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ABSTRACT 
Acoustical designers are increasingly incorporating coupled rooms in performing-arts spaces.  Such designs 
include reverberant secondary rooms coupled to main audience chambers in concert halls and adaptation of 
opera houses and theatres for concert-hall use via adjustable orchestra shells that couple audience 
chambers to stage houses. These applications have prompted research on sound fields in coupled-room 
systems. Having developed an understanding of the possibilities and limitations of statistical-acoustics (SA) 
predictions, the validity of geometrical-acoustics (GA) modelling tools has been re-examined. Corrections 
and improvements are being incorporated into available GA algorithms. Numerical techniques using radiosity 
and diffusion theory have also emerged to cope with challenges in prediction of acoustics in coupled-room 
systems.  For validation, physical scale-modelling techniques have become particularly relevant research 
tools. Despite all of these rapid developments, scientifically grounded analysis methods are still needed for 
objective and subjective evaluations of sound fields in coupled-room systems, whether in terms of numerical 
modelling, physical scale modelling, or real-hall measurements. After a brief review of modelling techniques, 
results are presented of Bayesian decay analysis in characterization of sound-energy decays obtained from 
numerical modelling and experimental measurements. 

INTRODUCTION  
A number of recently built performing-arts venues contain one or more reverberant auxiliary rooms that are 
connected to the primary room (audience chamber) in such a way that there is an exchange of acoustic 
energy.  Such configurations constitute systems of coupled rooms.  Most representative are two kinds of 
venues: concert halls, such as Kultur und Kongresszentrum Concert Hall (Lucerne, Switzerland) and 
Myerson-McDermott Hall (Dallas, Texas, USA) in which a reverberant room is coupled to the audience 
chamber through adjustable openings distributed over the wall surface of the audience chamber; and 
multipurpose halls, such as Bass Performance Hall (Fort Worth, Texas, USA) and Hall C, Tokyo International 
Forum (Tokyo, Japan) in which an on-stage orchestra shell divides the stage-house to form a reverberant 
upper stage-house volume coupled to the orchestra platform and audience chamber through adjustable 
openings in the orchestra shell. 

In addition to enabling variable acoustics, one motivation behind use of coupled rooms is creation of a 
particular kind of nonexponential sound-energy decay [1, 2].  While exchange of energy between coupled 
rooms affects other aspects of the sound fields in the coupled subrooms, energy decay has received the 
greatest attention from practicing acousticians and in psychoacoustic studies.  The reasons for this are both 
historical: when coupled rooms were first modelled, only energy decay could be measured; and empirical: 
when decays consist of a rapid initial portion followed by a slower late portion, they are believed, but have 
not been proven, to simultaneously realize the desirable yet competing perceptual attributes of clarity and 
reverberance. 

Effective use of coupled rooms in acoustical design requires predictive models validated by comparison with 
controlled physical experiments (using scale models) and analysis tools capable of accurately characterizing 
model outputs and real measurements.  In the context of the current focus on decay curves and decay-curve 
shape, this means frequency-dependent energy-time predictive models and analysis tools able to estimate 
decay parameters for linear combinations of decaying exponential functions in noise. 
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NUMERICAL MODELLING 
Methods for numerically or computationally modeling the behavior of acoustic energy in rooms are broadly 
categorized according to whether they are based on a wave or geometrical (particle) model of sound fields. 
Wave acoustics (WA), the more rigorous of these two approaches, better represents the full phenomenology 
of acoustic fields including scattering and diffraction.  However, it only yields analytical solutions for a few 
simple cases and is problematic to apply computationally at high frequencies.  By contrast, geometrical 
acoustics (GA), in which sound fields are modeled by ensembles of noninteracting classical phonons, is an 
inherently high-frequency approach, which though it does not necessarily allow for a greater number of 
enclosure geometries to be solved analytically, is well suited to various computational implementations.  
Geometrical acoustics also provides a rigorous base from which to develop statistical models of sound fields.  
Such models allow for more rapid computation and yield simple, asymptotically correct analytic expressions 
under certain limiting conditions. 

GEOMETRICAL ACOUSTICS (GA) 
The classical phonon picture of GA is the basis for the most commonly used modeling techniques in room 
acoustics.  Within this framework, the time-dependent energy (phonon) density w(r, t)  at any point in an 
enclosure having ideal diffuse reflection (Lambert’s law) on the boundaries is given by the integral equation 
[3]  
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where rr is the position of the receiver, W (t)  is the time-dependent power of the omni-directional 
source, Rsr  is the distance between the source and the receiver, c  is the speed of sound, m  is the energy-
dissipation coefficient of air, r is the position of an infinitesimal surface element dS , α r( ) is the angle-
independent absorption coefficient at the surface element, and θr  is the angle between the normal to the 
surface element dS  and the line joining dS  and the receiver position. The integration in the second term on 
the right-hand side in Eq. (1) is carried out over the entire room surface S . The expression can be modified to 
account for a general reflection law [4, 5], but yields analytic solutions only in the case of spherical 
enclosures [4] and infinite parallel plates [6]. 

Computational GA approaches comprise direct or indirect methods of solving this integral.  Acoustical 
radiosity (AR) attempts to solve some form of Eq. (1) through a direct computational approach of 
discritization [7].   Typically, it begins with diffuse-reflection form given above.  More-conventional methods of 
computational GA, such as ray tracing, are (for Lambert diffuse reflection on the boundaries) formally 
equivalent Monte Carlo methods of solving the integral [8]. 

Making a set of statistical assumptions [9] regarding the aggregate behavior of the phonons yields 
conventional (Sabine) statistical-acoustics (SA) analytic expressions for the spatially homogenous energy 
density as a function of time.  These assumptions are based on the concept of the diffuse field and are 
asymptotically correct for ergodic, mixing enclosures in the small-absorption limit.   Various semi-empirical 
corrections to these expressions are possible [see, e.g., 10].  However, expanding a form of the integral 
equation in a Taylor series in powers of absorption yields the Sabine expression as the zeroth-order term; 
higher-order terms of the expansion indicate that true first-order corrections must include additional 
information about particle distributions and enclosure geometry [11].  Alternatively, making only the less-
restrictive statistical assumption of ergodicity allows the local phonon density to be equated with the single-
particle distribution function [12].  To first order in particle velocity, this yields a diffusion equation describing 
spatially dependent energy (phonon) density as a function of time [13, 14].  Similar to the discussion above, 
the conventional (Sabine) SA expression can be related to the diffusion equation by noting that it is the 
zeroth-order approximation in particle velocity [14].  However, diffusion equations generally must be solved 
numerically, in contrast with the SA expression. 

Statistical-acoustics (SA) models   
Single-room SA models such as those of Sabine or Eyring cannot be used generally for coupled rooms [10].  
In the general model of coupled rooms described here, the decay from steady state of energy density w  in 
each of the N rooms are expressed in terms of the solutions of a system of N coupled functional differential 
equations 
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where η is a factor determined by the decay model used, which reduces to one for the Sabine decay model 
(see Ref. [10]), ζ i  is the uncoupled decay constant of the ith room of volume Vi, Sij  is the total coupling 
area between the ith and jth subrooms which has random-incidence transmission coefficient τ ij , fij  is the 
probability density function describing the distribution of propagation delays for this subroom pair, and Δ ij  is 
the maximum delay for this subroom pair. 

In general, Eq. (2) must be solved numerically even if fij  is a delta function (yielding a system of delay 
differential equations).  However, in the limiting case that fij  is a delta function centered at zero for all i and 
j, the resulting system of ordinary differential equations is solved conventionally by expressing it in matrix 
form and noting that the steady-state conditions are given by the solution of the system of coupled energy-
balance equations       
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where Wm  is the time-averaged power of the source located in the mth room.  The solutions take the form of 
a linear combination of decaying exponential functions, the number of terms in the linear combinations being 
equal to the number of subrooms. 

The breakdown of this model and additional corrections are discussed in Ref. [10].  These corrections 
primarily address nondiffuse transfer of energy between subrooms and line-of-sight energy transfer between 
nonadjacent subrooms.  Nonetheless, the model is generally able to well predict decay behavior in cases of 
sufficiently weak coupling and subrooms that satisfy the requirements of SA decay models, as shown in 
Fig. 1. 

  

Figure 1.- For a two-room coupled system with high, nonuniform absorption in the source room, ensemble averages of computational 
GA-model predictions (with diffuse surface reflection) for all sources and receivers the source room (solid line) are compared with SA-
model predictions  of Eq. (2) (for delta function delays centered at zero) using Sabine (squares), Eyring (triangles), Kuttruff (circles), and 
Kuttruff-Embleton (diamonds) decay models for S12 = 25 m2 (a).  Differences between GA and SA predictions ( −GAlog10 10  

SAlog10 10 ) [using Sabine (solid line), Eyring (dashed line), Kuttruff (dotted line), and Kuttruff-Embleton (dot-dash line) decay models] 

are plotted for S12 = 25 m2 (b).  The regions of confidence are plotted as error bars for SA predictions and as fainter lines lying on either 
side of the primary lines for GA predictions.  Confidence limit predictions assume input parameters  are known to +/- 10% at the same 
level of confidence. 

Diffusion-equation (DE) models   
Allowing the assumption of ergodicity, energy density w(r,t)  as a function of position r  and time t  is given 
to first order by the diffusion equation 

∂w(r,t)
∂t

− D∇2w(r, t) + cmw(r,t)= F(r, t) ∈ V ,  (4) 
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subject to the boundary condition on the interior surface S , 

D ∂w(r, t)
∂n

+ cAw(r, t) = 0 ,  (5) 

where Eq. (4) is the interior equation for the subroom denoted by domain V having a source term ),( tF r , 
which is zero for any subroom where no source is present.  The diffusion coefficient is given by D = λc /3 , 
where λ  is the mean free path. The term cmw(r, t)  accounts for air dissipation in the room(s), and can be 
extended for accounting for absorption due to scattering objects inside the room(s) [16].  The absorption 
term, A  can take the following forms 

4
α

=SA ,  (6a) 

4
)1ln( α−−

=EA ,  (6b) 

or 

)2(2 α
α
−

=MA .  (6c) 

The term SA  has been used in room-acoustics predictions since Ollendorf 1969 [13]. More recently, Jing 

and Xiang [17] and Billon et. al. [18] independently proposed the absorption term EA  in Eq. (6b) for modeling 
cases where surfaces of the room under test have high overall absorption. Diffusion equations using the 
absorption terms AS  or AE  in Eqs. (6a-b) are designated as the diffusion-Sabine model or diffusion-Eyring 
model, respectively [18].  The term MA  in Eq. (6c) has been derived most recently by Jing and Xiang [19], 
who have demonstrated that the diffusion equation with this modified absorption term in the boundary 
condition is theoretically grounded and can model both low and high absorption surfaces. 

 
The diffusion equation method has been applied to modelling a wide variety of enclosure types, such as long 
rooms, flat rooms, fitted rooms, and coupled rooms [15, 17, 20, 21]. In modelling coupled rooms, the domain 
V comprises an arbitrary number of subdomains, which are the subrooms of the coupled-room system.  
Diffusion coefficients for each subroom are assigned based on the mean free path of each subroom under 
the assumption that coupling these subrooms does not significantly change their free path distributions.  
Coupling configurations with weak coupling (small coupling apertures) approximately meet this assumption 
(see the discussion in Ref. [10]).  
 

 
Figure 2. Mapping of sound pressure level distributions using the modified diffusion equations in rooms of a coupled-volume 
system. The dimensions correspond to the original sizes of the experimental models shown in Fig. 3. (a) Partially transparent 3D 
view into the coupled rooms showing the meshing and aperture size and location. (b) 2D mapping showing the source location 
and sound fields across two coupled rooms. A point source location is marked by ‘+’.  
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Figure 2 illustrates the predicted sound pressure level (SPL) distributions within a two-room coupled system. 
Equations (4-5) were solved by a finite-element method using a total of 8000 linear Lagrange-type mesh 
elements.  The stationary SPL distribution is determined after solving for ( )rw  from Eqs. (4-5) by including 
the contribution of the direct field 

Lp (r) =10log ρc
Pref
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where ρ  is the air density, and r  is the source-receiver distance.  Figure 3 illustrates two normalized 

energy decay functions at receiver position 1R  and 2R , indicated in Fig. 2(b). 

Computational Geometrical-acoustics (GA) models   
Image-source [22] and ray-tracing [23-24] methods, the two traditional methods used for computational 
modelling of sound fields in rooms according to the laws of GA, display no fundamental limitations unique to 
coupled-room configurations. Rather, they only require careful implementation allowing for more complex 
visibility checks and the possible requirement of more rays [25-27] to provide for the more stringent 
requirements on spatial sampling (Chap. 6 of Ref. [28]).  However, image-source and ray-tracing methods 
have been largely superseded commercially by more modern variations on these algorithms (cone- or beam-
tracing) and hybrid approaches [29-31].    

With the increasing need of commercial software to simulate coupled rooms, the validity of these modelling 
tools has been re-examined [32].  In commercial beam-tracing software, beam tracing is most often applied 
approximately, by tracing only the central axes of the beams—so-called beam-axis tracing.  This approach 
offers the advantage of decreased computing time by covering the 4π  sr of solid angle outwardly visible 
from the source more efficiently than ray tracing (i.e., fewer beam-axis are needed than rays due to the 
increased detection probability of a beam face relative to a ray.)  However, it can result in incorrect 
detections of energy arrivals at receivers in the late part of the decay, which must be addressed by a tail-
correction procedure.  Likewise, hybrid methods often require some form of tail correction or must make 
assumptions regarding the nature of the late decay. 

Conventionally, correction algorithms assume that the reflection density n(t)  is quadratic in time following 
the expression 

n t( )=
4πc 3t 2

V
  (8) 

or, more generally, assume that n(t) ∝ t 2 and determine the constant of proportionality by curve fitting.  
However, these assumptions do not hold in coupled rooms, as the reflection density associated with each 
subroom may differ, such that the function describing n(t)  can vary with both time and position. 

In recent work [32], the beam-axis-tracing algorithm RTC used by the commercial software CATT-Acoustic 
was modified to eliminate both of these sources of error when modelling coupled rooms.  The new algorithm 
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Figure 3. Steady-state sound energy decay functions simulated at receiver position marked by 

1R , 
2R  in Fig.2(b). 
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behaves as RTC until any one of the expanding detector spheres contacts one of the surface boundaries.  
From that point on, rather than applying tail-correction, the radius of each detection sphere is held fixed and 
the detection procedure at each receiver is altered to that of ray-tracing (i.e., the propagation law of r−2 is 
addressed by changes in detection probability due to ray divergence, rather than explicit reduction of the 
energy associated with each ray). In addition, effects of diffraction are often significant in coupled rooms [27], 
recent effort in improving / including diffraction phenomena in GA modelling [33] is expected to contribute to 
effective modelling of coupled rooms.  

While Kang [34], Nosal et al. [7], and Zhang [35] have detailed use of the AR method, only recently work has 
been directed toward using it in coupled rooms [36]. As with other computational GA methods, 
implementation may require some specific adaptations for coupled rooms. 

WAVE ACOUSTICS 
Various methods are available for the analytic and computational solution of the time–harmonic (steady-
state) and time dependent wave equations in coupled rooms. Prior work in this area up through 2003 has 
been surveyed in detail in Ref. [28].  More recently, additional work on time-harmonic fields in coupled rooms 
using (and improving upon) well-established finite-element methods has been published [37-38].  
Additionally, Meissner [39] has described a numerical solution method that can predict steady-state and 
time-dependent fields in systems of coupled rooms given that the light-damping assumption is satisfied.  
Despite development of these techniques, application of wave-based computational methods to auditoria is 
fundamentally limited in the audible range of frequencies by high modal density and a chaotic dependence of 
field parameters on small perturbations of the boundary. 

PHYSICAL MODELLING 
The classical alternative to intractable wave-acoustics problems has been physical modelling.  Rayleigh was 
the first to observe that wave phenomena, neglecting fluid properties of the medium, are determined by the 
size of the wavelength relative to the size of the scattering object and therefore are independent of absolute 
scale.  This observation allows for scale models to be used to study acoustical phenomena—including 
scattering and diffraction—provided that the wavelength of the sound is also appropriately scaled.  In room 
acoustics, the use of such models originated with Spandoeck [38]. In order to uniquely describe the sound 
field of an enclosure, the boundary conditions on the surface of the enclosure must be described by complex 
impedance, which is generally a function of both frequency and angle of incidence.  Ideally, a scale model 
should employ surfaces that reproduce the impedance of the actual surfaces at the scaled frequency.  In 
practice, this is very difficult and it is typical to instead specify surfaces for scale model applications by 
absorption coefficient.  Even so, the viscothermal apparent absorption will be different in the model than in 
the actual space and thus must be corrected, such as by replacing air by nitrogen [41]. 

Validation 
However, because scale models provide a controlled environment in which the geometry and material 
properties can be known with high precision, they are the ideal method for validating mathematical and 
computational models of sound fields in coupled rooms. Here, the goal is to know material properties to a 
high degree of accuracy, rather than match them to the properties of particular full-scale materials.  Recent 
applications of acoustical scale-modelling for validation can be found, amongst others in Refs. [41-43], and, 
for coupled rooms, in Ref. [32]. With advanced acoustical measurement techniques [45], scale-model 
measurements [41] can be accomplished with satisfactory signal-to-noise ratio using maximum-length 
sequences or sweep signals [46].  

Auralization 
With the increasing need for psychoacoustic evaluations of coupled-room soundfields [47], binaural scale 
modelling [41] offers another significant use.  Wave phenomena, such as diffraction from coupling apertures 
and spatial variation due to modal distributions, may have significant subjective effects but are difficult to 
model computationally. However, binaural scale modelling technique (so-called scale-modelling auralization) 
[41] has been developed and can provide psychoacoustic studies with well-characterized binaural impulse 
responses having high physical accuracy.  

BAYESIAN DECAY ANALYSIS 
 
Despite multiple developments in physical and numerical modelling techniques, little attention has been 
given to developing effective and efficient tools for analyzing the results of modelling and measurement.  
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This holds true even in the case of methods for quantifying energy decay characteristics, one of the most 
salient and widely discussed aspects of acoustical behaviour in coupled rooms.   

Schroeder decay model 
Most numerical modelling tools are able to deliver energy impulse responses. Likewise, modern techniques 
[45-46] can provide acousticians with experimentally measured room impulse responses (RIR) of high 
quality. Using energy RIR obtained from either numerical modelling or experimental measurements, 
Schroeder backward integration [48] yields the energy-decay response from steady state, energy-decay 
functions Tr

Kddd ],,,[ 21 K=D , where Tr)(⋅  stands for matrix transpose, and K  is the total number of data 
points in D . In modelling Schroeder decay functions, a parametric model has been proposed [49-50]:  

eAGD += mm ,            (10) 

which approximates the data D  with an error vector e; where mA  is a column vector of )1( +m  amplitude 
coefficients, termed linear parameter vector; mG  is a )1( +× mK  matrix; and m  is the number of decay 
rates or model order.  The jth column of mG  is given by its matrix element 

⎩
⎨
⎧

=⋅−−⋅−
=−

=
mjforTtTt

jfortt
g

jKjk

Kk
kj ,,2,1)/8.13exp()/8.13exp(

0
K

,     (11) 

where jT  is jth decay time to be determined for mj ≤≤1 , ∞=0T . The quantity Kt represents the upper 
limit of Schroeder's integration, 10 −<≤ Kk .  Specifically, for 2=m  with a large enough Kt , the decay 
Schroeder model becomes 

)/8.13exp()/8.13exp()( 2211022 TtATtAttA kkKk ⋅−+⋅−+−≈AG     (12) 

Bayesian decay-parameter estimation 
Given an appropriate decay model, Bayesian theory formulates the posterior probability density function 
(PPDF) of model parameters through the prior probability density and likelihood function via Bayes' theorem: 

 
 

Figure 5. Posteiror probability density function (PPDF) of decay times evaluated from a Schroeder decay function measured in 
scale-model coupled spaces. (a) PPDF in 2-D representation over T1,2 within {0.35, 0.9} s. (b) PPDF in 3-D representation over a 
subspace evaluated with a grid of 108 x 420. (c) A-zoomed PPDF over T1 within {0.37, 0.47} s, T2 within {0.5, 0.9} s. (d), (e) 
projection of the line across the peak PPDF onto individual decay time axis. 
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where )|( Ip D  acts in the context of parameter estimation as a normalization constant; T is a vector matrix 
of m decay times; and )|( Ip TA,  is the prior distribution function of A  and T .  Bayes' theorem in Eq. 13 
represents how prior knowledge )|( Ip TA,  is updated in the light of data through the likelihood 
function ),( Ip TA,|D .  Background information I  here includes that the Schroeder decay model in Eqs. 10-
12 describes the data D  reasonably well so that all errors in e  are bounded by a finite value.  Given finite 
errors and a reasonable model as the available information, application of the principle of maximum entropy 
[51] assigns a Gaussian distribution to the likelihood function ),( Ip TA,|D  and yields independent errors 
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with a finite, but unspecified error variance 2σ . Probability theory provides rules of relating and manipulating 
the quantities, leading to an analytically tractable PPDF in form of the student-T distribution: 

( ) 2/)(),|( KmTrTrIp −−
−∝ qqDDDT ,         (15) 

with DQq Tr=  and 1−= GEΔQ  [52]. Figure 5 illustrates a PPDF (Eq. 15) over parameter space },{ 21 TT  
using a Schroeder decay model of order two, evaluated from a room impulse response measured in a scale-
model system of two coupled rooms.  Localizing maximum values of the PPDFs, so-called maximum a 
posterior (MAP) approaches [52] or probabilistic approaches based on Markov chain Monte Carlo (MCMC) 
methods [53-54] have been used in room-acoustic energy decay analysis, where the uncertainties of inferred 
decay parameters can also be quantitatively estimated [54] through a covariance matrix [Cij

] with its 
expected matrix element: 
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)( rg T  is the random process used to draw R samples from ),|( Ip DT  in Eq. 15, and 
iT  is the expected 

mean value of  decay time 
iT . In this way, the standard deviations of individual estimated parameters, and 

dependences between parameters can also be estimated from the covariance matrix [ ijC ] via Eqs.15-17 
[54]. 

Relevant decay parameters 
Figure 6 (a) illustrates a double-slope decay function, measured in a scale-model system of two coupled 
rooms, in comparison with its Schroeder decay model. Bayesian analysis, using the model in Eq. (12), yields 
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Figure 6. Steady-state sound energy decay functions simulated at receiver position marked by 

1R , 
2R  in Fig.4(b). 
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three model terms, as plotted in the Fig. 6(a). Figure 6 (b) gives a magnified view of the first 20 dB. Because 
the early portion of the energy decay represents only a small number of short-delay paths, it cannot be 
modelled by Eqs. 10-12. Instead, the first 5 dB should be excluded, as recommended by ISO 3382 [55].  The 
data analysis illustrated in Fig. 6 (as well as all other data analysis throughout this work) is undertaken from -
5dB to the end of the data record.  

Bayesian analysis provides the amplitude parameters, decay times, associated uncertainties, and mutual 
dependence. In Eq. 12, 0A  is associated with the background noise in the room impulse response, actually 
a nuisance parameter, being a necessary part of the model, but of insignificant relevance for the energy 
decay analysis.  In addition to the individual decay times, architectural acousticians are interested in the 
relative amplitude 2A  with respect to 1A  for double-slope cases, rather than their individual values. The 
decay-level difference LΔ  in decibels, first used by Xiang and Goggans [51], is defined as 

dBat
AAL

521 )/lg(20
−

=Δ  (dB)         (18) 

Figure 6(b) illustrates this definition and further indicates the reason that the reverberation analysis is 
undertaken using the data segment from -5 dB point. The decay-level difference quantifies how low the 
second decaying process characterized by T2  is relative to the first one of T1.   

Table I lists Bayesian decay analysis from a room impulse response experimentally measured in the Student 
Union at the University of Mississippi over the octave frequency bands from 125 Hz to 2 kHz.  Table I also 
lists the standard deviations (Std) of Ti. 

Table I.- Calculated decay parameters across the octave bands from a room impulse response measured in the Student 
Union at University of Mississippi. 

 
Turning point Band 

(Hz) 
T1 
(s) 

Std1 (s) T2 
(s) 

Std2 (s) Decay  
Time Ratio 

Level difference 
∆L (dB) Tt (s) Lt (dB) 

125 0.71 6.87E-3 2.82 4.67E-2 3.93 2.60 0.281 -10.43 
250 0.68 2.91E-3 2.38 2.09E-2 3.46 3.54 0.282 -11.42 
500 0.99 3.20E-3 2.74 5.43E-2 2.75 7.13 0.383 -16.91 
1000 0.88 1.82E-3 2.63 4.22E-2 2.99 9.47 0.412 -19.47 
2000 0.92 3.03E-3 -- -- -- -- -- -- 

 
In Fig. 6(b) two straight lines corresponding to two decay slopes in logarithmic presentation can be 
determined 

,kjjj tbay ⋅+=             (19) 

with ,lg10 jj Aa ⋅=  ( ),/8.13lg10 jj Teb ⋅⋅−=  .2,1=j  Bayesian decay-parameter estimation in the case 
of a double-slope decay yields two straight lines corresponding to the two decay slopes, which, in general,  
will not cross at a point coincident with the turning point of the data (Schroeder curve) and model decay 
curve.  Rather, the crossing point 'P ( 0x , 0y ) given by:  

)/()( 21120 bbaax −−= , )/()( 2121120 bbbabay −−= ,      (20) 
will generally be lower in level. The turning point tP ( tx , ty ) is defined to be a point on the decay model 
curve, to which the crossing point ( 'P ) has the minimum distance: 

min)()( 2
0

2
0 →−−− yyxx tt .         (21) 

Two decay times or decay ratio ( 12 /TT ), along with the level difference ( LΔ in dB), the co-ordinate of the 

turning point ( tx , ty ) are relevant decay parameters, eventually used for further studies of acoustics in 
coupled rooms.  

DISCUSSION AND CONCLUSIONS 
 
Comparison of model techniques 
Correctly implemented, SA methods can accurately predict spatially averaged energy-decay behaviour in 
systems of coupled rooms with very minimal computational expense (a few seconds of computation time).  
Moreover, incorporating semi-empirical geometrical corrections allows modelling of the courser aspects of 
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location-dependent decay [10].  Diffusion-equation (DE) models provide greater spatial information and less 
restrictive assumptions.  Yet, the computational expense of DE is relatively low because the mesh used for 
the finite element solution is directly dependent on the order of mean free path, but not on the acoustic 
wavelength. The computational load using currently available laptop PC for modelling the stationary sound 
energy distribution throughout the domains in rooms as shown in Fig. 2 is on the order of a minute. For 
computing energy decays at each receiver position as shown in Fig.3, it takes a few minutes for a time-
resolution of 10 ms. Computational geometrical-acoustics (GA) methods provide greater details still, but with 
increasing computational expense.  However, because such models provide information about discrete 
reflections as a function of time, they are uniquely able to facilitate auralization.  Different techniques vary in 
the distribution of their computational load.  The computational expense of the acoustical radiosity (AR) 
method is relatively high, yet the computation costs are mostly incurred only in the initial rendering of the 
room(s) under test [7]. Once the rooms have been rendered for a given source, the remaining computational 
load is low.  In contrast, ray- and beam-tracing methods typically have computational costs that scale with 
the number of source-receiver combinations to be modelled. 

Frequency and location dependence   
Sounds fields in coupled rooms are the result of complex interactions between the sound fields of multiple 
subrooms.  This increased complexity over single-volume rooms results in greater opportunities for location 
and frequency dependence in the acoustical behaviour [10, 27].  Moreover, modeling techniques that are 
tractable at high-frequencies (GA) make certain limiting physical assumptions.  Thus, techniques for 
modeling soundfields in rooms are inherently frequency-dependent for both practical and theoretical 
reasons. Similarly, analysis techniques need to reflect these physical realities by considering variations in 
both frequency and location.  For sound fields in single-volume rooms, high- and low-frequency regions in 
which geometrical and wave acoustics, respectively, are appropriate are defined by the relation of 
wavelength to characteristic dimension of the room. This classic two-region paradigm leaves a gap in the 
mid-frequency region where geometrical acoustics is inaccurate but wave acoustics is untenable.  In the 
case of coupled-room auditoria, this gap is particularly notable because the defining aspect of coupled 
rooms, the exchange of energy between subrooms, takes place through apertures having typical length 
scales corresponding to wavelengths in this mid-frequency region.  Summers has proposed a three-region 
heuristic to address this [27, 56-57], in which conventional high- and low-frequency models are 
supplemented by mid-frequency models that explicitly address the effects of diffraction at coupling apertures 
[56, 10]. Most recently, Pu et. al. [58] has conducted experimental investigations on spatial distributions of 
sound energy flows and energy decays in scale-down coupled rooms. 

The role of scale modelling 
Development of new computational modelling methods always requires verification of the algorithms and 
validation of the underlying physics.  As new techniques for modelling coupled rooms continue to develop, 
scale models provide the most effective and controlled means of providing the data necessary for validation.  
Likewise, they provide a controlled means of generating highly accurate RIR for psychoacoustical studies. 

Noise-tail compensation 
Some existing data-analysis approaches attempt to accurately estimate the nuisance parameter in order to 
compensate for the noise tail of the Schroeder decay function [the first term in Eq. (12)].  However, given the 
analysis tools discussed in this paper, such noise-compensation techniques, with their heavy reliance on 
accurate estimation of the nuisance parameter, are not recommended, especially for nonexponential decays.  
Noise compensation does not solve the problems of resolving relevant decay parameters. Compensation is 
often based on under or over estimation, which can destroy the decay characteristics in the measured data 
leading to biased estimations of the relevant decay parameters. 

Linear fitting of predefined decay portions   
Successful application of Bayesian analysis to the validated Schroeder decay model [Eq. (12)] of sound-
energy decay unambiguously demonstrates that other methods for evaluating nonexponential decays, 
including those which compare linear fits of different portions of logarithmic decay functions (e.g., T15 vs. 
T20, or T10 vs. T of an arbitrarily chosen portion between -30 and -40 dB) are scientifically questionable.  
Quantifiers cannot generally provide a unique description for a nonexponential decay consisting of a linear 
combination of decaying exponential functions.  Thus, despite their ease of implementation, such techniques 
should no longer be practiced. 
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