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Abstract

This report is a result of a master project performed at NTNU, Norwegian University
of Science and Technology. The aim of this thesis is to build a method of measurement
for absorbers that only exist in cylindrical formats, and for which the common
standards for measurements might not apply. With the imagined application being
tree bark, there is also a point in making these measurements in situ, as working
larger trees into a lab environment is imagined a tiresome and inconvenient task.

The choice of method is by two-microphone measurements and then the usage of
a simulation of cylindrical waves onto a cylinder from [Mec08], to match transfer
functions from the measurement with a map of such from the simulation. This is done
to determine the impedance, and from there on, find reflection and absorption factor.
The microphone configuration chosen after a study of the conformal maps, and
with general regards taken to trees not being entirely cylindrical and microphones
interfering with each other, ended up becoming 3 and 8 cm from the cylinder, all on
axis between source and cylinder. The measurements are done on five different cases,
a smooth concrete column, the same column with an external absorber wrapped
around, a tree with bark, the same tree with the same absorber, and finally a free
field case.

Comparing the transfer functions of the simulations and the measurements regret-
fully gives non-compliant results, as the transfer functions does not even remotely
fall on the same space in simulation and measurements. This renders the resulting
impedance, and thus the derived reflection and absorption coefficient, intelligible.
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1Introduction

1.1 Motivation

An important factor to take into account in acoustics in general is the absorption of a
material represented by the material’s impedance, complex reflection coefficient and,
derived directly from this, the absorption coefficient, α. In most cases the subject of
measurement exists in flat samples that are measured using standardized method
such as ISO 354 [03], which has a minimum of 10m2 sample laid on a surface of a
reverberation room and, or ISO 10534 [98], where absorption is calculated from
the transfer function obtained in a standing wave tube. Both these methods of
measurements are done in lab environment, and not in situ. With the exception
of ISO 354, the general requirement for absorption measurements (in situ or not)
is that the sample has to be flat, which generally does not cause a problem. Most
absorbers come in flat samples. However, for the samples that are curved, using
methods that are made for flat samples may not yield correct results.

This problem becomes relevant when measuring bark on trees. Although bark is
fairly rigid and might not have great absorption properties, the possibility of using
trees and shrubberies as sound insulators for road traffic noise is worth exploring.
In the cases where extensive measurements of tree bark has been done, the use
of impedance tube measurements is usually preferred. Both the study by Li &Van
Renterghem [LTB19] and the one by Reethof & McDaniel, [RMH77], does not pay
any regard to the curvature of the bark as they do these measurements in standing
wave tubes. Using ISO 354 is not recommended either, as spreading 10m2 of bark
flat on a floor or wall of a reverberation room in order to fulfill the requirements in
ISO 354 is an unnecessary lengthy process, and would require careful dissection of
at least an entire tree.

There exists other measurements done on trees and shrubberies, such as the study
done by Price, Attenborough and Heap [PAH88] on the attenuation of sound through
different types of woodland, where general shrubbery is explored, but not the
tree bark individually. Another study, done by Van Renterghem [Ren15], explores
the affect tree belts of different configurations has on road traffic noise, however
with more emphasis on the arranging of the poles than the individual tree trunk’s
absorption properties. Preferably, a method on a singular induvidual which does not
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require cutting down and moving trees into a lab environment should exist, making
the practical circumstances around the measurements simpler.

1.1.1 Objective and limitation

This project has the objective of carrying out accurate measurements of the ab-
sorption factor on cylindrical geometries. The point of this is to make it possible
for measurements to be carried out in situ on cylindrically shaped absorbers, for
example trees, such that the curvature of the trunk is taken into account and does
not affect the calculation of absorption.

1.2 Report structure

This report will continue in the next chapter by explaining the general theoretical
concepts behind the scattering of a cylinder. It also describes the use of two-
microphone measurements and transfer function to find the absorption properties
of a material. More theory shorty explained in this chapter is conformal mapping,
convergence studies and time windowing.

The third chapter is separated into three sections, where the first explains the creation
of the simulated model in Matlab, using the modelling in [Mec08]. After this, its test
and optimization by using a convergence study is presented. The second section of
this chapter goes into how, where and why the actual measurements are performed,
on two different cylinders, a beech tree and a concrete column. Both these are
situated at NTNU Gløshaugen, however at different locations on the campus. The
section after in this chapter explains the post-processing, where theoretical model is
joined with physical measurement to find an expression for the impedance Za, the
reflection coefficient, r, and the absorption factor α.

After model and measurements are explained, the report goes on to present the
results of these measurements and findings of the model. It explains that while
the model and measurements by themselves looks feasible each by their own, the
calculations break down when joining the two, for reasons speculated on in the
discussion section.

And finally, in chapter 5, the report is concluded with the unsatisfactory results and
the possible further work is presented.

4 Chapter 1 Introduction



2Theory

2.1 Cylinder Scattering

The models for scattering from a cylinder is discussed in several pieces of literature.
Section 8.8 in the book “Acoustics – An Introduction to Its Physical Principles and
Applications” by Alan Pierce, [Pie89], discusses at length about the reflection of
sound waves from a rigid cylinder. The scattering pattern of a rigid cylinder is also
discussed by Li and Ueda in their article “Sound scattering of a plane wave obliquely
incident on a cylinder”, [LU89]. However, ideally for a model for measuring the
absorption one would need soft boundaries, not rigid. Another problem these two
models have is that the incoming wave is not a spherical one, but plane. Usually one
has access to the former when doing measurements.

The article by Swearingen and Swanson [SS12], seems to have covered both the
cylinder scattering and the impedance surface in its model for transmission and re-
flection, and it also works with a point source. However, the model uses increasingly
complicated integrals, which takes computing power and a long time to solve. In
addition, this method includes ground reflections, which adds remarkably to the
computing power needed and is not particularly necessary for future measurements.
It is easier to cancel out this reflection by using absorbers than trying to figure out
the impedance of the ground beforehand for each in situ case.

Fridolin P. Mechel’s book “Formulas of Acoustics” [Mec08, p. 185-201] has another
approach. It contains a model for the sound field at a certain point, P, scattered from
a cylinder with a given impedance when an incoming cylindrical wave from a source
point Q scatters on the object. The mathematical expression for this wave at the
point P is described in equation (2.1).

p(r, θ) = pq(r′) + ps(r, θ) (2.1)

Here, r is the cylindrical coordinate to the receiver point, and r′ is the distance
between the source and the receiver. θ is the corresponding angle off the x-axis in
the coordinate system. pq is the incoming wave from the source in point Q and ps is
the scattered wave from the cylinder. The cylinder radius is denoted a. See figure
2.1 for visualization.
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Fig. 2.1.: The cylinder with source and receiver position. Reconstructed from [Mec08, p.
199]

The incoming pressure field is expressed in two ways, based on whether rq is smaller
or bigger than r. For the first case, rq > r, which is denoted (a), we get a formulation
for the incoming wave as shown in equation (2.2). The second case, denoted (b),
when rq < r gives the equation in (2.3).

pQ(a)(r′) = P0 ·
∑
m≥0

δm · Jm(k0r) ·H(2)
m (k0rq) · cos(mθ) (2.2)

pQ(b)(r′) = P0 ·
∑
m≥0

δm · Jm(k0rq) ·H(2)
m (k0r) · cos(mθ) (2.3)

Here, P0 is the amplitude of the wave, Jm and Hm is the Bessel and Hankel functions
of the m’th kind. k0 is the wavenumber, and δm is defined as seen below in (2.4).

δm =
{

1; m = 0,
2; m > 1.

(2.4)

The scattered field is then formulated as:

ps(r, θ) = −P0 ·
∑
m≥0

δm · cm ·H(2)
m (k0rq) ·H(2)

m (k0r) cos(mθ) (2.5)

6 Chapter 2 Theory



Where

cm =

(
G+ m

k0a

)
· Jm(k0a)− j · Jm+1(k0a)(

G+ m
k0a

)
·H(2)

m (k0a)− j ·H(2)
m+1(k0a)

(2.6)

G in this equation is tied to the surface impedance of the cylinder, Za, as G = 1/Za.

2.2 Transfer function method

A common way for determining the absorbing qualities of a material is by using
the transfer function method with explores the ratio of pressure between two mea-
surement points P1 and P2, its most famous usage is in the standard of standing
wave tube measurement from ISO 10354 [98]. This ratio removes the need for mea-
surements and calibrations with regard to sound power and makes post-processing
calculations simpler. According to this standard, the two pressures measured on
points P1 and P2, p1 and p2 respectively, are a combination of the incident and
reflected waves as seen in equations (2.7)-(2.10).

p1 = pI(x1) + pR(x1) (2.7)

p1 = p̂Ie
jk0x1 + p̂Re

−jk0x1 (2.8)

p2 = pI(x2) + pR(x2) (2.9)

p2 = p̂Ie
jk0x2 + p̂Re

−jk0x2 (2.10)

Here, x1 and x2 denotes the positions of the measurement point for p1 and p2. pI is
the pressure from the incident wave, and pR is the pressure from the reflected wave,
their magnitudes denoted in p̂I and p̂R.

The ratio of the pressure at these two points, is called the transfer function and is
shown in equation (2.11).

H12 = p2
p1

(2.11)

The reflection factor, r = pR
pI

, is directly tied to the absorbtion factor, α by the
relation:

α = 1− |r|2 (2.12)

The reflection factor can be found if one knows the impedance Za of the material
and Z0, the specific acoustic impedance of air. These two are connected through the
equation in equation (2.13).

Za

Z0
= 1− r

1 + r
(2.13)

2.2 Transfer function method 7



2.2.1 Conformal mapping

Figure 2.2 illustrates a case of mapping from one plane to another, which allows the
user to observe the scope a subset of values gives when applied a function. Explained
by Dutilleux et al, [DVK01], utilizing mapping may be useful when attempting to find
a good configuration of microphones while using the transfer function method to
measure. When mapping a field on the complex plane of Za, to the complex transfer
function plane one gets different sizes from different configurations. The largest
area of the mapped transfer function, will give a configuration least susceptible to
error when doing the measurement.

Fig. 2.2.: Illustration of a conformal map.

2.3 Convergence study

When dealing with the infinite sums as seen in section 2.1 in programming, one
would have to restrain the maximum summation number, mhi, to something smaller,
preferably as little as possible to make the calculations go quickly. In order to
make this happen a convergence study should be performed, determining on which
iteration where another iteration is redundant, in other words where the sum
converges.

2.4 Time windowing

Working in situ will in most cases give a resulting impulse response from not only the
surface one wishes to explore, but also off the ground and surrounding surfaces. If
one is to measure the absorption of the first reflection, and not the following, choos-
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ing a window of time which inly takes in the right information is crucial. Too long
and the post-processing calculations might yield incorrect results. Time windowing
is choosing such a window of time included in further calculations, disregarding the
data points after. This choice should be after the reflections one wishes to explore,
and before the following, such as the ground, walls or other surrounding surfaces.
With less data points to consider, computing time in post-processing also goes down.
Another option to rid oneself of these unwanted reflections is to dress the surfaces
in absorbers, which makes effect the reflection has on the complete measurement
negligible.

2.4 Time windowing 9





3Method

In order to find the best physical setup, one has to explore the properties of cylinder
scattering in a simulated model and then use the information to find a configuration
that is most resilient of noise. Comparing simulated transfer functions with the one
measured can also give an accurate measurement of the impedance, Za, and thus
the reflection and absorbtion factor.

3.1 The model

All calculations are done in Matlab R2018b. Using the calculations from section 2.1,
the model for a cylindrical wave interacting with a cylinder is implemented for a
source at 5m distance, making the approximation from cylindrical wave to plane
wave reasonable. This is because, as explained in section 2.1, the source in the actual
measurement setup will be closer to a point source, but the literature is surprisingly
devoid of mathematical models with incoming spherical waves interacting with
cylinders with non-rigid surfaces and without a ground reflection. The function
cylWaveOnCyl in appendix A.1 is set up to give a resulting pressure field at a specific
position r, angle θ, frequency f , source position, rq, cylinder radius a and impedance
Za.

This model was tested for validity by comparing an example illustration of the
pressure given from simulation on p. 200 in [Mec08], with an illustration made
using the model made in Matlab, using the variables provided in the caption of the
figure in the book, G = 0.5 − j2, k0a = 2, k0rq = 6.1 and upper summation limit,
mhi = 8. The result of this validation research is presented in section 4.1.

3.1.1 Convergence study

A convergence study was carried out for the measured pressures at a fixed distance
from the cylinder, as suggested in section 2.3. When running the simulations for
higher ms and kas (k being the wavenumber, also previously denoted k0), however,
the Hankel functions will fail, as their overall value gets approximated towards zero.
Matlab will then yield NaN as in equation (2.6), these Hankel functions are under
the division line, and calculations will break down.
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Figure 3.1 shows this problem. These are polar plots of the scattered field around
a cylinder, measured at a fixed distance from the center, but at different angles.
The five colors each represents a maxima of m for the sum, the smallest size in
yellow, then increasing in size with the colors magenta, cyan, red and green, the last
corresponding to the number in the title. In the lower middle polar plot, one can see
the green line (mhi = n=170) is missing entirely, and as one increases n even more,
as seen in the last plot, the measurements disappear entirely. Here, the calculations
return NaN for the pressure. This means that for the convergence study to work, it is
convenient to find a function dependant on ka that gives an appropriate maximum
m to sum over, that is large enough to converge but small enough to not break down
by the use of Neumann functions. The making of these plots are done using the code
in A.2.1.
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Fig. 3.1.: The polar plots of scattered fields around a cylinder for different maximas of the
summation, mhi = n. The five colors each represent different n, the smallest size
in yellow, then increasing in size with the colors magenta, cyan, red and green,

the last corresponding to the number in the title. The path towards convergence
is seen on the top row and the entrance of NaN results is seen on the bottom row.

Sovling this means running simulations for different kas, and finding lower and
upper limits to sum over, then trying to fit a curve in between these two, such that
the mhi for that specific ka is large enough for convergence, but still not so large
that the calculations breaks down. The results of this convergence study is presented
in section 4.2.
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3.2 The measurement setup

The measurement uses two microphones and the transfer function method disclosed
and reasoned for in section 2.2 to calculate the absorbtion.

Looking at the polar plots for the different frequencies, the shape is smooth and for-
ward directed for smaller frequencies and then gets more side lobes as ka increases.
The main lobe, however, stays for the most part the strongest and most consistent
lobe, as seen in figure 3.2.
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Fig. 3.2.: Polar plots of the scattering around a cylinder for different kas

As seen in the figure, the side lobes varies in placement with increasing ka. This
means that for the best measurement for most frequencies, one needs to set the
microphones at the angle θ = 0°, which in the physical setup is along the axis from
cylinder to loudspeaker.

In order to find the ideal position of the two microphones, conformal mapping
as it was explained in section 2.2.1 is applied. Za is a complex number, ranging
logarithmically from 0 to the step below ±4000 rayl in the imaginary part and 4000
rayl in the real part. This range of values is portayed in the left side of figure 3.3.
The values are chosen to cover a space of impedances that is likely to be included in
an actual measurements, however not outrageously big, as calculations of pressure
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for two separate points, P1 and P2, for the full range of frequencies in third-octave
band is already a quite time-consuming computation.
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Fig. 3.3.: An example of a mapping, with the range of Zas on the left side, and the mapped
transfer function on the left for f = 1000Hz. The maximum of the real and

imaginary part of Za are in cyan and magenta, and are, when zoomed in on the
figure, represented in the vanishingly small lines in the transfer functions, here in

the lower left corner.

The frequency that the pressures p1 and p2 are measured for in figure 3.3 is 1000Hz,
measured at the microphone positions r1 and r2. The transfer function H is calcu-
lated from equation (2.11) in section 2.2, for the microphone positions r1 = 0.14m
and r2 = 0.21m from the center of the cylinder, which has radius a = 0.1m. The
code for this particular calculation is in appendix A.3.

To find the most ideal setup of the measurements, it was decided to look at the
area of the mapped transfer functions. The bigger this area is, the less susceptible
this measurement will be to background noise. Furthermore, as distances from
one iteration of the transfer function H to another is, the easier the model has to
appropriate to the correct Za in post-processing. By mapping the transfer function for
different configurations of r1 and r2 and the range of frequencies 20 Hz - 20000 Hz (in
third-octave bands) one can compare their areas and find the best configuration.

This comparison is also done in Matlab, by making and saving the area of the
different mapped transfer functions. The area is calculated by drawing rectangles
around the shapes the mapped H makes, touching the outer corners of the area of
the mapping. These rectangles are what is saved in the area variable in the code
in Appendix A.3. This bounding box approach is chosen for it simplicity, and is
expected to be a well-working approximation. However, this might be a source of
error further on. An illustration of this area restraint can be seen in figure 3.4.
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Fig. 3.4.: Illustration of the box (in green) around the mapped transfer function for
f = 1000Hz.

Saving these area variables for different r1, r2 and frequency, and then loading
these in the code in Appendix A.4, one can find the combination of r1 and r2 that
gives the largest area for most frequencies in the entire audible third-octave band.
However, the model has not taken into account the imperfections of the microphone
sensors, which might also be a source of error later on.

By looking at all frequencies within the audible spectra in third-octave bands, one
finds that the best configuration of microphone positions is the one that is as close to
the cylinder as possible. An example of this is for the frequency f = 200 Hz drawn
up in figure 3.5, where one easily can see that the smallest configuration, r1 = 0.13
m and r2 = 0.18 m has the largest area out of the different cases. Note here that the
radius of the model’s cylinder is 10 cm, and that r1 and r2 are measured from the
center of the cylinder, giving the respectful distances from the cylinder to be 3 and 8
cm.
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Fig. 3.5.: Comparisons of the areas of the mapped transfer function for one specific
frequency. The configuration of the microphone positions from the center of the

cylinder (with a = 0.1m) is in the x-axis for r2 and the labelled lines for r1

The reason for the lower restraint being 3cm is that the shape of the bark does not
exactly give a cylindrical shape to the tree. Three centimeters from the stem should
make the approximation done in the model less crude. The spacing between the
two microphones should be at least 5 times the diameter of the microphones, in
order to avoid the sensors affecting each others measurements. As the diameter can
be as much as 1 cm, the spacing is chosen at 5cm. Thus, the configuration of one
microphone placed 3 cm and the second 8 cm from the tree, is the best.

The loudspeaker is placed 5 m from the cylinder in the simulations. The available
loudspeaker for measurement gives off a spherical wave, but in the simulations
resembles a cylindrical wave. In order to unite this, the source has to be placed at
least 4 meters away from the cylinder, such that both simulation and measurement
can unite in the approximation to a plane wave.

The look of the setup becomes as seen in figure 3.6. Measurements are done on
two surfaces, one tree in between Hovedbygget and El-bygget and one column at
Realfagsbygget. Both measurements are performed at NTNU Gløshaugen. There is
also done a free-field measurement at the second measurement site. Both tree and
column are at least five meters from other surfaces, such that the direct sound from
the loudspeaker is unobstructed. The ground is covered by four absorbers, such that
the first reflection from the ground is dampened as much as possible. The height of
loudspeaker and microphones are set above 1.5m to delay the reflection as much as
possible, while having the setup also cleared of branches and eventual shrubbery
higher up on the stem of the tree.
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Fig. 3.6.: Measurement setup

The point of making measurements on all these different surfaces is to be able to
compare different cases of absorbtion to see if and where the method is insufficient.
The column is a plain cylinder of concrete, meaning that checking its impedance
against external measurements is available. The smoothness of the column also
makes it possible to observe the error source of bark making the surface of the
tree jagged and obstructing the measurements. By wrapping absorbers around
the cylinder and tree, one is also able to compare the measurement with a more
well-developed method, done in a standing wave tube. The resulting absorbtion
factor and impedance from this standing wave tube measurement are presented in
Appendix B.

3.2.1 Tree absorbtion

The physical setup for the measurement of the tree is as seen in figure 3.7. The
loudspeaker and microphones are placed at a height 1.5 m from the ground and
4.1 m from the stem of the tree. The microphones are placed 3 and 8 cm from the
cylinder, measured from the middle of each microphone, and can be seen in figure
3.8. Wind speed is recorded continuously throughout the measurements.
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Fig. 3.7.: The physical setup of the bark measurement

Fig. 3.8.: The microphone configuration in the bark measurement

This particular setup is done on the grounds of NTNU Gløshaugen, in between
Hovedbygget and El-bygget. The tree is the last in a row, and over 5 meters from the
closest surface, the next tree, which is to the left of the frame in figures 3.7 and 3.8.
The tree is European beech, and with a radius of 0.234m, found by measuring the
circumference of the tree and calculating the radius from it.

Firstly, measurements are done to the bare bark, and then, secondly, to the tree with
two wood fibre absorbers, like the one on the ground in figure 3.7, wrapped around

18 Chapter 3 Method



the tree above each other, and fastened with 4cm thick strap around and knotted
together at the opposite side where the measurements are done. The absorber does
not reach all around the tree, so there is a space on the opposite of the measurement
without absorber, which is illustrated in figure 3.9.

Fig. 3.9.: Illustration of the setup with absorber

3.2.2 Column absorbtion

The measurement is done on a concrete column with radius 0.23 m. A similar setup to
the one used for the tree is used on the column, as seen in figure 3.10. However, there
are a few notable differences. Because of the rigid surface of the concrete ground
at this site, the absorbers are placed two on top of each other, longways, instead of
sideways and side-by-side as with the tree trunk. The distance from loudspeaker to
column is 4.6 m and the microphones, with the same spacing, are fitted with a wind
shield as well, seeing as that day was windy during measurements.
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Fig. 3.10.: The physical setup of the column measurement

In this setup, there was also made a free-field measurement, by moving the micro-
phones, absorbers, and loudspeaker a few meters towards the camera in figure 3.10,
where the same measurement is done, without the column, and with the distance
from the furthest microphone to the loudspeaker being 4.29 m.

3.2.3 Equipment used

For the physical measurements, the following equipment (with serial number in
parenthesis) was used:

• Soundcard; Roland OCTA-CAPTURE (A7E6783)

• Loudspeaker; GENELEC 1029A (029A041774)

• Computer with the EASERA software (version 1.2.13). Marked HP1 in acoutics
lab at NTNU

• 6 Absorbers of wood fibres

• Measuring tape and laser measurement device

• Wind measurement device; WindMate WM-100 (13013)

• Sound calibrator; Norsonic NOR 1256 (125626366) with half-inch adapter
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• 2 Microphones; BSWA 216 (4501090 and 4501095)

3.3 Post-processing

The post-processing is done in Matlab R2018b and is as seen in appendix A.5.
The goal of the post-processing is to find the impedance, reflection and then the
absorbtion factor, using the transfer function method in section 2.2. By comparing
the measured transfer function with the mapping of transfer functions from section
3.1, using the same microphone configurations as the physical setup, one should be
able to find the strongest correspondence between transfer functions in measurement
and model.

From this, finding the corresponding impedance Za in the model and then the
reflection and absorbtion from equation (2.12) in section 2.2 is only a matter of
linking the transfer function of the model to the corresponding Za from before the
mapping. Then the reflection factor can be found using equation (2.13).

There is also a time window of 1500 sample points chosen, which with sample
frequency at 44100, gives 34 ms of the measurement actually used in calculations.
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4Results

4.1 Validity test of model

The test of validity as presented in section 3.1 yielded the figure as seen in figure 4.1.
This model is identical to the figure at page 200 in [Mec08], which strongly indicates
that the model is correctly set up, at least in accordance with Mechels calculations.

Fig. 4.1.: A test of the model by recreating the figure on page 200 in [Mec08].
G = 0.5− 2j, k0a = 2, k0rq = 6.1 and upper summation limit, mhi = 8.
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4.2 Convergence study

Performing the convergence study from section 3.1.1 on the range of ka being
between 0.0366 and 73.27, (0.1 ≤ a ≤ 0.2 and 0.2 ≤ f ≤ 20000) the upper and
lower limits of n can be plotted and a curve is able to be fitted in between the two.
Figure 4.2 shows this curve in red between the lower and upper limit of mhi = n,
with the function n(ka) = 5 · ka+ 75, which is also implemented for the number of
maximum ms in further calculations.
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Fig. 4.2.: The result of the convergence study, the function (red) in between the upper and
lower limits in blue and yellow.

4.3 Measurements

Measurements were carried out as explained in section 3.2. The wind speeds for the
measurements at the site where tree measurements were carried out ranged between
< 1m/s and 2.3m/s. For the column and free field measurements, the wind speed
ranged between 3.2m/s and 0.9m/s, however this time the setup was equipped with
a wind cap to account for the higher wind speeds. Other possible contributors to the
background noise were several birds chirping in the proximity of the measurements,
especially around the tree.

The measurements were compared and appropriated to the model using the code in
Appendix A.5. The resulting impedances for the different measurements are shown
in figure 4.3
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Fig. 4.4.: Impulse responses

The figures in 4.3 clearly shows that the measurement and following post-processing
clearly does not yield the expected results. The five cases should give a range of
impulse responses all the way from Za being the specific acoustic impedance of
air in the free field case to it being huge, edging close to infinity for the case of
the rigid concrete column. Instead, the impulse responses are generally the same,
laying on top of each other for the real part and varying seemingly at random for
the imaginary part.
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Looking at the impulse responses in figure 4.4 one can see that they are for the most
part consistent with expectations of measurements. The start of the first excitation
vary with the small varying distance from the start of the measurement, which is
expected, as the distance from loudspeaker to microphones differed with as much
as 0.502 meters (which corresponds to a time shift at ≈ 0.0014s in the concrete
column case). The measurement on the cylinder without absorber clearly shows the
first excitation from the direct wave and then the second from the reflection off the
concrete. The absorbed cases, both with tree and column, shows that the reflected
wave is almost completely obviated, which is also expected with the previously
measured absorbtion in a standing wave tube of the same sample, only laid flat (see
appendix B). The first reflection coming from the ground can with simple mirror
source calculations be identified as the small disturbances at around 0.016 s in all
cases. This reflection is so slight that there is little chance it affects the measurements
and further calculations gravely.
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Fig. 4.5.: The transfer function data from measurements (blue line) compared to the two
simulated mapped cases (f = 3150Hz). The shape in red and blue is the mapped

H for the column case, while the one in cyan and magenta is for the tree
configuration. The red star signals the concrete column measurement, and then
the line followsthe expected lower Zas, to tree bark, to column with absorber, to

tree with absorber, to free field case.
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The exception from these generally consistent impulse responses is in the tree bark
case. Here, there are no clear second reflection, only fading peaks that does not look
like a singular reflection, but instead a lot of noise.

The range of both measured and simulated transfer functions are presented in figure
4.5. Looking at them, one clearly sees something amiss. The point of these transfer
function maps are to cover the entire space a transfer function could possibly cover,
and then have the points of the transfer functions for the measurements be within
this space. As seen in figure 4.5, this is not the case for either of the transfer functions
from the measurements.

4.4 Discussion

The results presented in the above sections does witness that while both measure-
ments and simulations are in line with the excepted results, there seems to be
problems in joining theory and practice, which in turn leads to inefficiencies in the
method.

There might be several reasons for this. Firstly, the shape of the tree. The approxi-
mation that the tree is entirely cylindrical might not be a good one and would result
in some unexpected impulse responses in the tree bark measurements, especially
when measurements are taken so close to the tree as the method would predict. The
impulse response belonging to the tree bark measurement in figure 4.4 supports this
theory. This is however not much of an approximation for the column case, nor for
the cases with the absorber wrapped around the tree, as these impulse responses are
fairly smooth. Moving the microphones further back might rectify this problem, but
then at the expense of the transfer function.

In order to have the absorbers stay wrapped around the cylinders, one would need
to tie them onto the tree or column with a strap. The absorbers did not reach all
around the cylinders, however, as seen in figure 3.9, which might cause unwanted
reflections from the back of the objects that has not been taken into account in
simulations. The strap itself might also add to unwanted reflections.

The effect the background noise had on the measurements are rated as fairly small,
as the noise the wind gives off is almost no-existent when listening to the impulse
responses, and the bird chirps are low and not heard before long after the time
windowing takes effect and blocks them out.
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There might be a chance that the box approximation in section 3.2 is too crude and
leads to errors. This is unlikely, though, as in most cases, orientation for the shape
changes with frequency, not different r1, r2 and rq. An example of this can be seen
in figure 4.5, where size changes with configuration, but not which way the mapped
shape is directed. There is also little chance that the model includes too few Zas,
as the outer boundaries of the transfer function simulation is not made out of the
largest value of Za, which is in a different color, seen and explained in figure 3.3
and its caption.

Looking at figure 4.5, one sees the spread of data points from the measurement,
which are more or less the same for all measured frequencies, but also the spread of
the simulated cases. The only difference between these two simulations is a 0.004
m larger radius for the tree case than the column case (which in turn shifts the
measurement points r1 and r2 the same amount). This strongly indicates that the
measured distances using for the most part a measuring tape are not accurate enough,
especially for such short lengths. Also, the movement and following correction of the
microphone placements when adding the absorbers has not been taken into account
in the simulations, which might add heavily to this problem, as the absorbers were
3− 4 cm thick, and would potentially make entirely different transfer functions.

28 Chapter 4 Results



5Conclusion

This thesis has explored the possibilities of accurately measuring the absorbtion
characteristics of cylindrical shapes, with the purpose to apply it to tree bark measure-
ments. This has proven a challenge, from finding appropriate pre-existing models,
to setting up these models in a satisfactiory fashion in Matlab, to measurement and
finally to combining theory and practice.

The thesis has gone into detail on creating a model for cylindrical waves scattering
on a cylinder. It has performed a convergence study to find the optimal maximum
summation limit for this model, which ended up being a function of the ka. This was
done in order to sum over enough ns to the point where it converges, while also not
going into so small numbers in the Hankel functions such that the computer returns
NaN instead of numbers. This function’s expression ended in being n(ka) = 5 ·ka+75,
which fits between the limits for ka between 0.0366 and 73.27.

Using the model, conformal mapping was performed in order to find the best mea-
surement positions for the transfer function measurement. Using the assumption that
the tree and column the measurements were performed on were smooth cylinders,
the mapping resulted in a configuration where distance to cylinder and spacing
between the microphones should be as close as possible. Based on this, the choice
was made to set the microphones at a spacing of 5 cm apart on the axis created
by the source and the cylinder, the closest microphone 3cm from the cylinder. The
former was chosen to avoid the microphones affecting each other’s measurement,
and the latter in an attempt to avoid physical limitations not included in the model
such as the jagged shape of the bark on the tree.

From the impulse responses of the different measurements, it seems as though
the measurement worked fine for the planar surfaces, but fail in the tree bark
measurement. Furthermore, comparing the scope of mapped transfer functions for
the different cases with the actual measured and calculated transfer function, these
two does not correspond in the slightest. Thus further calculations of impedance
on the cylinders, Za, are not at all in correspondence with theory, and it is fairly
clear that something has gone awry in either calculations, modelling, comparison,
measurement or all of the above.
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5.1 Further work

There are some steps that can be done in order to find where the work towards
calculation of absorbtion fails. It would be interesting to see how the transfer
functions act when microphones are placed at a distance further away from the
cylinder, to see if the shape of the tree stem has the suspected effect, or if there are
other disturbing effects from having the microphones at the distances the mapping
comparison study would have it. One could also try to find a more accurate way of
setting and measuring the microphone-cylinder distances, as these metric distance
measurements seems to have a bigger impact on the simulations than previously
assumed, and should probably be measured using something more accurate than a
millimeter-spaced measuring tape.

More alterations to the measurement setup could be to switch out the loudspeaker
with a line source to see the effect an actual cylindrical wave would have to the
measurement. One could also try to find an absorber to wrap all around the tree, to
make sure reflections from the back does not affect the measurements.

Another suggestion would be to redo calculations to look for any obvious errors in
coding the model from Mechel [Mec08]. There might also be a reasoning in trying
for the calculation suggested by Swearingen et al. [SS12] although the calculations
are more complicated and requires more computing power. The possibility of using
other methods of measurements, such as one with intensity probe or possibly one
more akin to ISO 354 should also be further explored in order to work out one
well-performing method.
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ACoding in Matlab

A.1 cylWaveOnCyl

1 func t ion p_to t=cylWaveOnCyl ( f , a , r_q , r , theta ,m, Z_a , c )
2 %Based on formulas from Formulas of Acous t i c s 2nd e d i t i o n

(2008)
3 %by F . P . Mechel p.199−200
4

5

6 %Input V a r i ab l e s :
7 %f − f requency
8 %a − rad ius of trunk
9 %r_q − source p o s i t i o n the s h o r t e s t d i r e c t i o n from the

c y l i n d e r
10 %r − d i s t ance to r e c i e v e r
11 %theta − angle in rad ians of the r e c i e v e r p o i s i t i o n
12 %m −summations should be done using an i n f i n i t e s e r i e s . n i s

a vec to r
13 % s t a r t i n g at n(1)=0 and ends at the l a s t number to sum

over . Thus i t d i c t a t e s the
14 % maximum number to sum over in t h i s s e r i e s
15 %Z_a − impedance of c y l i n d e r
16 %c − speed of sound in medium
17

18 %Output v a r i a b l e s :
19 %Output v a r i a b l e s are inc luded and excluded as the user

seems f i t
20 %p_tot − the t o t a l pres sure f i e l d , combined of the incoming

and r e f l e c t e d
21 %wave from the c y l i n d e r
22 %absp_tot − the abso lu te value of the t o t a l pres sure f i e l d ,

combination of
23 %incoming and r e f l e c t e d wave from the c y l i n d e r .
24 %ka − the wavenumber (k) mu l t i p l i ed by the rad ius of the

c y l i n d e r (a )
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25

26

27 k_0=2*pi * f / c ; %Wavenumber
28 %ka=k_0*a ; %e a s i e r acces s to k_0*a
29 G=1./Z_a ;
30 p_q ( length ( the ta ) )=0;%Incoming f i e l d from l i n e source
31 p_s ( length ( the ta ) )=0; %the s c a t t e r e d f i e l d
32

33 %rdash=s q r t (( r . * s i n ( the ta ) ).^2+(r_q−r . * cos ( the ta ) ) .^2) ; %The
s h o r t e s t d i s t ance between source and r e c i e v e r

34

35 epsilon_m (1)=1;
36 epsilon_m (2: length (m) )=2;
37 P_0=1; %amplitude of incoming wave
38 i f r<=r_q %in case (a )
39 f o r j =1: length ( the ta )
40 f o r i =1: length (m)
41 p_q ( j )=p_q ( j )+P_0* epsilon_m ( i ) * b e s s e l j (m( i ) , . . .
42 k_0* r ) * bes se lh (m( i ) ,2 , k_0* r_q ) * cos (m( i ) * the ta ( j ) )

;
43 end
44 end
45 e l s e %in case (b)
46 f o r j =1: length ( the ta )
47 f o r i =1: length (m)
48 p_q ( j )=p_q ( j )+P_0* epsilon_m ( i ) * b e s s e l j (m( i ) , . . .
49 k_0* r_q ) * bes se lh (m( i ) ,2 , k_0* r ) * cos (m( i ) * the ta ( j ) )

;
50 end
51 end
52 end
53

54 %s c a t t e r e d f i e l d
55

56 %value fo r the s c a t t e r e d f i e l d
57 c_m( length (m) )=0;
58 f o r i =1: length (m)
59 c_m( i )=((G+(m/( k_0*a) ) ) * b e s s e l j (m( i ) , k_0*a)−1 i * b e s s e l j (m

( i )+1,k_0*a) ) / . . .
60 ((G+(m/( k_0*a) ) ) * bes se lh (m( i ) ,2 , k_0*a)−1 i * bes se lh (m(

i ) +1,2 ,k_0*a) ) ;
61 end
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62

63 f o r j =1: length ( the ta )
64 f o r i =1: length (m)
65 p_s ( j )=p_s ( j )−P_0* epsilon_m ( i ) *c_m( i ) * . . .
66 bes se lh (m( i ) ,2 , k_0* r_q ) * bes se lh (m( i ) ,2 , k_0* r ) *

cos (m( i ) * the ta ( j ) ) ;
67 end
68 end
69

70 p_to t=p_q+p_s ;%t o t a l f i e l d
71 %absp_tot=abs ( p_to t ) ;
72

73 end
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A.2 Code for making the polar plots and the
complete convergence study

1 f =[100 500 1000 2000];
2 r_q=20;%0 .8*2 .4 ; %d i s t ance from center of c y l i n d e r to source

( note : l i n e source )
3

4 r1 =0.5;%a :(0.5−a) /96 :0 .5 ;
5 r2 =0.6;
6 % Z_a (20 ,20)=0;%0.5+0*1 i ; %sur f a ce impedance of the c y l i n d e r
7 % fo r i =1:20
8 % Z_a ( i , : )=Z_a ( i , : ) +0.1* i ;
9 % end

10 % fo r j =1:20
11 % Z_a ( j , : )=Z_a ( j , : )+1i *0.1* j ;
12 % end
13 c=343;
14 k_0=2*pi * f / c ; %Wavenumber
15 Z_a=0.5;
16 the ta =0: p i /48:2* p i ; %Angle in rad ians between r and r_q
17 % upper l im i t=k_0*a*5+75;
18 % m=0: upper l im i t ;
19 m=0:200;
20

21 ka=k_0*a ;
22 p_tot1 ( length ( f ) , length (m) , length ( the ta ) )=0;
23 %p_tot2 ( length (m) , length ( the ta ) )=0;
24 % absp_tot ( length ( f ) , length (m) , length ( the ta ) )=0;
25 ka ( length ( the ta ) )=0;
26 f o r h=1: length ( f )
27 f o r i =1: length (m)
28 f o r j =1: length ( the ta )
29 p_tot1 (h , i , j )=cylWaveOnCyl ( f (h) , a , r_q , r1 , the ta ( j ) ,m(1: i ) ,

Z_a , c ) ;
30 %[ p_tot2 ( i , : ) , ka ( i , : ) ]=cylWaveOnCyl ( f , a , r_q , r2 , the ta ( : ) ,m

(1: i ) , Z_a , c ) ;
31 end
32 end
33 end
34 %H=p_tot1 . / p_tot2 ;
35 absp_to t=abs ( p_tot1 ) ;
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36

37

38 f i =10;
39 sec =25;
40 t h i =50;
41 fo =100;
42 f i f =170;
43 s i x =190;
44 %plac ing =30;
45 f i g u r e (1)
46 s g t i t l e ( ’ f=1000 Hz ’ ) ;%( [ ’ ka = ’ , num2str ( ka (1 ,1) ) ]) ;
47 subp lo t (2 ,3 ,1)
48 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , f i −6 ,:) ) , ’ y ’ ) , hold

on ;
49 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , f i −5 ,:) ) , ’m ’ ) , hold

on ;
50 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , f i −4 ,:) ) , ’ c ’ ) , hold

on ;
51 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , f i −2 ,:) ) , ’ r ’ ) , hold

on ;
52 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , f i , : ) ) , ’ g ’ ) , hold

o f f ;
53 t i t l e ([ ’ n= ’ , num2str ( f i ) ]) ;
54 subp lo t (2 ,3 ,2)
55 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , sec −17 ,:) ) , ’ y ’ ) ,

hold on ;
56 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , sec −15 ,:) ) , ’m ’ ) ,

hold on ;
57 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , sec −11 ,:) ) , ’ c ’ ) ,

hold on ;
58 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , sec −8 ,:) ) , ’ r ’ ) , hold

on ;
59 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , sec −5 ,:) ) , ’ g ’ ) , hold

o f f ;
60 t i t l e ([ ’ n= ’ , num2str ( sec ) ]) ;
61 subp lo t (2 ,3 ,3)
62 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , th i −17 ,:) ) , ’ y ’ ) ,

hold on ;
63 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , th i −15 ,:) ) , ’m ’ ) ,

hold on ;
64 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , th i −11 ,:) ) , ’ c ’ ) ,

hold on ;
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65 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , th i −8 ,:) ) , ’ r ’ ) , hold
on ;

66 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , th i −5 ,:) ) , ’ g ’ ) , hold
o f f ;

67 t i t l e ([ ’ n= ’ , num2str ( t h i ) ]) ;
68 subp lo t (2 ,3 ,4)
69 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , fo −17 ,:) ) , ’ y ’ ) , hold

on ;
70 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , fo −11 ,:) ) , ’m ’ ) , hold

on ;
71 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , fo −8 ,:) ) , ’ c ’ ) , hold

on ;
72 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , fo −5 ,:) ) , ’ r ’ ) , hold

on ;
73 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , fo , : ) ) , ’ g ’ ) , hold

o f f ;
74 t i t l e ([ ’ n= ’ , num2str ( fo ) ]) ;
75

76 subp lo t (2 ,3 ,5)
77 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , f i f −17 ,:) ) , ’ y ’ ) ,

hold on ;
78 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , f i f −13 ,:) ) , ’m ’ ) ,

hold on ;
79 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , f i f −9 ,:) ) , ’ c ’ ) , hold

on ;
80 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , f i f −5 ,:) ) , ’ r ’ ) , hold

on ;
81 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , f i f , : ) ) , ’ g ’ ) , hold

o f f ;
82 t i t l e ([ ’ n= ’ , num2str ( f i f ) ]) ;
83

84 subp lo t (2 ,3 ,6)
85 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , s ix −18 ,:) ) , ’ y ’ ) ,

hold on ;
86 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , s ix −12 ,:) ) , ’m ’ ) ,

hold on ;
87 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , s ix −9 ,:) ) , ’ c ’ ) , hold

on ;
88 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , s ix −5 ,:) ) , ’ r ’ ) , hold

on ;
89 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , s ix , : ) ) , ’ g ’ ) , hold

o f f ;
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90 t i t l e ([ ’ n= ’ , num2str ( s i x ) ]) ;
91 %%
92 %The gathered convergence in format ion and the func t ion in

between s e t t e l d
93 %between and holding both requirements
94

95

96 ka2=[0.03 , 0.18 , 0 .9 , 1 .8 , 2 .9 , 3 .6 , 7 .3 , 9 .1 , 14 , 29 , 73];
97 pmin=[40 ,60 ,60 ,60 ,40 ,60 ,60 ,80 ,100 ,180 ,180];
98 pmax=[90 ,100 ,140 ,160 ,180 ,180 ,240 ,220 ,260 ,320 ,440];
99 g=5.*ka2 + 75;

100 f i g u r e (2)
101 p lo t (ka2 , pmax) , hold on ;
102 p lo t (ka2 , g) , hold on ;
103 p lo t (ka2 , pmin) , hold o f f ;
104 x l a b e l ( ’ ka ’ ) ;
105 y l a b e l ( ’ number of n−s used ’ ) ;
106 legend ( ’ upper l i m i t of n before the func t ion re tu rns NaN ’ , ’ f

( ka )=5 ka+75 ’ , ’ lower l i m i t where convergence a p p l i e s ’ ) ;
107 t i t l e ( ’ C y l i n d r i c a l wave ’ ) ;

A.2.1 Code for polar plots with different ka’s

This code is used to make figure 3.2.

1 f i g u r e (1)
2 subp lo t (2 ,2 ,1)
3 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (1 , f i , : ) ) , ’ g ’ ) ;
4 t i t l e ([ ’ ka= ’ , num2str ( k_0 (1) *a ) ]) ;
5

6 subp lo t (2 ,2 ,2)
7 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (2 , sec −5 ,:) ) , ’ g ’ ) ;
8 t i t l e ([ ’ ka= ’ , num2str ( k_0 (2) *a ) ]) ;
9

10 subp lo t (2 ,2 ,3)
11 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (3 , th i −5 ,:) ) , ’ g ’ ) ;
12 t i t l e ([ ’ ka= ’ , num2str ( k_0 (3) *a ) ]) ;
13

14 subp lo t (2 ,2 ,4)
15 p o l a r p l o t ( theta , exVecFromMat ( absp_to t (4 , fo , : ) ) , ’ g ’ ) ;
16 t i t l e ([ ’ ka= ’ , num2str ( k_0 (4) *a ) ]) ;
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A.2.2 exVecFromMat
1

2 func t ion vec=exVecFromMat (m)
3 %When p_tot i s a three−diment ional matr ix (m) , to be able to

run i t s va lues
4 %through the p o l a r p l o t funct ion , we need to e x t r a c t the

va lues needed from
5 %p_tot and save them in a vec to r :
6

7 f o r i =1: length (m(1 ,1 , : ) )
8 vec ( i )=m(1 ,1 , i ) ;
9 end

10

11 end
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A.3 Mapping and making area

1 %S c r i p t f o r c a l c u l a t i n g the areas of the t r a n s f e r func t ion
fo r s p e c i f i c

2 %microphone con f i gu ra t i ons , r1 and r2
3 c l e a r a l l
4 a=0.1; %Radius of c y l i n d e r
5 f =[20 25 31.5 40 50 63 80 100 125 160 200 250 315 400 500

630 800 1000 . . .
6 1250 1600 2000 2500 3150 4000 5000 6300 8000 10000 12500

16000 20000]; %Frequenc ies
7

8

9

10 r_q=5; %d i s t ance from center of c y l i n d e r to source ( note :
l i n e source )

11

12 r1 =0.16; %Dis tance to the f i r s t microphone
13 r2 =0.28; %Dis tance to the second microphone
14 the ta =0; %Angle of the microphone in r e l a t i o n to the

loudspeaker p o s i t i o n
15 c=343; %speed of sound
16 k_0=2*pi * f / c ; %wavenumber
17

18 upper l im i t=k_0*a*5+75; %The l i m i t of the m to sum over ,
dependant on frequency

19 f o r n=1: length ( f )
20 m(n , : ) =0: upper l im i t ;
21 end
22

23 Z_a (40 ,81)=0; %sur f a ce impedance of the c y l i n d e r
24

25 y=logspace (0 ,3 ,41) ;
26 f o r i =1:40
27 Z_a ( i , : )=Z_a ( i , : ) +0.1* i *y ( i ) ;
28 end
29 f o r j =−40:40
30 i f j <0
31 Z_a ( : , j +41)=Z_a ( : , j +41)+1i *0.1* j *y ( j *(−1) ) ;%10^(abs ( j ) ) *

j / abs ( j ) ;
32 e l s e i f j==0
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33 Z_a ( : , j +41)=Z_a ( : , j +41)+1i *0.1* j ;
34 e l s e
35 Z_a ( : , j +41)=Z_a ( : , j +41)+1i *0.1* j *y ( j ) ;
36 end
37 end
38 p_tot2 ( length ( f ) , length ( Z_a ( : , 1 ) ) , length ( Z_a ( 1 , : ) ) )=0;
39 p_tot1 ( length ( f ) , length ( Z_a ( : , 1 ) ) , length ( Z_a ( 1 , : ) ) )=0;
40

41 f o r q=1: length ( f )
42 f o r i =1: length ( Z_a ( : , 1 ) )
43 f o r j =1: length ( Z_a ( 1 , : ) )
44 p_tot2 (q , i , j )=cylWaveOnCyl ( f (q) , a , r_q , r2 , theta ,m(q

, : ) , Z_a ( i , j ) , c ) ;
45 p_tot1 (q , i , j )=cylWaveOnCyl ( f (q) , a , r_q , r1 , theta ,m(q

, : ) , Z_a ( i , j ) , c ) ;
46 end
47 end
48 end
49

50 H=p_tot1 . / p_tot2 ;
51

52

53 %FINDING THE RESTRAINTS TO CALCULATE THE AREA
54 imagRes1=imag (H( : , 1 ,1 ) ) ;
55 imagRes2=imag (H( : , 1 ,1 ) ) ;
56 rea lRes1=r e a l (H( : , 1 , 1 ) ) ;
57 rea lRes2=r e a l (H( : , 1 , 1 ) ) ;
58 f o r i =1: length (H( : , 1 ,1 ) )
59 f o r j =1: length (H(1 , : , 1 ) )
60 f o r l =1: length (H(1 ,1 , : ) )
61 i f imag (H( i , j , l ) )<imagRes1 ( i )
62 imagRes1 ( i )=imag (H( i , j , l ) ) ;
63 end
64 i f imag (H( i , j , l ) )>imagRes2 ( i )
65 imagRes2 ( i )=imag (H( i , j , l ) ) ;
66 end
67 i f r e a l (H( i , j , l ) )<realRes1 ( i )
68 rea lRes1 ( i )=r e a l (H( i , j , l ) ) ;
69 end
70 i f r e a l (H( i , j , l ) )>realRes2 ( i )
71 rea lRes2 ( i )=r e a l (H( i , j , l ) ) ;
72 end
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73 end
74 end
75 end
76

77 d i f f R ( length ( f ) )=0;
78 d i f f I ( length ( f ) )=0;
79 area ( length ( f ) )=0;
80 f o r i =1: length ( f )
81 d i f f R ( i )=realRes2 ( i )−rea lRes1 ( i ) ;
82 d i f f I ( i )=imagRes2 ( i )−imagRes1 ( i ) ;
83 area ( i )=d i f f R ( i ) * d i f f I ( i ) ;
84 end
85

86 %FIGURES
87 f i g u r e (1)
88 subp lo t (1 ,2 ,1)
89 f o r i =1: length ( Z_a ( : , 1 ) )−1
90 p lo t ( Z_a ( i , : ) , ’ r ’ )
91 hold on
92 end
93 p lo t ( Z_a ( length ( Z_a ( : , 1 ) ) , : ) , ’m ’ )
94 hold on
95

96 f o r j =1: length ( Z_a ( 1 , : ) )−1
97 p lo t ( r e a l ( Z_a ( : , j ) ) , imag ( Z_a ( : , j ) ) , ’ b ’ )
98 hold on
99 end

100 p lo t ( Z_a ( : , l ength ( Z_a ( 1 , : ) ) ) , ’ c ’ )
101 hold o f f
102 t i t l e ( ’ Z_a ’ )
103 x l a b e l ( ’ Re( Z_a ) ’ ) ;
104 y l a b e l ( ’ Img( Z_a ) ’ ) ;
105

106

107

108 %f i g u r e fo r the mapping
109 subp lo t (1 ,2 ,2)
110 f o r i =1: length (H(18 , : ,1 ) )−1
111 p lo t ( exVecFromMat (H(18 , i , : ) ) , ’−r ’ )
112 hold on
113 end
114 p lo t ( exVecFromMat (H(18 , length (H(1 , : , 1 ) ) , : ) ) , ’−m ’ )
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115 hold on
116

117 f o r j =1: length (H(18 ,1 , : ) )−1
118 p lo t (H(18 , : , j ) , ’−b ’ )
119 hold on
120 end
121 p lo t (H( 1 , : , l ength (H(18 ,1 , : ) ) ) , ’−c ’ )
122 hold on
123

124 t i t l e ([ ’H; r_1 = ’ , num2str ( r1 ) , ’ r_2 = ’ , num2str ( r2 ) ])
125 x l a b e l ( ’ Re(H) ’ ) ;
126 y l a b e l ( ’ Img(H) ’ ) ;
127

128 f i g u r e (2)
129 f o r i =1: length (H(18 , : ,1 ) )−1
130 p lo t ( exVecFromMat (H(18 , i , : ) ) , ’−r ’ )
131 hold on
132 end
133 p lo t ( exVecFromMat (H(18 , length (H(1 , : , 1 ) ) , : ) ) , ’−m ’ )
134 hold on
135

136 f o r j =1: length (H(18 ,1 , : ) )−1
137 p lo t (H(18 , : , j ) , ’−b ’ )
138 hold on
139 end
140 p lo t (H( 1 , : , l ength (H(18 ,1 , : ) ) ) , ’−c ’ )
141 hold on
142

143 p lo t ([ rea lRes1 (18) ; rea lRes2 (18) ] , [ imagRes1 (18) ; imagRes1
(18) ] , ’ g ’ ) , hold on

144 p lo t ([ rea lRes1 (18) ; rea lRes2 (18) ] , [ imagRes2 (18) ; imagRes2
(18) ] , ’ g ’ ) , hold on

145 p lo t ([ rea lRes1 (18) ; rea lRes1 (18) ] , [ imagRes1 (18) ; imagRes2
(18) ] , ’ g ’ ) , hold on

146 p lo t ([ rea lRes2 (18) ; rea lRes2 (18) ] , [ imagRes1 (18) ; imagRes2
(18) ] , ’ g ’ ) , hold o f f

147

148 t i t l e ([ ’H; r_1 = ’ , num2str ( r1 ) , ’ r_2 = ’ , num2str ( r2 ) ])
149 x l a b e l ( ’ Re(H) ’ ) ;
150 y l a b e l ( ’ Img(H) ’ ) ;
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A.4 Area comparison

1 %Compare areas from mapping and p lo t
2 c l e a r a l l
3

4

5 load ( ’ newarea013018 . mat ’ ) ;
6 area1318=area ;
7 c l e a r area
8 load ( ’ newarea013019 . mat ’ ) ;
9 area1319=area ;

10 c l e a r area
11 load ( ’ newarea013020 . mat ’ ) ;
12 area1320=area ;
13 c l e a r area
14 load ( ’ newarea013021 . mat ’ ) ;
15 area1321=area ;
16 c l e a r area
17 load ( ’ newarea013022 . mat ’ ) ;
18 area1322=area ;
19 c l e a r area
20 load ( ’ newarea013023 . mat ’ ) ;
21 area1323=area ;
22 c l e a r area
23 load ( ’ newarea013024 . mat ’ ) ;
24 area1324=area ;
25 c l e a r area
26 load ( ’ newarea013025 . mat ’ ) ;
27 area1325=area ;
28 c l e a r area
29 load ( ’ newarea013026 . mat ’ ) ;
30 area1326=area ;
31 c l e a r area
32 load ( ’ newarea013027 . mat ’ ) ;
33 area1327=area ;
34 c l e a r area
35 load ( ’ newarea013028 . mat ’ ) ;
36 area1328=area ;
37 c l e a r area
38

39 load ( ’ newarea014018 . mat ’ ) ;
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40 area1418=area ;
41 c l e a r area
42 load ( ’ newarea014019 . mat ’ ) ;
43 area1419=area ;
44 c l e a r area
45 load ( ’ newarea014020 . mat ’ ) ;
46 area1420=area ;
47 c l e a r area
48 load ( ’ newarea014021 . mat ’ ) ;
49 area1421=area ;
50 c l e a r area
51 load ( ’ newarea014022 . mat ’ ) ;
52 area1422=area ;
53 c l e a r area
54 load ( ’ newarea014023 . mat ’ ) ;
55 area1423=area ;
56 c l e a r area
57 load ( ’ newarea014024 . mat ’ ) ;
58 area1424=area ;
59 c l e a r area
60 load ( ’ newarea014025 . mat ’ ) ;
61 area1425=area ;
62 c l e a r area
63 load ( ’ newarea014026 . mat ’ ) ;
64 area1426=area ;
65 c l e a r area
66 load ( ’ newarea014027 . mat ’ ) ;
67 area1427=area ;
68 c l e a r area
69 load ( ’ newarea014028 . mat ’ ) ;
70 area1428=area ;
71 c l e a r area
72

73 load ( ’ newarea015020 . mat ’ ) ;
74 area1520=area ;
75 c l e a r area
76 load ( ’ newarea015021 . mat ’ ) ;
77 area1521=area ;
78 c l e a r area
79 load ( ’ newarea015022 . mat ’ ) ;
80 area1522=area ;
81 c l e a r area
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82 load ( ’ newarea015023 . mat ’ ) ;
83 area1523=area ;
84 c l e a r area
85 load ( ’ newarea015024 . mat ’ ) ;
86 area1524=area ;
87 c l e a r area
88 load ( ’ newarea015025 . mat ’ ) ;
89 area1525=area ;
90 c l e a r area
91 load ( ’ newarea015026 . mat ’ ) ;
92 area1526=area ;
93 c l e a r area
94 load ( ’ newarea015027 . mat ’ ) ;
95 area1527=area ;
96 c l e a r area
97 load ( ’ newarea015028 . mat ’ ) ;
98 area1528=area ;
99 c l e a r area

100

101 load ( ’ newarea016021 . mat ’ ) ;
102 area1621=area ;
103 c l e a r area
104 load ( ’ newarea016022 . mat ’ ) ;
105 area1622=area ;
106 c l e a r area
107 load ( ’ newarea016023 . mat ’ ) ;
108 area1623=area ;
109 c l e a r area
110 load ( ’ newarea016024 . mat ’ ) ;
111 area1624=area ;
112 c l e a r area
113 load ( ’ newarea016025 . mat ’ ) ;
114 area1625=area ;
115 c l e a r area
116 load ( ’ newarea016026 . mat ’ ) ;
117 area1626=area ;
118 c l e a r area
119 load ( ’ newarea016027 . mat ’ ) ;
120 area1627=area ;
121 c l e a r area
122 load ( ’ newarea016028 . mat ’ ) ;
123 area1628=area ;
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124 c l e a r area
125

126 f =[20 25 31.5 40 50 63 80 100 125 160 200 250 315 400 500
630 800 1000 . . .

127 1250 1600 2000 2500 3150 4000 5000 6300 8000 10000 12500
16000 20000];

128

129

130 area13=[area1318 ; area1319 ; area1320 ; area1321 ; area1322 ;
area1323 ; . . .

131 area1324 ; area1325 ; area1326 ; area1327 ; area1328 ] ;
132 area14=[area1418 ; area1419 ; area1420 ; area1421 ; area1422 ;

area1423 ; . . .
133 area1424 ; area1425 ; area1426 ; area1427 ; area1428 ] ;
134 area15=[area1520 ; area1521 ; area1522 ; area1523 ; area1524 ;

area1525 ; . . .
135 area1526 ; area1527 ; area1528 ] ;
136 area16=[area1621 ; area1622 ; area1623 ; area1624 ; area1625 ;

area1626 ; . . .
137 area1627 ; area1628 ] ;
138

139 p lac ing =11;
140

141 spot13 =[0.18 , 0.19 , 0.20 , 0.21 , 0.22 , 0.23 , 0.24 , 0.25 ,
0.26 , 0.27 , 0 .28] ;

142 spot14 =[0.18 , 0.19 , 0.20 , 0.21 , 0.22 , 0.23 , 0.24 , 0.25 ,
0.26 , 0.27 , 0 .28] ;

143 spot15 =[0.20 , 0.21 , 0.22 , 0.23 , 0.24 , 0.25 , 0.26 , 0.27 ,
0 .28] ;

144 spot16 =[0.21 , 0.22 , 0.23 , 0.24 , 0.25 , 0.26 , 0.27 , 0 .28] ;
145

146 %Comparing the areas , one p o s i t i o n of r2 at a time
147 %The comparisons are fo r each frequency , f i nd ing the l a r g e s t

area fo r each
148 %frequency and then the con f i gu ra t i on with the l a r g e s t i s

awarded with a
149 %point in sumarea . The spot with the l a r g e s t sumarea i s

found in pos−−a ,
150 %where the −− i s the r2 p o s i t i o n .
151 sumarea13 ( length ( area13 ( : , 1 ) ) )=0;
152 f o r i =1: length ( area13 ( 1 , : ) )
153 [max13 , pos13]=max( area13 ( : , i ) ) ;
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154 sumarea13 ( pos13 )=sumarea13 ( pos13 )+1;
155 end
156 [ maxarea13a , pos13a]=max( sumarea13 ( : ) ) ;
157

158 sumarea14 ( length ( area14 ( : , 1 ) ) )=0;
159 f o r i =1: length ( area14 ( 1 , : ) )
160 [max14 , pos14]=max( area14 ( : , i ) ) ;
161 sumarea14 ( pos14 )=sumarea14 ( pos14 )+1;
162 end
163 [ maxarea14a , pos14a]=max( sumarea14 ( : ) ) ;
164

165 sumarea15 ( length ( area15 ( : , 1 ) ) )=0;
166 f o r i =1: length ( area15 ( 1 , : ) )
167 [max15 , pos15]=max( area15 ( : , i ) ) ;
168 sumarea15 ( pos15 )=sumarea15 ( pos15 )+1;
169 end
170 [ maxarea15a , pos15a]=max( sumarea15 ( : ) ) ;
171

172 sumarea16 ( length ( area16 ( : , 1 ) ) )=0;
173 f o r i =1: length ( area16 ( 1 , : ) )
174 [max16 , pos16]=max( area16 ( : , i ) ) ;
175 sumarea16 ( pos16 )=sumarea16 ( pos16 )+1;
176 end
177 [ maxarea16a , pos16a]=max( sumarea16 ( : ) ) ;
178

179 %f ind ing the b igge s t area by comparing the b igge s t of each
of the f i x e d r2

180 maxtogether=[area13 ( pos13a , : ) ; area14 ( pos14a , : ) ; area15 (
pos15a , : ) ; area16 ( pos16a , : ) ] ;

181 sumareafu l l ( length ( maxtogether ( : , 1 ) ) )=0;
182 f o r i =1: length ( maxtogether ( 1 , : ) )
183 [ maxall , p o s a l l ]=max( maxtogether ( : , i ) ) ;
184 sumareafu l l ( p o s a l l )=sumareafu l l ( p o s a l l )+1;
185 end
186 %f ind ing the r i g h t p o s i t i o n of both r1 and r2
187 [ maxareafu l l toghether , p o s f u l l ]=max( sumareafu l l ( : ) ) ;
188 switch p o s f u l l
189 case 1
190 r2pos =0.13;
191 r1pos=spot13 ( pos13a ) ;
192 case 2
193 r2pos =0.14;
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194 r1pos=spot14 ( pos14a ) ;
195 case 3
196 r2pos =0.15;
197 r1pos=spot15 ( pos15a ) ;
198 case 4
199 r2pos =0.16;
200 r1pos=spot16 ( pos16a ) ;
201 end
202 %f i g u r e of the areas f o r d i f f e r e n t microphone c o n f i g u r a t i o n s

at one
203 %s p e c i f i c f requency
204 f i g u r e (1)
205 p lo t ( spot13 , area13 ( : , p lac ing ) ) , hold on ;
206 p lo t ( spot14 , area14 ( : , p lac ing ) ) , hold on ;
207 p lo t ( spot15 , area15 ( : , p lac ing ) ) , hold on ;
208 p lo t ( spot16 , area16 ( : , p lac ing ) ) , hold on ;
209 legend ( ’ r_1 = 0.13 ’ , ’ r_1 = 0.14 ’ , ’ r_1 = 0.15 ’ , ’ r_1 = 0.16 ’

)
210 x l a b e l ( ’ r_2 p o s i t i o n s ’ )
211 y l a b e l ( ’ area ’ )
212 t i t l e ([ ’ The dec l i ne of areas f o r f= ’ , num2str ( f ( p lac ing ) ) , ’

Hz ’ ] ) ;

50 Chapter A Coding in Matlab



A.5 Post-processing

1 c l e a r a l l
2 c l o s e a l l
3 %****************************************************
4 %**Code fo r post−proces s ing the measurement r e s u l t s **
5 %****************************************************
6 %By : L iv A s t r i d Nygaard
7 %Las t date of e d i t : June 19th , 2020
8

9

10 f =[20 25 31.5 40 50 63 80 100 125 160 200 250 315 400 500
630 800 1000 . . .

11 1250 1600 2000 2500 3150 4000 5000 6300 8000 10000 12500
16000 20000];

12 aco l =0.23;
13 a t ree =0.234;
14 r_qco l=4.629+aco l ;%0 .8*2 .4 ; %d i s t ance from center of

c y l i n d e r to source ( note : l i n e source )
15 r _q t r ee =4.127+at ree ;
16 r1co l=aco l +3;%0.28:0 .01:0 .3 ;% a :(0.5−a) /96 :0 .5 ;
17 r2co l=aco l +8;
18 r1 t r ee=at ree +3;
19 r2 t r ee=at ree +8;
20

21

22 the ta =0;
23 c=343;
24 k_0=2*pi * f / c ;
25

26 upper l im i t=k_0* aco l *5+75;
27 f o r n=1: length ( f )
28 m(n , : ) =0: upper l im i t ;
29 end
30

31

32 Z_a (40 ,81)=0;%0.5+0*1 i ; %sur f a ce impedance of the c y l i n d e r
33

34 y=logspace (0 ,3 ,41) ;
35 f o r i =1:40
36 Z_a ( i , : )=Z_a ( i , : ) +0.1* i *y ( i ) ;
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37 end
38 f o r j =−40:40
39 i f j <0
40 Z_a ( : , j +41)=Z_a ( : , j +41)+1i *0.1* j *y ( j *(−1) ) ;%10^(abs ( j ) ) *

j / abs ( j ) ;
41 e l s e i f j==0
42 Z_a ( : , j +41)=Z_a ( : , j +41)+1i *0.1* j ;
43 e l s e
44 Z_a ( : , j +41)=Z_a ( : , j +41)+1i *0.1* j *y ( j ) ;
45 end
46 end
47

48 %Simulat ion of the same case
49 p_ to t1co l ( length ( f ) , length ( Z_a ( : , 1 ) ) , length ( Z_a ( 1 , : ) ) )=0;
50 p_ to t2co l ( length ( f ) , length ( Z_a ( : , 1 ) ) , length ( Z_a ( 1 , : ) ) )=0;
51 p_ to t1 t r ee ( length ( f ) , length ( Z_a ( : , 1 ) ) , length ( Z_a ( 1 , : ) ) )=0;
52 p_ to t2 t r ee ( length ( f ) , length ( Z_a ( : , 1 ) ) , length ( Z_a ( 1 , : ) ) )=0;
53 %p_s1 ( length ( f ) , length ( Z_a ( : , 1 ) ) , length ( Z_a ( 1 , : ) ) )=0;
54 %p_s2 ( length ( f ) , length ( Z_a ( : , 1 ) ) , length ( Z_a ( 1 , : ) ) )=0;
55

56 f o r q=1: length ( f )
57 f o r i =1: length ( Z_a ( : , 1 ) )
58 f o r j =1: length ( Z_a ( 1 , : ) )
59 p_ to t1co l (q , i , j )=cylWaveOnCyl ( f (q) , acol , r_qcol , r1col

, theta ,m(q , : ) , Z_a ( i , j ) , c ) ;
60 p_ to t2co l (q , i , j )=cylWaveOnCyl ( f (q) , acol , r_qcol , r2col

, theta ,m(q , : ) , Z_a ( i , j ) , c ) ;
61 p_ to t1 t r ee (q , i , j )=cylWaveOnCyl ( f (q) , atree , r_qt ree ,

r1t ree , theta ,m(q , : ) , Z_a ( i , j ) , c ) ;
62 p_ to t2 t r ee (q , i , j )=cylWaveOnCyl ( f (q) , atree , r_qt ree ,

r2t ree , theta ,m(q , : ) , Z_a ( i , j ) , c ) ;
63 end
64 end
65 end
66 Hcolsim=p_to t2co l . / p_ to t1co l ;
67 Htree=p_ to t2 t r ee . / p_ to t1 t r ee ;
68

69 %%
70

71 %Loading the data fo r the f i v e d i f f e r e n t cases :
72 %Col : Concrete c y l i n d e r without absorber
73 %Colabs : Concrete c y l i n d e r with absorber
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74 %Nocyl : f r e e f i e l d measurement without any r e f l e c t i n g
su r f a ce

75 %Treeabs : beech measurement with absorber
76 %Treebark : beech measurement without absorber
77

78 %For a l l f i v e cases the same operat ion i s done , so comments
on the " co l "

79 %case i s a p p l i c a b l e to a l l
80

81 co l=importdata ( ’ co l1 . t x t ’ , ’ \ t ’ , 22) ;
82 co labs=importdata ( ’ meas1colabs . t x t ’ , ’ \ t ’ ,22) ;
83 t r eeabs=importdata ( ’ measurement1treeabs . t x t ’ , ’ \ t ’ ,22) ;
84 t r eebark=importdata ( ’ t reebark1 . t x t ’ , ’ \ t ’ , 22) ;
85 nocyl=importdata ( ’ nocyl2 . t x t ’ , ’ \ t ’ ,22) ;
86

87 f s =44100; %Sampling frequency from the measurement data f i l e
88 t imelength =1500; %Windowing time to r e s t r i c t the measurement

to only d i r e c t sound and r e f l e c t e d sound from the t r e e
89 co l t ime=co l . data (1 : t imelength ,1 ) ; %the time in seconds
90 colp1=co l . data (1 : t imelength ,2 ) ; %measurement from the f i r s t

microphone
91 colp2=co l . data (1 : t imelength ,3 ) ; %Measurement from the second

microphone
92 % col t ime=co l . data ( : , 1 ) ; %Thehse are opt ions tha t take in

the whole length
93 % colp1=co l . data ( : , 2 ) ;
94 % colp2=co l . data ( : , 3 ) ;
95 COLp1=f f t ( colp1 ) ; %FFT of the f i r s t measurement
96 COLp2=f f t ( colp2 ) ; %FFT of the second measurement
97 Lco l=length ( co l t ime ) ;
98 f c o l = f s *(0 : ( Lcol−1)) / Lco l ; %the frequency spec t r a
99 Hcol=COLp2 . / COLp1 ; %Trans fe r func t ion dependant on frequency

100

101 co labs t ime=co labs . data (1 : t imelength ,1 ) ;
102 colabsp1=co labs . data (1 : t imelength ,2 ) ;
103 colabsp2=co labs . data (1 : t imelength ,3 ) ;
104 % colabs t ime=co labs . data ( : , 1 ) ;
105 % colabsp1=co labs . data ( : , 2 ) ;
106 % colabsp2=co labs . data ( : , 3 ) ;
107 COLABSp1=f f t ( colabsp1 ) ;
108 COLABSp2=f f t ( colabsp2 ) ;
109 Lco labs=length ( co labs t ime ) ;
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110 f c o l a b s=f s *(0 : ( Lcolabs−1)) / Lco labs ;
111 Hcolabs=COLABSp2 . / COLABSp1 ;
112

113 t reeabs t ime=treeabs . data (1 : t imelength ,1 ) ;
114 t reeabsp1=treeabs . data (1 : t imelength ,2 ) ;
115 t reeabsp2=treeabs . data (1 : t imelength ,3 ) ;
116 % treeabs t ime=treeabs . data ( : , 1 ) ;
117 % treeabsp1=treeabs . data ( : , 2 ) ;
118 % treeabsp2=treeabs . data ( : , 3 ) ;
119 TREEABSp1=f f t ( t reeabsp1 ) ;
120 TREEABSp2=f f t ( t reeabsp2 ) ;
121 Lt reeabs=length ( t reeabs t ime ) ;
122 f t r e e a b s=f s *(0 : ( Ltreeabs −1)) / L t reeabs ;
123 Htreeabs=TREEABSp2 . / TREEABSp1 ;
124

125 t reebark t ime=treebark . data (1 : t imelength ,1 ) ;
126 t reebarkp1=treebark . data (1 : t imelength ,2 ) ;
127 t reebarkp2=treebark . data (1 : t imelength ,3 ) ;
128 % treebark t ime=treebark . data ( : , 1 ) ;
129 % treebarkp1=treebark . data ( : , 2 ) ;
130 % treebarkp2=treebark . data ( : , 3 ) ;
131 TREEBARKp1=treebarkp1 ;
132 TREEBARKp2=treebarkp2 ;
133 Lt reebark=length ( t reebark t ime ) ;
134 f t r e e b a r k=f s *(0 : ( Ltreebark −1)) / Lt reebark ;
135 Htreebark=TREEBARKp2 . / TREEBARKp1 ;
136

137 nocyl t ime=nocyl . data (1 : t imelength ,1 ) ;
138 nocylp1=nocyl . data (1 : t imelength ,2 ) ;
139 nocylp2=nocyl . data (1 : t imelength ,3 ) ;
140 % nocyl t ime=nocyl . data ( : , 1 ) ;
141 % nocylp1=nocyl . data ( : , 2 ) ;
142 % nocylp2=nocyl . data ( : , 3 ) ;
143 NOCYLp1=f f t ( nocylp1 ) ;
144 NOCYLp2=f f t ( nocylp2 ) ;
145 Lnocyl=length ( nocyl t ime ) ;
146 fnoco l=f s *(0 : ( Lnocyl−1)) / Lnocyl ;
147 Hnocyl=NOCYLp2 . /NOCYLp1;
148

149 %%
150 %Averaging a l l the measurement over the th i rd−ocatve bands

tha t i s used in the
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151 %simula t ion to make accura te comparisons
152 %The new t r a n s f e r func t i on s are saved in Hcol2 and so on .
153

154 Hcol2 ( length ( f ) )=0;
155 Hnocyl2 ( length ( f ) )=0;
156 Htreebark2 ( length ( f ) )=0;
157 Htreeabs2 ( length ( f ) )=0;
158 Hcolabs2 ( length ( f ) )=0;
159 Hcylabs2 ( length ( f ) )=0;
160 lower l imco l =1;
161 lower l imnocyl=1;
162 lower l imtreebark =1;
163 l ower l imtreeabs =1;
164 l ower l imcy labs =1;
165 f o r i =1: length ( f )−1
166 uplim=f ( i )+(f ( i +1)−f ( i ) ) /(2) ;
167 [~, indexco l]=min( abs ( f co l−uplim ) ) ;
168 [~, indexnocyl]=min( abs ( fnocol−uplim ) ) ;
169 [~, indext reebark]=min( abs ( f t r eebark−uplim ) ) ;
170 [~, index t reeabs]=min( abs ( f t r eeabs−uplim ) ) ;
171 [~, indexcy labs]=min( abs ( f co labs−uplim ) ) ;
172 Hcol2 ( i )=mean( Hcol ( lower l imco l : indexco l ) ) ;
173 Hnocyl2 ( i )=mean( Hnocyl ( lower l imco l : indexnocyl ) ) ;
174 Htreebark2 ( i )=mean( Htreebark ( lower l imtreebark :

indext reebark ) ) ;
175 Htreeabs2 ( i )=mean( Htreeabs ( lower l imtreeabs : index t reeabs )

) ;
176 Hcylabs2 ( i )=mean( Hcolabs ( lower l imcy labs : indexcy labs ) ) ;
177 lower l imco l=indexco l +1;
178 lower l imnocyl=indexnocyl+1;
179 lower l imtreebark=indext reebark +1;
180 l ower l imtreeabs=index t reeabs +1;
181 l ower l imcy labs=indexcy labs +1;
182

183 end
184

185 uplim=f ( length ( f ) ) ;
186 [~, indexco l]=min( abs ( f co l−uplim ) ) ;
187 Hcol2 ( length ( f ) )=mean( Hcol ( lower l imco l : indexnocyl ) ) ;
188 [~, indexnocyl]=min( abs ( fnocol−uplim ) ) ;
189 Hnocyl2 ( length ( f ) )=mean( Hnocyl ( lower l imco l : indexnocyl ) ) ;
190 [~, indext reebark]=min( abs ( f t r eebark−uplim ) ) ;
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191 Htreebark2 ( length ( f ) )=mean( Htreebark ( lower l imtreebark :
indext reebark ) ) ;

192 [~, index t reeabs]=min( abs ( f t r eeabs−uplim ) ) ;
193 Htreeabs2 ( length ( f ) )=mean( Htreeabs ( lower l imtreeabs :

index t reeabs ) ) ;
194 [~, indexcy labs]=min( abs ( f co labs−uplim ) ) ;
195 Hcylabs2 ( length ( f ) )=mean( Hcolabs ( lower l imcy labs : indexcy labs )

) ;
196

197 %%
198 %FInd Z_a by comparing the H from the model with H from the

measurements
199 Z_col ( length ( f ) )=0;
200 r ea lpos =1;
201 imagpos=1;
202 f o r i =1: length ( f )
203 f o r re=2: length ( Z_a ( : , 1 ) )
204 f o r im=2: length ( Z_a ( 1 , : ) )
205 i f abs ( Hcolsim ( i , re , im)−Hcol2 ( i ) )<abs ( Hcolsim ( i , rea lpos ,

imagpos )−Hcol2 ( i ) )
206 r ea lpos=re ;
207 imagpos=im ;
208 end
209 end
210 end
211 Z_col ( i )=Z_a ( rea lpos , imagpos ) ;
212 r ea lpos =1;
213 imagpos=1;
214 end
215

216 Z_nocyl ( length ( f ) )=0;
217 r ea lpos =1;
218 imagpos=1;
219 f o r i =1: length ( f )
220 f o r re=2: length ( Z_a ( : , 1 ) )
221 f o r im=2: length ( Z_a ( 1 , : ) )
222 i f abs ( Hcolsim ( i , re , im)−Hnocyl2 ( i ) )<abs ( Hcolsim ( i ,

rea lpos , imagpos )−Hnocyl2 ( i ) )
223 r ea lpos=re ;
224 imagpos=im ;
225 end
226 end
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227 end
228

229 Z_nocyl ( i )=Z_a ( rea lpos , imagpos ) ;
230 r ea lpos =1;
231 imagpos=1;
232 end
233

234 Z_treebark ( length ( f ) )=0;
235 r ea lpos =1;
236 imagpos=1;
237 f o r i =1: length ( f )
238 f o r re=2: length ( Z_a ( : , 1 ) )
239 f o r im=2: length ( Z_a ( 1 , : ) )
240 i f abs ( Htree ( i , re , im)−Htreebark2 ( i ) )<abs ( Htree ( i , rea lpos

, imagpos )−Htreebark2 ( i ) )
241 r ea lpos=re ;
242 imagpos=im ;
243 end
244 end
245 end
246

247 Z_treebark ( i )=Z_a ( rea lpos , imagpos ) ;
248 r ea lpos =1;
249 imagpos=1;
250 end
251

252 Z_treeabs ( length ( f ) )=0;
253 r ea lpos =1;
254 imagpos=1;
255 f o r i =1: length ( f )
256 f o r re=2: length ( Z_a ( : , 1 ) )
257 f o r im=2: length ( Z_a ( 1 , : ) )
258 i f abs ( Htree ( i , re , im)−Htreeabs2 ( i ) )<abs ( Htree ( i , rea lpos ,

imagpos )−Htreeabs2 ( i ) )
259 r ea lpos=re ;
260 imagpos=im ;
261 end
262 end
263 end
264

265 Z_treeabs ( i )=Z_a ( rea lpos , imagpos ) ;
266 r ea lpos =1;
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267 imagpos=1;
268 end
269

270 Z_colabs ( length ( f ) )=0;
271 r ea lpos =1;
272 imagpos=1;
273 f o r i =1: length ( f )
274 f o r re=2: length ( Z_a ( : , 1 ) )
275 f o r im=2: length ( Z_a ( 1 , : ) )
276 i f abs ( Hcolsim ( i , re , im)−Hcolabs2 ( i ) )<abs ( Hcolsim ( i ,

rea lpos , imagpos )−Hcolabs2 ( i ) )
277 r ea lpos=re ;
278 imagpos=im ;
279 end
280 end
281 end
282

283 Z_colabs ( i )=Z_a ( rea lpos , imagpos ) ;
284 r ea lpos =1;
285 imagpos=1;
286 end
287

288

289 %%
290 %Figures
291

292

293 %
294 % f i g u r e (1)
295 % semilogx ( f , r e a l ( Hcol2 ) , ’ r ’ ) , hold on ;
296 % semilogx ( f , imag ( Hcol2 ) , ’ r : ’ ) , hold on ;
297 % semilogx ( f , r e a l ( Hnocyl2 ) , ’ b ’ ) , hold on ;
298 % semilogx ( f , imag ( Hnocyl2 ) , ’ b : ’ ) , hold o f f ;
299 % legend ( ’ Hcolrea l ’ , ’ Hnocylimag ’ , ’ Hnocylreal ’ , ’ Hnocylimag ’ )

;
300 % gr id on ;
301 % xlim ([100 6000])
302 %[ p_tot , p a r t i a l ]=cylWaveOnCyl ( f , a , r_q , r1 , theta ,m, Z_a , c ) ; ’
303 %H=p_tot2 . / p_tot1 ;
304 f i g u r e (1)
305 semilogx ( f , r e a l ( Z_col ) , ’ r ’ ) , hold on ;
306 semilogx ( f , r e a l ( Z_colabs ) , ’ b ’ ) , hold on ;
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307 semilogx ( f , r e a l ( Z_nocyl ) , ’ c ’ ) , hold on ;
308 semilogx ( f , r e a l ( Z_treebark ) , ’m ’ ) , hold on ;
309 semilogx ( f , r e a l ( Z_treeabs ) , ’ g ’ ) , hold o f f ;
310 legend ( ’ concre te colum ’ , ’ column with absorber ’ , ’ f r e e f i e l d ’ ,

’ t r e e bark ’ , ’ t r e e with absorber ’ )
311 x l a b e l ( ’ Frequency [Hz] [100−6000] ’ )
312 y l a b e l ( ’ Real ( Z_a ) ’ )
313 t i t l e ( ’ The r e a l par t of the measured Z_a ’ )
314 xlim ([100 6000])
315

316 f i g u r e (2)
317 semilogx ( f , imag ( Z_col ) , ’ r ’ ) , hold on ;
318 semilogx ( f , imag ( Z_colabs ) , ’ b ’ ) , hold on ;
319 semilogx ( f , imag ( Z_nocyl ) , ’ c ’ ) , hold on ;
320 semilogx ( f , imag ( Z_treebark ) , ’m ’ ) , hold on ;
321 semilogx ( f , imag ( Z_treeabs ) , ’ g ’ ) , hold o f f ;
322 legend ( ’ concre te colum ’ , ’ column with absorber ’ , ’ f r e e f i e l d ’ ,

’ t r e e bark ’ , ’ t r e e with absorber ’ )
323 x l a b e l ( ’ Frequency [Hz][100−6000] ’ )
324 y l a b e l ( ’ Imag( Z_a ) ’ )
325 t i t l e ( ’ The imaginary par t of the measured Z_a ’ )
326 xlim ([100 6000])
327

328

329 p l o t f r e q=f ind ( f==3150) ;
330

331 f i g u r e (3)
332 f o r i =1: length ( Hcolsim ( p lo t f r eq , : , 1 ) )−1
333 p lo t ( exVecFromMat ( Hcolsim ( p lo t f r eq , i , : ) ) , ’−r ’ )
334 hold on
335 end
336 p lo t ( exVecFromMat ( Hcolsim ( p lo t f r eq , length ( Hcolsim (1 , : , 1 ) ) , : )

) , ’−r ’ )
337 hold on
338

339 f o r j =1: length ( Hcolsim ( p lo t f r eq , 1 , : ) )−1
340 p lo t ( Hcolsim ( p lo t f r eq , : , j ) , ’−b ’ )
341 hold on
342 end
343 p lo t ( Hcolsim ( 1 , : , l ength ( Hcolsim ( p lo t f r eq , 1 , : ) ) ) , ’−b ’ )
344 hold on
345 %Tree in cyan and magenta
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346 f o r i =1: length ( Htree ( p lo t f r eq , : , 1 ) )−1
347 p lo t ( exVecFromMat ( Htree ( p lo t f r eq , i , : ) ) , ’−m ’ )
348 hold on
349 end
350 p lo t ( exVecFromMat ( Htree ( p lo t f r eq , length ( Htree (1 , : , 1 ) ) , : ) ) , ’−

m ’ )
351 hold on
352

353 f o r j =1: length ( Htree ( p lo t f r eq , 1 , : ) )−1
354 p lo t ( Htree ( p lo t f r eq , : , j ) , ’−c ’ )
355 hold on
356 end
357 p lo t ( Htree ( 1 , : , l ength ( Htree ( p lo t f r eq , 1 , : ) ) ) , ’−c ’ )
358 hold on
359

360 t i t l e ( ’H represented f o r the s imulated and measured cases ’ )
361 x l a b e l ( ’ Re(H) ’ ) ;
362 y l a b e l ( ’ Img(H) ’ ) ;
363

364 Hcomb=[Hcol2 ; Htreebark2 ; Hcolabs2 ; Htreeabs2 ; Hnocyl2 ] ;
365 p lo t (Hcomb( : , p l o t f r e q ) ) , hold on ;
366 p lo t ( Hcol2 ( p l o t f r e q ) , ’ r * ’ ) , hold o f f ;
367 % plo t ( Htreebark2 ( p l o t f r e q ) , ’m* ’ ) , hold on ;
368 % plo t ( Hcolabs2 ( p l o t f r e q ) , ’ b * ’ ) , hold on ;
369 % plo t ( Hnocyl2 ( p l o t f r e q ) , ’ c * ’ ) , hold on ;
370 % plo t ( Htreeabs2 ( p l o t f r e q ) , ’ g * ’ ) , hold o f f ;
371

372

373

374 %plo t of impulse responses
375 f i g u r e (4)
376 subp lo t (5 ,1 ,1)
377 p lo t ( nocylt ime , nocylp1 ) ;
378 t i t l e ( ’ Free f i e l d ’ )
379 subp lo t (5 ,1 ,2)
380 p lo t ( t reeabst ime , t reeabsp1 )
381 t i t l e ( ’ Tree with absorber ’ )
382 subp lo t (5 ,1 ,3)
383 p lo t ( colabst ime , colabsp1 )
384 t i t l e ( ’ Colum in concre te with absorber ’ )
385 subp lo t (5 ,1 ,4)
386 p lo t ( t reebarkt ime , t reebarkp1 )
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387 t i t l e ( ’ Tree bark ’ )
388 subp lo t (5 ,1 ,5)
389 p lo t ( col t ime , colp1 )
390 t i t l e ( ’ Concrete column ’ )
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B
Standing wave tube
measurements

B.1 Impedance
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Fig. B.1.: The impedance measured and calculated for the samples of wood fibres laid flat
and using a standing wave tube
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B.2 Absorbtion
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Fig. B.2.: The absorbtion measured for the samples of wood fibres laid flat and using a
standing wave tube
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