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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 accuracy200 Acoustical
Society of America.[DOI: 10.1121/1.1763974

PACS numbers: 43.55.Br, 43.55.K&lK ] Pages: 958-969

I. INTRODUCTION An SA model of two coupled rooms was first developed
by Davis® based on a system of coupled ordinary differential

The high-frequency modeling techniques of statistical ) . - !
equations(ODES. Detailed expositions of this model have

acoustics(SA) and geometrical acousti¢§SA) are increas- g e 1516 17
ingly being applied to systems of large, coupled rooms as thB€en given by Cremer and Mer™ and Lyle:™ " Kuttruff

use of auxiliary coupled volumes in the design of perfor-has generalized this model to systems.of an ar.bltrary nu_mber
mance spaces becomes more frequent. SA models offer tfff coupled rooms by expressing it in matrix formalism
advantages of speed and simplicity, but their accuracy ifthough Peut? earlier used an analog computer to solve the
predicting the sound fields in systems of large, coupled@Me System ofODI‘;EsEyr!ngl modified Davis’s derivation
rooms has not been established. The interrelationship df incorporate an alternative decay motel.

these two modeling techniques has been theoretically

characterizeti® and studied in single-volume rooms both

computationall?‘G and experimentally.Based on GA con- ||. STATISTICAL-ACOUSTICS MODEL

cepts, semiempirical refinements of Sabine’s original SA .
modef have been developéd!? In systems of coupled A- Models of single-volume rooms

rooms SA models involve additional assumptions that further ~ The Sabine modglis a limiting case of GA in enclo-
limit their agreement with GA models. Thus, the relation-sures that are ergodic, sufficiently mixing, and weakly
ships established between SA and GA for single-volumeabsorbing:® In conditions for which the assumptions of the
rooms must be reevaluated for systems of coupled room$abine model are not valid, additional information is re-
Many of the semiempirical corrections developed for SAquired in order to yield a true first-order correction to the
models of single-volume rooms have not been applied to SSabine modef® Other decay modeis'! can often, but not
models of coupled rooms. Moreover, new corrections can balways, yield predictions that are more accurate than those of
developed to address the additional assumptions required the Sabine modél.The Eyring model considers only the
model coupled rooms. This paper describes an improved SArst moment of the free-path distribution, and thus assumes
model of coupled rooms, which comprises prior modelsenergy is lost every time a phonon travels a distance of one
while incorporating additional corrections, and examines thenean-free paﬂ(?)_ Defining 7 as the ratio of the Eyring
relationship of SA models to GA. absorption exponent’ to the geometrically averaged ab-
sorption coefficienix

dportions of this work have been presented at the 143rd meeting of the

!
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cSa’ ties. For this reason, it is especially important that a SA
8'=—gy ~ 1% (20 model predict both behaviors accurately. The expression for

steady-state energy densiy in a single-volume room con-
wherec is the speed of soungis the total surface area, and taining a source of powel,

V is the volume of the room. Regardless of its merit in
single-volume rooms, the similar Millington—Sette mddel _Allexpg—A/S)
is not suitable for use in coupled rooms because it predicts 0 CA '

that any surface withe=1, such '%S a coupling aperture, oo065ed by Vorlader? was found most accurate when
causes decay rate to become infiriite. compared to GA predictions. The total absorption povés

11 H
Kuttruff™ showed that accounting for the second mO-qefineq as the product of the surface area and the average
ment of the free-path distribution leads to the absorption exébsorption coefficient or absorption exponent. The Sabine

@)

ponent form, A=Sa, has been adopted for this work. While this
o e . model predicts a uniform level of the reverberant field, it is
a'==In(1=-a)| 1+ S In(1=-a)|, (3 knowrt>? that the steady-state level of the reverberant

S sound decreases with distance from the source. If it is as-
wherey? is the normalized variancé{?)—(¢)?)/(¢)2. The  sumed that the energy density due to the reverberant field
decay constand’ can be expressed by definingas before. decays exponentially and the instantaneous level of the re-
In the presence of strong nonuniform absorption theverberant field is uniform throughout the spaeg,will be
Sabine model fails. But, under these conditions, a room thagiven by the sum of the energy density contributed by the
is sufficiently mixing can decay exponentiallf*?*The de-  direct sound and the integration of the reverberant field en-
cay rate, however, may not be well predicted by SAergy density arriving after the direct sound. Assuming spheri-
modelst’ Embletor}? has presented a Markov-process cal propagation from the source and a receiver located at a
implementation of the radiosity method that specifically ac-distancer from the source, the expression for energy density
counts for this effect. The model reduces to a simple form iris®®
the practical case of a room having only two distinct types of

surface: Given an absorbent floor or gperture Sggvith eo(r)= +soex;{ _251)_ ®)
absorption coefficient; and the remaining areg, having a 47r2c c
uniform absorption coefficient,, the absorption exponent
a" is given by B. Prior models of coupled rooms

a"=—=In[1-(a+Aa)], 4 When two or more rooms are joined together in such a
where way that energy can be transmitted between them, the rooms

constitute a coupled system. The reverberant field in a sys-
tem of coupled rooms is not described by SA models that
have been developed for single-volume rooms.

As previously develobed. this model onlv accounts for the KnudseR® has suggested that, for a uniform distribution
me:n (;/fltrlee %/ree-vathp d'sir'blt'on If the Zr'anceu'n the free-Of absorption between the subrooms, single-slope decay

ot Ine free-p Istribution. varia : curves will result that can be described by the Eyring model
path distribution is addressed the absorption exponent is —

< ®)

Ag= (011_01_2)2(31)2'
l1-«a

given by using the mean-free path of the total systéfi
v 3 -c |
&= =In[1—(a+A@)]| 1+ In[1-(a+Aa)]). &()=sqex o) ©

6) This expression can be refined by replacirigwith another
The resulting new decay model is here termed the Kuttruff-absorption exponenfe.g., Eqs(3), (4), or (6)]. In rooms of
Embleton model. The correction tera is positive; thus  disparate size the conjecture is incorrect because the bimo-
these models predict larger decay constants than the unmodiality of the free-path distribution is pronounced and double-
fied Eyring or Kuttruff expressions, respectively. This is cor-slope decay curves res@ltBut, even if the decay curves in
rect only for some enclosure geometries. For example, prehe subrooms are dominated by a single rate, it may be inac-
dictions agree with GA in rectangular parallelepipeds withcurate to treat the subrooms as a single rd®dm.
one absorptive surface only if the absorptive surface is one of  To treat a more general case, an enclosure consisting of
the larger surface¥. Further, if more than two types of sur- coupled rooms must be modeled as a system of indepen-
face exist in a room, applying the simplified form of thesedently decaying subrooms that interact through the exchange
models can lead to substantial ertor. of energy between their diffuse fields. The expression of this
Propagation loss can be accounted for in any of théby Kuttruff'’ is formally equivalent to all prior models of
models discussed above by adding a factor wf\4to the  coupled rooms based on the Sabine model of energy decay
total absorption power, wherm is the energy dissipation within subrooms.
coefficient of air expressed in units of Nepers per mé&ter. Such dynamic energy-balance approaches assume that
In coupled rooms the shapes of decay curves are fundi) each subroom has a unique diffuse sound field and that at
tions of both decay constants and steady-state energy densbupling aperturg) there is an abrupt transition between
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sound fields(2) the subrooms of the system interact only by and solved using conventional procedures for such systems
an exchange of diffuse energy, a(®) the decay properties of ODEs. TheN eigenfunctions of this system are of the
of the subrooms are unaltered by the coupling other than thiorm

small shift in the decay constant of each room predicted by
the SA model(see, e.g., Ref. 24The validity of these as-

sumptions is examined in Sec. 1D 2. with eigenvectors{) and eigenvalues; . The general solu-
tion in theith room is expressed as a linear combination of
the eigenfunctions

eV=gl)expg—261) (i=1..N), (13

C. Improved model of coupled rooms si(t)zclsi%) exp(—251t)+...+CNsi(0N) exp — 285t)
Under the Sabine assumptions irradiation strenBth i—1 N 14
=gcl4. However, Eyring® observed that assuming any de- (I=1.N), (14

cay model other than Sabine’s is tantamount to multiplying  where () is the ith component of théth eigenvector. By
by the factors. Eyring applied this observation only to the considering the steady-state solution of Etfl) the coeffi-
case of two coupled rooms with the decay rates in the subxjentsC; are solved for in terms of the steady-state energy-

rooms predicted by the Eyring decay model. In the improvedjensity values. These are determined by solving the system
model presented here, Eyring’s observation is used to modifyf coupled energy-balance equations

Kuttruff’s matrix formulation. Thus, the new model de-
scribed below can use any of the decay models discussed in II; .
Sec. IlA—including the newly introduced Kuttruff— v, _,2’1 $ijei(0) (I=1.N), (15
Embleton model—to solve for the decay rates in the sub-

rooms of a coupled system containing an arbitrary number ofherell; is the power of the source located in titke room.
subrooms. If the Sabine model is used within the subroomdhere is some ambiguity concerning which form
n=1 and the improved modééxcluding the additional cor- Should be used to solve for steady-state values. Ejftingjd

N

rections discussed further belpis identical to Kuttruff's. ~ that his formulation was not appropriate for the steady-state
The energy density in thigh room is described by case and should only be used to determine decay rates; in-
stead, the Sabine model should be used for steady-state pro-
de;(t) 7:Bi(t)Aig cesses. While use of either can be validated by formal
dt —2midiei()= A (10 gerivation!” the Sabine form of¥¥ is adopted in this paper.

Further, Vorlader’s correction is applied to the resulting val-
where(; is the Sabine decay constant of fitle room when  ues ofe;(0).
uncoupled,B;(t) is the irradiation strength in thigh room, Unlike prior models, this improved model can treat mul-
andA;, is the absorption power of thi¢éh room exclusive of tiple sources distributed throughout the subrooms or sources
the coupling area. For a systemNfrooms with apertures of that simultaneously radiate into more than one subroom. The
areaS;; that allow energy to be transferred between e latter case is accommodated by findid€;; , the fraction of
andjth rooms, the system dfl coupled ODEs representing the total solid angle subtended I8 as viewed from the
the dynamic energy balance is, following Kuttruff’s source(see the appendix A of Ref. 25-or example, given a
derivatiort’ source of powelP located in theith room of a two-room
system two sources are modeled. In tjta room II;

de(t) ( CEJ!_\%&:_LS”‘ =PAQ;; /4w qnd in'theith roomIl;= E—HJ. For complex
=— | 26+ —Z— | &i(t) aperture configurations, a computational approach must be
dt 4V used. In many cases the ratid);;/47 can be estimated as
N s, the ratio of aperture area to total surface area of the room.
+ 21 771'4—\/] gj(t) (i=1..N). (11) Barron and Lee’s revised theory for steady-state energy
= i

density?® explicitly assumes that the reverberant field in a
room will decay at a single exponential rate. In a systerd of
The valuesB(t), rather than the decay rates themselvescoupled rooms, the reverberant field will, in general, decay
must be adjusted using the factojsto account for different as the linear combination dfl exponential decays. In this
decay models if Eq(1]) is to be self-consistent. Separating case, the energy contained in the impulse response integrated
the decay terms in thigh room[the first term of the right-  from the arrival time of the direct sound to infinity summed
hand side of Eq(11)] into decay due to absorption and decay with the energy density due to the direct sound is given in the
due to transfer of energy through the apertsiressentially  ith room by the new expression
separated\ of Eq. (10) into two terms so that changing the - N
decay rate of the subroom cannot be effected by alteting i r
since the terms would not add, but rather by altering their go(r)= 4rlc +j§=:1 sti“) ex;{ _2515)’ (16
common multiplying factor.
Defining a set of constant coefficients; in the manner wherer is the distance from the source to the receiver. It
of Ref. 17 allows the system to be written in matrix notationshould be noted that/c is typically much smaller than the
reverberation time of thgh roomT; corresponding ta5; of
e=We (120  the subrooms. Therefore, it is the ability of the decay model

j#i
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to accurately predict the early portion of the decay that is2. Failure of statistical assumptions
most critical to the accuracy of E(¢L6). Moreover, variation

in energy level with position is governed almost entirely bySA as rooms become more strongly coupled is partly due to

j for which Cje(}) is largest, unless the knee of the decay, g ations of the additional assumptions made by the SA
curve occurs rather early. If the source and receiver are in thFhodeI of coupled rooms, as given in Sec. Il B

same rooml1 andr in Eq. (16) have the conventional inter- Coupling apertures on the boundaries of subrooms vio-

pr_et_atl(_)n_s, but if they are n separate rooms both the SOUTCEyte the assumption that decay properties of individual rooms
ifitis visible, and_the _coupllng aperture behe_lv_e as SOUrces 9o naltered by coupling. Geometrical averaging of absorp-
the reverberar_1t f|e|d.|n the room no_t pontammg the SOUrC€hinn coefficients can be understood to originate in the multi-
T.O ad(jress this requires greater revision of &y.than that nomial distribution describing the number of reflections that
given in Eq.(16). occur from each surface of an enclosure in the case of inde-
pendent reflection¥. Though this assumption is never fully
D. Limitations of and corrections to the improved correct? especially for specular reflectiénjt is further
model flawed if any portion of the surface, such as a coupling ap-
erture, is perfectly absorptive. If a phonon travels out of an
aperture, the next reflection will not occur in the original
SA models of coupled rooms are most accurate wheRoom and the two successive reflections are dependent. This
applied to systems that are not strongly Covﬁ&“d? leads to flaws in the averaging of the absorption coefficients
Strongly coupled systems are defined by equipartition of eNpecause an aperture diminishes the probability that all room
ergy whereas weakly coupled systems are defined by sulyrfaces will be uniformly sampled, as Eyring first
systems that behave as though isoldfed@ihe intermediate observed?®
case is that of loosely coupled rooms. In such systems, the Large apertures, because they act initially as perfect ab-
steady-state levels and decay processes can only be descritggpers, cause anisotropy in the sound field due to the estab-
by a theory that accounts for the exchange of energy betwegqnment of a net flow of energyi.e., there are fewer
the spaces. Based on these definitions, Sfhiths given the phonons moving away from the aperture than towaid it
criterion for strong coupling in a two-room system@sl,  the aperture area is not too large, SA models can still de-

Progressive discrepancy between predictions of GA and

1. Strength of coupling

where scribe the behavidr® However, if the area is too large, SA
S; S models will fail as the preferential selection of trajectories by
K= A—_O+ A’ (170 the aperture slows the mixing procéss.
i j

s Locations and sizes of the apertures also affect free-path
(whereS;; =S;; for the two-room case Cremer and Mller™ distribution. Unless conditions are such that the Sabine
presented a similar criterion for two-room systems describeghodel is valid, the decay associated with the room will vary

by the coupling factor as a function of the location of apertures. Even if free-path
S, distribution as modified by the apertures is known for each
ki= J (18) of the subrooms, distributions will differ when the rooms are

At coupled due to interaction of the subrooms. Certain free
For a source in théth room, strong coupling is defined by paths that are not available in either of the subrooms are
kj~1 and weak coupling is defined y~0. Note that, by made possible in the coupled system. Therefore, the eigen-
Smith’s definition, two rooms are strongly coupled if either value decay rates will not be exactly those derived from the
ki or k;>0.5. This is a stricter formulation of Kuttruff's uncoupled decay rates because coupling the two rooms will
guideline that the SA model of coupled rooms is applicableshift the natural decay rates of the rooms by changing the
to those cases where the energy lost via coupling is not sutshapes of the free-path distributions.
stantially larger than the energy lost via absorpfion.

Lyle'® has proposed an empirically derived upper limit
for the accurate application of the SA model based on th%,_ Nondiffuse transfer of energy

idea of coupling strength
. — . The first assumption of the SA model, that there is an
maxS; =minM(0.4-a;)S  for Vi,j, (19 abrupt transition at the coupling aperture between unique
where M<1 is the “mixing constant.” In ideally diffuse diffuse sound fields, is also not accurate. Sound radiates from
roomsM =1 and, for apertures above the limit, the systemthe coupling aperture with energy density that is distinct
can be treated as a single room. In rooms that are not idealliyom the energy density of the reverberant field of the room
diffuse M<1 and no model can be certain to work for the into which it radiates. Therefore, it behaves, initially, as a
strong-coupling condition. In such cases, equipartition of endirect-sound component. Only after it has undergone reflec-
ergy between the now unified subrooms may not occur evetion is it part of the reverberant field. This phenomenon has
though the system is, geometrically, a single space. been observed for rooms coupled by partially transondent
Each of these criteria is fallible. In comparisons with partitions® and for rooms coupled by aperturésAssuming
GA, Eq.(17), often predicts that the model should fail before a diffuse field in the source room at a large distandsm
it does. In contrast, Eq$18) and (19) often fail to predict the aperture the finite dimensions of the aperture can be ne-
that single-volume rooms should be treated as such. glected and the aperture is approximated by a Lambert
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1 COS¢h1,COSho3
F13=F31= S f J' - 5 dS;dSy3,
Roormn 1 Roorn 2 Room 3 T12J815) Sp3 r

(21)

wherer the magnitude of the vector between points on the
aperture surfaces angl; are the angles between the vector
connecting the points and the normalsSyf. Having deter-

+ o+ o + o+ mined the fraction of energy transmitted directly between the
‘ apertures, the corrected coupling areas are given by

S;,=(1-F13 S,
S3,=(1—F13 Sy,

b
513: F13S12, 22
Room 1 ‘ Room 2 ‘ Room 3 Sél: F12S3.
0204 L2184 2224 ] ]
This approach can be extended to more complex geometries.
ag, For example, a room with multiple apertures, which is not
convex in the region containing the apertures, may Haye

L£Lo3 A3 4123 that is nonzero. Given simple configurations and aperture
‘ ‘ shapes, the radiation shape factors can be calculated directly
(see the appendix A of Ref. 25In more complex geom-

FIG. 1. Three-room coupled system first studied by Kuttruff. Transverseemes' _th,ey mus_t be determined Com_pUtatlona”y' In such
section(a) and plan(b) views are shown. Volume¥ and areasS are the ~ Cases it is possible to form rough estimates of the factors

same for each subroonV=6270 n? and S=2066 nf 15 mx19 m  from ratios of surface areas of the apertures to the total sur-
X 22 m); areas include coupling areas. Crodsesindicate receiver posi-  face areas of the rooms.
tions: 1-4 in Room 1, 11-14 in Room 2, and 21-24 in Room 3. The single
source position in Room 1, A0, is indicated by an X.
4. Spatial variation

Equation(16) suggests a correction to the basic theory
as the level of the reverberant energy density at the coupling
aperture may differ from the value used in Efjl). ThusB
in the prior derivation should be modifiedHf is the irradia-
tion strength in a room containing a source. Even in rooms

cog 0)S;jei(t) that do not contain a source, the aperture itself acts as a
ei(n)=—"-75— (20 source so that spatial variation may result. The spatial varia-
tion in the level of the reverberant energy suggests that spa-
tial variation in decay shape may occur under certain condi-
for an aperture coupling th¢h room to theith room, where  tions because the multiplier terms in E¢l4) will be
r is the position vector of the receiver in thtd room(with  fynctions of position.
magnituder), # is the angle from the normal to the wall
containing the aperture, argl(t) is the energy density of the
ith room. This implies that, in regions near coupling aper-
tures, direct radiation from adjacent rooms can dominate the The exact GA solution for the energy decay can be ob-
sound fields of rooms with lower energy density than thoseained through the solution of an integral equafldf?®In
adjacent rooms. practice, GA solutions are obtained computationally using

Because energy transmitted through coupling aperturesy tracing or its variants, which can be viewed as Monte
is first radiated as a quasidirect component, reverberant eGarlo approximations to the exact solutith.
ergy can be transferred between rooms that are not adjacent. In this study, the geometrical-acoustics software CATT-
This is illustrated by considering the system of three coupledicoustic V. 8.0 is used>*? Nonspecular reflection is mod-
rooms shown in Fig. 1 that was first studied by Kuttrtiff. eled as Lambert diffuse reflectidhfor which scattering co-
Traditional analysis assumes;=S;;=0. However, a cer- efficientss are defined as the fraction of energy that is not
tain portion of the sound radiated fro83, will pass through  specularly reflected. While angular dependence of absorption
S,; before undergoing a reflection in room 2. Likewise, acoefficients is not accounted for, it can be safely neglected
portion of the sound radiated fron®;, passes directly for large, reverberant enclosures having sufficiently large
throughS,, . If the radiation from the aperture has an angularscattering coefficient$ 4 The original algorithm assumes a
distribution given by Eq.(20), the fraction of the sound constant, quadratic rate of growth of the reflection density,
power radiated byS;, that passes directly througB,; (or  which is not true in certain coupled roorisTo address this,
vice versa, is given by the radiation shape factor betweena new version of the algorithin (introduced in commercial
the two apertures versions 8.0b and aboyé used.

sourcé’ of powerB;S;; . If the locally planar assumption is
met, the energy density in roojmdue to the direct contribu-
tions from an aperture; , is

4y

lll. GEOMETRICAL-ACOUSTICS MODEL
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IV. COMPARISON OF STATISTICAL AND error is not generally meaningful. Instead, decay curves are
GEOMETRICAL ACOUSTICS compared visually. In some cases, the decay parameters pre-

dicted by SA are compared with those extracted from the

In order to characterize the relationship between S ecay curve predicted by GA using Bayesian parameter
models and GA models of coupled-room systems, two- an stimation®

three-room coupled systems are studied. In the two-room
geometry, the volumes of the subrooms are based on aveg
ages of performance spaces which employ either a coupled
stage house or an auxiliary coupled chamber. The predictions In comparing SA predictions with GA predictions, there

of decay curves and steady-state energy densities given e two sources of uncertain{l) u,, uncertainty of the

SA and GA are compared for each of the rooms under @odel outputs due fluctuations in the algorithm, which ap-
series of different conditions of the room surfaces. The purplies to the computational GA model only, af® u;, un-

pose of these simulations is to determine how the additionagertainty of the model outputs due to uncertainty in the in-
assumptions implicit in SA models of coupled rooms affectputs, which applies both to GA and SA models. Only

the relationship of their predictions with those of GA. By directly concerns the comparisons made here, because the
comparing predictions of energy decay and steady-state eifput parameters for the models are known exactly. How-
ergy density, conditions for which the GA model is approxi- €ver, in practice both models will be evaluated on their abil-
mated by SA models are assessed in terms of degree of coily to predict reality. In that case, the relative sensitivity of
pling and absorption and scattering coefficients of thethe GA and SA models to uncertainty in the input parameters
surfaces of the subrooms. The three-room geometry is takettetermines whether one model is more accurate than the
from previous work conducted by Kuttrdffand serves to  other.

evaluate elements of the new model that improve the accuz, ajgorithmic uncertainty

racy of predictions in systems having more than two rooms. As discussed in Sec. Ill, CATT-Acoustic yields Monte

In both two- and three-room geometries the subrooms ar T ) . .
. . ﬁ:arlo approximations to the exact GA solution which display
modeled as rectangular parallelepipeds, which, though na

e . 290 . stochastic run-to-run fluctuations. For simple algorithms,
ergodic given specular reflectidf? are both ergodic and . . . g :
mixing for s>0. analytic estimates afi, exist” For CATT-Acoustic, no un-

certainty estimate has been developed; therefigran each
A. Methodology case is estimated from the standard deviation of ten predic-
ions. This uncertainty is larger at later times and smaller for

The GA computer model is used to generate energ b ; y M / dqf
echograms for each source-receiver combination. Time2r9er NUMDETS of conesirays. viany conejrays were used for

ensemble-average decay curvés(t)) for fixed source- [N€ simulations such that, f§(s(t))}, u,<1 dB. Because of
receiver pairs are derived by Schroeder integration of energ§'S: Ua iS not plotted along with results and can be assumed
echograms and steady-state energy-density values are ta %ghglble.
from maxima of these integrated echograms. Steady-state )
energy-density values are plotted as a function of the dis-2' Input uncertainty
tance of the receiver from the source, a so-called sound- Real input parameters, including room geometry and
propagation curve, and compared with predictions of the S/urface parameters, are known to finite precision. Compara-
model. For comparison with SA predictions of decay ratetive merit of the modeling approaches can be practically as-
spatial averaging is used to more accurately describe glob&essed only in terms of , uncertainties of predictions due to
characteristics of the sound field within each subroomuncertainties of input parameters. Consideration here is lim-
Space-ensemble-average decay curi4et))} are calcu- ited to input parameters whose uncertainty is of most signifi-
lated by synchronous averaging ©¢§(t)) over receiver cance: absorption and scattering coefficients, which may
and/or source positior’§.The number of source and receiver have uncertainties of 10% or more.
positions is chosen in accordance with the recommendations For small numbers of subrooms, it is tractable to solve
given in Ref. 37. the SA model algebraically and therefore possible to develop
The mean-free patl(}, averaged both over the time analytical expressions fas.* In general, Eqs(11) and(15)
history of each cone/ray and over the ensemble average of &€ solved numerllcally. Uncertainty in the final pr¢d|ctlons is
the cones/rays, is calculated from the trajectories of all th&Stimated(up to first-order terms in a Taylor-series expan-

cones/rays emitted from a given source position according t§1°n by computing influence coefficients for each input pa-
rameter at the limits of its region of confidentawhile this

— 1 1 is in error if the predictions are a nonlinear function of the
(6)= Mzi (O :WiEj Gy (23) input parameter® this linear approximation, which also ne-
glects interactions between the input parameters, is reason-
where¢;; is the length of thgth path taken by théh cone/  able for small uncertainties.
ray, M is the total number of cones/rays, aNdis the total A similar procedure is applied to estimaigin the GA
number of paths traced per cone/ray. model. Though the additional input paramesemakes the
Fitting sums of decaying exponentials to decay curvesssumption of noninteraction less plausible, the alternative—
by a least-square method is ill conditioned. Therefore, speciMonte Carlo estimation of the distribution of the output
fying the difference between two models in terms of rmsdata—is too time consuming. Variationssror s>0.5 typi-

Uncertainty analysis
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Coupling strengths are calculated according to the crite-
ria described in Sec. IID 1. Equatidd?) predicts that the
coupling is strong in all cases for whic®,=100n?. By
contrast, Eqs(18) and (19) predict that the system is never
strongly coupled, even when configured as a single room.

For Condition 1, much of the relationship between SA
and GA predictions is known from previous studies of
single-volume rooms. Thus, comparison is made only be-
tween the improved SA model using the Kuttruff decay
model (7= a"/a) within the subrooms and GA. Predictions
of Knudsen’s conjecture using Eyring and Kuttruff models
are then similarly compared with GA predictions. For Con-
ditions 2 and 3, the improved-SA-model decay-curve predic-
tions using Sabin¢n=1), Eyring (y=a'/a), and Kuttruff
(p=a"la) decay models within the subrooms are compared
with GA predictions. Condition 3 also allows for the
Kuttruff-Embleton decay models=«a"/a) to be used in
Room 2. For each condition, the predictions of ELp) are
compared with sound-propagation curves calculated by GA.

In the case of Conditions 2 and 3 the influence of this on the

0o+ spatial variation of decay-curve shape is shown.

+ 12 2 +

FIG. 2. Two-room coupled system. Transverse sect@nand plan (b)

views are shown. The volumeg¢ and areasS of the subrooms ar&/, . . . .
=6270n7, S,=2066nF (15 mx19 mx22 m and V,=17556 i, S, Given uniform absorption, Room 1 is less reverberant

=4280 nt (42 mx19 mx22 m) and; areas include coupling areas. Crossesthan Room 2 and, thus, single-slope decay curves result in
(+) indicate receiver positions: 1-9 in Room 2, 11-14 in Room 1. SourceRgom 2 if the source is located in that room, while in Room
are indicated by X's: AO-AL in Room 1 and BO-B3 in Room 2. 1 the initial slope of the decay is zero and over time ap-

o L , proaches the slope of the decay curve in Room 2, as shown
cally have little influence on decay curves. Therefore, in Fig. 3. Also shown in Fig. 3, as the size of the coupling

many caseg¢and most of the cases of interest hekeeping  apertyre increases, initial levels of decay curves approach
only the linear term of the Taylor series is a reasonable apgach other and the initial transition period of the decay in

proximation. Room 1 becomes shorter. It is this condition of sources in
Room 2 that is analyzed below.

As expected, the improved model using the Kuttruff de-

A simplified representation of a concert hall with an aux-cay model within the subrooms accurately predicts decay
iliary coupled room is constructed by positioning the auxil-curves, as illustrated in Fig. 3 fd8,=25 and 200 rh In
iary volume, Room 1, along the short side of the audienc&omparison(though, for clarity, not shown in Fig.)3the
chamber, Room 2, as shown in Fig. 2. Source positions ifpabine decay model slightly underpredicts the decay rates
Room 1, AO-Al, and Room 2, BO-B3, are considered. A totaland the Eyring decay model slightly overpredicts the decay
of 11 receiver positions are simulated for each of the sevef@tes. FoiS;,=100nt there is little variation in the accuracy
source positions. As shown in Fig. 2, nine of the receiversOf the predictions of the SA model with aperture size. As
labeled 1-9, are distributed within Room 2 and the remainshown in Fig. 3, the error increases markedly 81,
ing two receivers, labeled 11, 12, are located in Room 1. The=200 nf. The reasons for this have been discussed in Sec.
rooms are coupled by a single aperture centered in the wallD 2. As shown in Fig. 4{¢) of the uncoupled subrooms
separating them. Four aperture sizes, 25, 50, 100, and 200 rdecrease from¥/S (Room 1:12.1 m, Room 2:16.4)ras the
are used. The aspect ratio of each is one. For each geometsize of the aperture is increased due to an increase in the
cal condition three different absorption conditions are mod+elative frequency of short paths. Increasing the size of the
eled: (1) uniform absorptiona=0.10 for all wall surfaces, aperture also allows increased access to long-length paths
(2) uniform « for wall surfaces within each subroomw{  associated with the coupled system as a whole. The longest
=0.10,2,=0.20), such that the absorption power in Room 2free path available in Room 2 is 51.08 m. Figure 4 shows
is equivalent to that presented by an audience, @da that as the aperture size increases the relative frequency of
similar condition in which the increase in the absorption ofpath lengths in the coupled system greater than 51.08 m also
Room 2 is affected by increasing the absorption coefficienincreases. The net effect of these phenomena is an increase in
of the floor surface to 0.80 in order to simulate the nonuni-y? of the subrooms. Because increas€ddecreases the de-
form absorption presented by an audience and all other sucay rate of a room, overprediction of the decay rates in the
faces are assigned=0.10. For each absorption condition subrooms is made more severe as aperture size increases.
there are three scattering conditions for which Lambert scatincrease iny? depends on the geometry of room. However,
tering coefficientss=0.10, 0.60 and 0.99 are applied to all there is not a known relationship betwegh and aperture
surfaces uniformly. size for a fixed geometry or between geometry and rate in-

1. Condition 1: Uniform absorption

C. Two-room system
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FIG. 4. For the two-room coupled systdffig. 2), free-path distributions of
cones/rays emitteda) from source B2 in isolated Room 2 witl$;,
=25nt (black bary and 200 A (white bar$ simulated by absorbing
3 p 3 4 3 patches,(b) from source AO in isolated Room 1 wit,,=25 n? (black
time (s) time (s) barg and 200 rf (white bars simulated by absorbing patches, giaifrom

FIG. 3. For the two-room coupled syste(fig. 2) in Condition 1, spatial ~ source B2 in the coupled system wish,= 25 n? (black bars and 200 r
averages of GA-model predictions=0.99) for receivers in Room 1 (white barg are shown. Mean-free paths are indicated by vertical lines for
(dashed ling and Room 2(solid line) are compared with improved-SA- S;=25 n? (solid lineg and 200 i (dashed lines

model predictions using Kuttruff's decay model within the subrodibg.

(12), »=a"la] for Room 1(circles, Room 2(squarel and the Kuttruff . . . ,
form of Knudsen’s conjecturgEg. (9) using «”] (triangles. Ensemble av- putation. Using the Eyring decay model, Knudsen'’s approach

erages of all source positions in Room 2 with= 25 n? (a) and 200 rA (b) overpredicts the decay rate. But, by accounting 6y the
and in Room 1 withS;,=25 n? (c) and 200 A (d) are shown. Kuttruff form of Knudsen’s conjecture becomes rather accu-
rate, as shown in Fig. 3. The remaining error is primarily the

crease iny? with aperture size. Instead increase can be acincorrect prediction of equipartition of energy. Therefore,

counted for heuristically by multiplying? by a correction ~Knudsen's conjecture becomes more accurateSgsin-

factor. Factors~1-2 have been found to work well for this Creases.

particular coupled system. These observations and correc- For sources and receivers both in Room 2, the steady-

tions hold generally for this coupled system because absorgptate energy density is well predicted by the modified form of

tion configurations withe<<1 do not alter the free-path dis- Barron and Lee’s revised theory using= "/« (errors<1

tribution. dB), as shown in Fig. 5 for Source B3. As expected, errors
Bayesian analysis gives additional insight into phenomincrease for highes due to backscattering. Equatidf6)

ena observed. Fd,,=<100 nt the two rates extracted from suggests that the level of the reverberant field should de-

the decay curves computed by the GA computer model apcrease linearly with distance at a single rate determined by

proximately agree with the decay rates predicted by the SAhe dominant decay rate in Room 2. But, due to backscatter-

model. The differences between the rates predicted by thi@g, there are two distinct rates; one associated with the re-

models increase as the aperture size increases. In the casecfvers near the sour¢@-5 and a second associated with

S;,=200nt, with the source in Room 1, Bayesian analysisthe receivers far from the sour¢é-9.

supports three decay rates. The first rate is associated with

Room 1 gnd is similar to the SA predl'ctlon'. The other two . Condition 2: Uniform absorption within each

rates, which correspond to reverberation times of 6.10 anéubroom

6.40 s, may correspond, respectively, to the decay rate asso-

ciated with Room 2 or the decay rate associated with the ~When loosely coupled, the system displays for these ab-

entire coupled system. The rate associated with Room 2 ha&@rption conditions the strongly nonlinear decay curves typi-

a platykurtic posterior probability distribution and is only cally associated with coupled rooms.

weakly supported by the data. As the decay curves shown in  1he GA model predicts that the decay rate of the late

Fig. 3 suggest, the system is at the point of transition peportions of the decay curves decreases with time gor

tween one- and two-room behaviors. =0.10. This is especially notable f&;,=>100n?. In cases

GA predictions are also compared with Knudsen's con-Jfor which the late decay is not dominated by long-lived paths

- : T (s=0.60,0.99), using the Kuttruff decay modep€ o/ «a)
Jecture[Eq. O] As determined by GA(() of thgcoupled in the improved SA model most accurately predicts the decay
system differs little from /S (S;,=25n?: (£)=15.5,

_ curves, as shown in Fig. 6, while Sabife=1) and Eyring
4VIS=15.1; S;,=200nT: (€)=16.0, &//S=16.0). Differ-  (,=a'/a) decay models used in the improved SA model
ences increase for small coupling apertures due, most likelyinderpredict or overpredict the decay rates, respectively. The
to increase in mixing time of the geometry such tké} Kuttruff decay model tends toward overprediction of these
=4V/Sis not satisfied within the truncation time of the com- decay rates, which is greater for larg®p and can be attrib-
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FIG. 5. Sound propagation curvésith direct sound subtract¢éh Room 2 30 10 d
for Source B3 an,,= 25 n? in Conditions 1(a), 2 (b), and 3(c) computed
by the GA model fors=0.10 (square} 0.60 (circles, and 0.99(triangles 0 1 ime © 2 30 T ime © 2 3

are compared with the predictions of E46) (solid line).

FIG. 6. For the two-room coupled systdf¥ig. 2) in Condition 2, ensemble

. . _ g . verages of GA-model predictions= 0.99) for all sources and receivers in
uted to increased variance of the free-path distribution, agoom 2(solid line) are compared with improved-SA-model predictions us-

observed in Sec. IV C 1. Multiplying’? by a correction fac- ing SabinelEq. (11), 7=1] (squares Eyring [Eq. (11), 7=a'/a] (circles
tor can address this error. As shown in Fig. 6, the GA modelecay models within the subrooms #,=25 n? (a) and 200 m (c). Dif-
is typically less sensitive to input uncertainty. For uncertaintyferences between GA and SA predictions (10,4d8A— 10 log,o SA) [using
in & ands of =10%, the confidence limits of the predictions Sabine(solid ling), Eyring (dashed ling and Kuttruff (dotted Iine)_decay
: modeld are plotted forS;,=25n? (b) and 200 r (d). The regions of

are such that all of the models can be considered eql'lanélonfidence defined by; are plotted as error bars for SA predictions and as
accurate. fainter lines lying on either side of the primary lines for GA predictions.

Section II D 4 suggests that spatial variation in the shapé&onfidence limit predictions assumeands are known to+10% at the
of the decay curve may occur as a result of spatial variatioff@me leve! of confidence.
in the energy density associated with each eigenfunction.
Such variation should be most significant for Source B3, for ~ Because of this, the improved SA model using Sabine
which the difference in the distance between the source and®0del of decay in the subroonis=1) underpredicts the
given receiver and the aperture and a given receiver is greaflecay rate in Room 2 for all aperture conditions. The Emb-
est. Instead, the GA model predicts little spatial variation!eton model suggests that the Eyring model should also un-
The level and rate of the late decay vary somewhat witiflerpredict the decay rate in Room 2. The combination of an
position (as shown in Fig. § but the decay curve maintains increase in the decay constant due to anisotropy and a de-
the same basic shape, as shown in Fig. 7. As before, the levéléase in the decay constant due to variance in the free-path
of the reverberant field decreases with distance from théistribution tend to negate one another in this particular case,
source, as shown in Fig. 5. Becausgis larger, the rate of Producing a decay curve in the primary room that agrees
decrease is greater, as Hd6) predicts. However, the in- With the prediction of the improved SA model using the Ey-
crease in level near the source for laggavhich is not pre-  fing model of decay in the subrooms;€ a'/a). This is
dicted by the model, is also larger and steeper in slope. Thigonfirmed by employing the Kuttruff-Embleton decay
variation is not due to the nonlinearity of the decay curvemodel (7=« /a), which predicts the decay rate well in
predicted by the SA model, because over the time range reRoom 2. Figure 8 illustrates the comparisons made above. In
evant here(<150 m3 the decay curve is essentially single Room 1 the behavior is the same as in the previous cases and
sloped. Instead, it can be attributed to the additional absorghe Kuttruff model (7= «"/«) gives the most accurate pre-
tion in Room 2%° diction of the decay rate. The GA model is seen in Fig. 8 to
be less sensitive to input uncertainty, as observed for Condi-
tion 2. However, overall errors are greater than Condition 2
and the different decay models cannot be considered equally

Because of nonuniform distribution of absorption in accurate for input uncertainties af10%.
Room 2, fors<0.40 reasonable accuracy of SA models can-  As in Condition 2, Eq.(16) predicts the propagation
not be assurett In Room 2 there is a balance between long-curves well, with larger errors for higher values sf as
lived paths and anisotropy of the sound figld=or smalls, shown in Fig. 5. While the energy propagation curve is simi-
long-lived paths and two-dimensional reverberation domidar to the previous case, the spatial variation of the decay
nate, resulting in a nonlinear decay curve of the room wherturve shape is greater. As shown in Fig. 7, Receivers 1-5
uncoupled. For higher scattering coefficients, the enclosure istart at lower levels than Receivers 6-9, because they are
more mixing, so the effects of anisotropy dominate. further from the source, but end at higher levels, because

3. Condition 3: Simulated audience absorption
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Source B3, spatial variation in decay shape is shown between ensemble 8 o 4 — Sabine
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averaged decay curves of receivers Xd&shed lines far from the source, <« Eyring 5 Kuttruff
and 6-9(solid lines, near the source, given absorption Condition 2, with g ﬁ:n:ﬂg_Emblemn - Kuttruf-Embleton
s=0.99 (a), and absorption Condition 3, with= 0.99 (b). The predictions __ 60 ~ b
of the improved SA mode€]Eq. (11) with 7= a"/«, for Condition 2, and g
with = a""/a for Condition 3 are shown for referencircles. 50 .
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they are nearer to the coupling aperture. In an actual room ™
the effect may be more marked due to grazing-incidence at- _
tenuation, which is not accounted for by the GA model. 0 T ime ) fme () - 8
FIG. 8. For the two-room coupled systdfFig. 2) in Condition 3, ensemble
D. Three-room system averages of GA-model predictions= 0.99) for all sources and receivers in

Room 2(solid line) are compared with improved-SA-model predictions us-
SA calculations of the decay curves in a system of thredng Sabine[Eq. (11), »=1] (squarep Eyring [Eq. (1), p=a'/a] (tri-
coupled rooms have been discussed previously by Kuttfuff. angles, and Kuttruff[Eq. (11), 7=a"/a] (circles decay models within the
subrooms forS;,= 25 n? (a) and 200 M (c). Differences between GA and

Because the three-room model studied by Kuttruff was comg predictions (10 log, GA- 10 log, SA) [using Sabing(solid line), Ey-

pUte_d_only by .SA, all of the room parameters were not giver}ing (dashed ling and Kuttruff (dotted ling decay modelsare plotted for
explicitly. Taking the three rooms of equal volume to bes,;,=25n? (b) and 200 rf (d). The regions of confidence defined byare

geometrically identical, Kuttruff’s specifications are, p_Iotted as error bars_for SA predictior_ls _and as fai_nter Iine_s I_ying on t_either
_ 011/10, as= al/2, Spo= Sa1/20, andSz3= SalllO, whereS side of the primary lines for GA predictions. Confidence Im_ut predictions
. - . assumea ands are known to+=10% at the same level of confidence.
is the area of each room, inclusive of the aperture area. As
shown in Fig. 1, the rooms are chosen to be of the size and
shape of Room 1 of the previous geometry and are coupleddditional correctionswith those of GA indicate that the
through their largest wall with a square aperture centered irmproved model yields significantly more accurate predic-
each interior dividing wall. The absorption coefficients aretions, as shown in Fig. 9. Conservative uncertainty estimates
determined by specifying that,;=0.50, which results in a of £10% for eacha yield only slight overlap between the
reverberation time of approximately one second in Room 1two SA models suggesting that their prediction will be sig-
Kuttruff’s conceptual model of three rooms did not specify nificantly different in actual circumstances. The sensitivity of
the distribution of absorption within the subrooms; thus, thethe GA model to input uncertainty is somewhat lower than
absorption is uniformly distributed. the SA models, for this geometry. As a result, the predictions
Four receivers are modeled in each room, as shown iof the improved SA model and GA are identical given the
Fig. 1. The decay curves computed for the four receivers il0% uncertainty in all the input parametdérsands).
each room are ensemble averaged to dgiaft))} for that The improvement over the prior model can be attributed
room. A single source position, located in Room 1, is mod-to multiple factors. First, the improved model incorporates
eled. The solid angle subtended By, as viewed from the more accurate decay models. In this system the decay curves
source is computed in order to evaluate the initial poweiin all of the rooms are dominated by the rates associated with
distribution. Rooms 1 and 2. Bayesian analysis of the decay curves com-
The configuration shape factor of the two apertusgs  puted by the GA model does not support the extraction of a
and S,5 is determined according to Eq21). An adaptive decay rate associated with Room 3. Nevertheless, comparing
Gaussian-quadrature routine is used to evaluate the fouthe predictions of the statistical models with the extracted
dimensional integral. Note that Receivers 11 and 12 are inlecay rates for various scattering coefficients indicates that
the direct path of the transmission between Room 1 andising the Kuttruff decay models(=a"/a) within the im-
Room 3. Therefore, they are affected by the transmitted erproved SA model is most consistently accurate. Second, the
ergy as it passes them. While this may appear problematiémproved model incorporates the Vamtder model of steady-
removing the receivers from the ensemble average in Roorstate energy densifyfEq. (7)], which is less prone to overes-
2 alters the decay-curve level only a small amo(nD.2  timation than the Sabine model used in prior work. Finally,
dB). the improved model accounts for the nondiffuse transfer of
Comparing the predictions of the improved SA modelenergy between Rooms 1 and 3. The impact of this correc-
[Eq. (11), »=«a"la, with additional corrections discussed tion is most notable in an improvement in the accuracy of the
abovd and Kulttruff's original modelEq. (11), »=1, without  decay curve predicted in Room 3. Without this correction,
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the improved model cannot accurately predict the early part 8 T T— GA Room1
of this decay curve. § AU
In contrast with these findings, the solid-angle correction 70 R o Room?
for the initial power distribution does not give a consistent o] 35 Q e o
improvement. While it does improve the fit of the SA model 60 R x Ref, Room?2
to the GA prediction in Room by decreasing the level of I ik * _Ref, Room3 |
the decay associated with Room 1 and increasing the level of 50
the decay associated with Roony & results in overpredic- 45 X1
tion of the levels in Rooms 2 and 3. w0l a :ﬂ_%;,g
A significant factor in this system of rooms is that the 35 SR
receivers are near the apertures. As such, the considerations 30 L EED SN
described in Sec. 11D 3 can be made for each receiver. 0t e P
Finally, it should be noted that this geometry violates
Eq. (19), becauser;>0.40. However, repeating the previous a0 — GARoam

work with a;=0.30 does not notably alter the conclusions
SA, Room 1
drawn. SA, Room 2

m]
A
O SA,Room3
+
X
*

65 Ref, Room 1
Ref, R 2
V. CONCLUDING REMARKS g " Ref, Room 3
~5 55

A. Observations -

The accuracy of SA models of coupled rooms is greatly s
influenced by the accuracy of the SA model used to estimate 40
decay rates in the subrooms of the coupled system. Criteria % : FAT
re_zquired for SA models to be gpproximately correct in_ 300 T 2;"‘ E
single-volume rooms must be met in each of the subrooms if time (s)

SA models of coupled rooms are to be used. Surface scatteflG. 9. For the three-room coupled systefig. 1), the GA model(en-
ing is neither necessary nor sufficient to ensure the agretlff?:;fpz‘r’s;a\?vii‘;L:"i;f;z:’/gjpgitﬁgi[ggh'(qle)‘:"c::;ﬁ?%fg%%
ment of SA predictions with those of GA. Increasing the kytruffs original SA model[Eq. (11), =1] (Ref for two different scat-
amount of surface scattering in a room that does not othettering coefficientss=0.40 (a) and 0.99(b). In the improved model the
wise satisfy the conditions of diffuse-field models tends tocor‘rection for nond_if'fuse transmj;sion betvve_en‘the_sul:‘\rooms is used but the
improve agreement it the predicted decay rate but, once 3170 aecton for he e} pover irbuton s ot For each o1
linear decay curve has been achieved, increases in surfagghfigence defined by, , assuming: ands are known to=10% at the same
scattering will not necessarily improve the agreement with aevel of confidence. Error bars represent the regions of confidence for SA
given statistical model. and _reference curves assumiags known to +10% at the same level of
Stronger coupling increases the disagreement betweeff"dence:
SA and GA. Previously introduced guidelines for the condi-
tions under which SA models can be used conflict with one  Uncertainty in the values of input parameters to the
another and with comparisons to GA. The possible causes fanodels(a ands) has a greater effect on predictions of the SA
the failure of SA models are sufficiently interconnected andnodel than those of the GA model, such that GA and SA
diverse that a single criterion cannot predict the conditiongredictions can often be considered equivalent. For the
for failure. Particularly, previous guidelines have been based10% input uncertainty used here, the resulting uncertain-
purely on SA and therefore neglect causes of failure that arties in the predictions are large enough to obscure differences
rooted in GA, as discussed in Sec. Il D. between different SA decay models. They are also large
In systems of coupled rooms, the decrease in level of thenough to be audibly significant, indicating the particular
reverberant field with distance can be predicted by a modiimportance of accurate input parameters for modeling
fied form of Barron and Lee’s revised model. For such syscoupled rooms?
tems, this variation in the level of the reverberant field can
result in spatial dependence in the shape of the decay curvg. Recommendations
This effect is most significant when the coupling aperture™
and the source are in disparate locations. In contrast, decay Though developing a SA model that is consistently ac-
curves vary spatially in level but not in shape if the source iscurate in all circumstances is difficult, for many cases, the
located near the coupling aperture. model presented here should prove applicable at high fre-
Unlike prior work, the improved SA model introduced quencies. Geometrical acoustics is an intrinsically high-
here accounts for the nondiffuse transfer of energy dué)to frequency model and therefore can only assess the accuracy
radiation of the source into adjacent subrooms @daadia-  of the SA model in the limit of vanishing wavelength. How-
tion from apertures into adjacent apertures. Study of a previever, in practice, the frequency range of validity can extend
ously investigated three-room geometry indicates that thisnto the 1000 Hz octave band or beldwAt lower frequen-
phenomenon can notably affect the shape of decay curves ties, other methods, such as those described in Ref. 35,
subrooms. should be used.
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