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Summary

In this work measurements of random-incidence scattering coefficients in three
laboratories are compared. The sample geometry is sinusoidal. These surfaces
are geometrically identical, but they were constructed in different scales. So
far, measurements of this kind were performed only in scale models. Using
turntables in real sample size was hardly considered possible. One result of
general importance is that measurements are indeed possible in real-scale
reverberation rooms with turntables of 3 m diameter. There are only small
differences between the real-scale and model-scale results. Some variations of
the standard procedure were tested and the uncertainties identified: mounting
of the sample, connection or sealing between sample and base plate, way of
rotating the sample, air absorption and time variances. The results presented

can be regarded as guidelines for application of 1ISO/DIS 17497-1.
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1. Introduction

Acoustic properties of surfaces are an important prerequisite for calculation or, at least,
estimation of sound propagation in various applications. The task of determination of the
reflection of sound waves in outdoor noise propagation or in underwater acoustics, the
complexity of reflectionsin room acoustics or ultrasonic waves reflected from cracksin a
tested material give an impression of the need for areliable database of surface properties or
other discontinuities.

The most important surface property is the acoustic impedance, Z = p/v, with p sound pressure
and v particle velocity. Any change in boundary conditions, basically changesin material will
lead to an impedance-caused reflection of sound waves. The surface impedance and the
corresponding reflection are usually related to afinite or infinite flat surface. This problemis
among the very basic problems in acoustics, and it is analytically solved for various kinds of
waves and impedances.

Another question, however, isthe influence of the shape of the surface, independently of the
surface impedance, and the corresponding effect on the reflection of sound. The complete
answer, of course, would involve a consideration of the impedance and the shape of the
reflecting surface. In many applications in acoustics these two parameters are interpreted
separately, one being a descriptor for sound absorption as an energy relationship, and the
other for sound scattering as a spatial relationship (see section 2). Accordingly measurement
methods for determination of impedance, absorption and scattering were devel oped and
standardised ([1, 2, 3]), particularly for usein room acoustics.

The importance of the use of a scattering coefficient in room-acoustical computer simulations
isaready known [4, 5, 6]. With this coefficient, effects of diffuse reflections are taken into
account. It isimportant, however, not to mix up the meaning of the "diffusion coefficient" in
contrast to the "scattering coefficient”. Both coefficients are related to diffuse characteristics
of areflection, but they have different definitions. The diffusion coefficient is related to the
surface scattering uniformity in afree field environment [7, 8, 9].

This contribution aims at clarification of factors causing uncertainties and proposal of
measurement parameters giving more robust results in the measurement of the random -
Incidence scattering coefficient.

2. Principle of the measurement and results
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Figure 1. Energy components of scattered sound.

The scattering coefficient is defined as a ratio between the scattered energy to the total
reflected energy [10] (Figure 1). This definition agrees very well with the model of diffuse
reflections nowadays used in ray tracing programs (see [11]). The International Organisation



for Standardisation (1SO) was mandated to develop and publish a standard for measuring the
random-incidence scattering coefficient with a correlation technique (in diffuse field). The
principle of the measuring technique takes advantage of the fact that an impulse response,
measured over adiffuser in the same place but in different orientations, presents differencesin
amplitude and phase in its late part. As impulse responses measured for different orientations
of the diffuser are averaged, the late non correlated parts will cancel each other, resulting in
an impulse response (“specular impulse response”’) whose decay timeis smaller, when
compared to a single measurement (Figure 2). As the name says, thisimpulse response
contains only information about the specular component of the reflections.
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Figure 2. Impulse responses measured in a scale model reverberation chamber.

From these impul se responses plus reference measurements performed with a reference flat
surface, it is possible to calculate the absorption coefficient () and the “ specular absorption
coefficient” (a).

1-a=(1-a)(1-4) (1)

From this, one determines the scattering coefficient through the following relation:

(2)

In the reverberation room « is determined by using the well-known method according to 1SO
354 [2], i.e. from measurements of the reverberation time first without (T;) and later with (Ty)
the sample present. In asimilar way the “ specular absorption coefficient” (a) is determined
from the “ specular impulse response”, obtained by using a base plate of a turntable and phase-
locked averaging of several impulse responses at different orientations of the turntable. This
procedure gives the reverberation times after a complete rotation of the base plate alone (Ts,
“empty room”) and of the sample placed on the base plate (T, “fitted room”).

Although the method is already well developed, some aspects are still to be better
investigated. In thiswork effects related to the sample geometry are reported. At first,
sinusoidal surfaces were constructed. These surfaces are geometrically identical, but they
were constructed in different scales.

The following table gives an impression of the degrees of freedom in the measurement and of
the possible sources of errors.



Par ameter Toconsider:

Sample area Scale factor with corresponding frequency factor

Scale factor Air attenuation with uncertainties in the correction term
Sample shape Squared or circular base plate, invariant against rotation
Sample size / wavelength Edge effect increasing apparent absorption and scattering
Practical operation Time variances producing artefactsin decay curves

Table 1. Possible variations in a measurement according to SO 17497-1 [3].
2.1. The sample

As areference test surface we choose a sinusoidally shaped surface (Figure 3). This choice
was only made for practical reasons. It is obvious that the reflection of sound waves on a
surface of this shape will be strongly angle-dependent and that this surface is not applicable
for random diffusion purpose. In this study it only serves as a reference for comparison
purposes.
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Figure 3. Dimensions of the test sample: structural wavelength A = 177 mm,
structural height =51 mm.

2.2. Real-scale set-ups

Real-scale measurements have been made in 2 different reverberation rooms, using 2 different
measurement techniques and using 2 distinct samples, which lead to 8 sets of scattering
coefficients.

2.2.1. The two reverberation rooms

The reverberation room of the K.U.Leuven (KUL RR) has avolume of 197 mé. A turntable

circular base plate is used, consisting of a 21 mm thick multi-layered wood plate over an air
gap of 65 mm. This plate is supported by small wheels. For rotation the table is driven by an
electro-motor using a belt over the whole edge of the circular plate.

The reverberation room of the University of Liege (ULg RR) has avolume of 190 m3. Its
turntable is made of agglomerated wood (20 mm thick, air gap 240 mm) with a hard finishing
layer. The plate parts are mounted on a steel frame, which is centrally supported on a bearing
and which is centrally driven by a step motor. To minimise the influence of the rotation-
variant reflections of this supporting structure, concrete blocks were used to close off the gap
space below the rotating plate (Figure 4).




Figure 4. Centrally supported turntable at ULg. Air gap below the table closed by aring of
concrete blocks (height 24 cm). Supporting frame, central support and axis (motor is below).

T

Figure 5. Sample placed on turntable (KUL) .

Both circular turntables have a diameter of 3 m, which is the minimum recommended by the
SO publication [3]. No diffuser panels were installed in either of the rooms.



2.2.2. The two measurement techniques

In the K.U.Leuven measurement technique [12], a 16 s logarithmic sweep from 40 Hz to

18 kHz is used. For the measurement of Tz and T, the turntable is continuously rotating with
atotal revolution time of 9 min 20 s, during which 35 sweep responses are averaged in real -
time. Two loudspeakers and three microphones on fixed positions are used, which lead to six
source-receiver combinations, with atotal measuring time of approximately 45 minutes for T,
and T4 (or T, and T3).

The ULg measurement technique [13, 14] uses a 12 s logarithmic sweep from 100 Hz to

22 kHz, followed by 6 s of silence. For the measurement of Tz and T, the turntableis
stepwise rotated in steps of 10°. Time synchronisation is achieved by emitting a burst before
the sweep. One loudspeaker and two microphones are used, with a total measuring time of
approximately 80 minutes for T, and T4 (or T, and Ty).

In both measuring techniques al reverberation times are calculated from alinear fit to the
logarithmic plot of the backward integrated squared third octave band filtered impulse
responses in the range from -5 dB to —20 dB [3].

Both samples are made of fibre cement elements, with an approximate sine-shaped profile.
They have the same specifications (Figure 3) but are sawn by different craftsmen to form a
3 m diameter circular shape. They are posed directly on the base plate (Figure 5).

2.2.3. Preliminary comparison of measurement results

The results of the measurements made with the K.U.Leuven technique are given in Figure 6.
The technique seems to give consistent results, independent of the reverberation room or the
sample used.
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Figure 6. Measurement results for the K.U.Leuven measurement technique on both samples
in both reverberation rooms.



M easured scattering coefficients using the UL g technique (Figure 7) show a big spread
starting at 1500 Hz and exceed unity starting at 4000 Hz. Possible explanations for these
phenomenawill be given in section 3.2.
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Figure 7. Measurement results for the UL g measurement technique on both samplesin both
reverberation rooms.

2.3. Scale model set-up

M easurements of reduced-scale samples of a surface with profile similar to the one shown in
Figure 3 were performed in a scale reverberation room. The repeatability of measured
scattering coefficients was checked and considered to be acceptable for (scaled) frequencies
up to 12.5 kHz (with standard deviation smaller than 0.03).

2.3.1 The reduced-scal e reverberation room

The scale model has a volume of approximately 1 m* and a surface area of approximately

6 m’. Its dimensional relation with the full-scale reverberation chamber at the Institute of
Technical Acoustics (ITA) isabout 1:5. Three diffuser panels were placed in the scale model
aiming to improve sound diffusion at frequencies lower than 1.1 kHz (the Schroeder
frequency of the empty chamber). Measurementsin the frequency range from 600 Hz to

10 kHz are considered reliable. This corresponds to real-scal e frequencies between 80 Hz and
4 kHz. A circular base plate, with adiameter of 0.8 m, isfixed over an automatic turntable
and its scattering coefficient is within the limits suggested in 1SO 17497-1 [3], being smaller
than 0.05 in the frequency range of interest. The scaled reverberation room is shown in Figure
8.



Figure 8. Reduced-scale reverberation chamber at ITA.

2.3.2 The measuring technique

The measurements in the scale reverberation room were performed using the correlation
technique with Maximum-L ength Sequence (MLS) as excitation signal. One important
requirement was to match the total time of excitation with the period of rotation of the
turntable. The ML S were set to order 16 and filtered in the desired frequency band [15]. The
reproduction rate of the sequences and the sampling rate of the signal from the microphone
were set to 44.1 kHz. With this combination 54 periods had to be sent and averaged, in order
to match the 80 s rotation period of the turntable.

Also in this case, the reverberation times were calculated from alinear fit to the logarithmic
plot of the backward integrated squared third octave band filtered impul se responses in the
range from -5 dB to —25 dB. The reverberation times used for the calculation of the
absorption coefficients were averages of measurements performed in five microphone
positions, for only one source position. Only one microphone was used and, after closing the
door, awaiting time of three minutes (15 min/N according to 1SO 17497-1 [3]) was required
before starting a measurement, in order to avoid time variations due to air motion or variation
of environmental condition during the measurement. The total time required to determine the
scattering coefficients was approximately two hours.

2.3.3 The samples

Three samples of a surface with profile similar to the one shown in Figure 3 were constructed
in three different scales: 1/2.5, 1/5, and 1/10. The main motivation for this was to investigate
the influence of the number of periods (present in the sample) into measured scattering
coefficients. The samples have 11, 22, and 44 periods of a sinus, respectively, and al of them
have a diameter of 0.8 m. The scattering coefficients measured for the samples shown in
Figure 9 are displayed in Figure 10. Here they are not represented as a function of frequency,



but as a function of the ratio between the structure period and the sound wavelength (A/A).
Thiskind of representation is useful, as one needs to compare results that were measured with
samples constructed in different scales.

Fiure 9. Samples of asinusoidal surface, which profiles are similar to the one shown in
Figure 3 (constructed with different scale factors: 1/2.5, 1/5 and 1/10).
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Figure 10. Scattering coefficients of a sinusoidal surface, measured on samples constructed in
three different scales.

3. Case studies
3.1 Scale models

The use of scale models for the measurement of scattering coefficientsis attractive, since it
allows samples of different types of structures to be constructed and measured more easily.
Measuring on scale models allows us more easily to construct a database of scattering
coefficients for typical surfaces. Results of investigations carried out with reduced-scale
samples are presented in the next sections.

3.1.1 Number of periods
Periodical structures such as rows of columns, seating areas or special diffusers are frequently

present in rooms. If the scattering coefficient of such structuresisto be measured, oneisled
to the question of how many periods should atest specimen contain, in order to obtain a



representative value. The measurement procedure is defined to give measurement results
representing an infinitely large surface. Effects cause by the finite size like edge effects are
considered as systematic measurement errors, similarly to those happening in measurements
of absorption coefficients in reverberation rooms (SO 354). They will be discussed in section
3.1.3. Asoneintends to compare the effectiveness of sound diffusers, the measurements must
be conducted following standard rules.

In the measurement procedure for determination of random-incidence absorption coefficients
there is a possibility for measuring single objects. The result is then an equivalent absorption
area, rather than an absorption coefficient. One could likewise consider determining an
equivalent scattering area rather than a scattering coefficient for single objects. But this
definition and an adequate measurement procedure is still to be given in the future.

The samples presented in section 2.3.3 were measured in order to better elucidate the question
regarding the number of periods necessary to measure representative values. In this study
there was minimal difference between the results obtained for the samples with 11, 22 and 44
periods (as displayed in Figure 10). Almost all differences observed fell within the uncertainty
limits of the measurements. A further observation of these results reveals that the differencein
the edges of the samples constructed in different scales does not influence the scattering
coefficient, suggesting that edge effects of any kind are really small when using circular
samples.

While the observation of Figure 10 leads one to the conclusion that the presence of 11 periods
in asample of aperiodical structure is already enough to measure a representative scattering
coefficient, the observation in results from measurements on rectangular battens [16] was that
6 periods are apparently insufficient. The factors determining the minimum number of periods
required remain to be closer investigated.

3.1.2 Scale factor

In order to check the agreement between scattering coefficients of the sinusoidal surface,
when performing measurementsin real and reduced scale, results obtained for both situations
are displayed in Figure 11 against the ratio between structural period and sound wavel ength.
The comparison is done between averaged scattering coefficients measured for the real-scale
sample using the K.U.Leuven measurement technique and mean results obtained with the
reduced-scale sampl es.

Although all the differences in set-up, measuring technique and scale, the real-scale results
compare very well with those obtained in the scale reverberation room. The deviations
observed can be partly explained by small discrepancies between the profiles of the full and
reduced-scale samples and also between their borders. In the full-scale sample thereis a gap
between the sample and the base plate, while in the reduced-scale samples there is not such a

gap.

Furthermore, as can be observed in Figure 10, which shows scattering coefficients measured
with samples constructed in different scales, the scale factor does not seem to influence the
results as long as the conditions regarding sample size, number of periods and the room
volume for the scale factor in question are fulfilled according to the standard 1SO 17497-1 [3].
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Figure 11. Comparison of the scattering coefficients measured by using the K.U.Leuven
technigue for the real-scale sample and in Aachen for the reduced-scale samples (averaged
results).

3.1.3. Shape of the sample, edge effect

The 1SO standard [3] codifies that atest specimen shall be circular. This guarantees that edge
effects have no or only a small influence over the results. It should be mentioned again that
the random-incidence scattering coefficient is a quantity corresponding to an infinitely large
surface, independently how this surface is bounded and installed in practical applicationina
hall. It has similar meaning as random-incidence absorption coefficients to be addressed to
large areas in rooms. Effects of mounting (flush or elevated), freely hanging panels etc. must
be treated separately from what we discuss here: a scattering effect purely from the surface
roughness profile.

Accordingly the shape and size of the sample should represent the behavior of an infinite
surface as best as possible. To verify thisinfluence of the sample shape, the 1/5 circular
sample of the sinusoidal surface was sawn in a square shape (see Figure 12), and the
scattering coefficients were measured. As shown in Figure 13, the scattering coefficients
measured with the square sample are much larger than those measured with the circular
sample. Former studies [16] indicated that the difference between the surface area of the
samples does not affect the final result in this particular case, and the additional scattering is
attributed to the contributions from the sides of the square sample. The explanation for this
fact is straightforward from the principle of the measurement. As one thinks of a disc with
finite border height, turning concentric with the axis of rotation of the base plate, it issimple
to imagine that the diffraction in the resulting averaged impul se response due to the edges
would be the same as those which would exist in a single impul se response, independent from
the orientation of the sample. That is, the edges of the disc are “invisible” to the method. The
same would not happen with a square plate with the same height, and the diffraction from the



borders would be located in the impul se responses in different times, depending on the
orientation of the plate.

Some methods for overcoming the measurement errors when using square samples (sinceitis
not always possible to construct circular samples) have been tested but afinal, definitive
solution is still to be found. The best results were obtained with the squared sample mounted
in a sgquare recess, the top plane of the sample placed flush with the base plate [17].

Figure 12. Samples of the same 1/5 sinusoidal surface. |eft: circular, middle: squared, right:
squared in arecess.
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Figure 13. Scattering coefficients of a circular and a square test specimen of the same 1/5
sinusoidal surface.

3.1.4. Air absorption

A parameter which can affect the precision of the resultsis the relative humidity, especially
when performing measurements in scale models. Considering a 1/5 model, measurements up
to the 40 kHz third or octave band must be performed, in order to reach the 8 kHz real-scale
frequency band. The excess of air absorption will cause the reverberation time to be lower
and, consequently, the scattering coefficient more sensitive to possible measurement errors.



The 1SO method for measuring the random-incidence scattering coefficient is often applied in
reduced-scal e reverberation chambers. In these cases, a simple measurement of the absorption
coefficient, i.e., of the room’ s reverberation time without and with the material sample, will
lead to the problem that the order of the measured quantities tends to be in the same range of
the resolution of the measuring system. For measuring the scattering coefficient it is expected
that this problem becomes even larger. To have an idea of how the air absorption affects the
measurement, the equations for the exponential decay presented in [18] can be used.

If ameasurement was performed in an environment where air absorption can be considered
irrelevant, T, and T, could be described by:

T2 M A+ oS
T Ml argSam) -

where A ., = (Soom — mple)amom is the equivalent absorption area of the empty reverberation
room and Sqom iS total surface area of the reverberation room.

In other cases, however, for higher frequencies or relative humidity in the range of 10% to
40% (for frequencies between 10 kHz and 40 kHz, as seen in Makrinenko [19]), these decays
should be described according to Andersen [18]:

T, o<
/ Aoom sample wmple + 4mV)
T, o
4 % Aoom + asamplessample + 4mV) (4)

where misthe air attenuation constant and V the volume of the reverberation room. Assuming
avalue of 0.16 m™ for m, which corresponds to arelative humidity of 70% at 27 kHz, the
schematic envelope of the decay curve (of the specular impulse response, as given by [18])
when considering and when not considering air absorption would be as shown in Figure 14.
For this plot, the following val ues were assumed: 5 1, asample = 0, Asample = 1, NUMber of
averages = 72, Avvom = Sample = 0.5m?, m=0.16 m* and V=1 m®,
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Figure 14. Decay curve E(t) of the specular impulse response used in determination of T4
when considering and not considering air absorption.

Because of air absorption, T, and T4 may become very similar, and it is more difficult to
distinguish one decay from another. In this case, the transition from one decay to another lasts
longer and some errors could exist due to this situation. Actually, reverberation time measured
in the scaled reverberation chamber at 27 kHz, for example, are much smaller than what can
be seen in Figure 14, in the order of 0.1 s. In this situation, the difference between T, and T,
may liein the range of 0.01 s, what tends to produce excessively high measurement errors.

The problem of air absorption in scale modelsis surely not new and there are ways to
overcome it [20], for example, substituting the air by another gas. The use of Nitrogen is very
common. A practical investigation was not done for this work, but the problem should be
further investigated.

3.2 Real-scdle case studies

Numerous experiments have been carried out in both reverberation roomsin order to study
the influence of several measurement parameters. For this study also, other test samples have
been used. Firgt, different measurement signals for obtaining the impul se responses are
compared. We compared MLS signals, linear and logarithmic sweeps. The best signal to noise
ratios were obtained using logarithmic sweeps. This confirmed the conclusion of Stan et al. in
[13] for applicationsin quiet unoccupied rooms. Also in the case of continuous rotation, best
signal to noise ratios were obtained using logarithmic sweeps. As a consequence, logarithmic
sweeps have been used for the further analysis.

3.2.1. Manual or automatic turntable, stepwise measurements or continuous measurements



Three measurement procedures are possible for rotating the turntable: manually rotating over
A8 by entering the room, motorised rotating over A8 or motorised continuous rotating. Using
these three procedures, the scattering coefficient of the K.U.Leuven base plate has been
measured for one fixed source-receiver combination, according to the ISO draft [3].
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Figure 15. The scattering coefficient of the K.U.Leuven base plate,
measured following three different procedures.

As can be seen in Figure 15, lowest values are obtained using continuous measurements. The
values for the stepwise measurements exceed the maximum values specified in the 1SO draft
[3] at high frequencies. For the measurement of T, we choose A8 equal to 5°, which means
72 measurements (see also section 3.2.3) and atotal measuring time of more than 1 hour for
one complete rotation in the case of the motorised stepwise measurements. Manual stepwise
measurements take almost 2 hours for one complete rotation of the turntable. On the other
hand, the continuous measurement took 9 minutes to complete. Too long measuring times
lead to overestimated scattering coefficients at higher frequencies. We can conclude from this
that manual rotation of the turntable is not recommended (this will be reinforced by the
analysisin section 3.2.2). Stepwise measurements are possible, but in this case the total
measuring time for one complete rotation must be reduced as much as possible (see also
sections 3.2.2 and 3.2.4). Nevertheless, continuous measurements are to be preferred over
stepwise measurements.

3.2.2 Time variances

When measuring in small scale models, effects of time variances may still be solved by
waiting for steady-state conditions. Real-scale measurements of scattering coefficients,
however, can take along time (in our cases 45 minutes and 80 minutes, respectively). During
thistime, small steady changesin air temperature or humidity can affect measurement
reliability, especially at high frequencies and low relative humidity. These effects can be
considered to play on alonger time. However, opening the door of the reverberation room
may cause more sudden temperature and/or humidity changes and certainly initiates air
movements which influence the measurement quality. Aswritten above, the signals used here



were logarithmic sweeps. With this choice the smallest possible time variance effect is
expected. With MLS signal s these effects would be larger [21].

To study this (short time) effect, the average of 6 impulse responses was measured for a
stationary turntable but for different time intervals between measurements with and without
door openings [14]. The reverberation times as obtained from these averaged impulse
responses were normalised to the reverberation time calculated from one impul se response
and are plotted in Figure 16. A small change in reverberation time can be seen due to
temperature and humidity drifts when the door stays closed. However, when opening and
closing the door between the measurements, the late parts of the impulse responses are more
incoherent and result in alower reverberation time after averaging.
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Figure 16. Normalised reverberation times for different waiting times with and without
opening the door of the reverberation room.

The draft standard [3] recommends a waiting time of 15/N minutes after closing the door, in
order to let the room stabilise. N is the scale factor of the measurement set-up. The standard
does not distinguish between the case of opening the door for moving the turntable or the case
of opening the door for changing source or microphone positions. In the first case, this would
lead to very impractical real-scale measuring times of more than one day. Obviously the
influence of this waiting time has not been studied. However, for changing source or
microphone position, we found no differences in the measured scattering coefficient when
respecting this waiting time or not [12].

Temperature and humidity drifts (long time effects) are compensated for in the draft standard
[3] by taking into account the speed of sound and air absorption in the calculation of the
scattering coefficients. Neverthel ess one must avoid these effects to occur within one
complete rotation of the turntable. Therefore, temperature and humidity must be monitored
during measurement. We recommend to restrict the maximum allowable temperature and
relative humidity changeto 0.1 °C and 1% respectively.

3.2.3 Number of averages

When evaluating reverberation times from decay curves over afixed range (e.g. from -5 dB
to —20 dB), larger scattering coefficients require to average over alarger number of impulse



responses in order to have a correct measurement of the relevant part of the decay curves [10].
Asarather safe guideline, the draft standard [3] recommends a minimum of 60 averages. For
stepwise measurements, this can cause measurement times to become too large to ensure
stable room conditions during one complete rotation of the turntable. So it is preferred to
reduce total measurement time rather than to increase the number of averages. As aglobal
rule, measurement times of more than one hour should be avoided. A higher turntable speed
and an optimal sweep signal length will help to realise this goal.

In the case of continuous measurements, a larger number of averages can easily be made.
Here, a high turntable speed and a short sweep length are al so recommended. However, to
avoid impulse response time aliasing influencing the estimated reverberation time, the sweep
length must be longer than half the longest expected reverberation time.

3.2.4 Unavoidable practical problems

A first practical problemisthat the base plate has a minimum diameter of 3 meters. In both
reverberation rooms, it was not possible to build this rotating plate in only one piece. Two (or
more) pieces have to be assembled inside the room, in such away that the resulting gaps or
dlits between them are reduced as far as possible, as this could create scattering at high
frequencies. A turntable supported by wheelsis preferred to a centrally supported table
because a supporting frame construction is not necessary and the air gap below the tableis
smaller, which both decrease turntable diffraction. Moreover we can reduce the need for an
additional enclosing of the cavity due to alower cavity height.

In practice not all kinds of diffusers are suitable for real-scale measurements. The diffuser
panels must be light enough not to bend the base plate and have to be such that they can be
sawn into a circular shape. It must also be noticed that, with this technique, single plane
scattering cannot be measured, since random incidence is assumed.

The motor used to rotate the turntable should be as silent as possible, in order to avoid an
influence on the slope of the decay curve (Schroeder curve) in the range —5 to —20 dB in all
third octave bands considered, according to the standard draft [3].

The edge effect as studied in section 3.1.3 has not been studied in real-scale measurements.
Also the question of whether or not filling the air space between the sample and the base plate
remains open and needs to be studied more extensively.

Asalast item, care should be taken not to wait along time between two impul se response
measurements. Indeed, some variations have been occasionally observed in the temporal
behaviour of the loudspeakers voice coil, depending on the rate of signal emissions, and
resulting in slight differences in reverberation time measurements. In this respect, continuous
rotating methods still present an advantage over stepwise rotating ones.

4. Summary and conclusions

This contribution aims at identifying uncertainties and at proposal of measurement parameters
giving more robust results in the measurement of the random-incidence scattering coefficient.
Although the method is already well developed and soon standardised in ISO/DIS 17497-1,
some aspects are still to be better investigated. In thiswork practical aspects related to both
real-scale and model-scale are reported.



So far, only very few large-room results of random-incidence scattering coefficients were
published. In this study measurements were performed to compare the results of real-scale
and model-scal e arrangements of the same sinusoidal profile. The standard draft 1ISO/DIS
17497-1 provides a sufficient basis for testing corrugated surfaces The real-scal e results agree
quite well with results from scale model measurements. Differencesin the results could be
explained in little variations of the mounting method and of the measurement procedure. The
following sources of uncertainties were identified:

- mounting of the sample, connection or sealing between sample and base plate

- way of rotating the sample

- air absorption

- time variances

The experiences with the measurement method showed that an installation of large turntables
involved a number of practical problems, but these could be solved. Real-scale measurements
of random incidence scattering coefficients are very sensitive to reverberation room
conditions. Special attention must be drawn to temperature and relative humidity stability.
Most reliable scattering coefficients are obtained using short measuring times, preferably
using motorised continuous rotation measurements. Using stepwise measurements, base plate
scattering coefficients exceed the maximum values specified in the SO draft at high
frequencies. For real-scale measurements the draft standard recommends a waiting time of 15
minutes after closing the door, in order to let the room stabilise. However, for changing
source or microphone position, we found no differences in the measured scattering coefficient
when respecting this waiting time or not. Furthermore, a high turntable speed and logarithmic
sweeps with a short sweep length are recommended. Using ML S signals, however, might lead
to the necessity of longer waiting times, such as recommended in the standard.

There were only small differences between the results obtained for the samples with 11, 22
and 44 periods, provided, the elementary guidelines for performance of model-scale
measurements are followed. This demands particularly special attention to air absorption. A
further concern of this work regarded the shape of the sample and the influence of the borders
on the measurement results. It has been shown that non-circular samples give reliable
scattering coefficients only if they are mounted in a recess of the base plate, to minimize the
effect of the rotation-variant reflections at their edges.

It would also be interesting to compare these measurement results with the results of the
random-incidence scattering coefficients derived by numerical computations. Several methods
can betried for that purpose, from BEM (at low frequencies) to Kirchhoff approximation
theory (at high frequencies). Simulations are presently carried out by the authors of this paper
in order to obtain reliable results for sinusoidal surfaces.

Also interesting would be to consider which uncertainty may be allowed for random-
incidence scattering coefficients. It is assumed that the best concert halls take benefit not only
from the basic room shape but also from the corrugations of the walls. Random-incidence
scattering is responsible for energy mixing, energy extraction from geometrical paths and for
filling gaps in the impul se response. The question is how accurately scattering coefficients
must be determined for application in room acoustical computer simulations in order to
achieve a good correspondence with audible effects of scattering [22]. It can be expected that
the accuracy of scattering coefficients needed is not too high, but this should be subject to
further research.



Acknowledgement
Partly this work was supported by the German and Brazilian research foundations DAAD and
CAPES.

References

[1] 1SO 10534-1, 2: Acoustics - Determination of sound absorption coefficient and impedance
in impedance tubes - Part 1. Method using standing wave ratio [1996], Part 2: Transfer-
function method [1998].

[2] 1SO 354: Acoustics - Measurement of sound absorption in areverberation room [2003].
[3] ISO/FDIS 17497-1: Acoustics - Measurement of the sound scattering properties of
surfaces — Part 1: Measurement of the random-incidence scattering coefficient in a
reverberation room [2000].

[4] Bork, I., A Comparison of Room Simulation Software - The 2nd Round Robin on Room
Acoustical Computer Simulation, ACUSTICA united with ACTA ACUSTICA 86(6) [2000],
943-956.

[5] Dalenbéack, B.1., Kleiner, M., Svensson, P., A macroscopic view of diffuse reflection, J.
Audio .Eng. Soc. 42(10) [1994], 793-807.

[6] D’ Antonio, P., Cox, T.J., Diffusor Application in Rooms, Applied Acoustics 60(2) [2000],
113-142.

[7] Rindel, J.H., Scattering in room acoustics and the related activitiesin 1ISO and AES, Proc.
ICA Rome [2001], Paper 6KN1.02.

[8] AES-4id-2001. AES Information document for room acoustics and sound reinforcement
systems — characterisation and measurement of surface scattering uniformity. J. Audio. Eng.
Soc. 49(3) [2001], 149-165.

[9] T. J. Hargreaves, T. J. Cox, Y. W. Lam and P. D'Antonio, Surface Diffusion Coefficients
for Room Acoustics: Free Field Measures, J. Acoust. Soc. Am. 108(4) [2000], 1710-1720.
[10] Vorlander M., Mommertz E., Definition and Measurement of Random-incidence
Scattering Coefficients, Applied Acoustics 60(2) [2000], 187-199.

[11] Embrechts, J.J., Archambeau, D. and Stan, G.B., Determination of the Scattering
Coefficient of Random Rough Diffusing Surfaces for Room Acoustics Application,
ACUSTICA united with ACTA ACUSTICA 87(4) [2001], 482-494.

[12] De Geetere, L., Vermeir, G., Investigations on real-scale experiments for the
measurement of the | SO scattering coefficient in the reverberation room, Proc. Forum
Acusticum Sevilla[2002], CD-ROM, paper RBA-06-004-1P.

[13] Stan, G.B., Embrechts, J.J., Archambeau, D., Comparison of different impulse response
measurement techniques, J. Audio Eng. Soc. 50(4) [2002], 249-262.

[14] Embrechts, J.J., Practical aspects of the SO procedure for measuring the scattering
coefficient in areal-scale experiment, Proc. Forum Acusticum Sevilla[2002], CD-ROM,
paper RBA-06-001-1P.

[15] Mommertz, E., Mller, S., Measuring impul se responses with digitally preemphasized
pseudo random noise derived from Maximum Length Sequences, Applied Acoustics 44
[1995], 195-214.

[16] Gomes, M.H.A , Vorlander, M., Gerges, S.IN.Y ., Investigations on the SO measurement
method for scattering coefficient in the reverberation room, Proc. ICA Rome [2001], Paper
6C.11.01.

[17] Gomes, M.H.A., Vorlander, M., Gerges, S.IN.Y, Aspects of the sample geometry in the
measurement of the random-incidence scattering coefficient. Forum Acusticum Sevilla
[2002], CD-ROM, paper RBA-06-002-1P.



[18] Andersen, J., Measurement of scattering coefficients of acoustic diffusers. MSc thesis
Technical University of Denmark, @rsted — Acoustic Technology, Lyngby 2000.

[19] Makrinenko, L.I., Acoustics of auditoriumsin public buildings, edited by John Bradley,
Acoustical Society of America, 1994 (originally published 1986).

[20] Polack, J,-D., Meynial, X., Grillon, V., Auralization in scale models: processing of impulse
response, J. Audio Eng. Soc. 41(11) [1993], 939-945.

[21] Mdller, S., Massarani, P., Transfer-Function Measurement with Sweeps. J. Audio Eng.
Soc. 49 [2001], 443-471.0

[22] TorresR., Kleiner, M., Dalenbéack, B.-1., Audibility of ‘diffusion’ in room acoustics
auralization: aninitial investigation. Acustica united with Acta Acustica 86(6) [2000], 919-
927.



