The state of the art in the measurement of acoustical coefficients

Dr. Peter D’Antonio

For over 100 years, the acoustical industry has measured and characterized sound absorption. And yet, standard meas-
urements of the random incidence absorption coefficient, according to ISO 354 and ASTM C423-09, are still inaccurate
and lack reproducibility among labs. All measurements and predictions rely on the concept of a diffuse sound field, which
is yet to be fully characterized in the standards. Research is underway to improve accuracy by replacing traditional hang-
ing diffusors with boundary mounted diffusors, to allow proper determination of the rev room’s surface area and volume,
evaluating edge diffraction, replacing Sabine with Eyring, etc.. Calibration methods using an absorptive or reflective refer-
ence are also being evaluated to improve reproducibility. This author favors the use of a reflective reference, as this is cur-
rently being used in ISO 179497-1 and ISO 17497-2 and reproducibility is found to be quite good at various scales among
different labs. The field of measuring and characterizing scattered sound is in its infancy by comparison, yet in the past
three decades much progress has been made. Two standards have emerged for measuring scattering (ISO 17497-1) and
diffusion (ISO-17497-2) and the current state of the art for both will be reviewed. While much progress has been made in
measuring and characterizing scattering surfaces, we still need to develop a relationship between these material metrics
and a room property, which we can call diffusivity. This paper is intended to be a tutorial on the evolution and current state
of the art.
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1 INTRODUCTION

At the moment there are three random incidence metrics to
characterize acoustical surfaces, the absorption, scattering
and diffusion coefficients. The quantifiable use of sound
absorbing surfaces was initiated by Sabine over 100 years
ago. The random incidence absorption coefficient is a
measure of the amount of incident sound that is absorbed.
It is not an intrinsic property of the material, because it is
dependent on measurement conditions. It can be calcu-
lated and must be measured in full scale. It is determined
according to ISO 354 and ASTM C423-90.

| While several laboratories
offer established absorption
testing services, standard-
ized testing methodology for
scattering surfaces is only
recently been standardized
by ISO 17497-1 and ISO
17497-2, respectively.

Figure 1.1 Absorption Coef-
ficient ISO 354: How much
of the incident sound is ab-
sorbed (Must be measured

The scattering coefficient, s,

is determined by measuring

the specular energy after 72
or more phase locked coher-
ent averages.

full scale).
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= The commercialization of
sound diffusing surfaces oc-
curred in 1983 by RPG Dif-
fusor Systems, Inc. and
hence the use of these sur-
faces is relatively new by
comparison. Over the past
two decades international
acousticians have devel-
oped a standard for measur-
ing and characterizing
sound diffusing surfaces.
The method proposed by
D’Antonio was accepted by
the AES Standards commit-
tee SC-04-02 and published
T — as an AES Information Doc-
! ‘\ ument, AES-4id-2001,

. JAES, Vol. 9(3), pp 148-165
| (March 2001). This method
is in the final stages of ac-
ceptance as ISO 17497-2.
The goniometer boundary

Figure 1.2 Scattering Coef-
ficient ISO 17497-1: How
much of the incident sound
is scattered away from the
specular zone (Can be
measured in scale and cal-
culated).

formly is the incident sound Veloped at RPG Diffusor

ured in scale and calcu- the_se St?ndé}fds is de-
lated). scribed in this paper.

This paper is intended to be a review of the state of the art
in determining these three coefficients.

2 COEFFICIENT SUITE
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Figure 2.1 Measurement of the absorption coefficient,
«, is carried out using the rev room, top of Absorption
panel, or normal incidence using the impedance tube
method, shown in the lower area of the Absorption
panel. Measurement of scattering surfaces is depicted
in the right panel showing Diffusion and Scattering
methodology. The scattering coefficient, s, can be ob-
tained by the rotating table method shown in the lower
area and by cross correlation of the sample and reflec-
tor polar responses shown in the upper area obtained
using the goniometer method which also is used to de-
termine the diffusion coefficient, d.

At RPG we have recently completely updated our Coeffi-
cient Suite, with additional hardware and all new data col-
lection and processing software. We can determine the
random incidence absorption coefficient according to ISO
354. The normal incidence absorption coefficient is deter-
mined according to 1ISO10534-2, but not discussed in this
presentation.

The scattering coefficient can be obtained in three ways.
The I1ISO 17497-1, using the rotating table method, the cor-
relation scattering coefficient, which cross correlated the
polar responses for a scattering sample and a reference re-
flector and the energy or specular zone scattering coeffi-
cient, by directly obtaining the specular and total scattered
energy from the polar responses.

The diffusion coefficient is obtained according to ISO
17497-2, using 32 simultaneous impulse responses from a
boundary plane goniometer.



3 1SO 354 RANDOM INCIDENCE ABSORPTION
COEFFICIENT TESTING

The sound field at low frequencies in a room is determined
by a small number of eigen-frequencies in a certain fre-
quency band, eg. third-octaves. If this number is too small
the condition of a diffuse sound field is not fulfilled. There-
fore, the whole frequency range is split into three ranges
wherein different measurement techniques are applied. At
one-third octaves comprising more than 20 eigen-frequen-
cies, the standardized 1ISO 354 measuring technique is
used. In this case the source is mounted in a corner and
the sample is places asymmetrically near the center of the
room as described in the standard.

At one-third octaves with an eigen-frequency density be-
tween 5 and 20 the standardized method is modified. The
excitation of the sound field as well as the measurement of
the reverberation time with and without the test object are
performed in the corners of the room where all eigen-fre-
quencies in this frequency range are excited and can be
registered. The absorption coefficient is calculated with the
same formulas given in ISO 354.

At one-third octaves with 5 or less eigen-frequencies each
eigen-frequency of the room is excited separately with a
sine wave signal. The decay times at a particular eigen-fre-
quency without and with the sample present in the room
are measured. From these the effective absorption coeffi-
cient at this particular eigen-frequency of the room is calcu-
lated, as shown in Figure 3.3.
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Figure 3.1 Comparison between precision and accu-
racy.

Let’s begin by comparing precision and accuracy, because
an important criterion for a standardized measurement is
reproducible accuracy in many labs. Precision or repro-
ducibility is the degree to which repeated measurements
under unchanged conditions yield the same results. Accu-
racy of a measurement system is the degree of closeness
of measurements of a quantity to its actual (true) value.
One can make many precise measurements of the circum-
ference of a circle, but if the mean does not equal pi times
the diameter, the result is not accurate. At the moment the
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Figure 3.2. Comparison of measured absorption coeffi-
cients in 24 laboratories with 95% confidence limits.
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Figure 3.3. Round robin experiment involving 13 labo-
ratories of various shape and volume, using a Rock-
wool Type 211, 100mm thick with a density of 44 kg/m3
surrounded by a wooden perimeter. The average date
exceed 1.

random incidence absorption coefficient is neither accurate
nor reproducible.

The random incidence absorption coefficient is a measure
of the amount of incident sound that is attenuated

It is determined according to ISO 354/ASTM C423-09 in a
reverberation chamber. Unfortunately, this coefficient is not
a material property like flow resistivity or porosity, because
it is influenced by mounting, sample size, edge effects and
room diffusivity. It is a proof-of-performance metric and
should be included in all CSI Specifications. It is used to
comparatively evaluate absorbing surfaces and in computer
models

After more than 100 years, we still do not know the actual
random incidence absorption coefficient for an absorber
and current standards are inadequate and under intense
review! Comparison of measured absorption coefficients for
a single sample in twenty four laboratories is shown in Fig-
ure 3.2. The mean absorption coefficient across all labora-
tories is shown, along with error bars indicating the 95%
confidence limit in any one laboratory measurement. In an-



other round robin experiment by TC43/SC2/WG26 (refer-
ence) involving 13 laboratories of various sizes, geometry
and volume a similar wide variation was found, as shown in
Figure 3.3. This experiment was aimed at revising ISO 354
by considering the possible use of the Eyring equation,
which is more accurate than Sabin for high absorption, the
influence of suspended ceiling diffusers, which reduce the
mean free path 4V/S, and is not accounted for in the Sabin
equation, low frequency impedance discontinuity edge dif-

Figure 3.4. Top: Traditional suspended ceiling dif-
fusers, which reduce mean free path and room volume
in unpredictable ways. Bottom: Suggested boundary
mounted diffusers allow accurate calculation of the
room surface area and volume. Lautenback & Vercam-
men, Proc. 20th ICA 2010.

fraction and the use of possible reference materials. Other
issues of concern in current rev room measurements in-
clude the diffusivity of the sound field and the uniformity of
the incident sound intensity distribution, which is a function
of room shape and dimensions, surface absorption, source
and sample locations (Cheol-Ho Jeong, J. Acoust. Soc.
Am., Volume 127, Issue 6, pp 3560-3568 (June 2010).

In Figure 3.4, we show two rev rooms by Lautenbach & Ver-
cammen, Proc. 20th ICA, Sydney Australia (August 2010).
One with the traditional suspended diffusers and another
with proposed boundary diffusers. The suspended diffusers
affect the volume in an undetermined way due to shadow-
ing, whereas the use of known geometry diffusers allows
accurate calculation of the room surface area and volume.
In Figure 3.5, it is illustrated how the mean free path is re-
duced with traditional suspended ceiling diffusers. It may
be possible to determine the mean free path from a ray
tracing program and use it to correct the room volume,
thereby lowering the calculated absorption coefficient.

The familiar edge effect, which is related to the wavelength
relative to the dimensions of the sample, was revisited by
de Bruijn. The absorption of a finite sample is composed of
the absorption of an infinite sample s and a factor 5 mul-
tiplies by the edge length E. Figure 3.6 shows 3 from ex-
perimental and theoretical studies. In Figure 3.7, Sauro has
shown the correlation between area, perimeter and absorp-
tion coefficient.

Figure 3.5. Ceiling clouds reduce the mean free path.
Lautenback & Vercammen, Proc. 20th ICA 2010.
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Figure 3.6. Graph shows beta from experimental and
theoretical studies. A. de Bruijn, The edge effect of
sound absorbing materials “revisited”, NAG 2007

Y. Kawai and H. Meotoiwa, Acoust. Sci. & Tech. 26, 2
(2005).
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Figure 3.7. Correlation between area, perimeter and ab-
sorption. R. Sauro, M. Vargas, G. Mange, Internoise 2009
(Ottawa) Part 2.



3.1 Data Processing
v o N

Figure 3.8. Top: Empty rev room showing diffusing
clouds, loudspeaker and microphones. Bottom: Rev
room with perforated wood panels in an E mount.

According to ISO 354, the reverberation time is determined
with and without the sample present as shown in Figure
3.8. For the empty room and sample tests, a total of 6 im-
pulse responses are measured, using a 131, 071 point
MLS excitation of length of 2.73 seconds, with 4 averages
and 1 pre-excitation. 6 fixed omnidirectional DPA micro-
phones distributed throughout the room and two Paradigm
Studio/20 reference speakers located in opposite corners
are used. The MLS stimulus was generated with the
EASERA software, sent to both speakers and the 6 impulse
responses were recorded simultaneously, using a MOTU
8Pre. Data were processed according to ISO 354, using
both Sabine, «g, and Eyring, o g. The air temperature and
relative humidity conditions are monitored and recorded
during the empty and full room measurements.

1 1 4
OcY:55.3K -—— ——V(mz—ml)
‘ S\el, «of N

B SO{ { V[55.3 J} { 4 [55.3 jH
o, = —|exps——|————4m |f—expy—— —4m,
S S\ al, S\ el
where
m1 = air attenuation empty
m2 = air attenuation with sample
c1,2 = speed of sound
V = room volume
o = random-incidence absorption coefficient
S = sample surface area
Sp = room surface area
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Figure 3.9 Top Left: Impulse response squared at 125
Hz. The energy decay is divided into segments and the
RMS value determined (step function). A best fit line is
determined from the highest correlation with the en-
ergy decay to find the optimal point in time where the
line intersects the RMS noise to allow proper noise re-
moval. Top Right: The backward integration of the seg-
mented decay is shown with and without
compensation for noise. The optimal linearity point
(blue dot) cannot be determined without noise com-
pensation. Points for -5dB reference position, EDT
drop, 15 dB drop, 30 dB drop and optimal linearity
drop. Using the optimal linearity drop is very important
at low frequency where the segmented decay is non-
linear. Dashed line is the uncompensated decay. Bot-
tom Left: Impulse squared at 4 kHz. It can be seen that
the segmented decay is very linear. Bottom Right:
Even at this frequency noise compensation is still re-
quired to locate the time at which optimal linearity is
achieved (blue dot). Dashed line is the uncompensated
decay.

Sabine and Eyring converge at low absorption, but diverge
when the absorption is high, in which case Eyring is more
appropriate.

Because the measurement of the reverberation time from
the slope of the Schroeder integration of the impulse re-
sponse is so dependent on the extraction of noise, we de-

Figure 3.10 illustrates the data flow for
reverberation time calculation. Broad-
band impulse response measurements
are filtered into 1/3-octave bands. The

l matrix of filtered responses is then

passed through a noise truncation al-
gorithm. Exponentially decaying data
is separated from the noise floor using

! | =
' .’-r -r'r' e Nl \ i =
R r o Y slops =

Energy docay funchors

root-mean-square values of short (40
ms) time segments. Energy decay as-
sociated with each impulse response is
= obtained via the Schroeder integral,
and the slope of this decay yields re-
verberation time for each measurement
as a function of frequency.

Rarvertetahon lees



veloped an algorithm to optimally remove it. If noise is not
properly removed you can incur a significant error, espe-
cially at low frequency where modal effects result in non-lin-
ear features in the backward integration.

The noise removal procedure is shown in Figure 3.9 at 125
Hz, where modal effects are present and at 4 kHz, where
the Schroeder integration is more linear.

A schematic representation of the data reduction process
from impulse response to reverberation time is shown in
Figure 3.10.
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Figure 3.11. Calibrated absorption coefficient for a 4”
fiberglass sample in an A mount on the chamber floor,
using a non-diaphragmatic 4” MDF sample of the same
area and perimeter as the fiberglass, as a reference re-
flector, processed using Eyring.

3.2 Calibration Using a Reference Reflector

To improve the reproducibility of the random incidence ab-
sorption coefficient among laboratories, it is is proposed
that an additional measurement be added to ISO 354 for a
reference reflector with the same height, area and perime-
ter as the absorptive sample under test. This reference re-
flector shall be fabricated from a material that has “zero”
absorption. This could be multiple layers of MDF fully
sealer, stainless steel, aluminum, plastic, etc. or any non-di-
aphragmatic, non-absorptive material. The non-absorptive
reference will experience the same non-ideal reverberation
chamber conditions as the absorptive sample, which may
result in its absorption coefficient being greater than zero.
This deviation from zero would be considered the error that
the non-ideal chamber measurement introduces. To correct
for this, it is proposed that the non-absorptive reference re-
verberation times be used as the reference instead of the
empty room, as is the current situation. In addition, to this
proposal it is also suggested that the Eyring formula be
used instead of Sabine. This is necessary because, while
Sabine may be appropriate for the non-absorptive reference
measurement, it is not appropriate for the highly absorptive
sample and substituting the non-absorptive reference for
the empty room would not be accurate under these condi-
tions.

This is really no different that what is currently being done
in ISO 17497-1, in which the stationary and rotating table
are used as references for the stationary and rotating sam-
ples under test.

An experiment was carried out in an experimental 75 m3
rev room, in which the absorption coefficient of a solid 4”
(102 mm) MDF sample, with the same perimeter/area as a
4” thick, 6 pcf (96 kg/m3), fiberglass sample, was meas-
ured. The thesis being that this non-diaphragmatic MDF
sample, which was fully sealed several times, would experi-
ence the same chamber deficiencies as the absorptive
sample and hence be used to correct these errors. In this
experiment the solid, non-diaphragmatic sample with the
same perimeter/area as the absorptive sample under test is
used as the reference, instead of the empty room.

In conclusion, the data illustrated in Figure 3.11 indicate
that the reference non-absorptive reference reflector shows
non-zero absorption. Since the reflector cannot absorb
sound, this deviation from zero is used to correct the ab-
sorption coefficient of the absorptive sample. Because the
absorptive sample offers significant absorption, Eyring was
used to properly calculate this coefficient, using the MDF
sample as reference, instead of the empty room. This cor-
rection results in lowering the absorption coefficient to oscil-
late about for all frequencies.

4 SCATTERING COEFFICIENT MEASURE-
MENT PROCEDURES

4.1 ISO 17497-1: Random Incidence scattering
coefficient

(1 -—aﬁl—s]

specularly
reflected
energy

Incigent scattered

Figure 4.1. Graphic showing how incident sound, nor-
malized to 1, can be specularly reflected and scattered.
The scattering coefficient, s, determined the distribu-
tion.

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. This is illustrated in Fig-
ure 4.1. 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, and so
the separation of terms mimics the modeling methods. With
this definition it is then possible to define a scattering coeffi-
cient, s, as the proportion of energy not reflected in a spec-
ular manner.

This definition takes no account of how the scattered en-
ergy is distributed, but assumes that in most room acoustic
applications there is a large amount of mixing of different
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 modeling of these is
essential to gaining accurate predictions. The scattering co-
efficient, like the diffusion coefficient, generally depends on
frequency and angle of sound incidence. Similar to the ran-
dom incidence absorption coefficient obtained in reverbera-
tion rooms, an angular average of the scattering coefficient
- the random incidence scattering coefficient - can be de-
fined. As a general assumption, the surface under test is
assumed to be large and 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 edges. It also has problems when the surface absorp-
tion is high, as the coefficient estimation becomes inaccu-
rate.

With this definition it is then possible to define a scattering
coefficients, s, as the proportion of energy not reflected in a
specular manner.

V(i 1 1 4V
o = 53— | ———| = Z(m-m)
| s\al, o, S
asec = 553K L_L - 4_V(m4_m3)
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l_as Etotal

Figure 4.2. Derivation of the scattering coefficient s.

Stationary Rotating
Table only T Ty
Table and sample T T

Table 4.1 The measurement conditions for the four dif-
ferent reverberation times.

The derivation of the scattering coefficient is given in Figure
4.2. While ISO 17497-1 calls for the use of the Sabine
equation, we also calculate the absorption coefficients
using Eyring, as described in 3.1. The four reverberation
times that must be measured are shown in Table 4.1. ltis
important to point out that in the determination of o g and

A gpec the absorption of the stationary and rotating table
without sample is used as a reflective reference to adjust
for table absorption. This will be referred to when we sug-
gested using a reflective reference to determine the ab-
sorption coefficient according to ISO 354. The specular
absorption coefficient is easiest to explain in the free field,
although it is in the diffuse field measurement where this
method is useful and powerful. The specular absorption co-
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Figure 4.3. The impulse response is shown at two dif-
ferent rotating table positions at 100 Hz, 500 Hz and 2
kHz for a 1:1.5 scale Skyline. Left: First 20 ms; Right:
200-210 ms.

efficient is found by rotating the test sample while phase
lock averaging the reflected pulses. Figure 4.3 shows fil-
tered impulse responses at 100 Hz, 500 Hz and 2 kHz at
two different positions of the rotating table in a reverberation
chamber for a 1:1.5 scale Skyline 2-dimensional diffusor,
shown in Figure 4.4 The curves on the left show the first 20
ms of the impulse responses, where the scattering is in
phase. The initial parts of the reflections are highly corre-

IF

Figure 4.4. 1:1.5 Skyline on the rotating table in the rev
room.



Figure 4.5. Comparison between single source and
dual source/multiple-microphone measurement of the
scattering coefficient. The agreement is excellent and
the time reduction is quite dramatic.

lated; these are the specular components of the reflection,
and remain unaltered as the sample is rotated. In contrast,
the later parts of the three reflected pulses, shown on the
right between 200 and 210 ms, are not in phase and de-
pend strongly on the specific orientation; this is the scat-
tered component. By averaging the reflected impulse
pressure while rotating the sample, the scattered compo-
nents are averaged to zero, and only the specular energy
remains.

In the rev room a circular test sample, or a square sample
surrounded by eyebrows, is placed on a turntable and ro-
tated. While the turntable is rotated the room impulse re-
sponse 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 im-
pulse response is then backward integrated to give the re-
verberation time due to the specular reflection component.
The reverberation time with the sample stationary (not ro-
tating) 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 specu-
lar and total reflected energy, and from the Equations in 4.2
the scattering coefficient.

To achieve adequate coherent averaging, it is recom-
mended that 72 averages be made during a table rotation.
Therefore, if one uses a 3 s MLS stimulus, a table rotation
will take 3.6 m, with a 0.3 rpm. We have installed a high
quality rotating table, shown in Figure 4.4, with a metal
frame to support the table to insure it is flat. This frame is
then covered with a flat and lacquered base table on which
samples are located.

To satisfy ISO 354 in determining reverberation times, we
employ 6 distributed stationary mics and two loudspeakers
in opposite trihedral corners. Each rotating table experi-
ment requires the measurement of 12 impulse responses
for each table revolution. 12 times 3.6 m is 43 m. Thus the

rotating table measurements, T3 and Ty4, require 90 min-
utes. Measurement of T4 and To, sample mounting and de-
lays for opening and closing the chamber door will add
additional time, so the entire measurement can be quite
time consuming, while monitoring temperature and pres-
sure. To greatly accelerate the measurement process, we
energize both loudspeakers and simultaneously measure
the 6 impulse responses using EASERA and a MOTU

8Pre. With this approach, each rotating table measurement
is reduced from 43 m to 3.6 m, as shown in Figure 4.5.

To verify the accuracy of our measurements, we have
measured samples studied in other laboratories in a round
robin at various scales. A simple round robin sample is a
set of periodic battens, shown on the base table.
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Table 4.6. Left Top: Rotating table frame; Middle: Metal
frame covered with sealed table top; Bottom: Table top
covered with a circular array rectangular battens; Right
Top: Table top with eyebrows to support a rectangular
array of battens; Middle: Battens in the square sample
area; Bottom: Scattering coefficient comparison with
another laboratory at various scales, showing excellent
agreement. The dotted line indicates the upper limit for
the rotating table scattering.

In Figure 4.6 we show the setup and measured scattering
coefficients for two mounting conditions and comparison
with other laboratories that have measured the rectangular
battens. The sample can either cover the entire circular
table or mount in a square sample area created by “eye-
brows” the cover the rest of the table. This setup is very
convenient for commercial samples that are square. On the
left side we see the table metal frame (top) to provide sta-
bility for the sealed table top supporting the sample (mid-
dle) and the batten samples filling the entire circular table
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Table 4.7. Top: Empty table; Middle: Sinusoidal sample

on table; Bottom: measurement results, comparison
with other laboratories and table scattering.

(bottom). On the right side, we see the table top with “eye-
brows” (top), the square sample array of batten (middle)
and the scattering coefficient results compared with other
laboratories. We show the RPG (round 1:1.13 scale), RPG
(square 1:1.13 scale) compared to the results obtained by
Sakuma (University of Tokyo) in 2009 for the round mount-
ing at 1:4 scale. The agreement is excellent. In Figure 4.4
we also show the ISO table tolerance limit for the table
scattering indicated by the dashed line. It can be seen that
the measured table scattering is below this limit.

In Figure 4.7, we show the setup and results obtained for
another round robin sample, a sinusoidal surface. At the
top we show a somewhat smaller empty table, the sinu-
soidal sample in the middle and the results and comparison
at the bottom. The RPG sample is in 3/5 scale, while the
ITA (Institute of Technical Acoustics, Aachen, Germany)
sample is an average of 1/10, 1/5 and 2/5 scale and the
KUL (University of Lueven, Belgium) sample is measured
full scale. We also verify that the table scattering is well
below the ISO table tolerance.

An additional measurement can be seen in Figure 4.8, for a
1:1.5 Skyline two-dimensional diffusor. The empty table is
shown at the top with the square sample mounting. The
square array of Skylines is shown in the middle filling the
square sample area. The results indicate no significant dif-
ference for a periodic and aperiodic mounting of the Sky-
lines. Table scattering is below the ISO table tolerance.

In Figure 4.9, we illustrate how a sample can have a good
scattering coefficient, meaning significant energy is scat-

10



-

©-Periodic (2/3 scale)
8- Aperiodic {2/3 scale)
-+-Table scattering
-=--|50 table tolerance

=
@

e
=)

Scattering cosfficient

125 260 500 1k 2k ak
Frequency [HzZ]

Figure 4.8. Top: Empty table; Middle: 1:1.5 scale Sky-
lines in square sample mount; Bottom: scattering coef-
ficients for periodic and aperiodic mounting.

tered away from the specular zone, while having a poor dif-
fusion coefficient, meaning the scattered energy is not uni-
formly distributed. In the figure we show the batten sample
with a period or structural wavelength of 177 mm in the
upper left, the polar responses for the batten (red) and a
flat reference reflector (blue) for an angle of incidence of
30° at 2000 Hz. The specular zone is also shown. In addi-
tion the scattering coefficients, s, determined according to
ISO, Correlation and Energetics and the normalized diffu-
sion coefficient, dn, are also shown. The three scattering
coefficients all peak at roughly 0.8 at the frequency of the

1

177 mm pariod = structural wavelength

0.3

100 125 160 200 250 315 400 500 &30 00 10001250160020002500315(

-0.2

Frequency, Hr

=505 =——Correlations =—Energetics =dn

Figure 4.9 The batten polar response at the structural
wavelength frequency of 2000 Hz illustrates why the
scattering coefficient is high in that energy is scattered
away from the specular zone. It also shows why the dif-
fusion coefficient is poor and non-uniform.

structural wavelength, 2000 Hz. However, the diffusion co-
efficient is much lower. The explanation lies in the polar re-
sponses. The batten scatters incident sound away from the
specular zone, giving rise to a good scattering coefficient,
but the batten polar response is quite non-uniform, leading
to a poor diffusion coefficient. The moral is to use each co-
efficient for what it was intended, i.e. use the scattering co-
efficient in computer room modeling programs and the
diffusion coefficient to evaluate the uniformity of diffusion
for diffusor design or to compare potential diffusing sur-
faces. Often scattering coefficients are used in specifica-
tions to compare diffusors, which is an improper use.

108
ase
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i} / \
RENRV ]

Y Y

Absorption & Scattering Coefficients
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10000
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Figure 4.10 This is an example of absorption (blue) and
scattering (red) data presented in a specification and
represents a misuse ISO 17497-1, because the standard
specifically states that the test is invalid for samples
having an absorption coefficient greater than 0.5.

Another misuse of the scattering coefficient is to measure it
for surfaces which have absorption in excess of 50%. In
Figure 4.10, we show results presented in a project specifi-
cation for a product billed as an absorber and diffusor,
based on the scattering coefficient data. This is incorrect on
two accounts. The measurement of the scattering coeffi-
cient is invalid, due to excess absorption, and the data are
misinterpreted to indicate the product is a diffusor, based
on the scattering coefficient rather than the diffusion coeffi-
cient, which is not presented.

At 3150 Hz, the absorption coefficient is 0.87, which means
there is 13% of the incident energy left to be scattered.

The scattering coefficient, which is incorrect according to
ISO 17497-1 because absorption is greater than 0.5, is
0.53. Ignoring the fact that it is incorrect for the moment,
this means that 6.9% of the scattered energy is directed in
non-specular directions. While the product is a good ab-
sorber, it is certainly not a good diffusor.
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4.2 Correlation Scattering Coefficient From
Polar Responses

4000 Hz (1/3-octave band)

g
120, ] 60

150 30

-G0 -40

Figure 4.11. Comparison between the polar response
of a flat reflector (blue) and the sample (red) at 4 kHz
third octave band.

Because the ISO method uses a rotation of the sample to
cancel out the non-specular components, it cannot distin-
guish between scattering surfaces that contain depth varia-
tion in one direction (1D diffusors) and those with depth
variation in two directions (2D diffusors). Two methods
have been developed to obtain the scattering coefficient
from measured or calculated polar responses, which do dif-
ferentiate between 1D and 2D surfaces.

Mommertz presented a method for evaluating a scattering
coefficient from polar responses, Figure 4.11. This corre-
lates the scattered pressure polar responses from the test
surface and a reference flat surface to give a scattering co-
efficient. This will be called the correlation scattering coeffi-
cient s.. The coefficient is given by:

1Z:,pl (ei )p:; (ei )
X (@) o, 0)f

where p is the pressure scattered from the test surface; pg
is the pressure scattered from the flat surface; * denotes
complex conjugate; ; the receiver angle of the ith meas-
urement position, and n is the number of measurements in
the polar response. This is not the same as the 1ISO coeffi-
cient or the free field scattering coefficient. The difference
arises because the coefficient definition is different. The
free field Mommertz and Vorldnder method measures the
amount of energy moved from the specular direction when
the surface is moved, the correlation scattering coefficient
measures the dissimilarity between the test and flat surface
scattering over a polar response. In the case of randomly
rough surfaces, the two coefficients probably are similar,
but for diffusers with distinct polar responses, this is not the
case. The random incidence correlation scattering coeffi-
cient is approximated by averaging over the angles of inci-
dence to determine an average incidence coefficient.

2

s. =1

C

4.3 Specular Zone or Energetic Scattering Co-
efficient from Polar Responses

Figure 4.12. (left) Specular zone for a reflector in dark
blue and the diffuse zone in light red; (right) Specular
zone for a diffusor is shown in light blue and the dif-
fuse zone in dark red, indicating energy is scattered
out of the specular zone into the diffuse zone.

A second method has been developed to distinguish scat-
tering coefficients between 1D and 2D surfaces, utilizing
the specular zone. Paralleling the definition of the ISO scat-
tering coefficient, one can calculate the specular energy,
Espec: by measuring the energy in the specular zone of a
polar response. The total energy, Eyytg), can also be deter-
mined from the total energy under the polar response. The
specular zone is shown in Figure 4.12 on the left in dark
blue for a reflector. The diffuse zone is shown in light red.
If the scattering sample is a diffusor, some of the specular
energy is scattered out of the specular zone, light blue, into
the diffuse zone, dark red, increasing the specular zone
scattering coefficient, sg,, defined below. This specular
zone measurement, sq,, Will consider edge diffraction and
surface roughness as diffusion. To eliminate the edge dif-
fraction, one can subtract the specular zone scattering co-
efficient of a reflector panel of similar size, sg,(r), from the
specular zone scattering coefficient of a diffusing surface,
Sgz(d), and normalize by [1-sg(r)], to provide a normalized
specular zone scattering coefficient, s, ;. Data from vari-
ous angles of incidence can be averaged to obtain an aver-
age incidence specular zone scattering coefficient.

1 specular zone

sz
E total

_ 5. (d)=s,.(r)
[1-5.(r)]
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5 DIFFUSION COEFFICIENT

RPG has played a leading role in the establishment of two
proof of performance metrics, which evaluate the perform-
ance of sound diffusing surfaces. The Scattering Coeffi-
cient, s, is a quantity metric, and is the ratio of sound
energy scattered in a non-specular manner to the total re-
flected sound energy. It is described in ISO 17497-1. The
Diffusion Coefficient, d, is a quality metric, and is a meas-
ure of the uniformity of the reflected sound. It is described
in AES-4id-2001, soon to be incorporated as 1SO 17497-2.
The Scattering coefficient is used in modeling programs
along with the random incidence absorption coefficient.
The Diffusion Coefficient is used by manufacturers to de-
sign diffusing surfaces and by specifiers to evaluate poten-
tial diffusing surfaces .

5.1 Measurement and data reduction

In 2001, the AES Standards Working Group SC-04-02 pub-
lished an information document, based on peer review of a
committed of international acousticians, which described a
method to measure and characterize how uniformly a sur-
face scatters sound. The measurements are carried out
with a boundary layer goniometer, shown in Figure 5.1, in
which 37 sequential impulse response measurements were
made, using 37 fixed pressure zone microphones and an
MLS excitation signal under computer control. Figure 8 il-
lustrates the sequence of events in determining the scat-
tered impulse response at a particular observation angle,
for a given angle of incidence. To obtain the impulse re-
sponse of a sample under test, it is necessary to de-con-
volve the loudspeaker-microphone response at each
scattering angle, hg(t). It is also necessary to minimize any
room interference and reflections from microphone sup-
ports and wires within the time window of interest. To obtain
the "Loudspeaker/Microphone Response" (top panel in Fig.
5.2) at each scattering angle, the loudspeaker is placed at
the sample position and rotated so its on-axis response is
coincident with the on-axis response of each microphone
for each angle.

The loudspeaker is then placed in its normal source posi-
tion, without any sample present, and the "Background Re-

sponse Without Sample", ho(t), at each angle is

Figure 5.1. 2D diffusion goniometer showing loud- )
speaker, microphone array and sample.
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Figure 5.2. Data reduction process to extract the scat-
tered impulse response from a test sample at a given
observation angle.

automatically measured via computer control by emitting 37
impulses and sequentially switching each microphone on.
A vertical dotted line representing the "Time Window" of 10
ms, used to isolate the reflections, is also shown. The sam-
ple under test is then placed in position and the scattered
sound is measured, obtaining the "Background Response
With Sample", hy(t), in Figure 5.2.

Data are collected at 5° intervals. Higher resolution, for ex-
ample 2.5°, is possible by combining another data set with
the sample rotated by 2.5°. In the sequential approach, the
measurement system selects a microphone, emits a se-
lected maximum length sequence stimulus, records the
data, selects the next microphone position, etc. Since the
microphones are stationary and the measurement process
is rapid, the respective background response can be sub-
tracted from each microphone position, prior to de-convolu-
tion. This is illustrated as "Sample Minus Background" in
Figure 5.2. The direct sound is significantly decreased and
is not providing interference in the time window with the
scattered sound.
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The room interference is also decreased. The speaker/mi-
crophone response can now be de-convolved as illustrated
in "De-convolved Sample Response”, hy(t), where hy(t) is
calculated using:

h4(t)=IFT{FT[hl(f)—hz(f)]} 0

FT[hy(2)]

where FT and IFT are the forward and inverse Fourier
transforms. The data within the Time Window is gated to
isolate the "Windowed Sample Response".

The data are further post processed to provide frequency
responses, polar responses and finally diffusion coeffi-
cients, as shown in Figure 5.3, with a reference reflector on

BN

Diffusion

/Without normalization

Normalized
N\

the left and a diffusor on the right. The 2D boundary meas-
urement geometry with the loudspeaker at -60°, with re-
spect to the normal is shown in Figure 5.3A at the top of the
figure. Also shown are the 37 receiving microphones and a
scattering sample at the origin of the mic and speaker
semicircles. Below that, Figure 5.3B, the impulse response
at 60° is shown, with the scattered data outlined in a box,
corresponding to the time window in Figure 5.2. The scat-
tered data are windowed for all of the angles of observa-
tion, of which five are highlighted at -60, -30, 0, 30 and 60°
and concatenated in Figure 5.3C in the form of a temporal
angular impulse response. A Fourier Transform is then ap-
plied to each part of the impulse response to get the fre-
quency responses, Figure 5.3D. Five of the 37 frequency
responses are only shown for clarity. The frequency re-
sponse energy is summed over one third octave bands and
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Figure 5.3. Left: Summary of data processing technique from a flat reflector at -60° incidence. Right: Summary
of data processing technique from a diffusor at -60° incidence.



three of the polar responses are shown in Figure 5.3D. The
visible polar response of the reflector, in the left panel, at
high frequency is narrow and directed in the specular direc-
tion of +60, as would be expected, whereas the correspon-
ding polar response for the diffusor is uniform. The polar
responses can then be further processed to give a diffusion
coefficient, which is plotted versus frequency to obtain the
diffusion response, Figure 5.3E. As the frequency in-
creases, one can see a drop in the diffusion coefficient of
the reflector, as the width of the panel become increasingly
large compared to the wavelength. The directional diffusion
coefficient, d;, is determined from the autocorrelation of
the third octave polar responses as described in Eq. (2):

_ 2 (1 0410 )

n 2
10L,»/10
(; ) i1 (2)
B 2
(n-1Y (10"

where L; are a set of sound pressure levels in decibels in a
polar response, n is the number of microphones, ¥ is the
angle of incidence.

n 2

d =

v

At low frequency, edge scattering causes the diffusion coef-
ficient to increase with decreasing frequency, because the
sample acts as a point source scattering onmidirectionally.
While there is a clear physical explanation for this effect, it
does lead to confusion, and so a normalized diffusion coef-
ficient is introduced to remove this effect. The result of
doing this is shown in Figure 5.4 for a few commercial prod-
ucts and a reference flat surface.. This gives the more intu-
itive response, with surfaces producing little diffusion at low
frequency. It also more clearly illustrates the frequency
where diffusion begins. The normalized diffusion coeffi-
cient, dw,n’ is calculated using the following formulation:

d,—d,,

d,,=——= ©)
vh1-d,,

where d,;, and d, , are the diffusion coefficients calculated
using Equation (g)’for the test sample and a reference flat
surface of the same overall size as the test sample. At low
frequency, sometimes the normalized diffusion coefficient
dips below zero, and in these cases, the negative values
should be set to zero.

To accurately subtract the background impulse, h2(t), from
the sample impulse, h1(t), we use the method developed by
Philip Robinson (P. Robinson and N. Xiang, J. Acoust. Soc.
Am. 127 (2010)), using oversampling. The two impulse re-
sponses are oversampled 100x and shifted until the resid-
ual is minimized. This is illustrated in Figure 5.5. In the top
of Figure 5.5, we show the reference reflection (blue) and
sample (red) minus the background response for a given
observation angle, without oversampling, along with the
polar responses. While the background subtraction from
the sample is correct, the background subtraction from the
reference reflector has left a significant residual, leading to
spikes in the polar response (blue). In the lower part of Fig-

d (A) Without normalization

f(Hz) 5000

d (B) Normalized
0.8 A

0.6 -
0.4 4

0.2

f(Hz) 5000

Figure 5.4 Diffusion coefficient for four commercial
products. Top: not normalized; bottom: normalized. The
thick line in the top picture is the diffusion coefficient
for a flat reflector.
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Figure 5.5. Top: Background subtraction without over-
sampling/shifting, shows residual direct sound in the
reflection impulse response (blue) and resulting spikes
in the reflector polar response . Bottom: Background
subtraction with oversampling/shifting resulting in
complete removal of the direct sound in the reflector
and sample impulse responses, with accompanying
smoothing of the reflector polar response.
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ure 5.5, we show how oversampling and optimal shifting
completely removes the background scattering from the ref-
erence reflector, with resulting improvement in the polar re-
sponse.

Recently several improvements have been made to the de-
sign of the measurement goniometer, the measurement
hardware and software. These include:

- Software to optimize the microphone and speaker radii to
allow for a 40% larger sample area while not increasing the
specular zone

- Hardware and software to allow simultaneous measure-
ment of 32 impulse responses to greatly accelerate meas-
urement time

- New data reduction and analysis software

5.1.1 Goniometer Optimization

il rGam

Figure 5.6 New goniometer dimensions optimized for

given room size. Allowable sample width increased by
40% with no widening of the specular zone. Reflection
arrivals are balanced to arrive at least 2 ms after direct
sound and approximately 2 ms before room reflections.

The new goniometer optimization results are shown in Fig-
ure 5.6, in which we show the specular zones for 30, 60,
90, 120 and 150 degree incidence in the top of the figure
and the reflection free zones (RFZs) in which there are no
competing room reflections in the bottom of the figure. The
main goal of the optimization is to determine the optimal
mic and speaker radii to enable the measurement of (5) 1:5
scale samples (120 mm x 120 mm) maintaining a specular
zone of 36° degrees (7 mics at 5°angular resolution) and a
reflection free zone of 4 ms minimum in a room of a given
length, width and height, for all angles of incidence.

5.1.2 Simultaneous Impulse Response Meas-

urements

There have been continuing advances in data collection
over the years. From 1983 to 1993, impulse response data
were collected with a TEF analyzer using one microphone,
which was manually repositioned with a 5° angular resolu-
tion after each impulse response measurement. Needless
to say it was quite time consuming. This setup is shown in
Figure 5.7 in a large sports arena. During this time meas-

. Switchar
RF .

Figure 5.7 Left: measurement setup using a single,
manually positioned microphone. Right: 1:5 scale
boundary plane goniometer with 37 fixed microphones
every 5° with sample and loudspeaker. Mic radius was
1m and speaker radius was 2m. Under computer con-
trol we were able to sequentially collect 37 impulse re-
sponses.

urements were made in full scale in arenas, gymnasiums
and other large spaces in which we quickly wore out our
welcome. In 1994, we decided to make measurements in
scale and developed the first boundary plane goniometer
utilizing 37 fixed mics every 5°. In order to automatically se-
quence the microphones an Audio Precision mic switcher
was used in conjunction with the TEF analyzer. Proprietary
software automatically emitted 37 MLS stimuli and switched
the microphones after an impulse response measurement.
A photo of the goniometer, TEF and switcher can be seen
in Figure 5.7 (right).

In 2011, new hardware and software were added to collect
32 simultaneous impulse responses. This was accom-
plished using (4) MOTU 8Pre preamps and a hard disk

32 channels of preamps i
« 32 channel simultaneous hard.gdisk

recording of scattered sc:-ur*u:li'.‘q~

using an MLS stimulus N

32 simultaneous MLS N\
measurements reduces \
measurement time to 3 s for each

sample, background and reference
reflector

Impulse responses are obtained
by deconvolution with MLS
stimulus

* Automatic data reduction to
subtract background, deconvolve
mic/speaker response, gate
scattered sound and generate
polars and diffusion coefficient

fecing

Figure 5.8 The figure contains an equipment rack with,
from top to bottom, the Hafler amplifier, the original
TEF20 and microphone switchers used in previous
measurements and the (4) MOTU 8Pres. Below that we
show the hard disk GUI with MLS stimulus and some of
the 32 recorded reflected signals, which were subse-
quently deconvolved to yield impulses.
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recording program. An MLS signal was used as the stimu-
lus and 32 channels of the scattered energy were recorded.
This setup can be seen in Figure 5.8. From top to bottom,
the rack contains a Hafler amplifier, a TEF20 and three 12
channel microphone switchers, previously used, and (4)
MOTU 8Pre preamps. Below that we show the GUI of the
hard disk recorder. At the top is the MLS stimulus followed
by a few of the 32 recorded reflected signals. It was de-
cided that rather than purchasing (5) 8Pres affording 40
preamps, we would settle for 32 channels and eliminate the
extreme angular measurements, which did not yield signifi-
cant information. To obtain the impulse responses, we de-
convolved the recorded signals with the MLS stimulus. The
impulse responses for all 32 channels are shown in Figure
5.9.

20

Reflection Free Zone

15

Pressure [mPa)

Direct Sound to 32 mics

20

Figure 5.9 All 32 impulse responses are shown. The 32
direct sound impulses are shown as two overlapping
sets of 16 signals, since the normal incidence setup is
symmetrical. The 32 scattered impulse responses are
nested in the center of the reflection free zone, followed
by the interfering reflections from the room.

The simultaneously collected data were processed as de-
scribed in section 5.1. Two continuous views of the narrow
band polar data versus frequency are shown in Figure 5.10
for the reflector and sample. These data are subsequently
filtered into third octave polars to determine the diffusion
coefficient, as displayed in Figure 5.11, in which the photo
of the round robin semicylinder array sample is shown
upper left, the diffusion coefficients for the sample (red) is
shown upper center and the normalized diffusion coefficient
is shown upper right. 12 third octave polar responses are
shown in the lower part of Figure 5.11, with red represent-
ing the sample and blue the reference reflector.

6 CONCLUSIONS

Round robin measurements of the random incidence ab-
sorption coefficient have shown that the current standards
result in a lack of accuracy and reproducibility among labs.
Research is underway to improve accuracy by replacing tra-
ditional hanging diffusors with boundary mounted diffusors,

ReNeclor

125 250 S0k 1k

Sample

12% 230 200 Tk

Frequency [Hz]

Reflectar

Frequency [Hz]

Sample

Figure 5.10 Narrow band polar displays, which are fil-
tered into third octave bands to determine the diffusion
coefficient and for efficient display specified in ISO
1749702, as illustrated in Figure 5.10.

to allow proper determination of the rev room’s surface area
and volume, evaluating edge diffraction and replacing the
Sabine equation with that of Eyring. Calibration methods
using an absorptive or reflective reference are also being
evaluated to improve reproducibility. This author favors the
use of a reflective or “low absorption” reference as dis-
cussed, since it is currently being used in ISO 179497-1
and ISO 17497-2 and reproducibility is found to be quite
good at various scales For example, in ISO 17497-1, the
absorption attributed to the stationary and rotating table
without sample is used to calibrate &g and A(gpec, by
measuring reverberation times T4 and Tg, respectively, as
shown in Figure 4.2 and Table 4.1. In ISO 17497-2, a refer-
ence reflector is used to remove the contribution from edge
diffraction, as described in Section 5.1, Equation (3).
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Figure 5.11 Presentation format as specified in ISO
17497-2. Upper left is a photo of the round robin hemi-
cyinder array required for goniometer commissioning,
upper middle is the diffusion coefficient of the sample
array (red) and a reference reflector (blue). Below are
12 polar responses with sample in red and reflector in
blue.

The absorption coefficient according to ISO 354 and the
scattering coefficient according to ISO 17497-1 are random
incidence values, by virtue of their measurement. To deter-
mine a “random incidence” diffusion coefficient, one can
simply average the directional coefficients. As an example,
we provide a summary of directional and random incidence
coefficients. We also introduce a “directional” absorption co-
efficient, which is becoming more and more relevant in
acoustical design. This directional absorption coefficient is
measured at the specular angle and is determined from a
comparison between the directional specular scattering of a
flat reference reflector and the sample. Because a diffusor
primarily scatters sound, the word absorption is replaced by
attenuation. A diffusor attenuates sound in a given direc-
tion, because the sound is uniformly scattered into many di-
rections. We express this attenuation as excess specular
attenuation compared to a reference reflector, by subtract-
ing the spectrum of the diffusor from the reference re-
sponse. Thus, the Excess Specular Attenuation is
referenced to 0 dB, at which point the diffusor and sample
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Figure 6.1. Directional Incidence Coefficients for the
Modffusor.

responses are equal.

In Figure 6.1, we illustrate the directional incidence Diffu-
sion Coefficients, Correlation Scattering Coefficients, Spec-
ular Zone Scattering Coefficients and the Excess Specular
Attenuation at -30, -60, 0, 30 and 60 degrees, along with
the tabulated data, for a Modffusor.

In Figure 6.2, we illustrate the random incidence Diffusion,
Scattering (either ISO, Correlation or Specular Zone) and
Absorption coefficients, along with the tabulated data and a
photo of the sample, which is suggested to completely

characterize acoustical materials.
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Modffusor Random Incidence
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Figure 6.2 F.’adom Incidence Coefficients for the
Modffusor, along with tabulated data and a photo of the
sample.
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