, time: 2s. (a)

Axonometric view; (b) section parallel

123.2 to the mihrab wall, central axis; (c)
plan view; (d) section through the mih-

123 rab wall, central axis.

122.8

122.6
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FIG. 12. (Color online) Siileymaniye Mosque two-dimensional mapping of sound-energy flow vectors, marble floor scenario for 1kHz. (a) time: 0.1s, (b)
time: 0.2s, (c) time: 0.3 s, (d) time: 0.4 s, (e) time: 0.5 s, (f) time: 0.6, (g) time: 0.7 s, (h) time: 0.8 s.

the DEM solution facilitate investigations of the energy fluxes
and their flow direction reversal. Previous work'® using DEM
simulations verified that the energy flow-direction changes
occur at the turning points of multi-sloped sound-energy
decays estimated via Bayesian analysis. The directional char-
acteristics of flow vectors in a time-dependent solution can
serve as an indicator of multi-slope sound energy decay.

J. Acoust. Soc. Am. 140 (1), July 2016

For the time-dependent solution at 250 Hz, Fig. 9 shows
vector surface plots of the Siileymaniye Mosque DEM solu-
tion, for the section crossing the center of the mihrab wall.
The time interval between 0.1s and 0.8 s is shown, with a
time step of 0.1 s. After 1s, the flow vector directions do not
deviate very much. With a focal point at the center of the
main dome, the sound energy keeps flowing toward the rest
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of the mosque’s prayer zones. Absorption by the floor
attenuates the sound in regions closer to the floor, so that the
energy density in that area is lower than in the upper portion.
In contrast, with its reflective surfaces and focusing geome-
try the energy accumulation center, the main dome, feeds
back sound energy to the floor area, serving as a reverberant
“coupled volume” within this single-space structure. The ar-
chitectural features of the mosque, specifically the reflective
central dome combined with a relatively absorptive pris-
matic base, create two geometric zones for sound diffusion/
propagation (Fig. 10). This is the main reason for the multi-
slope decay pattern observed in this structure.

The acoustic effect of floor absorption is better analyzed
in comparison with a reflective floor. The carpet floor finish
of the Siileymaniye Mosque is replaced with marble in DEM
and the model is re-solved with this change of material. For
lower octave bands, the difference between the sound
absorption performance of the carpet and the marble is
small. The difference is more obvious in higher octave
bands. For that reason, Figs. 11 and 12 illustrate 1kHz
solution for spatial sound energy distributions and flow
vectors.

Figure 11 illustrates the DEM solution of the spatial
sound energy distributions at time 2s for the marble floor.
The central zone under the main dome does not participate
in a significant breakup of the energy distribution on the mih-
rab wall axis. Figure 12 shows the flow vectors correspond-
ing to the DEM solution for times between 0.1s and 0.8s,
with a time step of 0.1s. At the end of this time interval the
energy is concentrated at the center of the whole structure,
with arrows directed from the central axis of the structure to
the boundaries of the mosque.

Figure 13 shows that the basic difference between the
carpeted floor and bare marble floor is the location of
the energy center. For the carpeted floor, the focal point is
the center of the main/central dome, whereas for the bare
marble floor the focus is not a point but an axis passing
from the center of the floor in plan to the midpoint of the
main dome. In the marbled floor scenario, the energy flows
from the central axis toward the side walls of the mosque.
This creates a highly symmetric and even distribution, or
flow of sound energy within the structure, and prevents
multi-slope decay.

This outcome follows not only from the spatial energy
distribution and energy flow vector analysis, but also from esti-
mates of the decay parameters, as set out in Table III. The
results highlight the significance of the relatively absorptive
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floor material in comparison to a reflective upper wall and ceil-
ing structure. This results in the uneven and non-diffuse distri-
bution of the sound field and, consequently, multi-slope
energy decay in a single space monumental structure. These
discussions all relate to the unoccupied space, to facilitate cor-
relation of DEM solutions with the experimentally measured
data. For the case when the floor of the mosque is fully occu-
pied, as in Friday’s sermon, the separation zones of the energy
fragmentation will be greater because sound absorption near
the floor will be increased. The multi-slope decay will there-
fore occur more often when the mosque is occupied.

V. CONCLUSIONS

A key concern of this study is to confirm that a multiple-
slope energy decay profile can occur in an oversize single
space structure having a particular geometry and distribution
of materials. In particular, a multi-domed structure, the
Stileymaniye Mosque, has been analyzed. The methodology
involves in situ acoustical measurements. The mechanism of
multi-slope decays is investigated by applying the diffusion
equation model (DEM) in a finite-element scheme. Spatial
sound energy distributions and energy flows are analyzed by
means of the DEM. Bayesian analysis is used to estimate the
multiple-slope decay parameters. The investigations of energy
decay in the Siileymaniye Mosque based on measured impulse
response data have confirmed that even a single space structure
with particular geometrical features and material configura-
tions can induce multi-slope sound energy decays.

Major outcomes of this study are as follows:

» Uneven distribution of sound absorption within the space,
even for a slight difference of absorption, has provided the
circumstances for non-exponential energy decay observa-
tion. Immense volume and large surface areas emphasize
the effect of minor differences of material characteristics.
The large size of the domical superstructure and its reflec-
tive interior surface, in comparison to relatively absorptive
prayer floor, support the late energy flow leading to non-
exponential energy decay.

The consequence of non-diffuse sound field is the multi-
slope decay pattern observed inside the Siileymaniye
Mosque, which is supported by both field tests and DEM
simulations.

In this study, supplemented by Bayesian analysis,
the diffusion equation modeling has revealed the mecha-

nism for the multi-slope decay pattern. The DEM

Si Gl et al.



application in this case study has proved to be a power-
ful method, particularly for in-depth sound energy flow
analysis. Such numerical methods, applied in parallel
with field measurements, can motivate and accelerate
future room acoustics analyses with possible non-
exponential decay profiles.
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