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An improved statistical-acoustics model of high-frequency sound fields in coupled rooms is
developed by incorporating into prior models geometrical-acoustics corrections for both energy
decay within subrooms and energy transfer between subrooms. The conditions under which
statistical-acoustics models of coupled rooms are valid approximations to geometrical acoustics are
examined by comparison of computational geometrical-acoustics predictions of decay curves in
two- and three-room systems with those of both improved and prior statistical-acoustics models. The
accuracy of the decay model used within subrooms is found to have a primary influence on the
accuracy of predictions in coupled systems. Likewise, nondiffuse transfer of energy is shown to
significantly affect decay of energy in systems of coupled rooms. The decrease in energy density of
the reverberant field with distance from the source, which is predicted by geometrical acoustics, is
found to result in spatial dependence of decay-curve shape for certain coupling geometries.
Geometrical effects are shown to contribute to the failure of statistical-acoustics models in the case
of strong coupling between subrooms; thus, previously proposed statistical-acoustics criteria cannot
predict the point at which the models break down with consistent accuracy. ©2004 Acoustical
Society of America.@DOI: 10.1121/1.1763974#

PACS numbers: 43.55.Br, 43.55.Ka@MK # Pages: 958–969
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I. INTRODUCTION

The high-frequency modeling techniques of statisti
acoustics~SA! and geometrical acoustics~GA! are increas-
ingly being applied to systems of large, coupled rooms as
use of auxiliary coupled volumes in the design of perf
mance spaces becomes more frequent. SA models offe
advantages of speed and simplicity, but their accuracy
predicting the sound fields in systems of large, coup
rooms has not been established. The interrelationship
these two modeling techniques has been theoretic
characterized1–3 and studied in single-volume rooms bo
computationally4–6 and experimentally.7 Based on GA con-
cepts, semiempirical refinements of Sabine’s original
model8 have been developed.9–12 In systems of coupled
rooms SA models involve additional assumptions that furt
limit their agreement with GA models. Thus, the relatio
ships established between SA and GA for single-volu
rooms must be reevaluated for systems of coupled roo
Many of the semiempirical corrections developed for S
models of single-volume rooms have not been applied to
models of coupled rooms. Moreover, new corrections can
developed to address the additional assumptions require
model coupled rooms. This paper describes an improved
model of coupled rooms, which comprises prior mod
while incorporating additional corrections, and examines
relationship of SA models to GA.

a!Portions of this work have been presented at the 143rd meeting o
Acoustical Society of America@J. Acoust. Soc. Am.111, 2390~A! ~2002!#.

b!Electronic mail: summers@abyss.nrl.navy.mil
c!Current address: Naval Research Laboratory, Washington, D.C. 20
5350.

d!Current address: Yamaha Corporation, 10-1 Nakazawa-cho, Hamam
430-8650 Japan.
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An SA model of two coupled rooms was first develop
by Davis13 based on a system of coupled ordinary different
equations~ODEs!. Detailed expositions of this model hav
been given by Cremer and Mu¨ller14 and Lyle.15,16 Kuttruff17

has generalized this model to systems of an arbitrary num
of coupled rooms by expressing it in matrix formalis
~though Peutz18 earlier used an analog computer to solve t
same system of ODEs!. Eyring19 modified Davis’s derivation
to incorporate an alternative decay model.9

II. STATISTICAL-ACOUSTICS MODEL

A. Models of single-volume rooms

The Sabine model8 is a limiting case of GA in enclo-
sures that are ergodic, sufficiently mixing, and weak
absorbing.1,3 In conditions for which the assumptions of th
Sabine model are not valid, additional information is r
quired in order to yield a true first-order correction to t
Sabine model.20 Other decay models9–11 can often, but not
always, yield predictions that are more accurate than thos
the Sabine model.2 The Eyring model9 considers only the
first moment of the free-path distribution, and thus assum
energy is lost every time a phonon travels a distance of

mean-free patĥ ,̄&. Defining h as the ratio of the Eyring
absorption exponenta8 to the geometrically averaged ab
sorption coefficientā

h5
a8

ā
, ~1!

allows the Eyring decay constantd8 to be expressed in term
of the Sabine decay constant
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8V
5hd, ~2!

wherec is the speed of sound,S is the total surface area, an
V is the volume of the room. Regardless of its merit
single-volume rooms, the similar Millington–Sette mode10

is not suitable for use in coupled rooms because it pred
that any surface witha51, such as a coupling apertur
causes decay rate to become infinite.17

Kuttruff11 showed that accounting for the second m
ment of the free-path distribution leads to the absorption
ponent

a952 ln~12ā !F11
g2

2
ln~12ā !G , ~3!

whereg2 is the normalized variance (^,2&2^,̄&2)/^,̄&2. The
decay constantd9 can be expressed by definingh as before.

In the presence of strong nonuniform absorption
Sabine model fails. But, under these conditions, a room
is sufficiently mixing can decay exponentially.7,21,22The de-
cay rate, however, may not be well predicted by S
models.17 Embleton12 has presented a Markov-proce
implementation of the radiosity method that specifically a
counts for this effect. The model reduces to a simple form
the practical case of a room having only two distinct types
surface. Given an absorbent floor or aperture areaS1 with
absorption coefficienta1 and the remaining areaS0 having a
uniform absorption coefficienta0 , the absorption exponen
a- is given by

a-52 ln@12~ ā1Dā!#, ~4!

where

Dā5
~a12a2!2

12ā S S1

S D 2

. ~5!

As previously developed, this model only accounts for
mean of the free-path distribution. If the variance in the fre
path distribution is addressed the absorption exponen
given by

a+52 ln@12~ ā1Dā!#H 11
g2

2
ln@12~ ā1Dā!#J .

~6!

The resulting new decay model is here termed the Kuttru
Embleton model. The correction termDā is positive; thus
these models predict larger decay constants than the unm
fied Eyring or Kuttruff expressions, respectively. This is co
rect only for some enclosure geometries. For example,
dictions agree with GA in rectangular parallelepipeds w
one absorptive surface only if the absorptive surface is on
the larger surfaces.17 Further, if more than two types of su
face exist in a room, applying the simplified form of the
models can lead to substantial error.12

Propagation loss can be accounted for in any of
models discussed above by adding a factor of 4mV to the
total absorption power, wherem is the energy dissipation
coefficient of air expressed in units of Nepers per meter.23

In coupled rooms the shapes of decay curves are fu
tions of both decay constants and steady-state energy d
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
ts

-
-

e
at

-
n
f

e
-
is

–

di-
-
e-

of

e

c-
si-

ties. For this reason, it is especially important that a
model predict both behaviors accurately. The expression
steady-state energy density«0 in a single-volume room con
taining a source of powerP,

«05
4P exp~2A/S!

cA
, ~7!

proposed by Vorla¨nder,24 was found most accurate whe
compared to GA predictions. The total absorption powerA is
defined as the product of the surface area and the ave
absorption coefficient or absorption exponent. The Sab
form, A5Sā, has been adopted for this work. While th
model predicts a uniform level of the reverberant field, it
known25,26 that the steady-state level of the reverbera
sound decreases with distance from the source. If it is
sumed that the energy density due to the reverberant
decays exponentially and the instantaneous level of the
verberant field is uniform throughout the space,«0 will be
given by the sum of the energy density contributed by
direct sound and the integration of the reverberant field
ergy density arriving after the direct sound. Assuming sph
cal propagation from the source and a receiver located
distancer from the source, the expression for energy dens
is26

«0~r !5
P

4pr 2c
1«0 expS 22d

r

cD . ~8!

B. Prior models of coupled rooms

When two or more rooms are joined together in such
way that energy can be transmitted between them, the ro
constitute a coupled system. The reverberant field in a s
tem of coupled rooms is not described by SA models t
have been developed for single-volume rooms.

Knudsen23 has suggested that, for a uniform distributio
of absorption between the subrooms, single-slope de
curves will result that can be described by the Eyring mo

using the mean-free path of the total system^,̄&

«~ t !5«0 expS 2c

^,̄&
a8D . ~9!

This expression can be refined by replacinga8 with another
absorption exponent@e.g., Eqs.~3!, ~4!, or ~6!#. In rooms of
disparate size the conjecture is incorrect because the b
dality of the free-path distribution is pronounced and doub
slope decay curves result.27 But, even if the decay curves in
the subrooms are dominated by a single rate, it may be in
curate to treat the subrooms as a single room.16

To treat a more general case, an enclosure consistin
coupled rooms must be modeled as a system of indep
dently decaying subrooms that interact through the excha
of energy between their diffuse fields. The expression of t
by Kuttruff17 is formally equivalent to all prior models o
coupled rooms based on the Sabine model of energy de
within subrooms.

Such dynamic energy-balance approaches assume
~1! each subroom has a unique diffuse sound field and tha
coupling aperture~s! there is an abrupt transition betwee
959Summers et al.: Models of decay in coupled rooms
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sound fields,~2! the subrooms of the system interact only
an exchange of diffuse energy, and~3! the decay properties
of the subrooms are unaltered by the coupling other than
small shift in the decay constant of each room predicted
the SA model~see, e.g., Ref. 14!. The validity of these as-
sumptions is examined in Sec. II D 2.

C. Improved model of coupled rooms

Under the Sabine assumptions irradiation strengthB
5«c/4. However, Eyring19 observed that assuming any d
cay model other than Sabine’s is tantamount to multiplyingB
by the factorh. Eyring applied this observation only to th
case of two coupled rooms with the decay rates in the s
rooms predicted by the Eyring decay model. In the improv
model presented here, Eyring’s observation is used to mo
Kuttruff’s matrix formulation. Thus, the new model de
scribed below can use any of the decay models discusse
Sec. II A—including the newly introduced Kuttruff–
Embleton model—to solve for the decay rates in the s
rooms of a coupled system containing an arbitrary numbe
subrooms. If the Sabine model is used within the subroo
h51 and the improved model~excluding the additional cor
rections discussed further below! is identical to Kuttruff’s.

The energy density in theith room is described by

d« i~ t !

dt
522h iz i« i~ t !5

h iBi~ t !Ai0

Vi
, ~10!

wherez i is the Sabine decay constant of theith room when
uncoupled,Bi(t) is the irradiation strength in theith room,
andAi0 is the absorption power of theith room exclusive of
the coupling area. For a system ofN rooms with apertures o
areaSi j that allow energy to be transferred between theith
and jth rooms, the system ofN coupled ODEs representin
the dynamic energy balance is, following Kuttruff
derivation17

d« i~ t !

dt
52h iS 2z i1

c( j 51
j Þ i

N
Si j

4Vi

D « i~ t !

1(
j 51
j Þ i

N

h j

cSi j

4Vi
« j~ t ! ~ i 51...N!. ~11!

The valuesBi(t), rather than the decay rates themselv
must be adjusted using the factorsh i to account for different
decay models if Eq.~11! is to be self-consistent. Separatin
the decay terms in theith room @the first term of the right-
hand side of Eq.~11!# into decay due to absorption and dec
due to transfer of energy through the aperture~s! essentially
separatesAi0 of Eq. ~10! into two terms so that changing th
decay rate of the subroom cannot be effected by alteringA,
since the terms would not add, but rather by altering th
common multiplying factor.

Defining a set of constant coefficientsc i j in the manner
of Ref. 17 allows the system to be written in matrix notati

«̇5C« ~12!
960 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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and solved using conventional procedures for such syst
of ODEs. TheN eigenfunctions of this system are of th
form

«~ i !5«0
~ i ! exp~22d i t ! ~ i 51...N!, ~13!

with eigenvectors«0
( i ) and eigenvaluesd i . The general solu-

tion in the ith room is expressed as a linear combination
the eigenfunctions

« i~ t !5C1« i0
~ I! exp~22d1t !1...1CN« i0

~N! exp~22dNt !

~ i 51...N!, ~14!

where« i0
( j ) is the ith component of thejth eigenvector. By

considering the steady-state solution of Eq.~11! the coeffi-
cientsCi are solved for in terms of the steady-state ener
density values. These are determined by solving the sys
of coupled energy-balance equations

P i

Vi
52(

j 51

N

c i j « j~0! ~ i 51...N!, ~15!

whereP i is the power of the source located in theith room.
There is some ambiguity concerning which form ofC
should be used to solve for steady-state values. Eyring19 held
that his formulation was not appropriate for the steady-s
case and should only be used to determine decay rates
stead, the Sabine model should be used for steady-state
cesses. While use of either can be validated by form
derivation,17 the Sabine form ofC is adopted in this paper
Further, Vorländer’s correction is applied to the resulting va
ues of« j (0).

Unlike prior models, this improved model can treat mu
tiple sources distributed throughout the subrooms or sou
that simultaneously radiate into more than one subroom.
latter case is accommodated by findingDV i j , the fraction of
the total solid angle subtended bySi j as viewed from the
source~see the appendix A of Ref. 25!. For example, given a
source of powerP located in theith room of a two-room
system two sources are modeled. In thejth room P j

5PDV i j /4p and in theith roomP i5P2P j . For complex
aperture configurations, a computational approach mus
used. In many cases the ratioDV i j /4p can be estimated a
the ratio of aperture area to total surface area of the roo

Barron and Lee’s revised theory for steady-state ene
density26 explicitly assumes that the reverberant field in
room will decay at a single exponential rate. In a system oN
coupled rooms, the reverberant field will, in general, dec
as the linear combination ofN exponential decays. In this
case, the energy contained in the impulse response integ
from the arrival time of the direct sound to infinity summe
with the energy density due to the direct sound is given in
ith room by the new expression

«0~r !5
P

4pr 2c
1(

j 51

N

Cj« i0
~ j ! expS 22d j

r

c D , ~16!

where r is the distance from the source to the receiver.
should be noted thatr /c is typically much smaller than the
reverberation time of theith roomTi corresponding tod i of
the subrooms. Therefore, it is the ability of the decay mo
Summers et al.: Models of decay in coupled rooms
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to accurately predict the early portion of the decay tha
most critical to the accuracy of Eq.~16!. Moreover, variation
in energy level with position is governed almost entirely
d j for which Cj« i0

( j ) is largest, unless the knee of the dec
curve occurs rather early. If the source and receiver are in
same room,P andr in Eq. ~16! have the conventional inter
pretations, but if they are in separate rooms both the sou
if it is visible, and the coupling aperture behave as source
the reverberant field in the room not containing the sour
To address this requires greater revision of Eq.~8! than that
given in Eq.~16!.

D. Limitations of and corrections to the improved
model

1. Strength of coupling

SA models of coupled rooms are most accurate w
applied to systems that are not strongly coupled.13–18

Strongly coupled systems are defined by equipartition of
ergy whereas weakly coupled systems are defined by
systems that behave as though isolated.28 The intermediate
case is that of loosely coupled rooms. In such systems,
steady-state levels and decay processes can only be desc
by a theory that accounts for the exchange of energy betw
the spaces. Based on these definitions, Smith28 has given the
criterion for strong coupling in a two-room system ask.1,
where

k5
Si j

Ai0
1

Sji

Aj 0
, ~17!

~whereSi j 5Sji for the two-room case!. Cremer and Mu¨ller14

presented a similar criterion for two-room systems descri
by the coupling factor

kj5
Sji

Aj 01Sji
. ~18!

For a source in theith room, strong coupling is defined b
kj;1 and weak coupling is defined bykj;0. Note that, by
Smith’s definition, two rooms are strongly coupled if eith
ki or kj.0.5. This is a stricter formulation of Kuttruff’s
guideline that the SA model of coupled rooms is applica
to those cases where the energy lost via coupling is not
stantially larger than the energy lost via absorption.17

Lyle15 has proposed an empirically derived upper lim
for the accurate application of the SA model based on
idea of coupling strength

maxSi j 5min M ~0.42ā i !Si for ; i , j , ~19!

where M<1 is the ‘‘mixing constant.’’ In ideally diffuse
roomsM51 and, for apertures above the limit, the syste
can be treated as a single room. In rooms that are not ide
diffuse M,1 and no model can be certain to work for th
strong-coupling condition. In such cases, equipartition of
ergy between the now unified subrooms may not occur e
though the system is, geometrically, a single space.15

Each of these criteria is fallible. In comparisons wi
GA, Eq.~17!, often predicts that the model should fail befo
it does. In contrast, Eqs.~18! and ~19! often fail to predict
that single-volume rooms should be treated as such.
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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2. Failure of statistical assumptions

Progressive discrepancy between predictions of GA
SA as rooms become more strongly coupled is partly due
violations of the additional assumptions made by the
model of coupled rooms, as given in Sec. II B.

Coupling apertures on the boundaries of subrooms v
late the assumption that decay properties of individual roo
are unaltered by coupling. Geometrical averaging of abso
tion coefficients can be understood to originate in the mu
nomial distribution describing the number of reflections th
occur from each surface of an enclosure in the case of in
pendent reflections.17 Though this assumption is never full
correct,2 especially for specular reflection,6 it is further
flawed if any portion of the surface, such as a coupling
erture, is perfectly absorptive. If a phonon travels out of
aperture, the next reflection will not occur in the origin
room and the two successive reflections are dependent.
leads to flaws in the averaging of the absorption coefficie
because an aperture diminishes the probability that all ro
surfaces will be uniformly sampled, as Eyring fir
observed.19

Large apertures, because they act initially as perfect
sorbers, cause anisotropy in the sound field due to the es
lishment of a net flow of energy~i.e., there are fewer
phonons moving away from the aperture than toward it2!. If
the aperture area is not too large, SA models can still
scribe the behavior.1,6 However, if the area is too large, S
models will fail as the preferential selection of trajectories
the aperture slows the mixing process.6

Locations and sizes of the apertures also affect free-p
distribution. Unless conditions are such that the Sab
model is valid, the decay associated with the room will va
as a function of the location of apertures. Even if free-p
distribution as modified by the apertures is known for ea
of the subrooms, distributions will differ when the rooms a
coupled due to interaction of the subrooms. Certain f
paths that are not available in either of the subrooms
made possible in the coupled system. Therefore, the eig
value decay rates will not be exactly those derived from
uncoupled decay rates because coupling the two rooms
shift the natural decay rates of the rooms by changing
shapes of the free-path distributions.

3. Nondiffuse transfer of energy

The first assumption of the SA model, that there is
abrupt transition at the coupling aperture between uni
diffuse sound fields, is also not accurate. Sound radiates f
the coupling aperture with energy density that is distin
from the energy density of the reverberant field of the ro
into which it radiates. Therefore, it behaves, initially, as
direct-sound component. Only after it has undergone refl
tion is it part of the reverberant field. This phenomenon h
been observed for rooms coupled by partially transond
partitions13 and for rooms coupled by apertures.19 Assuming
a diffuse field in the source room at a large distancer from
the aperture the finite dimensions of the aperture can be
glected and the aperture is approximated by a Lamb
961Summers et al.: Models of decay in coupled rooms
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source17 of powerBiSi j . If the locally planar assumption i
met, the energy density in roomj due to the direct contribu
tions from an aperture,« j , is

« j~r ,t !5
cos~u!Si j « i~ t !

4pr 2
~20!

for an aperture coupling thejth room to theith room, where
r is the position vector of the receiver in thejth room ~with
magnituder!, u is the angle from the normal to the wa
containing the aperture, and« i(t) is the energy density of the
ith room. This implies that, in regions near coupling ap
tures, direct radiation from adjacent rooms can dominate
sound fields of rooms with lower energy density than tho
adjacent rooms.

Because energy transmitted through coupling apertu
is first radiated as a quasidirect component, reverberant
ergy can be transferred between rooms that are not adja
This is illustrated by considering the system of three coup
rooms shown in Fig. 1 that was first studied by Kuttruff17

Traditional analysis assumesS135S3150. However, a cer-
tain portion of the sound radiated fromS12 will pass through
S23 before undergoing a reflection in room 2. Likewise,
portion of the sound radiated fromS32 passes directly
throughS21. If the radiation from the aperture has an angu
distribution given by Eq.~20!, the fraction of the sound
power radiated byS12 that passes directly throughS23 ~or
vice versa!, is given by the radiation shape factor betwe
the two apertures

FIG. 1. Three-room coupled system first studied by Kuttruff. Transve
section~a! and plan~b! views are shown. VolumesV and areasS are the
same for each subroom:V56270 m3 and S52066 m2 15 m319 m
322 m); areas include coupling areas. Crosses~1! indicate receiver posi-
tions: 1–4 in Room 1, 11–14 in Room 2, and 21–24 in Room 3. The sin
source position in Room 1, A0, is indicated by an X.
962 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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F135F315
1

pS12
E

S12

E
S23

cosf12cosf23

r 2
dS12dS23,

~21!

wherer the magnitude of the vector between points on
aperture surfaces andf i j are the angles between the vect
connecting the points and the normals ofSi j . Having deter-
mined the fraction of energy transmitted directly between
apertures, the corrected coupling areas are given by

S128 5~12F13!S12,

S328 5~12F13!S32,
~22!

S138 5F13S12,

S318 5F13S32.

This approach can be extended to more complex geomet
For example, a room with multiple apertures, which is n
convex in the region containing the apertures, may haveFii

that is nonzero. Given simple configurations and apert
shapes, the radiation shape factors can be calculated dir
~see the appendix A of Ref. 25!. In more complex geom-
etries, they must be determined computationally. In su
cases it is possible to form rough estimates of the fac
from ratios of surface areas of the apertures to the total
face areas of the rooms.

4. Spatial variation

Equation~16! suggests a correction to the basic theo
as the level of the reverberant energy density at the coup
aperture may differ from the value used in Eq.~11!. ThusB
in the prior derivation should be modified ifB is the irradia-
tion strength in a room containing a source. Even in roo
that do not contain a source, the aperture itself acts a
source so that spatial variation may result. The spatial va
tion in the level of the reverberant energy suggests that s
tial variation in decay shape may occur under certain con
tions because the multiplier terms in Eq.~14! will be
functions of position.

III. GEOMETRICAL-ACOUSTICS MODEL

The exact GA solution for the energy decay can be
tained through the solution of an integral equation.4,17,29 In
practice, GA solutions are obtained computationally us
ray tracing or its variants, which can be viewed as Mon
Carlo approximations to the exact solution.30

In this study, the geometrical-acoustics software CAT
Acoustic V. 8.0 is used.31,32 Nonspecular reflection is mod
eled as Lambert diffuse reflection,17 for which scattering co-
efficientss are defined as the fraction of energy that is n
specularly reflected. While angular dependence of absorp
coefficients is not accounted for, it can be safely neglec
for large, reverberant enclosures having sufficiently la
scattering coefficients.33,34 The original algorithm assumes
constant, quadratic rate of growth of the reflection dens
which is not true in certain coupled rooms.35 To address this,
a new version of the algorithm35 ~introduced in commercia
versions 8.0b and above! is used.

e

le
Summers et al.: Models of decay in coupled rooms
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IV. COMPARISON OF STATISTICAL AND
GEOMETRICAL ACOUSTICS

In order to characterize the relationship between
models and GA models of coupled-room systems, two-
three-room coupled systems are studied. In the two-ro
geometry, the volumes of the subrooms are based on a
ages of performance spaces which employ either a cou
stage house or an auxiliary coupled chamber. The predict
of decay curves and steady-state energy densities give
SA and GA are compared for each of the rooms unde
series of different conditions of the room surfaces. The p
pose of these simulations is to determine how the additio
assumptions implicit in SA models of coupled rooms affe
the relationship of their predictions with those of GA. B
comparing predictions of energy decay and steady-state
ergy density, conditions for which the GA model is appro
mated by SA models are assessed in terms of degree of
pling and absorption and scattering coefficients of
surfaces of the subrooms. The three-room geometry is ta
from previous work conducted by Kuttruff17 and serves to
evaluate elements of the new model that improve the ac
racy of predictions in systems having more than two room
In both two- and three-room geometries the subrooms
modeled as rectangular parallelepipeds, which, though
ergodic given specular reflection,3,29 are both ergodic and
mixing for s.0.

A. Methodology

The GA computer model is used to generate ene
echograms for each source-receiver combination. Tim
ensemble-average decay curves^s(t)& for fixed source-
receiver pairs are derived by Schroeder integration of ene
echograms and steady-state energy-density values are
from maxima of these integrated echograms. Steady-s
energy-density values are plotted as a function of the
tance of the receiver from the source, a so-called sou
propagation curve, and compared with predictions of the
model. For comparison with SA predictions of decay ra
spatial averaging is used to more accurately describe gl
characteristics of the sound field within each subroo
Space-ensemble-average decay curves$^s(t)&% are calcu-
lated by synchronous averaging of^s(t)& over receiver
and/or source positions.36 The number of source and receiv
positions is chosen in accordance with the recommendat
given in Ref. 37.

The mean-free patĥ,̄&, averaged both over the tim
history of each cone/ray and over the ensemble average o
the cones/rays, is calculated from the trajectories of all
cones/rays emitted from a given source position accordin

^,̄&5
1

M (
i

^,& i5
1

MN (
i j

, i j , ~23!

where, i j is the length of thejth path taken by theith cone/
ray, M is the total number of cones/rays, andN is the total
number of paths traced per cone/ray.

Fitting sums of decaying exponentials to decay cur
by a least-square method is ill conditioned. Therefore, sp
fying the difference between two models in terms of rm
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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error is not generally meaningful. Instead, decay curves
compared visually. In some cases, the decay parameters
dicted by SA are compared with those extracted from
decay curve predicted by GA using Bayesian parame
estimation.38

B. Uncertainty analysis

In comparing SA predictions with GA predictions, the
are two sources of uncertainty~1! ua , uncertainty of the
model outputs due fluctuations in the algorithm, which a
plies to the computational GA model only, and~2! ui , un-
certainty of the model outputs due to uncertainty in the
puts, which applies both to GA and SA models. Onlyua

directly concerns the comparisons made here, because
input parameters for the models are known exactly. Ho
ever, in practice both models will be evaluated on their ab
ity to predict reality. In that case, the relative sensitivity
the GA and SA models to uncertainty in the input paramet
determines whether one model is more accurate than
other.

1. Algorithmic uncertainty

As discussed in Sec. III, CATT-Acoustic yields Mon
Carlo approximations to the exact GA solution which displ
stochastic run-to-run fluctuations. For simple algorithm
analytic estimates ofua exist.38 For CATT-Acoustic, no un-
certainty estimate has been developed; thereforeua in each
case is estimated from the standard deviation of ten pre
tions. This uncertainty is larger at later times and smaller
larger numbers of cones/rays. Many cone/rays were used
the simulations such that, for$^s(t)&%, ua!1 dB. Because of
this, ua is not plotted along with results and can be assum
negligible.

2. Input uncertainty

Real input parameters, including room geometry a
surface parameters, are known to finite precision. Comp
tive merit of the modeling approaches can be practically
sessed only in terms ofui , uncertainties of predictions due t
uncertainties of input parameters. Consideration here is
ited to input parameters whose uncertainty is of most sign
cance: absorption and scattering coefficients, which m
have uncertainties of 10% or more.

For small numbers of subrooms, it is tractable to so
the SA model algebraically and therefore possible to deve
analytical expressions forui .39 In general, Eqs.~11! and~15!
are solved numerically. Uncertainty in the final predictions
estimated~up to first-order terms in a Taylor-series expa
sion! by computing influence coefficients for each input p
rameter at the limits of its region of confidence.39 While this
is in error if the predictions are a nonlinear function of t
input parameters,40 this linear approximation, which also ne
glects interactions between the input parameters, is rea
able for small uncertainties.

A similar procedure is applied to estimateui in the GA
model. Though the additional input parameters makes the
assumption of noninteraction less plausible, the alternativ
Monte Carlo estimation of the distribution of the outp
data—is too time consuming. Variations ins for s.0.5 typi-
963Summers et al.: Models of decay in coupled rooms
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cally have little influence on decay curves.7,21 Therefore, in
many cases~and most of the cases of interest here! keeping
only the linear term of the Taylor series is a reasonable
proximation.

C. Two-room system

A simplified representation of a concert hall with an au
iliary coupled room is constructed by positioning the aux
iary volume, Room 1, along the short side of the audie
chamber, Room 2, as shown in Fig. 2. Source position
Room 1, A0-A1, and Room 2, B0-B3, are considered. A to
of 11 receiver positions are simulated for each of the se
source positions. As shown in Fig. 2, nine of the receive
labeled 1–9, are distributed within Room 2 and the rema
ing two receivers, labeled 11, 12, are located in Room 1.
rooms are coupled by a single aperture centered in the
separating them. Four aperture sizes, 25, 50, 100, and 202

are used. The aspect ratio of each is one. For each geom
cal condition three different absorption conditions are m
eled: ~1! uniform absorption~a50.10! for all wall surfaces,
~2! uniform a for wall surfaces within each subroom (a1

50.10,a250.20), such that the absorption power in Room
is equivalent to that presented by an audience, and~3! a
similar condition in which the increase in the absorption
Room 2 is affected by increasing the absorption coeffici
of the floor surface to 0.80 in order to simulate the nonu
form absorption presented by an audience and all other
faces are assigneda50.10. For each absorption conditio
there are three scattering conditions for which Lambert s
tering coefficientss50.10, 0.60 and 0.99 are applied to a
surfaces uniformly.

FIG. 2. Two-room coupled system. Transverse section~a! and plan ~b!
views are shown. The volumesV and areasS of the subrooms areV1

56270 m3, S152066 m2 ~15 m319 m322 m! and V2517 556 m3, S2

54280 m2 ~42 m319 m322 m! and; areas include coupling areas. Cross
~1! indicate receiver positions: 1–9 in Room 2, 11–14 in Room 1. Sou
are indicated by X’s: A0-A1 in Room 1 and B0-B3 in Room 2.
964 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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Coupling strengths are calculated according to the cr
ria described in Sec. II D 1. Equation~17! predicts that the
coupling is strong in all cases for whichS12>100 m2. By
contrast, Eqs.~18! and ~19! predict that the system is neve
strongly coupled, even when configured as a single room

For Condition 1, much of the relationship between S
and GA predictions is known from previous studies
single-volume rooms. Thus, comparison is made only
tween the improved SA model using the Kuttruff dec
model (h5a9/ā) within the subrooms and GA. Prediction
of Knudsen’s conjecture using Eyring and Kuttruff mode
are then similarly compared with GA predictions. For Co
ditions 2 and 3, the improved-SA-model decay-curve pred
tions using Sabine~h51!, Eyring (h5a8/ā), and Kuttruff
(h5a9/ā) decay models within the subrooms are compa
with GA predictions. Condition 3 also allows for th
Kuttruff–Embleton decay model (h5a+/ā) to be used in
Room 2. For each condition, the predictions of Eq.~16! are
compared with sound-propagation curves calculated by G
In the case of Conditions 2 and 3 the influence of this on
spatial variation of decay-curve shape is shown.

1. Condition 1: Uniform absorption

Given uniform absorption, Room 1 is less reverbera
than Room 2 and, thus, single-slope decay curves resu
Room 2 if the source is located in that room, while in Roo
1 the initial slope of the decay is zero and over time a
proaches the slope of the decay curve in Room 2, as sh
in Fig. 3. Also shown in Fig. 3, as the size of the coupli
aperture increases, initial levels of decay curves appro
each other and the initial transition period of the decay
Room 1 becomes shorter. It is this condition of sources
Room 2 that is analyzed below.

As expected, the improved model using the Kuttruff d
cay model within the subrooms accurately predicts de
curves, as illustrated in Fig. 3 forS12525 and 200 m2. In
comparison~though, for clarity, not shown in Fig. 3!, the
Sabine decay model slightly underpredicts the decay r
and the Eyring decay model slightly overpredicts the de
rates. ForS12<100 m2 there is little variation in the accurac
of the predictions of the SA model with aperture size.
shown in Fig. 3, the error increases markedly forS12

5200 m2. The reasons for this have been discussed in S

II D 2. As shown in Fig. 4,̂ ,̄& of the uncoupled subroom
decrease from 4V/S ~Room 1:12.1 m, Room 2:16.4 m! as the
size of the aperture is increased due to an increase in
relative frequency of short paths. Increasing the size of
aperture also allows increased access to long-length p
associated with the coupled system as a whole. The lon
free path available in Room 2 is 51.08 m. Figure 4 sho
that as the aperture size increases the relative frequenc
path lengths in the coupled system greater than 51.08 m
increases. The net effect of these phenomena is an increa
g2 of the subrooms. Because increasedg2 decreases the de
cay rate of a room, overprediction of the decay rates in
subrooms is made more severe as aperture size incre
Increase ing2 depends on the geometry of room. Howev
there is not a known relationship betweeng2 and aperture
size for a fixed geometry or between geometry and rate

s
s
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crease ing2 with aperture size. Instead increase can be
counted for heuristically by multiplyingg2 by a correction
factor. Factors;1–2 have been found to work well for thi
particular coupled system. These observations and cor
tions hold generally for this coupled system because abs
tion configurations witha,1 do not alter the free-path dis
tribution.

Bayesian analysis gives additional insight into pheno
ena observed. ForS12<100 m2 the two rates extracted from
the decay curves computed by the GA computer model
proximately agree with the decay rates predicted by the
model. The differences between the rates predicted by
models increase as the aperture size increases. In the ca
S125200 m2, with the source in Room 1, Bayesian analy
supports three decay rates. The first rate is associated
Room 1 and is similar to the SA prediction. The other tw
rates, which correspond to reverberation times of 6.10
6.40 s, may correspond, respectively, to the decay rate a
ciated with Room 2 or the decay rate associated with
entire coupled system. The rate associated with Room 2
a platykurtic posterior probability distribution and is on
weakly supported by the data. As the decay curves show
Fig. 3 suggest, the system is at the point of transition
tween one- and two-room behaviors.

GA predictions are also compared with Knudsen’s co

jecture@Eq. ~9!#. As determined by GA,̂ ,̄& of the coupled

system differs little from 4V/S (S12525 m2: ^,̄&515.5,

4V/S515.1; S125200 m2: ^ ,̄&516.0, 4V/S516.0). Differ-
ences increase for small coupling apertures due, most lik

to increase in mixing time of the geometry such that^ ,̄&
54V/S is not satisfied within the truncation time of the com

FIG. 3. For the two-room coupled system~Fig. 2! in Condition 1, spatial
averages of GA-model predictions (s50.99) for receivers in Room 1
~dashed line! and Room 2~solid line! are compared with improved-SA
model predictions using Kuttruff’s decay model within the subrooms@Eq.
~11!, h5a9/ā] for Room 1 ~circles!, Room 2~squares!, and the Kuttruff
form of Knudsen’s conjecture@Eq. ~9! usinga9] ~triangles!. Ensemble av-
erages of all source positions in Room 2 withS12525 m2 ~a! and 200 m2 ~b!
and in Room 1 withS12525 m2 ~c! and 200 m2 ~d! are shown.
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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putation. Using the Eyring decay model, Knudsen’s appro
overpredicts the decay rate. But, by accounting forg2, the
Kuttruff form of Knudsen’s conjecture becomes rather ac
rate, as shown in Fig. 3. The remaining error is primarily t
incorrect prediction of equipartition of energy. Therefor
Knudsen’s conjecture becomes more accurate asS12 in-
creases.

For sources and receivers both in Room 2, the stea
state energy density is well predicted by the modified form
Barron and Lee’s revised theory usingh5a9/ā ~errors,1
dB!, as shown in Fig. 5 for Source B3. As expected, err
increase for highers due to backscattering. Equation~16!
suggests that the level of the reverberant field should
crease linearly with distance at a single rate determined
the dominant decay rate in Room 2. But, due to backsca
ing, there are two distinct rates; one associated with the
ceivers near the source~1–5! and a second associated wi
the receivers far from the source~6–9!.

2. Condition 2: Uniform absorption within each
subroom

When loosely coupled, the system displays for these
sorption conditions the strongly nonlinear decay curves ty
cally associated with coupled rooms.

The GA model predicts that the decay rate of the l
portions of the decay curves decreases with time fos
50.10. This is especially notable forS12>100 m2. In cases
for which the late decay is not dominated by long-lived pa
(s50.60,0.99), using the Kuttruff decay model (h5a9/ā)
in the improved SA model most accurately predicts the de
curves, as shown in Fig. 6, while Sabine~h51! and Eyring
(h5a8/ā) decay models used in the improved SA mod
underpredict or overpredict the decay rates, respectively.
Kuttruff decay model tends toward overprediction of the
decay rates, which is greater for largerS12 and can be attrib-

FIG. 4. For the two-room coupled system~Fig. 2!, free-path distributions of
cones/rays emitted~a! from source B2 in isolated Room 2 withS12

525 m2 ~black bars! and 200 m2 ~white bars! simulated by absorbing
patches,~b! from source A0 in isolated Room 1 withS12525 m2 ~black
bars! and 200 m2 ~white bars! simulated by absorbing patches, and~c! from
source B2 in the coupled system withS12525 m2 ~black bars! and 200 m2

~white bars! are shown. Mean-free paths are indicated by vertical lines
S12525 m2 ~solid lines! and 200 m2 ~dashed lines!.
965Summers et al.: Models of decay in coupled rooms
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uted to increased variance of the free-path distribution,
observed in Sec. IV C 1. Multiplyingg2 by a correction fac-
tor can address this error. As shown in Fig. 6, the GA mo
is typically less sensitive to input uncertainty. For uncertai
in a ands of 610%, the confidence limits of the prediction
are such that all of the models can be considered equ
accurate.

Section II D 4 suggests that spatial variation in the sh
of the decay curve may occur as a result of spatial varia
in the energy density associated with each eigenfunct
Such variation should be most significant for Source B3,
which the difference in the distance between the source a
given receiver and the aperture and a given receiver is gr
est. Instead, the GA model predicts little spatial variatio
The level and rate of the late decay vary somewhat w
position~as shown in Fig. 5!, but the decay curve maintain
the same basic shape, as shown in Fig. 7. As before, the
of the reverberant field decreases with distance from
source, as shown in Fig. 5. Becaused1 is larger, the rate of
decrease is greater, as Eq.~16! predicts. However, the in
crease in level near the source for larges, which is not pre-
dicted by the model, is also larger and steeper in slope. T
variation is not due to the nonlinearity of the decay cur
predicted by the SA model, because over the time range
evant here~<150 ms! the decay curve is essentially sing
sloped. Instead, it can be attributed to the additional abs
tion in Room 2.25

3. Condition 3: Simulated audience absorption

Because of nonuniform distribution of absorption
Room 2, fors,0.40 reasonable accuracy of SA models ca
not be assured.21 In Room 2 there is a balance between lon
lived paths and anisotropy of the sound field.35 For smalls,
long-lived paths and two-dimensional reverberation do
nate, resulting in a nonlinear decay curve of the room wh
uncoupled. For higher scattering coefficients, the enclosu
more mixing, so the effects of anisotropy dominate.

FIG. 5. Sound propagation curves~with direct sound subtracted! in Room 2
for Source B3 andS12525 m2 in Conditions 1~a!, 2 ~b!, and 3~c! computed
by the GA model fors50.10 ~squares!, 0.60 ~circles!, and 0.99~triangles!
are compared with the predictions of Eq.~16! ~solid line!.
966 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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Because of this, the improved SA model using Sab
model of decay in the subrooms~h51! underpredicts the
decay rate in Room 2 for all aperture conditions. The Em
leton model suggests that the Eyring model should also
derpredict the decay rate in Room 2. The combination of
increase in the decay constant due to anisotropy and a
crease in the decay constant due to variance in the free-
distribution tend to negate one another in this particular ca
producing a decay curve in the primary room that agr
with the prediction of the improved SA model using the E
ring model of decay in the subrooms (h5a8/ā). This is
confirmed by employing the Kuttruff–Embleton deca
model (h5a+/ā), which predicts the decay rate well i
Room 2. Figure 8 illustrates the comparisons made above
Room 1 the behavior is the same as in the previous cases
the Kuttruff model (h5a9/ā) gives the most accurate pre
diction of the decay rate. The GA model is seen in Fig. 8
be less sensitive to input uncertainty, as observed for Co
tion 2. However, overall errors are greater than Conditio
and the different decay models cannot be considered equ
accurate for input uncertainties of610%.

As in Condition 2, Eq.~16! predicts the propagation
curves well, with larger errors for higher values ofs, as
shown in Fig. 5. While the energy propagation curve is sim
lar to the previous case, the spatial variation of the de
curve shape is greater. As shown in Fig. 7, Receivers 1
start at lower levels than Receivers 6–9, because they
further from the source, but end at higher levels, beca

FIG. 6. For the two-room coupled system~Fig. 2! in Condition 2, ensemble
averages of GA-model predictions (s50.99) for all sources and receivers i
Room 2~solid line! are compared with improved-SA-model predictions u
ing Sabine@Eq. ~11!, h51# ~squares!, Eyring @Eq. ~11!, h5a8/ā] ~circles!
decay models within the subrooms forS12525 m2 ~a! and 200 m2 ~c!. Dif-
ferences between GA and SA predictions (10 log10 GA210 log10 SA) @using
Sabine~solid line!, Eyring ~dashed line!, and Kuttruff ~dotted line! decay
models# are plotted forS12525 m2 ~b! and 200 m2 ~d!. The regions of
confidence defined byui are plotted as error bars for SA predictions and
fainter lines lying on either side of the primary lines for GA prediction
Confidence limit predictions assumea and s are known to610% at the
same level of confidence.
Summers et al.: Models of decay in coupled rooms
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they are nearer to the coupling aperture. In an actual ro
the effect may be more marked due to grazing-incidence
tenuation, which is not accounted for by the GA model.

D. Three-room system

SA calculations of the decay curves in a system of th
coupled rooms have been discussed previously by Kuttru17

Because the three-room model studied by Kuttruff was co
puted only by SA, all of the room parameters were not giv
explicitly. Taking the three rooms of equal volume to
geometrically identical, Kuttruff’s specifications area2

5a1/10, a35a1/2, S125Sa1/20, andS235Sa1/10, whereS
is the area of each room, inclusive of the aperture area
shown in Fig. 1, the rooms are chosen to be of the size
shape of Room 1 of the previous geometry and are cou
through their largest wall with a square aperture centere
each interior dividing wall. The absorption coefficients a
determined by specifying thata150.50, which results in a
reverberation time of approximately one second in Room
Kuttruff’s conceptual model of three rooms did not spec
the distribution of absorption within the subrooms; thus,
absorption is uniformly distributed.

Four receivers are modeled in each room, as show
Fig. 1. The decay curves computed for the four receiver
each room are ensemble averaged to give$^s(t)&% for that
room. A single source position, located in Room 1, is mo
eled. The solid angle subtended byS12 as viewed from the
source is computed in order to evaluate the initial pow
distribution.

The configuration shape factor of the two aperturesS12

and S23 is determined according to Eq.~21!. An adaptive
Gaussian-quadrature routine is used to evaluate the f
dimensional integral. Note that Receivers 11 and 12 are
the direct path of the transmission between Room 1
Room 3. Therefore, they are affected by the transmitted
ergy as it passes them. While this may appear problem
removing the receivers from the ensemble average in Ro
2 alters the decay-curve level only a small amount~;0.2
dB!.

Comparing the predictions of the improved SA mod
@Eq. ~11!, h5a9/ā, with additional corrections discusse
above# and Kuttruff’s original model@Eq. ~11!, h51, without

FIG. 7. For the two-room coupled system~Fig. 2! with S12525 m2 and
Source B3, spatial variation in decay shape is shown between ensem
averaged decay curves of receivers 1–5~dashed lines!, far from the source,
and 6–9~solid lines!, near the source, given absorption Condition 2, w
s50.99 ~a!, and absorption Condition 3, withs50.99 ~b!. The predictions
of the improved SA model@Eq. ~11! with h5a9/ā, for Condition 2, and
with h5a+/ā for Condition 3# are shown for reference~circles!.
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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additional corrections# with those of GA indicate that the
improved model yields significantly more accurate pred
tions, as shown in Fig. 9. Conservative uncertainty estima
of 610% for eacha yield only slight overlap between th
two SA models suggesting that their prediction will be s
nificantly different in actual circumstances. The sensitivity
the GA model to input uncertainty is somewhat lower th
the SA models, for this geometry. As a result, the predictio
of the improved SA model and GA are identical given t
10% uncertainty in all the input parameters~a ands!.

The improvement over the prior model can be attribu
to multiple factors. First, the improved model incorporat
more accurate decay models. In this system the decay cu
in all of the rooms are dominated by the rates associated
Rooms 1 and 2. Bayesian analysis of the decay curves c
puted by the GA model does not support the extraction o
decay rate associated with Room 3. Nevertheless, compa
the predictions of the statistical models with the extrac
decay rates for various scattering coefficients indicates
using the Kuttruff decay model (h5a9/ā) within the im-
proved SA model is most consistently accurate. Second,
improved model incorporates the Vorla¨nder model of steady-
state energy density@Eq. ~7!#, which is less prone to overes
timation than the Sabine model used in prior work. Fina
the improved model accounts for the nondiffuse transfer
energy between Rooms 1 and 3. The impact of this corr
tion is most notable in an improvement in the accuracy of
decay curve predicted in Room 3. Without this correctio

le-

FIG. 8. For the two-room coupled system~Fig. 2! in Condition 3, ensemble
averages of GA-model predictions (s50.99) for all sources and receivers i
Room 2~solid line! are compared with improved-SA-model predictions u
ing Sabine@Eq. ~11!, h51# ~squares!, Eyring @Eq. ~11!, h5a8/ā] ~tri-
angles!, and Kuttruff@Eq. ~11!, h5a9/ā] ~circles! decay models within the
subrooms forS12525 m2 ~a! and 200 m2 ~c!. Differences between GA and
SA predictions (10 log10 GA210 log10 SA) @using Sabine~solid line!, Ey-
ring ~dashed line!, and Kuttruff ~dotted line! decay models# are plotted for
S12525 m2 ~b! and 200 m2 ~d!. The regions of confidence defined byui are
plotted as error bars for SA predictions and as fainter lines lying on ei
side of the primary lines for GA predictions. Confidence limit predictio
assumea ands are known to610% at the same level of confidence.
967Summers et al.: Models of decay in coupled rooms
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the improved model cannot accurately predict the early p
of this decay curve.

In contrast with these findings, the solid-angle correct
for the initial power distribution does not give a consiste
improvement. While it does improve the fit of the SA mod
to the GA prediction in Room 1~by decreasing the level o
the decay associated with Room 1 and increasing the lev
the decay associated with Room 2!, it results in overpredic-
tion of the levels in Rooms 2 and 3.

A significant factor in this system of rooms is that th
receivers are near the apertures. As such, the considera
described in Sec. II D 3 can be made for each receiver.

Finally, it should be noted that this geometry violat
Eq. ~19!, becausea1.0.40. However, repeating the previou
work with a150.30 does not notably alter the conclusio
drawn.

V. CONCLUDING REMARKS

A. Observations

The accuracy of SA models of coupled rooms is grea
influenced by the accuracy of the SA model used to estim
decay rates in the subrooms of the coupled system. Crit
required for SA models to be approximately correct
single-volume rooms must be met in each of the subroom
SA models of coupled rooms are to be used. Surface sca
ing is neither necessary nor sufficient to ensure the ag
ment of SA predictions with those of GA. Increasing t
amount of surface scattering in a room that does not ot
wise satisfy the conditions of diffuse-field models tends
improve agreement with the predicted decay rate but, on
linear decay curve has been achieved, increases in su
scattering will not necessarily improve the agreement wit
given statistical model.

Stronger coupling increases the disagreement betw
SA and GA. Previously introduced guidelines for the con
tions under which SA models can be used conflict with o
another and with comparisons to GA. The possible cause
the failure of SA models are sufficiently interconnected a
diverse that a single criterion cannot predict the conditio
for failure. Particularly, previous guidelines have been ba
purely on SA and therefore neglect causes of failure that
rooted in GA, as discussed in Sec. II D.

In systems of coupled rooms, the decrease in level of
reverberant field with distance can be predicted by a mo
fied form of Barron and Lee’s revised model. For such s
tems, this variation in the level of the reverberant field c
result in spatial dependence in the shape of the decay cu
This effect is most significant when the coupling apertu
and the source are in disparate locations. In contrast, d
curves vary spatially in level but not in shape if the source
located near the coupling aperture.

Unlike prior work, the improved SA model introduce
here accounts for the nondiffuse transfer of energy due to~1!
radiation of the source into adjacent subrooms and~2! radia-
tion from apertures into adjacent apertures. Study of a pr
ously investigated three-room geometry indicates that
phenomenon can notably affect the shape of decay curve
subrooms.
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Uncertainty in the values of input parameters to t
models~a ands! has a greater effect on predictions of the S
model than those of the GA model, such that GA and
predictions can often be considered equivalent. For
610% input uncertainty used here, the resulting uncerta
ties in the predictions are large enough to obscure differen
between different SA decay models. They are also la
enough to be audibly significant, indicating the particu
importance of accurate input parameters for model
coupled rooms.35

B. Recommendations

Though developing a SA model that is consistently a
curate in all circumstances is difficult, for many cases,
model presented here should prove applicable at high
quencies. Geometrical acoustics is an intrinsically hig
frequency model and therefore can only assess the accu
of the SA model in the limit of vanishing wavelength. How
ever, in practice, the frequency range of validity can exte
into the 1000 Hz octave band or below.35 At lower frequen-
cies, other methods, such as those described in Ref.
should be used.

FIG. 9. For the three-room coupled system~Fig. 1!, the GA model~en-
semble averages of all receiver positions within each of the subrooms! ~GA!
is compared with the improved SA model@Eq. ~11!, h5a9/ā] ~SA! and
Kuttruff’s original SA model@Eq. ~11!, h51# ~Ref! for two different scat-
tering coefficientss50.40 ~a! and 0.99~b!. In the improved model the
correction for nondiffuse transmission between the subrooms is used bu
solid-angle correction for the initial power distribution is not. For each G
curve the lines on either side of the central curve represent the regio
confidence defined byui , assuminga ands are known to610% at the same
level of confidence. Error bars represent the regions of confidence for
and reference curves assuminga is known to610% at the same level of
confidence.
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