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I. INTRODUCTION

Room-acoustic predictions have been actively re-
searched in the area of architectural acoustics for decades. A
diffusion equation-based method has recently drawn atten-
tion in this field, partially due to its ability to combine accu-
racy and efficiency. The purpose of this work is to present a
modified boundary condition for diffusion equation-based
room-acoustics prediction.

In 1969, Ollendorff1 first proposed the diffusion model
to describe sound fields in enclosures. Later, based on an
analogy between sound propagation in rooms with diffusely
reflecting walls and particle propagation in a diffusing fluid,2

Picaut3 and his co-workers4–8 demonstrated this diffusion
model and extended its application to a variety of enclosure
types, including elongated enclosures such as street canyons,
single-volume enclosures, fitted rooms, and coupled-volume
rooms. For room-acoustics modeling, Valeau et al.5 provide a
generalization of the diffusion model that includes two
boundary conditions. These studies3–8 have shown that the
diffusion model is computationally efficient compared to the
geometrical-acoustics model. The diffusion model also pro-
vides more satisfactory results than does statistical room-
acoustics theory since it is capable of modeling the nonuni-
formity of sound fields in enclosures of a wide variety of
shapes. However, the diffusion model has been found to be
suitable only for use with low absorption coefficients.5–7

Most recently, another boundary condition exploiting the Ey-

ring absorption coefficient was proposed independently by
Jing and Xiang9 and Billon et al.,10 and was shown to be able
to improve the accuracy of the diffusion model when the
absorption coefficient of room surfaces is high. The use of
the Eyring absorption coefficient is also justified theoreti-
cally in this paper.

In this paper, a modified boundary condition is derived
from a boundary condition used in solving analogous optical
diffusion problems.11 Incorporating the modified boundary
condition in the room-acoustic diffusion equation, this work
compares the diffusion models associated with various
boundary conditions with a geometrical-acoustic model as
well as experimental results obtained from a physical scale
model. Predicted reverberation times �RTs� and sound pres-
sure levels �SPLs� are calculated for cubic rooms with both
uniformly and nonuniformly distributed absorbing surfaces.
For a flat, long room, the geometrical-acoustics model is
used for the comparison of the SPL distribution. Acoustical
measurements are conducted in a scale-model flat room to
validate the modified boundary condition in terms of the pre-
dicted SPLs and the RTs.

This paper is structured as follows: Sec. II presents the
diffusion equation model for room-acoustic prediction in-
cluding the interior equation and different boundary condi-
tions. Section III discusses simulation results obtained using
the diffusion equation model with different boundary condi-
tions, as well as those obtained using the geometrical-
acoustic model. Section IV describes the scale model experi-
ments, and compares the acoustical measurement results
with the diffusion equation model for various boundary con-
ditions. Section V concludes the paper.
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II. DIFFUSION EQUATION MODEL FOR ROOM-
ACOUSTIC PREDICITION

A. Interior diffusion equation

This section begins with a review of the analogy drawn
by Picaut et al.3 between sound propagation in rooms with
diffusely reflecting boundaries and gas particle propagation
in a diffusing fluid. The motion of a sound particle12 in a
room is equivalent to the movement of a particle in a gas,
assuming that there are numerous spherical scattering
objects2 in the volume having scattering cross section Qs and
absorption cross section Qa. Furthermore, in order to respect
the same surface distribution between the enclosure and the
diffusing fluid, the scattering objects should have mean free
path length 4V /S, �for volume V and interior surface area S
of the enclosure under investigation�, which is consistent
with classical room-acoustic theory when the walls are con-
sidered diffusely reflecting. The scattering objects take the
place of the walls and reflect the sound diffusely in the vol-
ume. In this case, the sound energy flow vector J caused by
the gradient of the sound energy density w, in the room un-
der investigation at position r and time t, can be expressed
according to Fick’s law as2,3

J�r,t� = − D grad w�r,t� , �1�

with diffusion coefficient D

D = �c/3, �2�

where c is the speed of sound and �=4V /S is the mean free
path of the enclosure under investigation. Here we assume
that the rate of change involved in diffusion is slow and the
walls are diffusely reflecting. The sound energy density w, in
a region �domain V� excluding sound sources, changes per
unit time as

�w�r,t�
�t

= − div J�r,t� = D�2w�r,t� . �3�

In the case of a spatially distributed omni-directional
sound source within a region with time-dependent energy
density q�r , t� Eq. �3� is replaced by

�w�r,t�
�t

= q�r,t� + D�2w�r,t� , �4�

while absorption at the room boundaries leads to energy loss
per unit volume ��w� in the absence of sound sources, so the
energy balance can be written as

�w�r,t�
�t

= D�2w�r,t� − �w�r,t�

= D�2w�r,t� − Qantcw�r,t� , �5�

where �= �̄c /�=Qantc, with �̄ being the mean room-surface
absorption coefficient according to Ref. 3. The validity of
Eq. �5� will be discussed in Sec. II B.

Taking into account both absorption of room boundaries
and sound source excitations in the room under investigation,
the combination of Eqs. �4� and �5� yields the diffusion equa-
tion

�w�r,t�
�t

− D�2w�r,t� + �w�r,t� = q�r,t� in V . �6�

It is also possible to include air absorption inside the
enclosure using the diffusion equation13

�w�r,t�
�t

− D�2w�r,t� + �w�r,t� + mcw�r,t�

= q�r,t� in V , �7�

where m is the coefficient of air absorption. All absorption
coefficients are frequency dependent, so the frequency de-
pendence of sound energy density of enclosures may be in-
cluded in the diffusion equation model.5 For simplicity, how-
ever, the following discussion will not consider the air
absorption.

B. Boundary conditions

1. Previous boundary conditions

In an enclosure bounded by surfaces �denoted by S�, the
boundary condition

J�r,t� · n = − Dw�r,t� · n = 0, on S �8�

states that sound energy cannot escape from the room bound-
aries, with n denoting the surface outgoing normal. Equation
�8� is the so-called homogeneous Neumann boundary
condition.2,5 The diffusion equation model with the homog-
enous Neumann boundary condition considers only an over-
all mean absorption coefficient �̄ of the enclosure under in-
vestigation. Furthermore, it assumes that the absorption
occurs in the volume rather than on the room surfaces, which
is nonphysical for the current application. Therefore, this
boundary condition, mentioned here for completeness, will
not be considered in the following investigations.

The boundary condition2,5

J�r,t� · n = − Dw�r,t� · n = AXcw�r,t�, on S , �9�

allows energy exchanges on the boundaries S, where AX is an
exchange coefficient denoted in the following as the absorp-
tion factor. This boundary condition is established to include
the absorption at the walls: The local differential equation in
Eq. �6� then needs to be modified to remove the absorption
term �w�r , t� �the following boundary conditions all require
that the absorption term in the interior equation drop out�,
while the term must be introduced into Eq. �9� to account for
energy exchanges on the boundaries.5

Assuming the sound energy density is uniform in a pro-
portionate room while supposing that the energy density only
varies along the long dimension in a disproportionate room
�5�, the absorption factor can be expressed as

AX = AS =
�

4
, �10�

where � is the absorption coefficient of the wall under con-
sideration. The subscript S of AS is used to denote Sabine
absorption. Equation �10� implies the Sabine absorption is
assigned to the absorption factor AX. The resulting system of
equations is formulated as
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�w�r,t�
�t

− D�2w�r,t� = q�r,t� in V , �11�

D
�w�r,t�

�n
+ cAXw�r,t� = 0 on S , �12�

which describe the diffusion equation model �Eq. �11�� with
mixed boundary conditions �Eq. �12�� for more general situ-
ations. The absorption factor AX assumes different expres-
sions with different subscript X as elaborated in the follow-
ing. It will then be possible to assign different absorption
coefficients to each of the individual walls.

The diffusion equation model with this boundary condi-
tion is, however, found to be accurate only for modeling
rooms with low absorption.5–7 To improve the accuracy of
the mixed boundary condition associated with high absorp-
tion, a new boundary condition was conceived independently
by these authors9 and Billon et al.10 It simply replaces the
Sabine absorption coefficient in the absorption factor by the
Eyring absorption coefficient

AX = AE =
− log�1 − ��

4
�13�

to account for high wall absorption in the system of equa-
tions in Eqs. �11� and �12�.

A justification of the replacement of Eyring absorption
coefficient is detailed here. Under the assumption that there
are scattering objects in the enclosure, the number dN of
phonons absorbed by the scattering objects, between the
points x and x+dx along the path of the beam, should be
equal to the product of N, the number of phonons penetrating
to depth x, nt, the number of scattering objects per unit vol-
ume and the absorption cross section Qa

2

dN/dx = − NntQa, �14�

where the negative sign indicates the reduction of the phonon
due to absorption. Then, a simple integral over � �the mean
free path length� gives

N� = N exp�− ntQa�� , �15�

where N� is the number of phonons after penetrating to depth
�.

In room acoustics, the phonon number is reduced after
each wall collision according to the absorption coefficient of
the wall, which leads to

N� = N�1 − �̄� , �16�

where �̄ is the mean room-surface absorption coefficient.
The combination of Eq. �15� and Eq. �16� yields �see also
Ref. 14�

− ln�1 − �̄� = ntQa� . �17�

A substituting of Eq. �17� into Eq. �5� yields a diffusion
equation which is similar to Eq. �5�, but with �=−ln�1
− �̄�c /�. Finally, the Eyring absorption coefficient is applied
to each boundary by using an exchange coefficient,5,9 which
gives the boundary condition, i.e., Eq. �12� along with Eq.
�13�.

Accordingly, the diffusion equation model with the Sab-
ine coefficient in the absorption factor �AX=AS� is denoted
diffusion-Sabine model in the following while the model
which utilizes the one with the Eyring coefficient �AX=AE� is
denoted diffusion-Eyring model.10 Although the simulation
results suggest that the diffusion-Eyring model can improve
the accuracy of the diffusion-Sabine model to a certain ex-
tent, particularly for cases of high absorption,9,10 application
of this model requires caution as the absorption coefficient
�→1.0. As discussed in the following, the absorption factor
AE will become singular �infinite� in this case, which is prob-
lematic.

2. Modified boundary condition

This section presents a modified boundary condition
with theoretical justification. The derivation of this boundary
condition relies heavily on a well established boundary for
light diffusion in media.11 The modified boundary condition
remedies weaknesses in the original diffusion-Sabine model
under high absorption and eliminates the singularity of the
diffusion-Eyring model. In the following, the diffusion equa-
tion model with the modified boundary condition is denoted
modified diffusion model.

The statement of Picaut et al.,3 which introduces the
diffusion interior equation, describes an infinite scattering
medium.5 To bound the scattering medium, the boundary, on
the one hand, absorbs a portion of the sound energy at a
given absorption coefficient on the corresponding wall. On
the other hand, since the boundary is not considered as the
wall but artificially imposed to bound the energy, it can be
considered to be completely smooth and to reflect specularly
the other portion of the sound energy to prevent this portion
from leaving the volume. Similar to the previous boundary
conditions, different absorption coefficients could be as-
signed to individual boundaries.

Based on a similar boundary condition in light diffusion,
the derivation of the modified boundary condition is pre-
sented. Emphasis is given to differences from optical diffu-
sion, and to an explicit formulation of the acoustic boundary
condition.

A partial-current boundary condition11 in light diffusion
describes the scenario in which a portion of the energy will
be specularly reflected back into the scattering medium when
the refractive indices of the strongly scattering medium differ
substantially from those of the bounding transparent me-
dium, while the other portion will be refracted and leave the
scattering medium.

This boundary condition can be expressed using an op-
tical term fluence rate � in unit W m−2.11 Because sound
intensity has the same unit, in the following room-acoustic
discussion, notation � represents sound intensity. The rela-
tionship between the sound intensity and the sound energy
density can be expressed as,15

��r,t� = cn�w�r,t� , �18�

where n� is the direction of energy propagation.
Furthermore, the boundary condition is written as
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��r,t� =
1 + Rj

1 − R�

2J�r,t� · n on S , �19�

where

R� = �
0

�
2 2 sin � cos �R���d� , �20�

Rj = �
0

�
2 3 sin � cos2�R���d� , �21�

J�r,t� · n = − D�
���r,t�

�n
, �22�

with D�=� /3 being one third of the mean free path length in
the medium. Figure 1a schematically illustrates the boundary
condition. R��� is the probability of the light being reflected,
also so-called Fresnel reflection coefficient which is a func-
tion of the angle of incidence �,11 n is the outward-drawn
normal to the boundary. J is the energy flow as explained
earlier �see Sec. II A�.

The same boundary condition may also be applied to
room acoustics since the room-acoustic diffusion equation is
essentially the same as the light diffusion equation, and the
specular reflection is also desired for the modified acoustic
boundary condition proposed in this paper. However, some
significant differences should be noted: �1� In the light dif-
fusion boundary condition, the light refracts at the boundary,
while in room-acoustics boundary condition, the sound en-
ergy is usually considered to be absorbed at the boundary.
Nevertheless, since the focus in the current application is on
the energy inside the volume, this work disregards the way
of sound transmissions beyond the boundary. �2� In room
acoustics, the reflectivity R which represents the probability
that the sound will be reflected �energy-based reflectivity�
can be expressed using the absorption coefficient as 1−�, so
that it is completely independent of incident angle. �Figure
1b illustrates this concept.� Thus,

R� = �1 − ���
0

�
2 2 sin � cos �d� = 1 − � , �23�

Rj = �1 − ���
0

�
2 3 sin � cos2�d� = 1 − � , �24�

A substitution of Eqs. �18� and �22�–�24� into �19� yields

cw�r,t� = −
2 − �

�
2D

�w�r,t�
�n

on S , �25�

where D=�c /3, leading to the modified boundary condition

D
�w�r,t�

�n
+

c�

2�2 − ��
w�r,t� = 0 on S . �26�

A comparison of the boundary conditions of the
diffusion-Sabine and diffusion-Eyring models reveals that
the only difference between them is the absorption factor
associated with absorption coefficient �,

AX = AM =
�

2�2 − ��
. �27�

In order to enable a direct comparison of these boundary
conditions, Fig. 2 illustrates the three absorption factors in
Eqs. �10�, �13�, and �27� when varying the absorption coef-
ficient. When the absorption coefficient is lower than 0.2, the
difference between the absorption factors AS ,AE ,AM is neg-
ligible. With increasing absorption coefficient but below 0.6,
the difference between absorption term AE and AM is still
negligible, while the absorption term AS differs quite signifi-
cantly from the other two. As the absorption coefficient in-
creases further, the discrepancy between AE and AM is con-
siderable, warranting in-depth investigation. This behavior is
easily explained by the Taylor expansion of the three absorp-
tion factors

FIG. 1. �a� Light reflection and refraction on a boundary. �b� Sound reflec-
tion and absorption on a boundary.

FIG. 2. �Color online�. Comparison of the absorption terms of the diffusion-
Sabine, diffusion-Eyring, and modified diffusion models versus absorption
coefficient.

148 J. Acoust. Soc. Am., Vol. 123, No. 1, January 2008 Y. Jing and N. Xiang: Diffusion equations in room-acoustic prediction



AS =
�

4
, �28�

AE =
− log�1 − ��

4
=

1

4
� +

1

8
�2 +

1

12
�3 + ¯ , �29�

AM =
�

2�2 − ��
=

1

4
� +

1

8
�2 +

1

16
�3 + ¯ . �30�

Note that the Eyring and modified absorption factors
share their first two terms, and the Sabine absorption factor is
the first order approximation of both of these. �That Sabine
absorption coefficient is the first order approximation of the
Eyring absorption coefficient is already well known in room
acoustics.�

In addition, as the value of the absorption coefficient
approaches one, AE differs substantially from AM: AE in-
creases unbounded while AM maintains a finite value of 0.5.
While the Eyring reverberation time equation16 accounts rea-
sonably well for the resulting infinitely short reverberation
time, the Eyring-absorption factor AE in the diffusion equa-
tion becomes singular. This is the failing point of the
diffusion-Eyring model, which limits its applicability in
often-encountered situations where walls, portions of walls,
or opening in them have an absorption coefficient of 1.0.

III. SIMULATIONS

In this section, three diffusion equation models �the dif-
fusion equation with each of the three different boundary
conditions� are compared to the geometrical-acoustic method
implemented by a commercial software �CATT acoustics®�
for three types of rooms: cubic rooms with both uniform and
nonuniform absorption distribution, and a flat, long room, in
terms of the RTs and SPLs. The diffusion equation models
are solved by a commercially available finite element solver.
The size of the mesh elements is chosen to be on the order of
or smaller than one mean free path 4V /S of the room.5 The
time step is chosen as 0.01 s for every case involving time-
dependent calculations.

Equations �11� and �12� are solved for the initial condi-
tion

w�r,0� = 0 in V , �31�

w�r,0� = w0 in Vs, �32�

where Vs is the volume occupied by the sound source.5 With
a time-dependent solution w�r , t�, the sound energy-time
function can be expressed as15,17

Lp�r,t� = 10 log�w�r,t��c2

Pref
2 � , �33�

where Pref equals 2�10−5 Pa. The sound energy decay func-
tions as well as the RTs can then be obtained.

To calculate the steady state sound field, Eqs. �11� and
�12� are solved for a given sound power Ws of the source,
and then q�r , t� is set to be equal to Ws /Vs. With a stationary

solution w�r�, the total SPL Lp
tot�r�, including the direct field

attributable to the point source, can be expressed as

Lp
tot�r� = 10 log��c�Ws/�4�r2� + w�r�c�/Pref

2 	 . �34�

A. Cubic rooms with uniformly distributed absorption
coefficients

A cubic room with dimensions 5 m* 5 m*5 m is mod-
eled. The source is in the center of the room at coordinate �0,
0, 0� m. The absorption coefficient is assigned uniformly to
all room surfaces and ranges from 0.1 to 0.9. The RTs are
obtained at the position �1, 0, 0� by three diffusion equation
models, and by the geometrical-acoustic model. The number
of rays and the ray truncation time in CATT acoustics® are
chosen as 5�104 and 2000 ms, respectively, where the latter
is much longer than the expected RT. The scattering coeffi-
cients on the walls are set at 100%, being compatible with
the implicit requirement of the diffusion equation model,
which is the configuration used throughout all simulations.

Figure 3 illustrates the difference, in terms of predicted
RTs, between the results from the geometrical-acoustic
model and those obtained via the other methods. Both the
diffusion-Eyring and the modified diffusion model improve
the simulation accuracy with respect to the diffusion-Sabine
model, especially when the absorption coefficient is high. In
addition, the diffusion-Eyring and modified diffusion models
only show noticeable difference when the absorption coeffi-
cient exceeds approximately 0.6.

B. Cubic rooms with nonuniformly distributed
absorption coefficients

The interior surfaces of another cubic room with the
same dimensions are assigned two different absorption coef-
ficients. One of the walls �x=−2.5 m� is given an absorption
coefficient of 1.0 while the other walls are assigned an ab-
sorption coefficient 0.5. The source is still in the center of the
room at �0,0 ,0� m while the receivers are distributed along
x=−2.5 m to x=2.5 m, �y=z=1 m�. The number of rays is

FIG. 3. �Color online�. Deviations of the reverberation times calculated by
the geometrical-acoustic model and three diffusion models.
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enlarged to 1�106 and the truncation time is set to 2000 ms.
The number of rays is much larger than in the last case
because many rays are lost when they impinge upon the wall
with �=1.0. Using the diffusion-Eyring model, since one
wall is featured with the absorption coefficient 1, −log�1
−�� becomes an infinitely large value which cannot be
implemented in the available finite element solver, thus, we
use 1e10 instead of the infinitely large value. The results of
SPLs shown in Fig. 4 indicate that:

1. The modified diffusion model predicts SPLs more accu-
rately than does the diffusion-Sabine model.

2. When the room has one open side ��=1.0�, the diffusion-
Eyring model yields incorrect results, especially near the
open side. The reverberant sound energy density is nearly
zero at the open side calculated by the diffusion-Eyring
model which is nonphysical. The very big value of 1e10
is used to represent the infinitely large value for the ab-
sorption term −log�1−�� in the simulations. Increasing
this value towards infinity only causes it to deviate more
from the results of the geometrical-acoustic model. Since
the modified diffusion model does not have this singular-
ity, it can realistically predict the sound field near highly
absorptive boundaries.

When using CATT acoustics to obtain the correct late
decay, the randomized tail-corrected cone-tracing method
needs to extrapolate the reflection density growth �assuming
it is quadratic� and is not accurate in an open room. There-
fore, this work compares the predicted RTs by giving only
the results of three diffusion equation models. In this case,
three diffusion equation models have the following RTs at
position �1 m, 1 m, 1 m�: �diffusion-Sabine� 0.22 s,
�diffusion-Eyring� 0.14 s, �modified diffusion� 0.19 s. With-
out any benchmark for comparison, no further conclusion is
given at this time. However, an experiment involving open
spaces is planned to provide the means for comparison and
verification.

C. Flat and long room

In this example, the three diffusion equation models are
compared to the geometrical-acoustics model for a flat, and
long room with dimensions 30 m*8 m*3 m. The source is
located at �2,4 ,2� m, and the sound power level Ws is
100 dB. One side wall is assigned absorption coefficient 0.8,
while the other five walls share absorption coefficient 0.2.
Figure 5�a� illustrates a top view of this room.

Figure 5�b� illustrates the SPL distribution along the line
y=4 m �x is from 0 to 30 m� at height z=1.5 m. In CATT
acoustics® software the number of rays and the ray trunca-
tion time are chosen as 5�104 and 2000 ms, respectively.
Overall, the diffusion-Eyring model and the modified diffu-
sion model agree better with the geometrical-acoustics
model, although several points near the end of the room ap-
pear to be closer to the diffusion-Sabine model results.

IV. EXPERIMENTAL VERIFICATION

This section describes acoustical measurements in a
scale-model flat room to verify the diffusion equation model
and further compare different boundary conditions for room-
acoustic prediction in terms of SPL distributions and RTs.
For a flat room, the sound energy density is known to be
nonuniform. Statistical room-acoustic theory is unable to
handle spatial distributions in highly irregular room shapes.
This is the reason such a room was chosen for the experi-
mental verification.

A. Experimental setup

Physical scale modeling is a versatile research tool
which has recently been applied in a variety of acoustic
investigations.18–22 In this study, a 1:8 scale model is used
throughout the entire experiment. The dimensions of the
scale model are 1 m*1 m*0.2 m, corresponding to
8 m*8 m*1.6 m in full scale. Hardwood along with one

FIG. 4. �Color online�. Comparison of sound pressure level distributions
along y=z=1 m in four different models of a cubic room with two different
absorption coefficients, 1.0 and 0.5.

FIG. 5. �Color online�. �a� Top view of a long, flat room with dimension
30 m*8 m*3 m, the sound source is at �2,4 ,2� m, the sound pressure
levels are calculated along y=4 m �dotted line�. �b� Comparison of sound
pressure level distributions along y=4 m �dotted line� by four different mod-
els in a long, flat room with two different absorption coefficients, 0.8 and
0.2.
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sheet of 5 /4 in. plywood in thickness are used as wall ma-
terials to construct the room model. Diffusers on the walls
are quadratic-residue diffusers �QRDs� and rocks, providing
strong scattering at high frequency. In addition, such QRDs
are known to be able to provide fairly good scattering for a
wide range of frequencies. The QRDs are randomly distrib-
uted throughout the sidewalls �1.6 m high in full scale� of the
scale model. The scattering frequency of the rocks will be
discussed in the next section. In reality, diffuse reflections
from the walls can be obtained even without such extensive
treatment.23 Two sidewalls near the sound source are of
highly absorptive foam. Figure 6 shows a photograph of the
scale model.

A 1 /4 in. omni-directional microphone is used in the
measurements. A miniature dodecahedron loudspeaker sys-
tem is used as the sound source as shown in the left corner of
Fig. 6. Measurements of directivities indicate that the
dodecahedron loudspeaker system is omni directional in the
frequency range of interest up to 32 kHz. Maximal-length
sequence signals are used as an excitation signal. Room im-
pulse responses are measured at chosen locations and the
measurement procedure is controlled by a trigger mechanism
throughout the entire measurement session to avoid any ad-
ditional uncertainties across measurements. For frequency-
dependent room-acoustic analysis the measured room im-
pulse responses are filtered in octave bands. Figure 7
illustrates a segment of one of the room impulse responses,
the corresponding energy-time function, and the Schroeder
decay function at 1 kHz octave band.

The absorption coefficients of the materials are mea-
sured separately. Two proportionate scale-model rooms of
which one is made of the rock-lined panels and the other is
made of highly absorptive foam, are constructed and mea-
sured. The absorption coefficients of the rock panels and of
the foam are estimated from the RTs by inverting the Eyring
equation. To estimate the absorption coefficient of the QRD,
all the foam in the scale model was first replaced by QRDs.
Next, impulse responses are taken to obtain the RTs, and the
absorption coefficient of the QRD is iteratively adjusted to

match predictions of RTs to experimental results.21 Of the
measured coefficients, that of the QRD is the primary uncer-
tainty. However, the room-acoustic parameters in this case
are determined primarily by the absorption coefficient of the
rock panels simply because their areas are much greater than
those of the QRDs or the foam in the scale model. Note that
the scale model testing in this study is not to model a specific
existing room, but rather for validation purpose, so no extra
measures, such as nitrogen or drying air, are conducted for
correcting air absorption in the scale model. However, all of
the absorption coefficients of the scale-model wall materials
are estimated from measurements made under normal atmo-
spheric conditions. The excess air absorption is considered to
be included in the estimated absorption coefficients of the
wall materials. Table I lists the estimated absorption coeffi-
cients.

B. Experimental verification of the diffusion equation
model

The previous section compared the simulation results of
three diffusion equation models with the geometrical-
acoustic model. This section will compare experimental re-
sults from the scale-model flat room with the predictions of
the diffusion equation model with the modified boundary
condition.

Since the dimensions of the rocks are around 3–4 cm,
they diffusely reflect the sound between 8.5 and 11.5 kHz,

FIG. 6. �Color online�. Photograph of the flat room scale model showing the
speaker, microphone, QRDs, foam, and rocks. A detailed photo of the scale-
model sound source is shown in the left corner.

FIG. 7. Segment of one of the impulse responses, its energy-time curve, and
its Schroeder decay function in the 1 kHz octave band. �a� Relative ampli-
tude of the impulse response. �b� Schroeder decay curve. �c� Energy-time
curve.

TABLE I. Absorption coefficient of the materials used in the scale model at
1 and 2 kHz octave band �8 and 16 kHz octave band in the 1:8 scale model�.

Material 1 kHz 2 kHz

QRD 0.10 0.05
Wooden panel with rocks 0.18 0.20
Foam 0.95 0.96
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which lies mostly within 1 kHz octave band �and partially in
2 kHz octave band� given the chosen scale factor 1:8. There-
fore, the room boundaries meet the inherent requirement of
the diffusion equation model best in the 1 kHz octave band,
while they qualify only partially in the 2 kHz octave band.
Therefore, this section will discuss only the results obtained
in these two octave bands.

The measurements are conducted at 16 receiving points
along a line near the source. Figure 8�a� illustrates a top view
of the scale model. Figure 8�b� and Fig. 9�a� illustrate the
SPLs measured in the scale-model flat room for 1 and 2 kHz
octave bands, respectively. The SPLs are relative values
which are referenced to the value predicted in simulation at
x=6.4 m �full scale�, where all the diffusion equation models
give the maximum value.

At 1 kHz, the diffusion-Eyring model and the modified
diffusion model agree with the experimental results very
well. The maximum deviation �2 dB� occurs near the foam,
probably due to the fact that the foam is less diffusely re-
flecting. At 2 kHz, as shown in Fig. 9�a�, although the
diffusion-Sabine model shows better results for several
points at the beginning, overall the diffusion-Eyring model

and the modified diffusion model are closer to the experi-
mental results. The worse agreement in comparison with
those at 1 kHz should be expected, probably due to the lower
degree of scattering of the rocks in this octave band.

At both 1 and 2 kHz, the original diffusion-Sabine
model overestimates the RTs, while the diffusion-Eyring
model and the modified diffusion model well predict the RTs
as shown in Fig. 8�c� and Fig. 9�b�. Moreover, the three
diffusion equation models all predict the “drop” trend of the
RT as the receiver location approaches the highly absorptive
foam covered wall. The reason for this trend might be that
the highly absorptive foam draws the energy much faster
than the QRDs do. Note that the RTs predicted by the three
diffusion equation models are not changed linearly along the
almost linearly increasing x-axis distance. Some pronounced
dips are found at different places for different diffusion equa-
tion models, while the experimental results also show several
dips. For example, in Fig. 9�b�, both experimental and the
modified diffusion model results show a pronounced dip of
the RT between x=7 m and x=8 m. No explanation for this
has yet been found.

It seems plausible that the diffusion-Eyring model has
slightly better agreement with the experimental results than

FIG. 8. �Color online�. Comparison of three different diffusion models with
experimental results in a scale-model flat room in the 1 kHz octave band
along the line at y=0.64 m �full scale�. �a� A top-view of the flat room scale
model. The source is located at the bottom right. The measurements are
conducted along the dotted line. �b� Sound pressure level distributions. �c�
Reverberation times.

FIG. 9. �Color online�. Comparison of three different diffusion models and
experimental results in a scale-model flat room in the 2 kHz octave band
along a line at y=0.64 m �full scale�. �a� Sound pressure level distributions.
�b� Reverberation times.
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does the modified diffusion model for RT prediction. How-
ever, it is hard to conclude that in this specific case, the
diffusion-Eyring model is more accurate at this moment, be-
cause of the uncertainty of the input parameter of the three
diffusion equation models,21 including absorption coeffi-
cients, directivities of the microphone and the loudspeaker,
etc. Nevertheless, in extending this model to an uncovered
room, the diffusion-Eyring model is expected to be problem-
atic due to the singularity mentioned above. Such measure-
ments should be done in the near future for further valida-
tions.

In the 250 and 500 Hz octave bands, the agreement be-
tween the predicted results and the experimental results in
terms of SPLs and RTs drops markedly, due to the decreased
diffuse reflections of the walls. It remains for future work to
scrutinize the validity of each diffusion equation model with
regard to different degrees of diffusion on the walls.

V. CONCLUSION

This work introduces extensions of the diffusion equa-
tion model recently applied in room-acoustic predictions by
proposing a modified boundary condition. A direct compari-
son of this modified boundary condition with two previous
boundary conditions: diffusion-Sabine and diffusion-Eyring
boundary conditions, suggests that these three boundary con-
ditions behave similarly in low absorption region while a
considerable discrepancy will be seen in high absorption re-
gion. Particularly, there exists a singularity within the
diffusion-Eyring model when the absorption coefficient be-
comes 1.0. The diffusion equation model using the modified
boundary condition overcomes the singularity problem. To
further compare them, a geometrical-acoustic model is em-
ployed as a reference, with RTs and SPLs investigated in
cubic rooms. For uniformly distributed absorption coeffi-
cients, both the diffusion-Eyring model and the modified dif-
fusion model show good agreement with the geometrical-
acoustic model. For nonuniformly distributed absorption
coefficients, if the wall has one side open or an absorption
coefficient of 1.0, the diffusion-Eyring model fails. Simula-
tions of sound pressure levels �SPLs� in a long, flat room
with an average absorption coefficient below 0.8, indicate
that the diffusion-Eyring and the modified diffusion model
yield very similar results being closer to those estimated by
the geometrical-acoustics method.

The experimental results obtained from a scale-model
flat room are discussed to further examine the modified dif-
fusion model. Both SPL and RT distributions indicate that
the diffusion equation model is capable of modeling the
sound field in disproportionate rooms for the nonuniformity
of sound energy density as well as the sound energy decay.
Within frequency ranges where diffuse surface reflections
can be achieved in the scale model, the modified diffusion
model and the diffusion-Eyring model agree well with the
scale-model experimental results.

The diffusion-Eyring and the modified diffusion model
both exceed the diffusion-Sabine model in terms of room-
acoustic prediction accuracy. The modified diffusion model
provides comparable results with the diffusion-Eyring model
in most cases investigated within this study. More impor-

tantly, the modified diffusion model can handle an absorption
coefficient as high as 1.0, while the diffusion-Eyring model
fails due to the singularity.

The discussion of the illustrative examples is limited so
far to the cases where the numerical simulations and, particu-
larly the experimental verifications, are conducted using a
flat room scale model. More systematic investigations using
other room types, including long room scale models, real-
size rooms, and coupled spaces, are expected in the near
future.
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