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1. INTRODUCTION

When a [emanating wave strikes aW or en poled. a proportion or the Incident energy will be reflected.
Energywtridr Isnot retieued Is either absorbed try the surtace or transmitted through It. It the wavelength is
small In comparison lathe dimenstors otthe surface, Snell's law will dominate and the angle of reflection will

' equal the angle of incidence. Furthermore. the dlreaicn of the reflected wave will be Mlanar with the
incident wave and the surface normal. This is known as a specular reflection and is the basis of ray tracing
geometric models. It however the wavelength ls similar to a dimension ot the obstruction then some of the
rationed energy will be scattered and the Intensity In the specular direaion will consequently be reduced. il
a significant fraction of the reflected energy ls scattered then the reflection ls tanned diffuse.

Dittuse refleuion of sound by surfaces in eudltorta contributes to the acoustic. although the exact imponance
of Its contribution Is still endear. Further Inveaigetlon Is required but It is accepted that diffusion should be
comidereddurim the dedgn rum and must be implemented In prediction models It accuracy Is not to be
compromised m.

Conceptuelly. the mo: mighttorward Incorporation of diffusion into designs and modelswould be to detine
a metric witidt could quantity the dittusivlty oi any surtace orobject. This dilirrsiorr coeliicient would be
comptementaryto sablne's absorption coefficient in describing the oceanic properties of a surface. From the
value of the dttfuston coefficient. architeus. consultants and modellers would know how the dilfuslvtty oi the
stutaoe rates between the two extremes of specularretiectlon and Ideally claim. This would ultimately be at
benefltto the users of arrditoria.

In recentyears a numberot metrics have been proposed [2-12] and D'Antcnio chairs an Audio Engineering
Society Subcommittee on Acouaics tor the Charaderlzatlon of Acoustical Materials. soot—oz. which has
the eirn or establishing standards In this area. However. no accepted ditluslon ooctticient lcr characterising
surfaces presently auras. although some prediction programs have Included a form of dittuse reflection
modelling. 'nrbpaperwesents some preliminary results from a study titled 'The Development are Difltrsion
CoaflbientfchoomAcouma'. '

2. QUANTIFYING DIFFUSION

2.1 Methods not using the Directional Distribution of Scattered Energy.
One measure which quantifies the difiusivity ot a suriace or objed Is the ratio of difiuse and total energy
ret'ieded. (The diffuse energy being that wirlch Is not refletaed In a specular direaion). Tyre methods lor
evaluating this diffusion ceeflident have been developed by Mommertz and Vorllnder [11]. both at which
Involve measrring the impulse response for various orientations of the sample using maximum length
sequences one method requires anechoio conditions and the other a reverberent space. wnturever method
is used. the total refleaed energy can be readily extracted from the measurements and phase-locked
superposition of a sufficient number at Impulse responses yields the specular energy. Evaluation oi the
required ratio from these two quantities Is then straightiorward.
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Lam [12] has suggeaed a method for rating the diffusion created by a sample based upon room diffusivity.

A non-diffuse space is mated - for example a reverberant room with a large amount of absorption on one
surface. The degree of non-diffuseness is quantified by. say. measuring pressure distributions around the

room. The srnface orobied bthen introduced into the room and the degree of nondiffusaness rte-measured.

From the improvement In ditfusfvlty. a diffusion coefficient ls derived.

All of these methods are simple In concept and the measurements are relatively straightforward. However,

the Influence of edge effeas remains to be investigated and there are no simple prediction methods to
reptimtethe measured results. It is important that a diffusion coeffldent is predictable given the cost and time

required for measurements. Fwthermore. it is not known whether either method con'eotly ranks the diffusivity

of different surfaces and obiects.

Although the methods of Mommertz and Lam will be examined as part of the study. the remainder of this

paper is limited to consideration of parameters which quantify the diffusivity of samples by examining how

doseiy the directional distribution of scattered energy resembles the ideal.

2.2 Defining Ideal Diffusion.
When considering the propagation of sound In auditona. analogies are sometimes drawn with optics, where
an Ideal diffuser is defined as scattering the energy in an incident light ray In accordance with Lambert‘s
cosine law [13]. indeed. this lsthe definition commonly used In geometric models. However. Lambert's law

should not be applied to room acoustics except at high frequencies because it Is valid only In the case of

Incoherent small wavelength scattering from a point. The large wavelengths and finite sized surfaces

trimmed in attitude nonrandom diffuse refiedion of sound. the pressure In the reflected sound field

undetermined by Irtterference efieds. ifthis were notthe case then profiled diffusers based on walls, such

as those desuibed by Schroeder [14]. would not work

The simpies definition of an ideal diffuser Is that it scatters the energy contained In an incident sound field

uniformly into 2n space. I.e. the reflected intensity In all diredions - inctuding the specular - Is the same. in

some applications It may be more desirable for the diffuser to dired the retieded energy away from the

spewierdiredions. to. to mate a notch In the direuional distribution of scattered energy. cox [4] has used

lhisdefinltionto wahratetheuualityof snail to medium sized diffusers mounted on large bafiies. An example

otttiistype of application is the use of diffusers ettedred to the rear wall of a concert hall to prevent echoes
from duedionai musical instruments such as trumpets.

2.3 Pradicei considerations.
A problem with any diffusion coefficient which is oalwlated from the direaionai distribution of scattered

lrltettsitylsthetit Is only In the farfieid that the shape of this distributlon ls independent of the distance from

the sample. This is Illustrated in Figure 1. which shows how the directional distribution of scattered Sound

Pressure Level (SH) fromtwo plane profilesofd‘rtferern widthsvarleswith measurement distance at different
Thaw-dimensional distributions were predicted using a BEM technique [15] and the results

are in odave bands. The thick solid line Is the far field distribution. with the thin solid and dotted lines

corresponding to the dbtribution obtained ustng measurement distances of 10m and m respectively. In all

casesthedmributidnseresymmetnoat aboutu' andlhe souroe ispositioned 0.1m behind the 0' measurement
position.

in orderfor the value of the diffusion coefficient not to depend upon the measurement dlstanoe. the radius

of the semiotrue or hemisphere on mm the measurement positions lie must be large enough to ensure that
in every direaion the measmemsnt Is made in the far field. it is evident from Figure 1 that this is difficult to

achieve because the near field Increases In extent as the product of profile width and frequency inaeases.

which meansthatihe required radius can become impracticaiiy large. Furthermore. as the angle of Incidence
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"tenured from the surface normal lnaeases, the near field becomes even more extensive and reaching the
far field becomes an lrnposrbility for the sizes of surfaces and frequencies of interest in auditorie as grazing
incidence is approached. Consequently. the perceived ideal of char'aaarlsing diffusivin from the far field
distribution of scattered Intensity may not be practically realisablet

 

Figure 1

In any case, audiences In auditorla are
usually situated within the near field of lame
stnnurai elements such as walls. floors and
ceilings am this presards a sedans problem.
For example. consider the case shown in
Figure 2 where the focal palm of a large
oomesurface Is within an audience area.
if measurements of scattered Intensity are
made at typical audience positions.
fecussing will be observed. If. however.
measurements are made In the far field. the
reflection from the concave surface will
appear diffuse.

 

Figure 2

With a plane surface the situation is reversed: If the directional distribution of scattered energy is measured
in the far field than a distinct specular refleaion is observed and the surface will be classified as a pear
diffuser. However, If all the measurement positions are in the near field than to each position a specular
reflection path will exist and as a result the plane surface will be rated as an ideal diffused
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Within auditorla, surfaces and objects Which have the potemlal to produce diffuse reflections can be loosely
divided Irrlo three categories:

Objects situated In free space, such as suspended reflectors and some stnrotutal pillars.
Large rough surfaces whim may effeaiveiy extem to Infinity, sudr ascoffered ceilings and the audience.
Objects mourned on or within large plane surfaces. such as decorative figurines and half pillars on
otherwise flat walls.

Defining these miegortes ls useful because It provides three different situations In which diffusion coefficients
can be tested. It may be diet a different parameter Is required for quantifying diffusion In each situation;
indeed none ofthe rrletttcs reponed in the literature can be successfully applied In all three cases, generally
they are applicable only to the first. However. It is the aim of this studyto develop a unified parameter.

3. BRIEF REVIEW OF DIFFUSION COEFFICIENTS IN THE LITERATURE

3.1 Requirements of the Ideal leiuslon Coefficient.
The ideal diffusion coefficient would:

have a firm physical basis.
be applicable to all three situations outlined In section 2.3.
be consistent In evaluating and ranking the diffusivity of samples.
be bounded between zero and unity.
yield values for predical surfaces and ebjeas which are evenly spreadover the range bounded by
specular reflection - the worst case - and ideal diffusion. _

- be straightforward to measure and predict.

3.2 Standard Deviation and Dlreulvlty Types
Different approadres to Judging the dosenes oi measured or predlaed dlredional distributions of scattered
Intensity or pressure to the ideal case have refilled In a number of metrics for quantifying diffusion being
proposed [2-10]. Although these metrlrs all differ from one another In some aspen. each of them can be
dastliedasbelng enmrampteotcnecfthetwo hroedtypesofdlffustcn parametershown In Equations 1 and
2 below: standard Deviation (modified), e“ and DIreaMty. e0.

v
v
'
v
'

  

" in: (1)— 1. L,_1or ,,;;1o‘°]

= "i4 . " 2e 32!,“ .I' - 'w H
where n Islhe numberof measurement cheaters, Ln, Is the scattered SPL in dlredion [and I,ls the scattered
Intensity In dlredion I.

311 Physical Basis. The basis of standard deviation type diffusion coefficients tsthat for a perfect diffuser,
the difference between the scattered SPL In dlredlon land the mean scattered SPL is zero. Diredivlty type
coefficients, on the other hand, utilise the feature of the ideal case that the fraaion of the total Intensity
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scattered in diredion l is a constant equal to the reciprocal of the number oi measurement directions. Note
that e“ isterrned a modified standard deviation 0! the scattered SPL because 1', is the level canesponding
to the mean scattered imersity and not the arithmetic mean SPL. It has been shown that calculating in this
manner results In a more Intuitive rating at diffusivity because it penalises distributions Which coma n large
sections of low SPL [5].

Although both on and 2,, are based on ideal diffusion being defined as equal energy scattered in all
directors. their application Is not limited to situations where this is the ideal case. Itthe ideal is not uniform
flattering, all that is required is to multiply the directional energy distribution being rated by the Inverse of the
ideal distrilmtion priorto evaluation. The resulting product will be Independent of direction for an ideal dirluser,
regardless oi the shape at the ideal distribution. >

322 Pradioel Values. One of the probiemswith both types at coefficient Is that although they are zero In the
ease of ideal rfifluden. theirveiues In the theoretical worn case - where there Is non-zero scattered Intensity
In only a single direction - is not unity. A value between zero and unity can be obtained by dividing the
coefficients by their worst case values. However, because pradieal scattered Intensity distributions remain
somewhat removed horn the worst case, even when the reflection would be regarded as specular. the majority
of predimlvelues at these coefficients are bundled together in the lower end of the range as shown in Figure
3. All ofthese distributions are tor normal incidence and. as Indicated. some are predlaions whereas others
are the results of measurements made at 1:5 scale (8|.
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To overcome the problem at bundling described above, the normalisation could Involve division by the worst
predicel value instead 0! bythe theoretical worst case limit. However. what should this worst case value be?
If a ditfusion ooetficlent In excess of the chosen Worst case‘ were subsequently measured then the resulting
normalised value would be greater than unity. thus negating the purpose of the nonnallsatlon.

3.2.3 Relationship between em and 6,, The slmliartty between the two coefficients Is greater than might
Inltlally be apparent. If the SPIs In the expression for e,_,_ In Equation 1 are written In terms at the
conespdndlng Intensities and the resulting logarllhm ls represented by the first term of Its series expansion.
the expression tor e“1 becomes Equation 3. Also. since the total scattered Intensity must be equal to the
product of the mean scattered Intensity and the number of measurement directions. ea can be written as
shown In Equation 4.

10 (3) (4)
intro)

where IIs the mean scattered intensity.

Gull

 

  
However. since the expansion of the natural logarithm is valid only when the scattered Intensity in every
(median Is slrnilarto the mean. Equation 3 Is only epptloable to good diffusers. In fact in ordertorthe higher
terms In the series to be neglected. the distribution must approach unilonnlty. If this Is the ease ttien
comparison of Equationss and 4 shows that the two coefficients differ only by aconstant factor it :1 Is large.

3.24 Physical Interpretation. In addition to these two types of difiuslon coefficients not being bounded
between zero and unity and practical values not being distributed over the Whole range, It Is difficult to
Interpretthe physical significance otvalues other than the extremes. What. tor example. can be learnt about
the dili‘uslon properties of a surface or object from the knowiedge that Its em or eavelue ls. say, 0.57

Figure 4 shows that neither
ooetlidemdtso‘lmlnetes batman
the case or the scattered
Interelty exhibiting perhaps
significant variation about the
n'iaanbuineverdevletlngtromlt
by a large amount and that
where In the majority of
dilealomthe scattered Intensity
lsvery similar to the mean but In
a raw directions there are
considerable aberrations.

e.‘=9.942. (2.50.201 c,‘=9.758. ed=0205

 

Furthermore. em and e, are dependent only on the set of values which comprises the scattered intensity
distribution. not the order In which these values are ananged. Consequently. two samples which produce
apparently quite different distriblrltonswill have Identical values of c". and cl, It both distributions are simply
difierent arrangements of the same set of values. In' most applications this would be Inconsequential but the
parameters are always vulnerable to a speolal case where the shape of the distribution is Important.
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3,3 Specular Zone Type.
One metric for quantifying diffusion which Is conceptually simple. similar to some which are presently used
In geometno models and where the physical significance of all values can be easily understood is the ratio
of dlfhrse and total reflected energy. When evaluating this parameter, the range of directions in which
speariarreflections are possible - the specularzone - is usually defined as that of a plane profile Identical In
size to the normal Incidence projeulon of the diffuser. as shown In Figure 5.

The simplicity of Interpreting this metric,
however. leads to It being fooled by
some very simple mes. One example is
a plane profile orientated so as to direct
the reflected sound out of the specular
zone, This would be rated as an
excellent diffuser when in It Is In fact
simply redirecting a specular reflection.
Furthermore. although the parameter is
theoretically bounded between zero and
unity, It is unlikely that values close to
unity would be obtained in practice
because no known diffuser can produce
a perfect notch with zero energy In the
spewiar zone. Difficulties In formulating
an alternative definition of the specular
zone havelimited the development of

Figure 5 . this Initially promising type of diffusion
coefficient. although Mommerlz method
is a fresh approach.

 

3.4 Averaging over Frequency and Angles of Incidence.
The value of any difludon coefficient calculated from the directional distribution of scattered Intensity will be
dependerrton both the frequency contem of the Incident sound and its angle of Incidence. In order to reduce
the slzeof a potentially very large set efdlffustvlty values. it Is necessary to perform some kind of averaging.

The diffusivity of a surface or object is a funuion of frequency because It Is dependent on the size of a
wavelength In comparison to Its dimensions. It' all the dimensions of the sample are much smaller than half
awaveiength then Its presence will have little effect; the sound will simply diffrect around It. However. If the
frequency ofthe Incident sound is such that half a wavelength Is approximately equal to a dimension of the
sample. formatpte Itswkfth orthe intent of its surface roughness. then a diffuse reflection is likely to result.
At higher frequencies. where halt a wavelength Is small In comparison to the size of the sample. a more
specular reflection would be expeded.

The slhretlon as regards averaging is very slmllarto that vlrllch presently exists with absorption coefficients.
The standard procedure formeasurement of absorption [16] Involves diffuse sound which Is inddent from all
angtasInZn space. the results are thus averages over these angles of Incidence. If however the absorption
coefficient of a material for a particular angle of Incidence Is required. it can be calculated from the results
of an lrnpedanoe tube measurement. If this approadr were applied to the characterisation of diffusivity then
normal predioe would be to quote wodave diffusion coefficient values which are averaged over angles of
Incidence. If the diffusion coefficient for a particular Incident angle were required. It could be measured or
predicted separately .
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4. A NEW DIFFUSION COEFFICIENT

4.1 Definition
The property of Ideal difinslon that the scattered lmonslty in each direction Is the same as that In all other
directions has led to the development of a new metric for quantifying diffusion whldi satisfies more of the
requirements of an Ideal difhtslon coeffldertt than sandartt deviation or directlvlly types. This parameter. cm
Is based upon the mean of the circular autaconelatlon coefficient of the_d|reotlonal distribution of scattered
interth and an be expremed as shown In Equation 5. In the Ideal case the value of 9.. Is unity and In the
wet: use of non-zero Intensity In only a single direction. Its value Is ‘I,,. A coefficient e'm which Is bounded
between unity and zero can thus be obtained by the normalisation procedure shown In Equation 8

IE! 1
_ .i ’ (5) , emf;cm ' n
nzlf
M

n

  

(5)

4.2 Properties.
Pradloal values of c'n, are distributed between zero and unity In a different mannerto the oonesponding
values of e“I and ea. as shown In Figure 8.

6‘31730. 2.741331. e'..=0.035 o,‘=o.811. e.=0.028, e'ndm‘lt

 

Although 6'... ranks the diffusivity of samples In the same order as c... - In fact there Is quite a simple
mathematical relationship between the two parameters - the upper half of Its range is compressed Into less
thanthe bottorntenth otthe range of en. The effect otthls Is that two samplesthch are rated as moderate
and good by e'.‘ have very similar ewvaiues but two which are both rated as poor by s'“,have quite
different values of ca. This Is also true toa lesser extent for the corresponding 6“ values. For quantllylng
the diffusivity of surfaces and objects In auditerla. a" is the better measrre because values obtained In
pradlce are distributed over the whole range of possible values rather than being bunched together.

e'nsharestwo Important features with standard deviation and directlvlty type coerttdents. Firstly. Its value
lsdeterrnined by the set of scattered Interfilty values of which the directional distribution is comprised and not
the order or position In which Individual values occur. Secondly. It is Independent of the absolute values of
the scattered Intensities; If in every direction the scattered Intensity changes by n13. the values or these
attuslon ooeffidems remain the same. This Is a desirable feature because It Is diffusivity that the coefficients
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are Intended to characterise. not absorption. In order to ascertain whether a surface Is primarily diffusing or
primarily absorptive at any particular frequency, the values of both the diffusion and the absorption
coefficients are required.

The chief shortcoming of 9‘”, Is that it is no easier to physically interpret non-extreme values than It is with
gar-dam deflation and dlreuivlty type coefficients. Kncwtedge that a surface has an 6'“, value of, say. 0.5
reveals only that Its diffusivity ls rated as moderate. It does not provide any information about the shape of
the scattered intensity distribution.

8. CONCLUSIONS

A reviewot meihodstordraraaerising diffusion from surfaces has been canted out. The u-iterie for an Ideal
diffusion coefiident has been presented. several different diffusion coefficient and parameter definitions are
published In the literature. although none is ideal. As well as summarising those existing parameters. this
paper has Introduced a new parameter based on the autocorrelatlon function. Although the autooorrelatlon
parameter still failsto meet all the criteria for an Ideal diffusion coefficient, it appears to be superior to other
diffusion coefficients based upon the directional distribution of scattered Intensity.
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