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Résumé 

Le concept de champ diffus en acoustique des salles est l’hypothèse de base de la théorie classique de la réverbération. Cette 

hypothèse est pourtant fausse dans de nombreuses situations pratiques pour lesquelles le champ sonore réverbéré présente 

d’importantes variations spatiales dans la pièce. Murray Hodgson a consacré une partie importante de ses activités de 

recherche à l’étude des champs non diffus, par des études combinant souvent des aspects expérimentaux et de modélisation. 

Certaines des premières contributions de Hodgson en lien avec ce sujet sont d'abord présentées. Dans une deuxième partie, le 

papier présente des développements concernant un modèle statistique pour les champs non diffus basé sur un processus de 

diffusion. Le papier se concentre en particulier sur la modélisation des réflexions diffuses au sein de ce modèle de diffusion, 

l’application de ce modèle aux locaux industriels, et la modélisation des flux d’énergie en utilisant la loi de Fick. Tous ces 

développements constituent une suite naturelle des travaux d’Hodgson, concernant de multiples problématiques qu’il a 

soulevées sur le sujet des champs non diffus.  

 

Mots clefs : acoustique des salles, réverbération, diffusivité du champ sonore, équation de diffusion 

 

Abstract 

The concept of diffuse sound field in room acoustics is the basic assumption of the classical theory of reverberation. This 

assumption is however false in many practical situations where the reverberant sound field undergoes significant spatial 

variations in the room. Murray Hodgson has dedicated an important part of his research activities to the study of such non-

diffuse sound fields, through studies combining generally both experimental and modeling aspects. Some of Hodgson’s early 

contributions in link with this topic are first presented. In a second part, the paper presents some developments concerning a 

statistical model of non-diffuse sound fields based on a diffusion process. The paper focuses in particular on the modeling of 

mixed reflections within this diffusion model, the application of this model to industrial workrooms, and the modeling of 

energy flows by using the Fick’s law. All these developments are a natural continuation of Hodgson's works, concerning 

numerous issues that he raised on the modeling of non-diffuse sound fields. 
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Foreword 

The first author of this paper visited Murray Hodgson at the 

University of British Columbia for the first time in 2005. 

This visit has been followed by several others, which led to 

a very friendly relationship, and to numerous and fruitful 

exchanges, thanks to Murray’s great expertise in many 

fields of acoustics. A collaboration on the development of a 

statistical model for room acoustics was carried out in the 

years 2005-2008, and the paper is a review of these works, 

highlighting the fact that they can be seen as a natural 

continuation of Murray’s earlier works on the modeling of 

non-diffuse sound fields.  

 

 

1 Introduction 

It is well known that the reverberant sound field in a room 

can be accurately described by statistical models at medium 

and high frequencies, provided that there is sufficient modal 

overlap. In practice, it is considered that such models are 

valid for frequencies above the so-called “Schroeder 

frequency” [1]. The classical statistical theory of 

reverberation is a powerful tool for predicting sound 

pressure levels and reverberation times based on little 

information about the room. It is based on the concept of 

“diffuse sound field”, according to which the reverberant 

sound field at any location in a room is due to uncorrelated 

waves traveling with equiprobable directions and intensity 

[2]. Widely used by practitioners for obtaining acoustic 

predictions within “engineering accuracy” [3], the diffuse 

field concept is nevertheless limited to restricted practical 

situations, and is by nature unable to predict spatial 

variations of the reverberant field in a room. Sound fields 
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for which such spatial variations are significant will be 

called “non-diffuse” sound fields in the rest this paper.  

Murray Hodgson, since his PhD works in the early 80s 

on the sound field in industrial workrooms [4], has 

dedicated a significant part of his research activities to the 

study of non-diffuse sound fields, through studies 

combining generally both experimental and modeling 

aspects. In the years 2000s, Murray Hodgson has been 

collaborating with the authors of the present paper on the 

modeling of non-diffuse sound fields, by using a specific 

statistical model based on a diffusion equation [5]. The 

objective of this paper is to underline some aspects of 

Hodgson’s research on non-diffuse sound fields, to establish 

the link with the research activities on the diffusion model, 

and to make a summary of the collaborative activities 

between Murray Hodgson and the authors of this paper. 

In this purpose, in Section 2, some aspects of 

Hodgson’s research concerning non-diffuse sound fields and 

the sound field in industrial workrooms are presented. In 

Section 3, the diffusion model for room acoustics is briefly 

presented, and the different aspects in which Murray 

Hodgson has been involved are synthesized, before a brief 

set of conclusions and perspectives in Section 4.  
 

2 Some aspects of Hodgson’s research on 

non-diffuse sound fields and industrial 

workrooms 

Murray Hodgson has devoted an important part of his 

research to the study of sound field diffuseness in room 

acoustics. Several of his papers have had a significant 

impact on the scientific community working in the field of 

room acoustics. In his 1996 famous paper, “When is diffuse 

sound field theory applicable?” [3], Hodgson pointed out 

that, based on his experience (“from having measured sound 

fields in hundred of rooms of any type”), this theory is 

generally accurate for describing the reverberation time in 

real rooms. On the contrary, the prediction of steady-state 

sound pressure level (SPL) should be limited to rooms with 

cubic shape and uniform absorption coefficient. If the room 

shape departs from a cubic geometry, the diffuse sound field 

theory will be more accurate if the walls have specular 

reflections [6]. Indeed, Figure 1 shows the reasonable 

agreement of the diffuse sound field theory with the 

measured SPL for a squash court (a nearly-cubic room with 

flat surfaces, i.e., specular reflections), but also 

demonstrates (along with other examples given in [3]) a 

general trend of this theory to under-estimate the spatial 

decay of the SPL for rooms with common aspect ratios. 

Reference [3] is definitely a paper that has been greatly 

useful to practitioners, giving accurate guidelines for 

applying (or not) the well-known diffuse sound field theory. 

This study definitely demonstrated the need for modeling 

non-diffuse sound fields with a satisfactory precision. 

From the 80’s, Hodgson’s research has been indeed 

largely dedicated to the characterization and the prediction 

on non-diffuse reverberant sound fields, especially by using 

simulations tools based on ray-tracing, image-source, 

radiosity models etc. (eg., [6-9]). Hodgson’s most cited 

paper (according to the Scopus database), published in 

1991, focused in particular on the influence of the walls’ 

reflection law on the reverberant sound field [8]; in this 

context, a mixed reflection is defined as a mix of diffuse and 

specular reflection. The key-parameter is the non-

dimensional scattering coefficient (noted down d in the 

following) defining the proportion of specular and diffuse 

reflections (ranging from 0 for purely specular reflections to 

1 for purely diffuse reflections). The need of incorporating 

the scattering coefficient in ray-tracing simulations was 

demonstrated experimentally, as illustrated in Figure 2. In 

the case of a proportionate room (left column in Figure 2), it 

is shown that the scattering coefficient d has no influence on 

the predicted SPL; whatever its value, the simulation shows 

a generally satisfactory agreement with the measurement 

data. On the other hand, in the case of a flat room (an empty 

factory, right column), the spatial decay of the SPL is very 

sensitive to the scattering coefficient, and increases with the 

amount of diffuse reflections. It was concluded that it is 

generally possible to obtain a best-fit agreement with 

experiment for a particular value of d between the two 

extremes. This conclusion is now common knowledge 

among practitioners, and most simulation tools incorporate 

the scattering coefficient value [10, 11]. 

 

 
Figure 1 (from [3]): Plain line: diffuse sound field theory, (●) 

measured sound level decay in the 1000 Hz-Octave band, as a 

function of the distance to the sound source, for: Top: a room with 

homogeneous dimensions (a squash court , dimensions 10 x 6 x 5 

m3), Bottom: an elongated room (a classroom, dimensions 14 x 8 x 

3.5 m3). 
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Figure 2 (adapted from [8]): SPL predictions in dB by using the 

ray-tracing technique, in several octave bands, for different values 

of the scattering coefficient d between 0 and 1, for: a proportionate 

room (a gymnasium, left column), a flat room (an empty factory, 

right column). (●) measurement data. 

Another important interest of Murray Hodgson was the 

prediction of the reverberant field in industrial workshops 

[4]. The presence of “fittings” in the room (which can be 

called a “fitted room”) can potentially enhance the 

diffuseness of the reverberant field, due to the acoustic 

scattering by the obstacles. The fittings are generally 

modeled by a statistical parameter called the fitting density 

(analogous to a mean free path [12]), and by their absorption 

coefficient. Many models, often empirical, exist for 

predicting the reverberation in such rooms, and Hodgson’s 

research in this field has been dedicated to accurate 

evaluations of such models (e.g., [13-15]), or to assess the 

correct values for the fitting characteristics (e.g., [16]) by 

using extensive comparisons between predictions and 

experiments. Hodgson’s publications on the topic of the 

acoustics of industrial workshops illustrates well how 

providing reliable tools to practitioners has been a constant 

goal in Hodgson’s research. 

 

3 The diffusion model for room acoustics 

Hodgson’s works on non-diffuse sound fields truly justifies 

the need for a model able to describe common practical 

situations involving non-diffuse sound fields, mixed 

reflection and scattering by fittings. A solution was 

proposed with the development of the so-called diffusion 

model for room acoustics.  

The idea of describing the reverberant field in a room 

by a diffusion process is initially due to Ollendorff in 1969 

[17], but the concept was really applied and validated by 

Picaut et al. in 1997 [5]. The model is based on the sound 

particle concept [18], ie., on the analogy of the acoustic 

energy density with a density of “sound particles” 

propagating at the speed of sound c along straight lines. 

Many geometrical models (like the ray-tracing technique 

and its variants) consist in emitting a great number of 

particles (high enough for reaching the statistical 

convergence) and following their individual trajectories (the 

rays).  

Conversely, the diffusion model starts from the 

transport theory developed in statistical physics [19], using 

the distribution function of the particles in the phase space 

for modeling the particle dynamics in a global way. Under a 

set of assumptions, in particular, i) the walls of the room are 

analogous to a cloud of spherical scatterers located within 

the room volume, and ii) the phenomena are nearly 

isotropic, a diffusion equation governing the sound energy 

density can be obtained [5]. The key-parameter of the 

diffusion process is the so-called “diffusion coefficient” D 

(unit m
2
/s), and is, in theory, equal to λc/3, λ being here the 

room mean free path, and c the sound speed. In this 

expression, the classical mean free path of an empty room 

λr=4V/S (V and S are respectively the room volume and the 

area of the room surfaces) is used, which is valid in the case 

of purely diffuse reflections [2]. 

This diffusion equation is then associated with an 

appropriate boundary condition requiring the introduction of 

an exchange coefficient depending on the absorption 

coefficient of the walls [20-23]. The advantage of the 

diffusion model is that it can be rather easily solved 

numerically [21], and can handle complex cases (eg., 

complex networks of coupled rooms [24,25]) with a low 

computational cost compared to geometrical techniques. 

The diffusion equation was shown to be an extension of 

the classical reverberation theory to non-diffuse sound fields 

[21], and is perfectly adapted for predicting spatial sound 

decays in rooms such as the ones reported in Figure 1 by 

Hodgson [3]. In the years 2005-2008, Murray Hodgson was 

involved in several contributions concerning the 

development of the diffusion model for room acoustics 

[21, 26-28], that are reminded in this section.  

 

3.1. Adaptation to mixed reflections 

In the validation cases proposed in reference [21], some 

comparisons were provided by using a ray-tracing code with 

a value of the scattering coefficient d of 1 (purely diffuse 

reflections). It was obvious, considering Hodgson’s early 

works (see last section), that the model could only be 

applied practically if it could handle situations with mixed 

reflections (d between 0 and 1).  

The observation of the effect of the diffusion coefficient 

value on the simulation results brought a first answer to this 

problem [26]. In the case of a room with homogeneous 

dimensions, it was found that the diffusion coefficient value 

has no effect on the predicted levels; let us remind, from 

Hodgson’s former results in Figure 2, that similarly, the 

reflection law (through the scattering coefficient d) has no 

effect on the predicted levels. Let us now define a correction 

factor K (K ≥ 1), so that the value of the diffusion 

coefficient is set to K×D.  
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As initially observed by Hodgson (Figure 2 [8]), the 

sound decay in a flat room, predicted by using the ray-

tracing technique, is greatly affected by the amount of 

specular reflections (i.e., the value of the coefficient d), as 

shown in Figure 3. It was then observed, as demonstrated in 

Figure 3b, that it is always possible to find a correction 

factor K so that a good match can be obtained between the 

diffusion model predictions and the levels predicted by the 

ray-tracing technique for different value of the scattering 

coefficient d. It was then concluded that there is an 

analogous behavior between the effect of the scattering 

coefficient d on the ray-tracing results, and the effect on the 

diffusion coefficient value K×D on the diffusion result.  

 

 
Figure 3 (from [26]): SPL decay in a room of dimensions 30 x 8 x 

3.85 m3 (source at x=2); (a) Ray-tracing model: (◦) d = 1 (diffuse 

reflections); (∗) d = 0.5; (□ ) d = 0 (specular reflections); (b) 

Diffusion model: (◦) K = 1 (theoretical model); (∗) K = 1.8; (□)  

K = 5. 

As it will be explained in section 3.3, the coefficient D 

sets the relation between the energy density and the acoustic 

energy flow through the room (i.e., the intensity). For an 

elongated room or a flat room, a lower diffusion coefficient 

means that the diffuse reflections involve a higher resistance 

to energy flow than specular reflection, likely due to back-

scattering.  

Some further research was carried out in order to find a 

general empirical law for the correction factor K, which 

would allow the diffusion model to be applied for a wide 

range of mixed reflection laws and room aspect ratios [29]. 

A more satisfying solution was finally derived some years 

later by working out a theoretical expression of the diffusion 

coefficient, starting from the transport theory [30]. A new 

expression for the diffusion coefficient D was obtained:  

𝐷 =
𝜆𝑐

3

1

𝛼+(1−𝛼)𝑑
    (1) 

Where 𝛼  is the absorption coefficient of the room’s 

walls. The dependence to the scattering coefficient d 

appears in the expression, and in the case of purely diffuse 

reflections (d=1), the expression of Eq. (1) logically 

matches the original value, λc/3.  

More surprisingly, a dependence of the diffusion 

coefficient D to the absorption coefficient 𝛼 also appears in 

Eq. (1). At low absorption coefficient (𝛼 ≪ 1), the value of 

D significantly increases when the amount of specular 

reflections increases (ie.,when d decreases), while D 

remains approximately equal to λc/3 whatever the value of d 

at high absorption (𝛼 close to 1) [30]. The dependence of D 

to the absorption was also observed numerically in the case 

of elongated rooms [31]. 

 

3.2. Predicting the reverberant field in fitted 

rooms 

As mentioned in Section 2, modeling the acoustics of fitted 

rooms have been a constant goal in Hodgson’s research. 

Fitted rooms are characterized by the presence of a large 

number of obstacles with different shapes and orientations, 

and a statistical approach can accurately describe the effect 

of the fittings, as initially proposed by Kuttruff [12]. The 

statistical parameter for describing the fittings is the mean 

free path λf of a random spatial distribution of scatterers in 

the room volume (the fitting density is then defined as 1/ λf 

[6, 32]).  

The idea of describing the fittings effect by a diffusion 

process had been proposed by Kurze in 1985 [33], 

associated to an image source model for the ceiling and 

floor. In 2007, a unified model [26] was proposed in order 

to combine the diffusion by the fittings and by the walls of 

the room, considering the classical mean free path λr of an 

empty room. The propagation of sound in a fitted room was 

supposed analogous to the propagation of sound particles 

through a medium of scatterers accounting for both walls 

and fittings. In such a medium, the mean free path λ (in 

meter) of the sound particles is: 

𝜆 =  
𝜆𝑟 𝜆𝑓

𝜆𝑟 +𝜆𝑓
   (2) 

So that a diffusion process describing the propagation 

of sound particles in the fitted room can be defined and 

solved numerically by adding appropriate boundary 

conditions [26].  

The example of Figure 4 [26] illustrates the efficiency 

of such a model, by considering the case of a parallelepiped 

room with specular reflections and half-fitted following two 

configurations [32] (the absorption coefficient of the fittings 
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is 0.3). In both cases, the diffusion process matches both 

ray-tracing predictions and measurement data. 

 

3.3. Predicting energy flows 

 
A diffusion process involves a linear relationship between 

the gradient of the acoustic energy density 𝛁w, and the 

energy flow J (a vector interpreted in acoustics as the 

acoustic intensity with dimension W/m
2
):  

𝑱 =  −𝐷 𝛁𝑤    (3) 

This law is generally called the Fick’s law. From 2008, 

several studies started using the Fick’s law in order to 

investigate energy flows in single [28] or coupled rooms 

[34]. Ray-tracing or particle-tracing codes can also be used 

to evaluate the reverberant energy flow vector, by 

associating each ray (or sound particle) with an elementary 

intensity vector; by summing the contributions of the set of 

rays or particles crossing a given receiving volume, the net 

intensity vector can be obtained [28, 31].  

The energy flow vector is an interesting quantity for 

investigating the diffuseness of a reverberant sound field. A 

purely diffuse sound field is composed of many 

uncorrelated sound waves coming from uniformly 

distributed directions. By nature, the energy flow should be 

zero. By considering numerical simulations of the 

reverberant sound field, it was found that the geometry that 

can meet rigorously this property is a sphere with uniform 

absorption [31, 18]. A cubical with homogeneous 

absorption is known as a favorable configuration for 

generating a diffuse sound field [3]. Looking closely at the 

energy flow in a cube, it nevertheless appears that the 

reverberant intensity vectors describe an organized pattern 

with significant intensity [31]. Figure 5 displays the 

intensity vector pattern in the vicinity of the corner of a 

cubical room, oriented from the source toward the edges of 

the room, the norm of the reverberant intensity being larger 

close to the room boundaries. This pattern explains that 

some significant variations of the sound intensity level close 

to the walls of the rooms can be observed, whereas the SPL 

of the reverberant field appears to be rather constant 

throughout the room [31]. This example demonstrates that 

the energy flow pattern is an appropriate tool for 

investigating the diffuseness of a sound field.  

The Fick’s law is a quite unusual behavior in acoustics 

(the intensity is proportional to 𝛁w); indeed for propagating 

waves, the intensity is proportional to the acoustics energy 

density w. 

The simulation results of Figure 5 tend to indicate that 

the Fick’s law is relevant for a reverberant field in room 

acoustics, because the particle-tracing results reveal the 

same intensity pattern as the Fick’s law. The Fick’s law has 

been further confirmed in the case of elongated rooms, in 

particular by using an experimental approach based on a 

scale model and pressure-velocity probes (for measuring the 

intensity vector) [35]. The use of the energy flow vector 

calculated from the Fick’s law has also been shown to be 

very useful for understanding multiple decay phenomena in 

monumental spaces such as mosques [36]. 

 
Figure 4 (from [26]): SPL decay in a room of dimensions 30 x 8 x 

3.85 m3 (source at x=1.5); (a) room fitted (λf = 3.9 m) for x<15 m, 

empty for x>15 m; (b) room empty for x<15 m, fitted (λf = 3.9 m) 

for x>15 m. Solid line: diffusion model; (o) ray-tracing prediction; 

(●) measurement data [32]. 

 

  
Figure 5 (adapted from [31]): Left: top view of the cubical room 

(10 x 10 x 10 m3, source in the room center, purely diffuse 

reflections); the grey zone indicates the domain in which the 

energy flow vectors are plotted. Right: energy flow vectors 

obtained by particle tracing simulations (solid arrows) and the 

Fick’s law (dashed arrows). 

 

4 Concluding remarks 

Some remarkable contributions of Murray Hodgson’s 

research on reverberation modeling, and on the effect of 

scattering objects and wall reflection law have been first 

presented in this paper. The research works carried out on 

the development of a diffusion model for room acoustics 

can be seen as a continuation of Hodgson’s work concerning 

numerous issues that he raised, generally, on the modeling 

of non-diffuse sound fields. The diffusion model for room 

acoustics is now applicable to a wide range of practical 

situations.  

However, some aspects still need improvements and 

developments. In particular, the diffusion coefficient, which 

is the main parameter of the model, is now known to be 

varying along the room [31, 35], and this variation would 

need to be taken into account to accurately model complex 

situations like flat or elongated rooms with large aspect 
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ratios. In some cases of networks of coupled rooms (with 

different aspect ratios or coupled by large apertures), the 

diffusion model gives some interesting results for physical 

interpretations, but the quantitative results still need to be 

improved, possibly because the change of the diffusion 

coefficient between coupled volumes requires further 

improvement to accurately model the energy transfers. The 

question to be answered will be if diffusion, which is an 

approximation of a more general transport process, has 

reached its limits, or if some further modeling of the 

diffusion coefficient is still possible in those cases.  
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