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When using optical measurements of the sound fields inside a glass tube, near the material under test,
to estimate the reflection and absorption coefficients, not only these acoustical parameters but also
confidence intervals can be determined. The sound fields are visualized using a scanning laser Doppler
vibrometer (SLDV). In this paper the influence of different test signals on the quality of the results,
obtained with this technique, is examined. The amount of data gathered during one measurement scan
makes a thorough statistical analysis possible leading to the knowledge of confidence intervals. The
use of a multi-sine, constructed on the resonance frequencies of the test tube, shows to be a very good
alternative for the traditional periodic chirp. This signal offers the ability to obtain data for multiple
frequencies in one measurement, without the danger of a low signal-to-noise ratio. The variability
analysis in this paper clearly shows the advantages of the proposed multi-sine compared to the periodic
chirp. The measurement procedure and the statistical analysis are validated by measuring the reflection
ratio at a closed end and comparing the results with the theoretical value. Results of the testing of two
building materials (an acoustic ceiling tile and linoleum) are presented and compared to supplier data.

1 Introduction

Measuring the normal incidence absorption coefficients
of acoustical materials in the laboratory is a well known
standardized procedure. Two standardized methods for
evaluating the normal incidence absorption coefficients
of acoustical materials exist using the so-called Kundt’s
tube, also known as standing wave or impedance tube:
the standing wave ratio [2] and the transfer-function
method [3].

In the transfer function method, compared to the stand-
ing wave ratio, the microphone does not interfere with
the sound field inside the tube due to its side-wall mount-
ing. Problems can arise however, due to the limited
number of microphone locations and the limitation of
the separating distance between the microphones (ac-
cording to [2] the spacing should be more than five times
the diameter of the microphone). The optimal separat-
ing distance between the microphones, that produces
good quality measurements, is also frequency dependent
(i.e. decreases with an increase in frequency). Other
possible problems include microphone phase mismatch
and errors concerning the knowledge of the exact micro-
phone and sample locations [4].

Since the early nineties a search for better test meth-
ods using the impedance tube [5] and new test methods
using optical techniques to visualize sound fields, has
lead to the publication of many articles. The existing
optical techniques use TV holography [6] or scanning
laser Doppler vibrometry [7, 8]. Until recently very few
researchers use these optical visualization techniques to
quantitatively determine the acoustical parameters of a
material. In [1] optical measurements of the incident
and reflected sound fields in a glass tube were used to
estimate normal incidence absorption coefficients. The
sound fields near the material under test are visual-
ized using a scanning laser Doppler vibrometer (SLDV),
which is a full field optical vibration measurement in-
strument.

In this paper we propose a method to determine con-
fidence intervals when using the SLDV for measuring
normal incidence absorption coefficients. Since data is
obtained from hundreds of measurement points in one
single scan and thousands of estimates for the reflection
coefficient can be calculated, the quality of the measure-
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ment can statistically be determined. To obtain better
accuracy different excitation signals are compared, such
as a pure sine, a multi-sine (sum of harmonically related
sines) and a periodic chirp. As shown further in Sec. 3.2
the multi-sine, constructed on the resonance frequencies
of the tube, provides much more accurate results than
the traditionally used periodic chirp.

The paper is outlined as follows: in Section 2 the sound
absorption coefficient measurement procedure is described.
Experimental results in different one-dimensional setups
(e.g. rigid termination and two commonly used materi-
als) are discussed in Section 3. Finally, as a conclusion,
the merits and limitations of the discussed method are
summarized in Section 4.

2 The measurement procedure

In the next paragraphs it will be explained what exactly
the SLDV measurements are and how those measure-
ments can be utilized to calculate the reflection and ab-
sorption coefficients by using the transfer-function method.

2.1 Experimental setup of the SLDV and
theoretical background

Consider the setup as shown in Fig. 1, where the laser
beam of a SLDV (a Polytec PSV300) is directed through
a glass cavity onto a solid reflector, which has been co-
vered with retro-reflective tape to increase the amount
of reflected laser light.

It is shown in [1] that, under certain conditions, one
can obtain quantitative acoustic pressure values from
measured Doppler shifts Af(0,t). However, it will be
shown that this is not necessary in order to obtain re-
flection and absorption coefficients.

Assume that we have N measurements of the Doppler
frequency shifts Af(6,t) (for i = 1,...,N) at different
laser angles 6, performed with a SLDV. When using a
periodic excitation of the tube with period T', both the
Doppler shifts and pressure signals can be represented
by a discrete set of Fourier coefficients AF(6;,wy) and
P(6;,wr) at frequencies wy, = 27 /T, which are obtained
from the time domain signals, Af and p, by applying
an FFT. A relation between the two sets of Fourier co-
efficients can be derived, which will be used in Eq. 2
(for more details [1]).



Figure 1: Experimental one-dimensional setup: (a)
glass tube, (b) loudspeaker, (¢) SLDV, (d) laser beam,
(e) rigid block, (f) tested material, (g) rigid acoustic
termination and (h) retro-reflective tape. [1]

When using the transfer-function approach to estimate
the reflection coefficient r starting from two pressure
measurements at two arbitrary locations x; and z2 on
the tube (corresponding with laser beam angles 6; and
62), the following expression has to be calculated [3]:

Hyp(wi) — Hp(wg)
Hpr(wi) — Hiz2(wi)

with Hy, = exp(—jko(wg)s) and Hr = exp(jko(wi)s)
where ko(wg) = w/c and s = (1 — x2). The following
relation can be used to obtain His from the measure-
ments:

(1)

r(wy) =

P(ag,wk) _ AF(eg,wk) (2)
P(Hl,wk) AF(Gl,wk)’

and therefore the reflection coefficients can be di-
rectly determined from the Doppler shift measurements.

Hip(wy) =

In contrast to the classical transfer-function method that
uses two microphones, or one microphone that can be
placed in a limited number of positions, several hun-
dreds of locations can easily be measured using a SLDV
(in the experiments in Sec. 3, N = 180 to limit the
duration of one single experiment). This means that for
every combination of two measurement locations x; and
Ty forl,m =1,..., N and [ # m, a reflection coefficient
rim(wk) can be computed using Eq. (1).

In order to limit the computation time and to guarantee
that the pressure waves are still sufficiently correlated,
only the ratios 7y, (wg) for which x,, —z; < Synqs are cal-
culated. This maximum distance between two measure-
ment points can be derived from [3] as: S;q. < 0.776d.

After the estimation of the reflection coefficient, the ab-
sorption coefficient «(wy) is calculated by using the well-
known relation a(wy) = 1 — r(wy)?.

2.2 Excitation signals

Since the introduction of the transfer-function method
excitation signals such as periodic random noise or a pe-
riodic chirp (also called swept sine) have been used in
most acoustic measurements to reduce the measurement
time. The disadvantage of these broadband excitation
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signals is their lower signal-to-noise ratio (SNR) since
all frequencies in a certain frequency band are excited
simultaneously. A good alternative is the multi-sine,
which is the sum of a number of harmonically related
sinusoids with programmable amplitudes (Ch. 3 of [13]).

The multi-sine is the only periodic broadband signal
that allows an arbitrary choice of the amplitude spec-
trum. To obtain a good SNR it is important to com-
bine this with a reduction of the crest factor (CF =
Peak value/ RM S value) by making a proper choice of
the phases. The crest factor minimization method used
in this paper is based on [9]. This results in a CF of
approximately 1.41 compared to the Schroeder solution
with a CF of 1.78 [10].

Since (cylindrical) tubes resonate at certain frequencies,
which have a higher SNR, a multi-sine was constructed
on the resonance frequencies. These frequencies can be
calculated using f, = ng;. It will be shown in Sec. 3.2
that this results in much more accurate measurements.

2.3 Statistical analysis

The standard transfer-function (or two-microphone) me-
thod offers no information about the statistical reliabil-
ity of the results. The possibility to perform a statistical
analysis of this method has been researched previously
in [11, 12].

Since in this measurement procedure thousands of mea-
surement combinations are combined to hundreds of es-
timates for the reflection coefficient, it is possible to per-
form a statistical analysis of the data. By using the
median of the results to obtain a more robust estimate
of the reflection coefficient (by eliminating outliers), the
variability can be calculated by computing the Median
Absolute Deviation (MAD). The MAD calculates the
average distance a data value is from the median and is
given by [14]:

MAD(z) = median(|z — median(z)|), (3)

with, in this case, x the estimated reflection coeffi-
cients 7(wy) calculated from Eq. (1).

This value is sometimes used as an alternative to
the standard deviation (SD). The main advantage of
the MAD is its resilience to outliers in a data set. In
the SD, the distances from the mean are squared, so in
the average, large deviations are weighted more heavily.
In the MAD, the magnitude of the distances of a small
number of outliers is irrelevant. As will be shown in Fig.
3 the hundreds of estimated reflection coefficients con-
tain a relatively small number of (large) outliers, making
the choice for the MAD instead of SD logical.
Furthermore, the MAD can be made comparable to the
standard deviation by defining the normalized MAD:

MAD
0.6745 )

with 0.6745 the MAD of a standard normal random
variable [14] and o the standard deviation.

MADN =

~
~
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Using this MADN value it is possible to define a 95%
confidence interval as 1.96 MADN.

In Sec. 3.2-3.3 these confidence intervals will be used
to determine the reliability of the measurement method
and to show the difference in quality between the differ-
ent excitation signals.

3 Experimental results

The practical execution of the setup and some of its
details will be discussed in the next paragraph. The
results follow in Sections 3.2-3.4 (all measurements were
processed using Matlab).

3.1 The measurement setup

In earlier experiments different diameters of glass tubes
and different loudspeakers were used. In this paper
the following glass tube/loudspeaker combination was
used: a glass tube with an inside diameter of 32 mm
and a length of 500 mm and an inexpensive loudspeaker
(Visaton DTW 72).

An overview of the measurement setup is shown in Fig.
2. The SLDV was placed at a standoff distance of N =~
100 c¢m from the glass tube.

The following experiments have all been carried out with
different sound signals: pure sine waves at different fre-
quencies, different multi-sines (sum of harmonically re-
lated sines) and a periodic chirp from 0-20 kHz. Five
complex averages were performed which resulted in an
average signal-to-noise ratio of 20-40 dB, depending on
the applied sound level (see also Sec. 3.2).

Figure 2: Overview of the measurement setup: a)
SLDV, b) glass tube, ¢) rigid block with retro-reflective
tape, d) loudspeaker support, e) fixed support, f)
variable support and g) rigid end plate

3.2 Different test signals and their influ-
ence on the measurement quality

The reflection coefficient for a rigid reflector at the end
of the tube is theoretically equal to 1.00, so this makes it
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possible to determine the quality of the different sound
signals and of our measuring procedure by comparing
the test results with the theoretical value.

From the periodic chirp only the results at the reso-
nance frequencies were used to calculate the reflection
coefficients (better signal-to-noise ratio). A multi-sine
was then constructed which only contains the same res-
onance frequencies. The following figure (Fig. 3) shows
the distribution of the calculated reflection coeflicients
for 3 different test signals at 5 kHz with a rigid reflector.

Histogram at 5 kHz for different excitation signals
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Figure 3: Histogram of the reflection coefficients
excited by different excitation signals at 5 kHz. From
left to right: Pure sine / Periodic chirp / Multi-sine.

As can be seen, the calculated reflection coefficients
obtained from the periodic chirp are spread much wider
and contain more outliers (a slight skewness to the right
with outliers up to r = 4.5).

The downside of measuring with pure sines, on the other
hand, is the amount of time each measurement takes.
Regardless of the used excitation signal the measure-
ment time of one single scan remains the same. Obtain-
ing results at n frequencies would take n times longer
with pure sines than with a periodic chirp or a multi-
sine, containing those n frequencies.

A good alternative is therefore the use of a multi-sine,
constructed on the resonance frequencies, combining the
advantages of both signals.

In the following figures (Fig. 4 - 6) the median and
95% confidence intervals of the calculated reflection co-
efficients at the resonance frequencies of the used tube
are shown. The grey dot shows the median of the re-
sults and the upper and lower red lines represent the
95% confidence intervals (as defined in Sec. 2.3).

The measurements at 1 V{(olt) were executed at a sound
level of approximately 90 dB inside the tube. The mea-
surement at 0,2 V reached a sound level of 75 dB.

It is clear that the measurements executed with a multi-
sine at I V are the most reliable (smallest confidence
intervals) and that even the measurements at 0,2 V
are still slightly better than the measurements executed
with the periodic chirp at I V. To obtain reliable mea-
surements with the periodic chirp the sound level would
have to be further increased to obtain a better SNR at
the selected frequencies, risking the failure of the loud-
speaker.



In the Figures 4 - 6 it is shown that the theoretical
value of 1.00 is inside the confidence interval and that
most measured results are, as could be expected, slightly
lower than the theoretical value.

Reflection coefficients and confidence intervals of the periodic chirp at 1V
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Figure 4: Confidence intervals at the resonance
frequencies excited by a periodic chirp at 1 V.
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Figure 5: Confidence intervals at the resonance
frequencies excited by a multi-sine at 1 V.

Reflection coefficients and confidence intervals of the multi-sine at 0,2V
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Figure 6: Confidence intervals at the resonance
frequencies excited by a multi-sine at 0,2 V.

3.3 Variability of the measurements

When calculating the 95% confidence intervals from the
MADN-value, as defined in Sec. 2.3, at the different fre-
quencies of the measurements discussed in the previous
Section, the following results are obtained:

e ranging from 0.017 to 0.199 for the multi-sine (1V)
at the resonance frequencies and 0.058 at 5 kHz,
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e ranging from 0.086 to 0.902 for the periodic chirp
(1V) at the resonance frequencies and 0.390 at 5
kHz,

e and 0.020 for the pure sine at 5 kHz.

It is clear that these results confirm the use of the pro-
posed multi-sine instead of a periodic chirp and that the
calculated confidence intervals are a good estimate for
the variability of the results and for the overall quality
of the measurement.

3.4 Results for two building materials

In this Section the measurement results of two com-
monly used building materials are discussed: linoleum
flooring and an acoustic ceiling tile.

3.4.1 Linoleum flooring

Linoleum has a very small absorption coefficient (0.02-
0.03 in the frequency range of 125-4000 Hz). No acous-
tical data from the supplier (Domo Belgium) for com-
parison was available.

Absorption coefficients and confidence intervals for linoleum (DomoP1)
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Figure 7: Absorption coefficients and confidence
intervals for linoleum (Domo P1).

It can be seen on Fig. 7 that the differences between
the lower limit and the measured values are small. The
confidence intervals are of course quite large, since an
error of the reflection coefficient has a great influence
on the absorption coefficient (with o = 1 —r?2).

3.4.2 Acoustic ceiling tile

Since this is a material with good acoustical qualities,
data from the supplier (Rockfon Belgium) was available
and was used for comparison. No high frequencies were
tested, so only the values at 2 and 4 kHz can be com-
pared, which correspond very well with our results as
shown in Fig.8.

It can be concluded that the presented measurement
procedure provides satisfying results for materials with
both high and low acoustical absorption coefficients. More
measurements will be conducted in the following months
to further substantiate these findings. Higher frequen-
cies will also be tested using a tube with a smaller di-
ameter.



Acoustics 08 Paris

Absorption coefficients and confidence intervals for Rockfon Royal
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Figure 8: Absorption coefficients and confidence
intervals for an acoustic ceiling tile (Rockfon Royal).

4 Merits and limitations

The use of a multi-sine (as proposed in Section 2.2) in-
stead of a periodic chirp, combined with a statistical
analysis of the acquired data leads to a very accurate
measurement technique for normal incidence absorption
coefficients. Using the large amount of data in determin-
ing the confidence intervals offers the possibility to cal-
culate and visualize the variability of the measurement
results. Without these confidence intervals it would be
impossible to determine which test signal produces bet-
ter results or to estimate the reliability at certain fre-
quencies. As shown in the different validation experi-
ments included in this paper, the absorption (and re-
flection) coefficient can be obtained with a very high
accuracy.

The major limitation of this method is the need for a
small, but good quality speaker, and the need for an ex-
tensive validation procedure. The method is also limited
to materials with a texture, pattern or roughness that
is substantially smaller than the diameter of the tube.

Acknowledgements

This research has been sponsored by the Fund for
Scientific Research - Flanders (FWO). The authors also
acknowledge the research council of both the Hogeschool
Antwerpen and the Vrije Universiteit Brussel.

References

[1] S. Vanlanduit, J. Vanherzeele, P. Guil-
laume, G. De Sitter, ” Absorption measure-
ment of acoustic materials using a scanning
laser Doppler vibrometer”, J. Acoust. Soc.
Am. 117(8), 1168-1172 (2005)

[2] ISO Standard ISO 10534-1, ”Acoustics -
determination of sound absorption coeffi-
cient and impedance in impedance tubes
- Part 1: Method using standing wave ra-
tio”, International Standard, (1996)

[3] ISO Standard ISO 10534-2, ” Acoustics -
determination of sound absorption coeffi-
cient and impedance in impedance tubes -
Part 2: Transfer-function method”, Inter-
national Standard, (1998)

6880

(4]

[10]

[12]

[13]

[14]

H. Boden, M. Abom, ”Influence of errors
on the two-microphone method for mea-
suring acoustic properties in ducts”, J.
Acoust. Soc. Am. 79(2), 541-549 (1986)

D. Peng, S.-F. Ling, ”Microphone-free
measurement of acoustic absorption coef-
ficient of materials using a standing wave
tube”, Measurement Science and Technol-
ogy 16(5), 1069-1074 (2005)

0.J. Lgkberg, ”Sound in flight: measure-
ment of sound fields by use of TV holog-
raphy”, Applied Optics 33(13), 2574-2584
(1994)

A.R. Harland, J.N. Petzing, J.R. Tyrer,
C.J. Bickley, S.P. Robinson, R.C. Pre-
ston, ” Application and assessment of laser
Doppler velocimetry for underwater acous-

tic measurements”, Journal of Sound and
Vibration 265, 627-645 (2003)

L. Zipser, H. Franke, E. Olsson, N.-E.
Molin, M. Sjédahl, ”Reconstructing two-
dimensional acoustic object fields by use of
digital phase conjugation of scanning laser
vibrometry recordings”, Applied Acoustics

42(29), 5831-5838 (2003)

P. Guillaume, J. Schoukens, R. Pintelon, I.
Kollar, ”Crest-Factor minimization using
nonlinear Chebyshev approximation meth-
ods”, IEEE Transactions on Instrumen-
tation and Measurement 40(6), 982-989

(1991)

M.R. Schroeder, ”Synthesis of low peak
factor signals and binary sequences with
low autocorrelation”, IEEE Trans. Inform.
Theory Vol.IT-16, 85-89 (1970)

R.C. Morgans , X. Li, A.C. Zander, C.H.
Hansen, ”Statistics and the two micro-
phone method for the measurement of
sound absorption coefficient”, Proc. Acous-
tics 2004, Gold Coast (Australia), Novem-
ber 3-5 (2004)

T. Schultz, M. Shlepak, LN. Cattafesta
ITI, ”Uncertainty analysis of the two-
microphone method”, Journal of Sound
and Vibration 304, 91-109 (2007)

K. Godfrey, ” Perturbation Signals for Sys-
tem Identification”, Prentice Hall, ISBN 0-
13-656414-3 (1993)

R.A. Maronna, R.D. Martin, V.J. Yohai,
"Robust Statistics: Theory and Methods”,
John Wiley and Sons, ISBN 0-470-01092-4
(2006)



