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Abstract

In this paper, a sound decay in two connected enclosed spaces was investigated. The research
concerned the low-frequency range, because in this situation the sound decay is predomi-
nantly non-exponential. Numerical simulations were performed for a system of two connected
rectangular subrooms. The larger subroom was highly reverberant, while the smaller sub-
room had walls that provided moderate sound damping. Simulation results showed that
after switching off the harmonic source, a non-exponential behavior of sound decay is usu-
ally observed. This is because many eigenmodes are involved in the sound decay, hence
this process strongly depends on both the source frequency and its position. Reverberant
properties of the system were also determined using energy decay curves calculated by the
reverse-time integration of squared room impulse response. Simulations showed that the
effect of the significant difference in sound absorption in subrooms is a wide range of modal
reverberation time values, i.e. it is large for eigenmodes localized in a highly reverberant
room and small for eigenmodes localized in a damped room. The analyzed room system
is therefore characterized by an interesting feature resulting from the localization of eigen-
modes. When the source is located in the larger subroom, slowly decaying modes localized in
this subroom dominate the sound decay process. However, when the source is located in the
smaller subroom, the sound decay in the larger subroom is much faster since non-localized

modes with a shorter modal reverberation time are excited within this subroom.

Key words: coupled spaces, sound decay, sound absorption, room impulse response, decay

times, localization of eigenmodes, modal reverberation time



1. Introduction

The phenomenon of sound decay inside enclosed spaces is of fundamental importance in
room acoustics, as predicted decay times are the main quantities utilized to assess the room
acoustic quality. Accurate determination of decay times is essential when evaluating the
acoustics of concert halls (ERMANN, JOHNSON, 2005; BRADLEY, WANG, 2007; LUIZARD
et al., 2015), irregularly shaped spaces such as churches (MARTELLOTTA, 2016; GIRON, et
al., 2017; SU GUL, 2021), and architectural structures in the form of connected enclosed
spaces, also referred to as coupled spaces (JASA, XIANG, 2009; LuizarD, Katz, 2014a;
Das, ABEL, 2021). A special feature of coupled spaces is the possibility of achieving non-
exponential sound decays (BRADLEY, WANG, 2009; XIANG et al., 2011). This attribute
is exploit in concert halls to obtain the double slope sound decay, characterized by a fast
initial and a slow late decay, which listeners perceive as a beneficial balance between the

reverberance and the sound clarity (BRADLEY, WANG, 2010).

A number of theoretical approaches and numerical implementations have been developed
to investigate acoustical properties of coupled spaces. They utilize statistical-acoustic mod-
els, the diffusion-equation model, geometric methods, the improved Fourier series method
and the modal analysis also known as the modal expansion method. Statistical-acoustic mod-
els (SUMMERS et al., 2004; SUMMERS, 2012) are based on the diffuse sound field assumption,
according to which sound energy is homogeneous in acoustic field and moves in all directions
with the same probability. These hypotheses are roughly correct for sound frequencies above
the Schroeder frequency (SCHROEDER, 1996). The diffusion-equation model (XIANG et al.,
2009; LUIZARD et al., 2014; SU GUL et al., 2019) is an extension of the statistical theory to
spatially changing reverberant sound fields and uses the analogy of the sound energy density
with a density of "sound particles” travelling along straight lines. Geometrical methods are
applicable at high sound frequencies, and most of the existing geometrical room acoustic
modeling techniques are based on ray-tracing and beam tracking algorithms (N1JS et al.,
2002; SUMMERS et al., 2005). However, these methods do not allow all relevant propagation
paths involving edge diffraction to be found. Therefore, the calculation results obtained
by these methods may be inaccurate in the case of coupled spaces and irregularly shaped

enclosures. The improved Fourier series method is used in studies of structural vibrations



and vibro-acoustic couplings, and has been successfully applied to the study of acoustics of
two coupled spaces with a coupling opening of variable size (SHI et al., 2005).

Wave phenomena in the sound field, such as diffraction and wave interferences, are fully
described by modal analysis, but this method is more difficult to apply to enclosed spaces
with irregular shapes. In this method, the response of an enclosure to sound excitation
can be described by the modal expansion of the sound pressure and the decay coefficient
associated with each acoustic mode (MEISSNER, 2010; DANCE, VAN BUUREN, 2013). Modal
analysis has proven to be particularly useful for systems of coupled spaces, as it enables the
identification of phenomena such as the localization of eigenmodes (MEISSNER, 2009), the
formation of acoustic energy vortices in the active sound intensity vector field (MEISSNER,
2012), and the occurrence of large dips in the spatial distribution of the sound pressure level
under steady-state conditions (MEISSNER, WISNIEWSKI, 2019).

The objective of this paper is to examine the sound decay process in the system of
two connected enclosed spaces with different sound absorption on boundary surfaces. The
research focuses on the low-frequency range, since in this case a non-exponential nature of
sound decay is usually observed. The theoretical model uses the modal expansion method, in
which the reverberant sound pressure is decomposed into a series of eigenmodes with specific
eigenfrequencies. The study takes into account two types of system responses. In the first
case, a steady-state sound field is produced by a harmonic point source, and the sound decay
process begins immediately after the source is switched off. In the second case, the system
response is initiated by the point source emitting Dirac delta time impulse, and decay times
are determined from a slope of energy decay curve calculated by the reverse-time integration
of squared room impulse response. Numerical simulations were performed for a system of
two connected rectangular rooms, where the larger room was highly reverberant and walls

of the smaller room provided moderate sound damping.
2. Theoretical analysis
2.1. Problem definition

The object of theoretical analysis is a system of two enclosed spaces €27 and €2, connected

by a transparent opening (Fig. 1). The spaces are filled with air, hence the product pc



represents the impedance of air, where p is the air density and c is the sound speed. The
sound pressure p(r,t) in the system is generated by the volume sound source ¢(r’ t), where

r = (x,y, z) is a position of a field point and r' = (2/,¢/, z’) is a position of a source point.

Figure 1: Analyzed system consisting of two enclosed spaces €2; and {25 connected by a

transparent opening denoted by dashed line.

In general case, the time dependence of source function ¢(r,¢) can be arbitrary, therefore
the presented theory allows to determine the interior sound field in both the steady-state and
reverberant conditions. A boundary surface of the system is marked by I' and it is divided in
two parts I'y and I's representing boundary surfaces of the spaces {2; and €),. It is assumed
that the surfaces I'; and T'y are characterized by different sound absorption, therefore the

sound pressure on these surfaces satisfies the following boundary conditions

1 Op

eli: Vpn=-—— 0,
’ Oy AT

i=12, (1)

where V is the gradient operator, the dot is a scalar product, n is the outward normal
vector, and Z; = |Zi|ej¢i is the impedance on the surface I'; normalized by the impedance of
air. Due to random directions of incident sound waves, damping properties of the surface I';
are determined by the random-incident absorption coefficient «; given by (PARIs, 1928)
cos(; cos(2¢; Z;| sin(¢;
o= SE 121+ G ot | = et
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Since it was assumed that the system is characterized by different sound absorption on the

boundary surfaces I'; and I's, from theoretical and practical points of view, the case when the



absorption coefficients «; and ap differ significantly deserves careful analysis. The research
focuses on the low-frequency range, since in this case the sound decay strongly depends on
the excitation frequency. At low frequencies, typical absorptive materials provide a small

sound damping, so the system under consideration can be treated as lightly damped.

2.2. Low-frequency sound decay

At low frequencies, a physically correct description and interpretation of acoustics in
enclosed spaces requires a use of wave-based methods. This is particularly necessary when
simulating sound decay in enclosures with irregular shapes and systems of coupled rooms,
because in such cases the theoretical model should take sound diffraction into account. In
room acoustics, the most convenient way to describe a low-frequency sound field is to use
the room impulse response (RIR). This is because a knowledge of the RIR function h(r’ r,t),
which describes the pressure response at the receiving point r = (x,y, z) to the time impulse
generated at the source point r' = (2,9, 2’), makes it possible to determine the response of
a room to any sound excitation. When the spatial and temporal properties of the source
function ¢(r,t) are known, the pressure response to this excitation can be determined using

the convolution integral in the time domain (DAMELIN, MILLER, 2012)

p(r,t) = /( t) * h(r’r t) d3’—// v, 7)h(r,r, t — 7)d’r'dr, (3)

—oo V.

where V' is the volume of a room system, the asterisk denotes a convolution operation and
d3r’ = da’dy’ d2’ is the volume element. A method for finding the RIR function was presented

by MEISSNER and WISNIEWSKI (2020) and the result obtained is as follows

W t) = & i e~émtgin wm¢) m(r’)q)m(r)7 )
m=1 m

where m is a mode number, ®,, are eigenfunctions, which fulfill the orthonormal property

in the volume V', the damping coefficients &, are computed from the equation
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where r, is the coordinate of the position on boundary surfaces I'y and I'y, j = (—1)1/ 2 is the




imaginary unit, 1, are complex frequencies determined from the formula

, U + /a2, + 02, . [ —am + a2, + b2,

(6)

where a,, = w2, — 12, + @2, by = —2rmpm, and w,, are eigenfrequencies, which are related

to the corresponding eigenfunctions ®,, through the equations

AD,, + (w—m>2<1>m — 0, (7)

c
where A = V-V is the Laplace operator.

Two methods are mainly used to describe the process of sound decay inside room sys-
tems. In the first method, the sound decay process is analyzed in the case of switching off
the harmonic point source that created the steady-state sound field inside a room system.

Therefore, in this case, the source function in Eq. (3) assumes the form

q(r,7) = Q(r' —ro)e”, (8)

where Q = (8mpcW)Y2, W is the source power (KINSLER et al., 2000), w is the source
angular frequency and ro = (2o, Yo, 20) determines the source position. From a theoretical
point of view, the steady-state sound field is achieved when the time interval between the
present time 7 and the moment of activation of the source is infinitely long. Therefore,
in Eq. (3), it should be assumed that the source was turned on at the moment 7 = —oc.
Furthermore, to simplify the analysis, it is assumed that the source is stopped at the moment
7 = 0, hence after substituting Eq. (8) into Eq. (3) and performing integration we obtain

the formula

(Em + jw) sin(¢mt)
U

describing sound decay after switching off a harmonic point source. A quantity often used

cos(mt) + 9)

to evaluate this decay is the modal reverberation time 7,,, defined as the time required for
the pressure level to decay by 60 dB in the mth mode, so

o 31n(10)7 (10)

T'm
where the damping coefficient r,,, which is the real part of &,,, can be calculated from

Eq. (5). Using Eq. (9), the spatial distribution of the pressure amplitude can be determined



for different times ¢, which allows us to predict changes in this distribution as time increases.
Furthermore, at a given position r of the field, Eq. (9) allows one to calculate the changes in
pressure amplitude over time in order to illustrate the nature of sound decay and, if possible,
to estimate decay times.

The most commonly used method for analyzing sound decay in enclosed spaces is the
method based on the reverse-time integration of the squared RIR (SCHROEDER, 1995). This
method produces a smoothed decay profile, commonly known as the energy decay curve
(EDC), which is used to estimate decay times. Assuming that a time impulse is emitted by

a source located at the point ry and transforming the right-hand side of Eq. (4), we obtain
B(ro,t,t) = 3 [ () + 1B (8)] Du(r0) Dp(x), (11)
m=1

where o, (t) and §,,(t) can be determined from the equations
CQermt

22 492
+ [£2,, cos(@mt) — Oy sin(ppmt)] sin(£2,,t) cosh(ﬁmt)}, (12)

m(t) = {[(Zm Sin(@mt) + P cO8(@t)] COS(2nt) Sinh (Iomt)
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— [0, sin(@int) + Uy cos(omt)] sin(£2,,t) cosh(ﬁmt)}. (13)

Bm(t) = {[Qm cos(mt) — Uy, sin(ppt)] cos(2,t) sinh(9,,t)

As can be seen from Eq. (11), the RIR function takes complex values, so the quantity

corresponding to the squared RIR is the square of the modulus of h(rg,r,t)

|h g, I, t [Z am Z Bm(t) CI)rrz(rO)(I)m(r)] ) (14>

thus, EDC can be calculated using the reverse-time integration

EDC(t / |h(ro, T, 7)*dT. (15)

A decibel version of EDC, here denoted by Lgpc, can be determined from the formula

Lepc(t) = 101og [EDC(t)]

EDC(0) (16)

and based on the slope of Lgpc at different stages of the sound decay process, the corre-

sponding decay times can be predicted.



3. Numerical study

3.1. System of coupled spaces under consideration

A process of sound decay was numerically tested for the system of two connected rect-
angular subrooms of the same height. The choice of the research object was dictated by
practical considerations, as buildings and public facilities often contain spaces in the form
of two-room coupled systems. This system together with the associated coordinate system

is depicted in Fig. 2. Therefore, the wall areas of subrooms A and B are as follows

S1=2(dy + h)ly + (dy + 2d2)h, (17)

Sy = 2(ds + h)ls + dsh. (18)

In the numerical study, the following dimensions of the room system were assumed: [; = 15 m,

lob=5m,d, =10m,d, =2m, d3 =6 mand h =4 m.

d

y X

Figure 2: Room system under investigation containing two connected rectangular rooms

marked with letters A and B. Red dots indicate locations of the sound source.

As shown by the theoretical analysis, the RIR function (Eq. (4)) and the reverberant
sound field (Eq. (9)) are dependent on the sound source position. Therefore, in computer
simulations it was assumed that the source is placed either at the point ro = (2m,4m, 1.6 m)

or at the point ro = (17m,4 m, 1.6 m) located inside subrooms A and B, respectively (Fig. 2).



The reverberant sound field distribution and decay times were determined on a horizontal
plane located 1.2 m above the floor.

Since a characteristic feature of the analyzed room system is a different sound absorption
on boundary surfaces, it was assumed that subroom A has almost acoustically hard walls,
whose absorption properties can be described by the real-valued surface impedance (THYDAL
at al., 2021). Therefore, the surface impedance Z; was assumed to have the value of 250, and
using Eq. (2), it can be calculated that this value corresponds the absorption coefficient «;
of 0.031. On the other hand, it was assumed that subroom B is moderately damped, because
the surface of its walls has the impedance Z, = 10e/™/6, for which the absorption coefficient
ap is 0.44. The absorption coefficient characterizing a sound damping in the whole room

system is defined as (VORLANDER, 2020)

_ 04151 + OZQSQ
= < 1
TS S (19)

so, using Egs. (17)—(19), it can be found that @ = 0.12, which is a value low enough to treat
the considered room system as lightly damped.

According to the wave theory, in the low-frequency range enclosed spaces may be treated
as acoustic resonators with characteristic modes determined by the eigenfunctions ®,, and
eigenfrequencies w,,. Since the analyzed room system has a complex geometry, it is not
possible to determine the functions ®,, analytically, so numerical methods must be used.
However, the fact, that the system under consideration is lightly damped allows the functions
®,, to be approximated by the eigenfunctions determined for the rigid walls. Thus, in this

case ®,, can be described using the functions in the form (KUTTRUFF, 2017)

T

P, (r) = U (z,y) O, cos (T> , (20)

where the modal numbers s, u = 0,1,2... are not simultaneously equal to zero, the eigen-
functions ¥, satisfy the orthonormal property over the surface S of a horizontal cross-section
of the system, 6, = 1/\/ﬁ for 4 = 0 and 6, = /2/h for pr > 0. Finally, the formula for

calculating the frequency of the mth mode is given by

fo= 12+ (55) (21)
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Figure 3: Contour maps of eigenfunctions ¥, for the modal number x: (a) 9, (b) 50, (c) 60,
(d) 154, (e) 200, (f) 271, (g) 500, (h) 652. Frequencies f, for these functions are (in Hz): (a)
34.5, (b) 93.4, (c) 104, (d) 171.5, (¢) 195.1, (f) 229.2, (g) 313.9, (h) 360.2.

where the eigenfrequencies f, are associated with the functions ¥, and since ¥y = 1/ \/§,

the eigenfrequency f, for k = 0 is equal to zero.
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Using the finite element method, the eigenfunctions ¥, were calculated for the first 5450
m-~indexed eigenmodes with the frequencies f,, up to 400 Hz. Examples of contour maps of
the eigenfunctions ¥, with corresponding modal frequencies f,, are shown in Fig. 3. These
results indicate that for some modes the acoustic energy may be concentrated within one of
the subrooms (Figs. 3(a)(c)(f)(h)). This phenomenon is called the localization of eigenmodes
and occurs in enclosed spaces of irregular shape. It should be emphasized that among modes
calculated for the analyzed room system, there are also modes which are totally delocalized.
This is because they represent modes of a cuboidal space with height h and the width dy,
like the system under study, and length being the sum of /; and I (Fig. 2). The contour

map of the eigenfunction ¥, for such a mode is shown in Fig. 3(d).

3.2. Analysis of sound decay after turning off harmonic source

As shown in Subsection 2.2, the theoretical model allows for determining the spatial
distribution of the pressure amplitude after the harmonic source is turned off. In this case,
as indicated by Eq. (9), the sound pressure p(r,t) is the sum of decaying modal oscillations.
From this it follows that the amplitude of this pressure depends on time, therefore, to
determine this amplitude, the discrete Hilbert transform H,; was used, in which the pressure
signal was represented by p,.(r,n), n =0,1,..., N — 1, i.e., the digitally sampled real part of

p(r,t). Thus, the formula for calculating the pressure amplitude is as follows

P(r.n) = \/p2(r.n) + Hy{p.(r.n)}, (22)

where the discrete Hilbert transform of p,(r,n) is determined by (KAk, 1970)

2 pr(r,n)
— , n even,
g m=odd n=m
Hofp,(xn)} = { " (23)
2 P (T,
— pe(r n)’ n odd.
& m=even n—m

In the numerical study, the distributions of pressure amplitude P on the observation
plane were computed for selected source frequencies and different times ¢ from the moment
of switching off the source (¢ = 0). Furthermore, in order to illustrate the character of sound

decay, the changes in sound pressure p, and pressure level L, over time at the receiving
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point r = (8 m, 7 m, 1.2 m) located on the observation plane were calculated. The formula

used to determine the pressure level L,, was as follows

P
L, =20log (P ) , (24)

where Py, is a maximum of P recorded for the time ¢ greater than or equal to zero. Colored
contour maps in Fig. 4 illustrate distributions of P on the observation plane in the case when
the harmonic source is located in subroom A. They were obtained for frequencies of 104 Hz
and 257 Hz and times ¢t of 0 s, 2 s and 4 s. These data show that after turning off the source,
it takes as long as 4 seconds for the pressure amplitude level to drop by approximately 36 dB
for the first frequency and by 47 dB for the second frequency. This nature of the sound decay

is obviously due to the fact that subroom A has walls that are almost acoustically hard.

0.8 16
06 12
0.4 0.8
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0 0
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0.03 0.03
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0.004
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Figure 4: Changes in the pressure amplitude P (in pascals) on observation plane for excita-
tion frequency: (a)—(c) 104 Hz, (d)—(f) 257 Hz, and the time ¢: (a),(d) 0's, (b),(e) 2 s, (c),

(f) 4 s. Sound source located in subroom A.
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Figure 5: Variations in of the sound pressure p, and the pressure level L,, at receiving point
for excitation frequency: (a),(b) 104 Hz, (c),(d) 257 Hz. Sound source located in subroom
A.

As may be seen from Fig. 4, the distributions of P on the observation plane may change
as time ¢ increases (Figs. 4(a)—(c)), or after a certain moment, a further increase in ¢ does not
affect these distributions (Fig. 4(d)—(f)). The first situation occurs when strongly excited
eigenmodes have eigenfrequencies very close to the source frequency, while the second one
occurs when, after some time, the sound decay becomes almost perfectly exponential. The
explanation of these finding can be found in Fig. 5, which depicts variations in the sound
pressure p, and the pressure level L,, at the receiving point for the frequencies considered.
As can be seen in Figs. 5(a) and 5(b), for an excitation frequency of 104 Hz, the acoustic
signal recorded at the receiving point has a form of decaying beating oscillations, and these
beats are so large that the pressure level L,, reaches its maximum value after 0.6 seconds
from the moment the source is turned off. Detailed analysis of the numerical data allowed
us to conclude that two eigenmodes with the modal number m of 130 and 134, having
frequencies of 103.03 Hz and 103.99 Hz, are responsible for the strong beating effect. The
shape of the eigenfunction ¥, for the 134th eigenmode is shown in Fig. 3(c). Since these

eigenmodes are localized in subroom A, the modal reverberation times determined for these
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modes from Eq. (10) have large values, i.e. 6.19 s for the 130th eigenmode and 5.14 s for
134th eigenmode.

In the case of the excitation frequency of 257 Hz, the nature of the sound decay is
different, because after a certain time has elapsed since the sound source was turned off, the
acoustic response of the room system is dominated by one eigenmode. As a consequence,
beyond this time, the observed temporal changes in the pressure level L,, for this eigenmode
are almost perfectly linear (Fig. 5(d)). As it results from Figs. 4(e) and 4(f), this eigenmode
is localized in subroom A and based on the analysis of numerical data it was recognized as
the 1544th eigenmode. The modal reverberation time for this mode is 5.87 s and this result
agrees very well with a decay time of 5.85 s predicted from changes in the pressure level L,

for time above 2 s.

0.003 0.005

0.0025 0.004

0.002
0.003
0.0015

0.002
0.001

0.0005 0.001

16 18 20 16 18 20

Figure 6: Changes in the pressure amplitude P (in pascals) on observation plane for excita-
tion frequency: (a)—(c) 104 Hz, (d)—(f) 257 Hz, and the time ¢: (a),(d) 0's, (b),(e) 1 s, (c),

(f) 2 s. Sound source located in subroom B.
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In the next part of the numerical study, the influence of changing the sound source
position on the sound decay process was investigated. The calculation results presented in
Fig. 6 show changes in the pressure amplitude P on the observation plane simulated for the
same excitation frequencies as before and the times t of 0 s, 1 s and 2 s in the case when the
sound source is located in subroom B. From the comparison of Figs. 4 and 6 it follows that
there is a qualitative similarity of pressure distributions some time after the sound source
is turned off, caused by the influence of slowly decaying modes localized in subroom A on
the sound decay. However, this comparison also indicates significant differences in the sound
decay process, because the data in Fig. 6 show that for a frequency of 104 Hz the sound level
drops by as much as 47 dB just 2 seconds after the source is turned off, and by 43 dB for a
frequency of 257 Hz. This means that moving the source from subroom A to the subroom
B results in a faster initial decay and a slower late decay. This conclusion is confirmed by
the calculation results shown in Fig. 7, illustrating variations in the sound pressure p, and
the pressure level L,, at receiving point for the frequencies considered in the case when the

sound source is located in subroom B.
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Figure 7: Variations in the sound pressure p, and the pressure level L, at receiving point

for excitation frequency: (a),(b) 104 Hz, (c),(d) 257 Hz. Sound source located in subroom
B.
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The above analysis clearly shows that in the considered system of coupled spaces, the
sound decay process after turning off harmonic source is extremely complex. This results
not only from the fact that this process is strongly dependent on frequency, but, as shown
in Eq. (9) and the obtained calculation results, its nature is also significantly influenced by
the location of the sound source. Another phenomenon that has a major impact on sound
decay is the localization of eigenmodes, and when the eigenmode localized in a subroom with
very low sound damping dominates this process, a long-term exponential sound decay can be
observed. Apart from this special case, the decay of the sound behaves very irregularly due
to the excitation of eigenmodes with very similar modal frequencies, resulting in a beating

effect, or the excitation of eigenmodes characterized by different modal decay times.
3.3. Results of decay times prediction from variations of Lgpc

As stated in Subsection 2.2, the method based on the reverse-time integration of the
squared RIR is a procedure often employed to analyze the sound decay in enclosed spaces.
Using Eq. (16), Lgpc, the decibel version of EDC, was determined and the application of
linear regression to relevant parts of Lgpc enabled the prediction of the early decay time
(EDT), the decay times Tig, Tog, T30 and the late decay time (LDT). EDT is the decay time
evaluated from a decrease in Lgpc from 0 to —10 dB, multiplied by a factor of 6. Tiq is
defined as the decay time estimated from a drop of Lgpc from —5 to —15 dB, multiplied by
a factor of 6. Ty is defined as the decay time estimated from a drop of Lgpc from —5 to
—25 dB, multiplied by a factor of 3. Further, T3 is the decay time predicted from a decrease
in Lgpc from —5 to —35, multiplied by a factor of 2. Finally, LDT is the decay time with
the limits of —25 and —35 dB in Lgpg, multiplied by a factor of 6.

Figure 8 shows shapes of Lgpc determined at the previously assumed receiving point
for the sound source located in subroom A (blue line) and subroom B (red line). The first
observation is that for the source located in subroom A, changes in Lgpc are almost linear
when Lgpc drops more than 15 dB, and the Lgpc curve has a clearly concave shape when
the source is located in subroom B. The second observation is more important. Namely, the
decay curves in Fig. 8 prove that moving the source from subroom A to subroom B causes

significant reduction of decay times. This conclusion is supported by the data in Table 1,
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Figure 8: Shapes of Lgpc at receiving point for source located in subroom A (blue line) and

subroom B (red line).

which presents the results of predicting the decay times from the decay curves in Fig. 8.

Table 1: Decay times EDT, Tig, Tog, T3 and LDT determined from decay curves in Fig. 8.

Decay times in seconds

Source location
EDT Ty Ty Ty, LDT

subroom A 297 411 453 487 5.59

subroom B 1.52 1.71 193 242 3.37

The data in Table 1 indicate that locating the source in subroom B causes an approx-
imately twofold reduction of EDT and T3g, and also a more than twofold decrease in the
decay times Ty and Ty. It also follows from Fig. 8 that the concave nature of the decay
curve is much greater for the source located in subroom B, and furthermore in this case
there is no typical double-sloped energy decay because this decay is multi-sloped. The dif-
ferent shapes of the decay curves for the source located in subrooms A and B result from the
influence of two factors on the sound decay process. The first of them is a different sound
absorption on boundary surfaces because subroom A is highly reverberant, while walls of
subroom B provide moderate sound damping. The second is the phenomenon of localiza-

tion of eigenmodes, which in the considered system of coupled spaces manifests itself by the
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concentration of eigenmode energy in subroom A or subroom B (Figs. 3(a)(c)(f)(h)).

0 50 100 150 200 250 300 350 400 450 500

modal number m

Figure 9: Modal reverberation time T, for first 500 eigenmodes.

The localization of eigenmodes is a consequence of the irregular distribution of the eigen-
functions ®,,(r) in (z,y) plane, hence, according to Egs. (5) and (10), the parameter that
unambiguously characterizes this phenomenon is the modal reverberation time 7},. In nu-
merical study, 5450 eigenmodes were used, therefore, to clearly show the changes in T),, in
Fig. 9 the modal number m was limited to 500. The calculation results presented in Fig. 9
are particularly interesting because they show how a different sound absorption in subrooms
can affect the sound decay process in the considered two-room coupled system. It turns out
that the significant difference in sound absorption in subrooms results in a wide range of
modal decay time values. Indeed, the data in Fig. 9 show that for modes strongly localized
in subroom A, the modal reverberation time 7,, is even above 6 seconds, while for modes
strongly localized in subroom B the value of T}, is even below 0.3 seconds.

Based on the foregoing analysis, the results in Fig. 8 can be explained as follows. If the
sound source is located in subroom A, the response of the room system to this excitation is
dominated by slowly decaying modes that are localized in this subroom. Therefore, decay
times increase from about 3 seconds in the early decay stage to as much as 5.59 seconds in
the late decay stage, as may be seen from the data in Table 1. In contrast, when the source
is located in subroom B, non-localized modes with shorter modal reverberation time are

excited in subroom A in the early stage of sound decay, so the EDT is 1.57 seconds, which
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is approximately half that for the source located in subroom A. The influence of modes
localized in subroom A is, however, visible in the late decay stage, because the LDT reaches

a value of 3.37 seconds.
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Figure 10: Distribution of decay times EDT, Tyg, 159, T30 and LDT on observation plane for

source located in: (a)—(e) subroom A and (f)—(j) subroom B.
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Figure 11: Mean decay times EﬁT, ﬁo, @0, fgo, LDT on observation plane in subroom A

for source located in subrooms A (blue bars) and subroom B (red bars).

An important conclusion arising from the above analysis is that, in the considered room
system, the nature of sound decay at the receiving point located in subroom A can be
significantly modified by changing the position of the source. To check whether this also
holds true for other points, the distributions of all considered decay times in the observation
plane were calculated. The obtained results in the form of colored contour maps are shown
in Fig. 10. They confirm and simultaneously generalize the previous findings, as it follows
from Fig. 10 that placing the source in subroom B causes a significant shortening of all decay

times in the observation plane.

It can be seen from Fig. 10 that the decay times predicted in subroom A vary moderately.
This fact allows to characterize the sound decay process in subroom A by the mean values
of the decay times on the observation plane. Since calculations were carried out in a finite
number of observation points, the mean decay times were determined using an arithmetic
averaging. The results of calculating these quantities, labelled EﬁT, T\w, T\QO, T\30 and LﬁT,
are collated in Fig. 11 and illustrated by vertical bars. Similar to the data in Table 1,
this figure shows that placing the source in subroom B leads to an approximately twofold
reduction of EDT and fgg, as well as a more than twofold decrease in ﬁo and @0. However,
such significant reduction of LDT is not observed, because slowly decaying modes localized

in subroom A start to dominate in the late decay stage.

The calculation results in Fig. 10 were obtained when eigenmodes with the frequencies
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Figure 12: Mean decay times EﬁT7 fm, @0, fg,o, LDT on observation plane in subroom A

for octave bands: (a) 31.5 Hz, (b) 63 Hz, (c) 125 Hz, (d) 250 Hz. Results marked with blue

and red bars correspond to source located in subrooms A and B, respectively.

fm up to 400 Hz were used to determine the RIR function (Eq. (11)). However, since
in a low-frequency range the character of sound decay depends on frequency, it is equally
important to predict the decay times in frequency bands such as octaves. In the developed
theoretical model, a bandpass filtering of the RIR function can be realized by summing such
components of the series in Eq. (11) for which f; < f,, < fu., where f; and f, are the lower
and upper limits of octave bands. Then, using Eq. (16), Lgpc for particular octave band
can be determined and by applying the linear regression to appropriate parts of Lgpc, the
decay times at observation points can be calculated, and then, from their values, the mean

decay times on the observation plane lying in subroom A can be predicted.

Since the frequency range is limited to 400 Hz, the mean decay times were computed for
octave bands with the center frequency of 31.5 Hz, 63 Hz, 125 Hz and 250 Hz. The calculation

results are presented in Fig. 12. They prove that for octave bands with the center frequency
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Figure 13: Distribution of decay times EDT, Ty, T5, 139, LDT on observation plane for

octave band 31.5 Hz and source located in: (a)-(e) subroom A and (f)-(j) subroom B.

of 125 Hz and 250 Hz the mean decay times Ef)T, T\IO; TQO, fgo are approximately twice

as small when the source is located in subroom B. These results are very similar to those
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obtained for the frequency band up to 400 Hz (Fig. 11), and this is because in these octaves
there is a large number of eigenmodes, 473 and 3312, respectively. Obviously, such a rule is
not visible for octave bands with a center frequency of 31.5 Hz and 63 Hz, as the number of
eigenmodes in these octaves is very small, i.e. 11 and 69, respectively. This is particularly
true for the first octave, which contains a strongly localized eigenmode with the frequency of
34.5 Hz and the modal reverberation time of 4.9 seconds. The shape of the eigenfunction U,
for this eigenmode is shown in Fig. 3(a). As can be seen in Fig. 13, this eigenmode dominates
the sound decay process when the source is located in subroom A. Moreover, when the source
is placed in subroom B, this mode strongly influences the sound decay process in the late
decay stage.

4. Summary and conclusions

Sound decay is a fundamental and easily noticeable acoustic feature of enclosed spaces,
hence one of the basic goals of room acoustics is to assess sound decay times based on the
reverberant sound field in enclosed spaces. In this paper, the sound decay in the system
of two connected enclosed spaces with a different sound absorption on boundary surfaces
was analyzed. The theoretical model was based on the modal expansion of sound pressure,
since at low frequencies acoustic modes excited in enclosed spaces can have a significant
influence on the sound decay process. Two types of reverberant responses of the system
were examined. In the first case, the system was driven by a harmonic point source, and
the sound decay process began immediately after the source was turned off. In the second
case, the reverberant response of the system was initiated by the Dirac delta time impulse

emitted by a point source.

Using the presented theoretical model, numerical simulations of the sound decay process
was performed for a system of two connected rectangular subrooms of the same height. The
larger subroom marked A was highly reverberant, while the smaller subroom marked B had
walls that provided moderate sound damping. The eigenfunctions and eigenfrequencies of
this system were determined using the finite element method. The obtained calculation
results showed that after switching off the harmonic source, the sound decay curves usually

have an irregular shape. This is because the sound decay process, which has been shown
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to strongly depend on both the source frequency and the source location, is generally non-
exponential. Only when this process is dominated by the eigenmode localized in subroom
A, an exponential sound decay was observed.

Another method used to evaluate the reverberant properties of the analyzed two-room
coupled system was based on the reverse-time integration of RIR. By applying this method,
smooth energy decay curves were obtained and based of their slope, the decay times EDT,
T, 129, T30 and LDT were determined. Calculation results demonstrated that a different
sound absorption in subrooms significantly impacts the sound decay process because it results
in a wide range of modal decay time values. This is because these values are large for
eigenmodes strongly localized in subroom A and very small for eigenmodes strongly localized
in subroom B. Thus, the system under consideration has an interesting feature that is the
result of the phenomenon of localization of eigenmodes. Namely, if the source is located in
subroom A, the sound decay process in subroom A is dominated by slowly decaying modes
that are strongly localized in this subroom. However, when the source is located in subroom
B, non-localized modes with shorter modal reverberation time are excited in subroom A in
the early stage of sound decay. Therefore, as calculation results showed, in this case the
decay times in subroom A are approximately half that for the source located in subroom A.
Obviously, this regularity does not occur in the late stage of sound decay, because in this

stage the modes localized in subroom A start to influence the sound decay.
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