Surface characterization for room acoustic modelling and design
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ABSTRACT

In recent years there has been increasing interest in methods for characterizing the scattering
(or diffusion) from surfaces. Interest has arisen because correct modelling of scattering is
important to gain accurate predictions from geometric room acoustic models. Furthermore,
there has been an increased understanding of how important scattering can be to the quality of
a room acoustic, which means that practitioners need to be able to compare the performance
of diffusing surfaces and draw up performance specifications. There have now been a series
of investigations into how surface scattering can be characterized for the use of room
modellers, diffuser designers and consultants. In many ways, the scattering and diffusion
coefficients are meant to serve a similar purpose to the more familiar absorption coefficient,
facilitating the design of absorbers and rooms, and the accurate prediction of acoustics. This
paper will review the current methodologies for characterizing surface scattering and
diffusion coefficients. Measurement and prediction methods will be discussed. The two
coefficients being standardized will be compared and contrasted to highlight their weakness
and strengths. The use of the coefficients in diffuser and room design will be briefly presented,
and the role of scattering coefficients in geom



understood, it is apparent that there is a need for a diffusion (or scattering) coefficient to
characterise how energy is dispersed. There are two principle drivers behind the development
of the coefficients: (i) room modelling and (ii) diffuser and room design.

Geometric room acoustic models

Geometric room acoustic models need to represent scattering processes to enable accurate
predictions. These models are routinely applied to situations and frequency ranges where
diffraction can be significant, even though the models are high frequency approximations.
Consequently, methods to approximately represent the scattering produced by rough surfaces
and edges have been developed.

If scattering is not modelled, then room acoustic models tend to over predict
reverberation time?%*. This is especially true in rooms where absorption is unevenly
distributed or where rooms are highly disproportionate. Moreover, for acoustic parameters
that are highly dependent on early reflection prediction accuracy, there can be great sensitivity
to a correct diffuse modelling®. In the first round robin study of room models®, the models
with scattering algorithms were found to perform significantly better than those without.

Room acoustic models require a scattering coefficient which determines whether all,
part or none of the reflected energy is treated in a diffuse manner. Up until recently, these
numbers have had to be produced by intuition and guess work, but now a method to enable
the measurement of the scattering coefficient has been developed. The impact of this
measurement method for scattering coefficients will partly depend on the availability of tables
of data of the coefficients for different surfaces. Tabulated values for a scattering coefficient
can be found in reference 1, but this data is for a correlation scattering coefficient®.

Diffuser and room design

Methods to measure the diffuseness of reflections have been developed to enable the relative
worth of specialist diffusing surfaces to be evaluated. Room designers also need to be able to
characterize the performance of surfaces to allow specifications to be drawn up. Diffusion
coefficients are already impacting on the design of some rooms. They have been successful in
enabling diffuser designers to move away from the constraints of Schroeder diffusers, to
shapes more in keeping with modern architectural forms, such as curves. The diffusion
coefficient has been central to this development, because it is necessary to evaluate the quality
of scattering during the optimization design process’.

Diffusion and scattering coefficients

The diffusion or scattering coefficient is necessarily going to be a simplified
representation of the reflected sound. A single number for each one-third octave band can not
fully describe the complex wavefronts reflected from complex surfaces. The research question
to be answered is, therefore, which is the best method to derive a coefficient to maximise the
usefulness of the coefficient produced. Unlike the absorption coefficient, there is no simple
physical definition for the diffusion/scattering coefficient. Furthermore, there does not appear
to be one ideal coefficient which meets the needs of all interest groups — the room modellers,
diffuser manufacturers and room designers. While on first examination it appears possible to
produce a watertight definition of a coefficient, detailed analysis reveals otherwise. For this



reason, two different coefficient definitions are, or are about to be, enshrined in international
standards.

A method for obtaining a random incidence scattering coefficient is due to be
standardized by the 1SO based on the Mommertz and Vorlander technique®®. This gets
random incidence values efficiently but is difficult to predict. Free field methods are often
more laborious measurements to carry out, but can be readily predicted. A free field method
for a diffusion coefficient, based on the Cox and D’Antonio technique™ has recently been
published in an Audio Engineering Society standard information document AES-4id-2001"".
At the time of writing, the technique is also being considered by an ISO working group.

The terms scattering and diffusion are used in different ways and are interchanged in
different subject fields. The nomenclature that is being used in the standards development is:

A diffusion coefficient measures the quality of reflections produced by a surface, in the
case of the AES-4id-2001 coefficient, by measuring the similarity between the scattered polar
response and a uniform distribution.

A scattering coefficient is a measure of the amount of sound scattered away from a
particular direction or distribution. This has the greatest similarity to the coefficients required
as inputs to geometric room acoustic models.

THE DIFFUSION COEFFICIENT

The diffusion coefficient method described
here has been published as a standard
information document in AES-4id-2001".
First the scattering from a surface is measured
or predicted in terms of a polar distribution —
see Figures 1 and 2. This might be measured
over a semicircle (Figure 1) or a hemisphere
(Figure 2), depending on whether the surface
scatters primarily in a single plane, or into a | -9
hemisphere.

The procedure starts by measuring the
scattered pressure in the far field as a function
of angle®®. A maximum length sequence
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Figure 1. Polar responses for two single
plane surfaces (an optimized curved
surface, and a semi-cylinder)

measurement system usually allows this to be done most efficiently. There are significant
engineering problems in carrying out the measurements. For example, the microphones lie
between the source and the test sample, and so the microphones and supports must be
acoustically transparent. Getting the sources and receivers into the far field is difficult'. For
hemispherical diffusers the number of receiver locations is large and so the measurement is
slow. Single plane measurements are rapid and easy to carry out, they can even be carried out
via a boundary plane measurement — see Figure 3. Given that Boundary Element Models give
accurate predictions of surface scattering®**, for hemispherical surfaces, prediction models
may be preferred over measurement.

The diffusion coefficient is a frequency dependent, single figure-of-merit derived from
the polar distribution. This is evaluated in one-third octave bandwidths. There have been
various statistical operations suggested to calculate a diffusion coefficient from the polar
distributions®, and it has been shown that the autocorrelation coefficient'® seems to offer
significant advantages over other published statistical techniques. The autocorrelation



measures the scattered energy’s spatial similarity with
receiver angle. A surface which scatters sound
uniformly to all receivers, will produce high values in
the spatial autocorrelation function, conversely
surfaces which concentrate scattered energy in one
direction will give low values. For a fixed source
position, the autocorrelation diffusion coefficient, d,,
can be calculated from:
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where L; are a set of sound pressure levels in dB, n is
the number of receivers in the polar response and v is the angle of incidence. This equation is
only valid when each receiver position samples the same measurement area, where this isn’t
the case, a modified formulation exists™*.

The coefficient ranks diffusers correctly in terms of scattering quality. It has a clear
physical basis in the autocorrelation function,
but only the extreme values of uniform diffusion
and specular reflection are defined. It is not
known how diffusion coefficient values relate to
subjective response, which would be useful in
evaluating the merits of diffusers.

The experimentally measured and
theoretically predicted autocorrelation diffusion
coefficient values tend to be small. A value of
close to zero has been measured for a concave 4
surfgce designed to focus sound on a single Figure 3 System for measuring polar
receiver. A value of 1 has been measured for a responses in a boundary plane.
small single hemisphere or semicylinder, but a
single semicylinder on its own is not much use because it can not cover a wide area. As soon
as more complex surfaces are introduced, such as a set of semicylinders, the diffusion
coefficient is significantly reduced because of lobing. This is why it is important to measure
application-realistic samples as the scattering from a single object is not representative of the
response of an array. Tabulated values for diffusion coefficients for a variety of surfaces can
be found in reference 1.

As the definition of the diffusion coefficient does not match the scattering models used
in the geometric room acoustic models, it should not be used blindly in geometric models.
Furthermore, it is laborious to measure multiple angles of incidence to gain a random
incidence value. For this reason, a method for measuring a random incidence scattering
coefficient has been devised.

SCATTERING COEFFICIENT

The principle of a scattering coefficient is to separate the reflected sound into specular and
scattered components. The specular component is the proportion of energy which is reflected



in the same way as would happen for a large plane surface. The scattered components give the
energy reflected in a non-specular manner. The coefficient has a clear physical meaning and
the definition is very useful for geometric room acoustic models because these tend to have
separate algorithms dealing with specular and scattered components™. The scattering
coefficient, s, is the proportion of energy not reflected in a specular manner. Similar to the
random incidence absorption coefficient, an angular average of the scattering coefficient - the
random incidence scattering coefficient - can be defined as well.

This definition takes no account of how the scattered energy is distributed, but assumes
that in most room acoustic applications there
is a large amount of mixing of different 0
reflections, and so any inaccuracies that arise
from this simplification will average out. This
is probably a reasonable assumption for the
reverberant field, where there are many
reflections, but could well be troublesome for
the early sound field, where the impulse
response is dominated by a few isolated
reflections, and the correct modelling of these
is essential to gaining accurate predictions or
auralization™®. For example, Figure 4 shows a
scattering and diffusion coefficient for a
redirecting surface (a flat surface rotated by
20°)". The rotated surface is evaluated as a
good diffuser by the scattering coefficient,
whereas the diffusion coefficient rates the
dispersion as being like the original plane

Diffusion or scattering coefficient

surface. ~ (Incidentally,  the  scattering 100 160 250 400 630 1000 1600 2500 40C
coefficient® used here is not the same as that F(Hz)

being standardized by the ISO, because it is Figure 4. Top, the polar responses for

time  consuming to predict  that a plane surface and a
coefficient’®!*?°)) The scattering coefficient rotated plane surface. Bottom, the

sees redirection as being dispersion, because diffusion and scattering coefficient

frequency responses.
Correlation scattering
coefficient; _______ Diffusion

energy is moved from the specular reflection
direction, but the diffusion coefficient is
small because the rgflectlon ls_specular. coefficient, plane surface:

The scattering coefﬁue_nt method Diffusion coefficient, rotated
assumes the surface under test is large and plane surface.
not too rough. The method will not work for
isolated items and deep surfaces as it is trying to measure the scattering from the surface
roughness and not the edge scattering. the method does not work when there is significant
surface absorption.

The measurement of the scattering coefficient is easiest to explain in the free field,
although it is in the diffuse field measurement where this process is useful and powerful. The
set up is shown in Figure 5. The specular reflected energy is found by rotating the test sample
while averaging the reflected impulse response. As the surface rotates, the specular
components of the reflection remain unaltered as the sample is rotated. In contrast, the
scattered components depend strongly on the specific orientation, and by averaging the




reflected pulse pressure while rotating the
sample, the scattered components are averaged
to zero, and only the specular energy remains.
The total reflected energy can also be measured,
and from that the scattering coefficient is found.

Transferring this procedure to the
reverberation chamber, the measurement
technique draws upon the standard method for
measuring the absorption coefficient in the
reverberation chamber?. A circular test sample
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Figure 5 Scattering coefficient
measurement in the free field.

is placed on a turntable and rotated. While the
turntable is rotated the impulse response of the reverberation chamber is repeatedly measured.
The latter parts of the impulse response, which are due to the scattering from the surface, will
cancel out, and the averaged impulse response only contains the specular reflection
component. This impulse response is then backward integrated to give the reverberation time
due to the specular reflection component. The reverberation time with the sample stationary
(not-rotating) can also be obtained, and this decay is due to the total scattering - specular plus
diffuse. By manipulating these reverberation times, it is possible to derive the specular and
total reflected energy, and then the scattering coefficient. In reality, four reverberation times
are needed. It is difficult to get a perfectly flat and circular turntable; this is especially true for
full scale measurements?*?*. Consequently, the imperfections in the turntable must be
compensated for by additional measurements of the turntable without the sample present.

The measured scattering coefficients are very sensitive to edge conditions™. If a square
sample is placed on top of a round base plate, the scattering from the square edges results in
excessive scattering and misleading results. The solution is to recess square samples within
the circular base plate.

The scattering coefficients gives potentially misleading values when a surface is
anisotropic. This is illustrated by Figure 6 where the scattering coefficients for a single plane
and a hemispherical diffuser are compared. The single plane diffuser produces a high value
for the scattering coefficient, even though it is plane and extruded in one direction. To use a
very simplistic analysis, even if the scattering coefficient in the plane of maximum dispersion
was 1, the scattering coefficient in the extruded direction must be close to 0, and so it might
be expected that the hemispherical coefficient would be =0.5. High values are measuremed,
however, because the topology changes dramatically when the surface is rotated. A more strict
measure of diffusion ability would be two coefficients in two orthogonal directions as is done
for the AES diffusion coefficient. But then current room acoustic models can only deal with
single hemispherical based scattering coefficients, so this more strict evaluation is
incompatible with current room models. Some room models are planning to introduce several
distribution functions to be used in conjunction with the scattering coefficient, and this should
help in more accurately distributing the randomly directed diffuse rays.

FUTURE RESEARCH

There are many issues surrounding these coefficients that remain to be resolved. One common
question is whether there is a direct link between the coefficients and a physical property of
the space. This interest arises because practitioners are used to a direct link between the
absorption coefficient and the reverberation time, and want a similar relation for diffusion



coefficients. It would also be useful to
quantify the link between these coefficients
and subjective response. There is very little
information on where scattering should be
applied and how much should be used®.
Until further research is undertaken, some
applications of diffusers are going to be
based more on precedence and intuition,
rather than scientific fact.

Another avenue for future research is
to develop methods for in-situ measurement
of the diffusion or scattering coefficients.
There is a great deal of interest in measuring
in-situ absorption coefficients?®. In recent
round robin trials of room acoustic models®’,
a key finding has been that the accuracy of
the prediction models are highly dependent
on the quality of the input data, including
the absorption and scattering coefficients of
the surfaces. One of the difficulties in
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different diffusers and also the diffuser
shapes. Left diffuser is single plane
device (FlutterFree®), right diffuser is
hemispherical device (Skyline®).

carrying out an in-situ measurement of Multiple periods of each were used.
scattering is that the effects of absorption Single plane,

and diffusion can be similar on the volume —{F—Hemispherical.

acoustic, making it difficult to the two

effects.

While the scattering coefficient has been developed for room acoustic modelling, there
has been insufficient testing within the room models. While some have found good accuracy
using the values, other have not. The discrepancies appear to centre on the type of room being
measured. If the overall room shape and sizes and orientations of surfaces are such that a
diffuse field is created even if no rough or scattering surfaces are used, then the reverberation
time can be well predicted even without diffuse reflection modelling, even if predictions of
finer parameters such as clarity may suffer®. For other room shapes, accurate modelling of
scattering is more crucial. As the value of the scattering coefficient required depends on the
room model being used®, blindly applying measured scattering coefficients in room models is
likely to produce inaccurate results, especially for markedly non-diffuse spaces.

SUMMARY

The scattering coefficient method gives a quick and rough estimate of the scattering process.
It should not be used to evaluate the worth of surfaces when designing or specifying diffusers.
The scattering coefficient is only concerned with how much energy is moved from the
specular direction, it does not measure the quality of dispersion. For this reason, diffusing
surfaces need to be evaluated using the diffusion coefficient when the quality of scattering is
important. The diffusion coefficient should not, however, be blindly used in geometric room
acoustic models as its definition is not compatible with the surface scattering models used in
current geometric algorithms.
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