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Introduction

The technique of Acoustic travel-time TOMography
(ATOM) allows for measuring the distribution of air
temperatures throughout the entire room based on the
determined sound-travel-times of early reflections, currently
up to second order reflections. The number of detected early
reflections in the room impulse response (RIR) which stands
for the desired sound paths inside the room, has a significant
impact on the resolution of reconstructed temperatures. This
study investigates the possibility of utilizing an array of
directional sound sources for ATOM measurements instead of
a single omnidirectional loudspeaker used in the previous
studies [1-3]. The developed measurement setup consists of
two directional sound sources placed near the edge of the floor
in the climate chamber of the Bauhaus-University Weimar
and one omnidirectional receiver at center of the room near
the ceiling. In order to compensate for the reduced number of
sound paths when using directional sound sources, it is
proposed to take high-energy early reflections up to third
order into account. For this purpose, the simulated travel-
times up to third-order image sources were implemented in
the image source model (ISM) algorithm, by which these
early reflections can be detected effectively for air
temperature reconstructions. To minimize the uncertainties of
travel-times estimation due to the positioning of the sound
transducers inside the room, measurements were conducted to
determine the exact emitting point of the utilized sound source
i.e. its acoustic center (AC). For these measurements, three
types of excitation signals (MLS, linear and logarithmic chirp
signals) with various frequency ranges were used considering
that the acoustic center of a sound source is a frequency
dependent parameter [4]. Furthermore, measurements were
conducted to determine an optimum excitation signal based
on the given condition of the ATOM measurement set-up
which defines an optimum method for the RIR estimation
correspondingly. Finally, the uncertainty of the measuring
system utilizing an array of directional sound sources was
analyzed.

Fundamentals of the simulation model

In geometrical room acoustic, ISM is an efficient approach to
simulate the distribution of the early reflections and their
corresponding travel-times for given transducers locations
inside closed rooms [5]. According to ISM, the original sound
source located in a rectangular room is mirrored at wall planes
generating a virtual sound source on the opposite side of the
wall called image source. The image source obtained by the
first mirror of the original sound source at the corresponding
wall plane is referred to the first-order image source. The
order of the image source is described as how many times the
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sound source is mirrored at reflecting surfaces. The first-order
image source S; shown in Fig. 1 can be described as

Si=S8+2((P,—S)-nn; )

where S is the original sound source, 7; is the wall normal
vector |1;| = 1, P; is any intersection point of the reflection
path on the wall i, (P; — S) - 1; is the scalar product between
(P, — S) and 7i; which provides in the minimum distance
between the room surface and the sound source [5,6].
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Figure 1: Image source model of a rectangular room. The S;,

Sy, and Sy are the first, second and third-order image

sources, respectively. The corresponding first, second and

third-order reflection paths inside the room are given by

blue, red and violet, respectively.
To achieve the higher order image source, the process of
mirroring is continued until a desired order of image sources
is reached. For generating the second-order image source S;;,
the first-order image source S;is mirrored at the second
corresponding reflected surface wallj thus S;; can be
described as

Sij = Si+2((P — Sp) - 1y 2)

where P; is any intersection point of the reflection path on the
wall j. Accordingly, the third-order image source that is
generated by mirroring S;; at the third reflecting surface,
wall k, can be described as

Sije = Sij + 2((P — Sij) * )1y 3)

where P, is any intersection point of the reflection path on the
wall k. Fig. 1 shows this procedure of ISM up to third-order
image sources (S;, S;;, Sji) applied to the corresponding wall
planes (wall i, wall j, wall k), respectively. Generally, to
determine the different reflection points on the reflection
surfaces for specific receiver position and for each image
source a back-tracing method can be used. According to this
method, the line between the nth-order image source and the
receiver should have an intersection point with the last
reflected wall. This back-tracing procedure is repeated along
the chain of image sources until it reaches the original sound



source. The third-order reflection path in Fig. 1 can be seen as
an example in which a straight line between the receiver point
and the third-order image source (ﬁi jk) has an intersection
point (P,,) with the last reflected wall (wall k). Subsequently,
ﬁi ; has an intersection point (13]) onwall j and 1’5].5?1 has an
intersection point (pﬁ) on wall i. Lastly, the original sound

source can be reached (13i§). Consequently, this third-order
image source corresponds to a reflection path inside the room
which its length is equal to the distance between the image
source and the receiver |S;;; — R|. To derive the travel times
along generated reflections up to the desired order, the
calculated sound paths lengths are divided by speed of sound,
¢, where the size is initially assumed to be constant throughout
the entire room. Considering the third-order image source, the
travel-time along the corresponding reflection path 7,5, is
determined by

Ty = P )
The number of travel-times mapped in the simulated impulse
response particularly is influenced by the directivity of the
sound source and receiver. To consider the frequency-
dependent practical spreading angle of the sound source
(Bsource) In the simulation model, first, the angle between the

vector of direct path (ﬁ in Fig. 2) and the vector of the first
segment of every reflection path up to third order image

c

sources (SP, in Fig. 2) is calculated using the following
SR 5P,
ISR||SPp|

cos 0, =

(&)

P,

Figure 2: Directivity of the loudspeaker in the simulation

model for a defined frequency range. When the angle of the

first segment of a sound path 8,, with the direct path’s vector

is less than half the angle of the sound source, the sound path

is considered as the valid path.
Consequently, every simulated sound path satisfied the
corresponding condition of 6,, < Oyyce/2 can be considered
as a sound path produced in the room based on the given
coordinates of the sound source and receiver. In practice, the
energy outside the directivity angle of the sound source is not
considered in the simulation.

Fig. 3 shows an example of simulated impulse response
derived from ISM in which the travel times up to third-order
image sources are simulated for a given location of a sound
source and receiver inside the rectangular dimension of the
climate chamber (2.98 m x 2.99 m x 2.41 m). The horizontal
axis shows travel-times of the sound paths up to third-order
reflections. The vertical axis presents the amplitude of the
sound paths. As in this simulation only the time of arrival of
the sound signal is of interest, no energy is converted in the
calculation model and all incoming sound paths still have one
hundred percentage of the sound energy. Fig. 4 illustrates the
distribution of the sound paths inside the climate chamber lab
when the two directional sound sources and one
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omnidirectional are located at the calculated coordinates. The
coordinates of transducers were calculated using the adjusted
numerical method presented in [1] which allows for a proper
separation of the travel times (see Fig. 3) and coverage of the
room with the sound paths (see Fig. 4).
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Figure 3: An example of a simulated reflectogram derived from ISM
showing the travel times of early reflections up to third order image
sources for the given coordinates of transducers.

25

z[m]

Figure 4: Distribution of the sound paths for the two directional
sound sources and one omnidirectional receiver located at the
calculated coordinates.

Acoustic center of the loudspeaker

The accuracy in the position of the acoustic center of the
loudspeaker i.e. the point from which the loudspeaker emits
sound has a significant influence on the accuracy of the
measured sound velocity. There are several methods for
determining the acoustic center of a transducer such as
methods based on deviations from the inverse distance law
and methods based on the phase response [4,7]. The method
applied in this study is based on the analyzing of direction-
dependent impulse responses relative to the position of the
rotation axis of the loudspeaker described by [8]. The acoustic
center is measured using three types of excitation signals with
different frequency ranges. For the measurement, the
loudspeaker was placed on a turnable table in which the
rotation axis of the table and the loudspeaker bead as the set-
point are above to each other. Fig. 5 shows the position of the
loudspeaker relative to the rotational axis position of the table.
In the case that the sought acoustic center and the rotational
axis are above each other, by rotating the table, there would
be no change in the position of the source and thus no
perceptible change in the level and delay differences [8]. This
condition is valid particularly for the source orientations from
—90° to 90° range. Outside this range, diffraction and
shadowing effects become increasingly apparent due to the
increased influence of the loudspeaker enclosure [8]. This can
be seen in Fig. 6 when the travel time of the direct path
between the loudspeaker and receiver, which placed at the
distance of 1 m from the sound source at the same height, was
measured for different displacements and different angles.
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Figure 5: The measurement setup for measuring the acoustic

center of the loudspeaker in the anechoic climate chamber,

as well as the status of the turnable table and the axis of

rotations and displacements.
The time of arrival of the direct path was recorded for the
following displacements of 0 cm, 1 ¢cm, 2 cm, 4 cm, 11 cm, -
6 cm and -2 cm using an MLS signal with order of n= 18 and
duration of 1.21 s. The negative values of the displacement
mean that the loudspeaker is displaced against the receiver
position and the positive values are for movements towards
the receiver. For each displacement, the source was orientated
from —180° to 180° with an interval of 10°. As it is shown in
Fig. 6, there is barley influence of the loudspeaker enclosure
in the range of |a| < 90°. This results in an identical time of
arrival at a = £90°.
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Figure 6: The travel-time of the direct path between the
loudspeaker and microphone for each displacement of the
loudspeaker and each angle using MLS signal
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To calculate the acoustic center point, the difference between
the travel-times at the angle of 0° and 90° for each
displacement point was calculated and converted to distance.
This conversion can be done through multiplying the travel-
times by the sound velocity in the room. Fig. 7 shows the
differences of the direct path’s travel-time between the source
alignment of 0° and 90° for the following displacements of
0 cm, 2 cm and -2 cm for linear chirp signals with 6 different
frequency ranges. As it is shown in Fig.7, the calculated points
always create a linear curve thus the acoustic center is equal
to the point where the difference between the travel times
measured at the angle of 0° and 90° is equal to zero.
Accordingly, the acoustic center is measured for the following
excitation signals: MLS signals with three different orders of
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n 17, 18, and 19 and different signal lengths
correspondingly as well as linear and logarithmic chirp
signals with various frequency ranges as outlined in Fig. 7.
Subsequently, based on the directivity pattern and the
performance of the tested loudspeaker, the three excitation
signals, MLS (order n= 18, AC=0.92 cm), a linear chirp (200
— 4000 Hz, AC = -0.83 cm) and a logarithmic chirp (200 —
4000 Hz, AC = -0.92 cm) were chosen for the travel-time
analysis.
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Figure 7: The differences of the direct path’s travel-time
between the source alignment of 0° and 90° for linear chirp
signals with 6 different frequency ranges. The linear
progression of the curve can be used to calculate the position
of the acoustic center in relation to the rotation axis [8].

Travel-time analysis

The developed measurement set-up was tested for the three
chosen excitation signals. Accordingly, the measurements
were conducted under uniform temperature conditions in the
climate chamber for the five temperature ranges (20 °C,
21°C, 22 °C, 23 °C and 24 °C). To reach a steady-state
condition, the climate chamber was left overnight after each
temperature changes. For the temperature regulation, the
ventilation was off and the interior surfaces of the chamber
were heated/cooled to the same uniform temperature so that
neither forced nor natural convection could occur in the
chamber.

For the MLS signal, to extract the travel-time between the
emitted and the received signal, the cross-correlating
technique was used. To achieve the RIR using linear and
logarithmic chirp signals, the matched filter technique was
used [9]. To minimize background noise and scattering errors,
the estimated RIR were averaged over “10” reflectograms for
each loudspeaker. For the given coordinates of the transducers
inside the chamber, the number of simulated sound paths for
each loudspeaker is equal to “16”. Considering two
loudspeakers in the set-up, the total number of measured
travel-times is “32”. The number of measurement repetitions
is set to “15” for each temperature range. Accordingly, an
extensive comparison has been made to analyze the variation
of the measured travel-times resulted from applying the three
excitation signals. For this travel-time analysis, the
differences between the measured and simulated travel-times
for the “32” individual sound paths were calculated.
Subsequently, the variances for the travel-time deviations
were determined for 15 measurement repetitions. Fig. 8
illustrates the average of the variances over the entire sound
paths in each temperature range. As it is shown in Fig. 8, the
linear chirp signal with the minimum variance reveals a



proper behavior in terms of stability of the measured travel-
times.

E LinChirp ELogChirp B MLS

0.5

0.4 .—1
g g3l @
g o3 SFIS Xs&
g n g S o
< 0.2 - ; s
= 3

 illl

0
20°C 21°C 22°C
Temperature

Figure 8: The variances over the entire sound paths in each
temperature. Linear chirp is ranked first with a minimum
variance of travel times; MLS and logarithmic chirp signals
are ranked second and third respectively.

Uncertainty quantification

The same measurement procedure described in travel-time
analysis was performed to monitor the air temperature
distributions using the defined linear chirp signal. For the
temperature reconstruction, the volume of the chamber has
been divided evenly into 27 voxels where the volume of each
voxel is 0.99 m - 1.00 m - 0.80 m. To validate the ATOM
reconstructed temperatures, nine NTC thermistors were
placed at the center of nine of the 27 tomographic voxels (see
Fig. 9).
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Figure 9: The experimental set-up in the climate chamber
lab. The nine NTC sensors are located at the center of 9 of
27 superimposed tomography voxels.
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To determine the differences between the temperatures
measured using ATOM and NTC thermistors, the Root Mean
Square Error (RMSE) was calculated for the selected 9 voxels
and the results are outlined in table 1. The maximum RSME
in the order of 0.24 °C demonstrates an excellent performance
of the ATOM measuring system for the developed setup of
directional sound sources.
Table 1: Maximum, average, and minimum RMSE
between the ATOM temperatures and NTC thermistors
over all nine voxels for each temperature range

T-Range [°C] Max [°C] Ave [°C] Min [°C]
20 0.24 0.11 0.04
21 0.06 0.05 0.03
22 0.10 0.07 0.01
23 0.16 0.10 0.01
24 0.17 0.10 0.2
Conclusions

In this study the applicability of using an array of directional
sound sources for the ATOM measuring system was
investigated. To compensate for the reduced number of sound
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paths when using directional sound sources, the simulation of
third order image sources was implemented in the ISM model.
Furthermore, to reduce the uncertainties in travel-times
estimation, the acoustic center of the utilized sound source
was measured for various frequency ranges (excitation signals
respectively). Consequently, measurements were conducted
to evaluate the performance of the developed measuring
system. Using the developed setup of an array of directional
sound sources, the accuracy analysis revels an excellent
performance of the ATOM measuring system. Future research
could examine the application of ATOM technique in
ultrasonic range.
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