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Abstract
Acoustic travel-time TOMography (ATOM) allows the measurement and reconstruction of air temperature distributions.
Due to limiting factors, such as the challenge of travel-time estimation of the early reflections in the room impulse response, which
heavily depends on the position of transducers inside the measurement area, ATOM is applied mainly outdoors. To apply ATOM in
buildings, this paper presents a numerical solution to optimize the positions of transducers. This optimization avoids reflection
overlaps, leading to distinguishable travel-times in the impulse response reflectogram. To increase the accuracy of the measured
temperature within tomographic voxels, an additional function is employed to the proposed numerical method to minimize the
number of sound-path-free voxels, ensuring the best sound-ray coverage of the room. Subsequently, an experimental set-up has
been performed to verify the proposed numerical method. The results indicate the positive impact of the optimal positions of
transducers on the distribution of ATOM-temperatures.
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Acoustic travel-time TOMography (ATOM) allows the measurement and reconstruction of air temperature distributions. Due to limiting factors, such as the challenge of travel-time estimation of the
early reflections in the room impulse response, which heavily depends on the position of transducers
inside the measurement area, ATOM is applied mainly outdoors. To apply ATOM in buildings, this
paper presents a numerical solution to optimize the positions of transducers. This optimization avoids
reflection overlaps, leading to distinguishable travel-times in the impulse response reflectogram. To
increase the accuracy of the measured temperature within tomographic voxels, an additional function
is employed to the proposed numerical method to minimize the number of sound-path-free voxels,
ensuring the best sound-ray coverage of the room. Subsequently, an experimental set-up has been
performed to verify the proposed numerical method. The results indicate the positive impact of the
optimal positions of transducers on the distribution of ATOM-temperatures.

1. Introduction
To reconstruct the air temperature and flow velocity distributions of a fluid in a volume (three-dimensional problem), the technique of Acoustic travel-time TOMography
(ATOM) can be applied [1, 2, 3, 4, 5]. ATOM utilizes the
dependency of the speed of sound on air temperature and
flow velocity in the medium. The average speed of sound,
along the propagation paths, can be determined by traveltimes estimation of a defined acoustic signal between transducers [6, 7, 8]. For discretization of the temperature and
flow field, the tomographic domain is divided into volumetric grid cells called voxels. Subsequently, the spatial distribution of temperature and flow velocity within each voxel
can be determined by applying a proper tomographic reconstruction algorithm [9, 10, 11, 12, 13].
The reconstruction of the air temperature distribution is a
scalar tomographic problem, meaning that the scalar temperature influences the sound velocity independently of the
direction of sound propagation [14, 15, 16, 17]. Unlike air
temperature, calculation of the air flow must be described as
a vector field tomographic problem. For this purpose, a separation of the scalar temperature from the air flow calculation can be derived by the method of reciprocal sound paths.
In this method, a pair of transmitters and receivers provides
the forward and backward propagation of sound waves. As
a result, the flow velocity along the propagation paths is obtained by calculating the travel-time differences between reciprocal sound paths, leading to a simultaneous calculation
of the air temperature and flow velocity [18, 12].
Application of the ATOM technique is employed primarily
in outdoor environments by atmospheric sciences for the remote monitoring of meteorological quantities [19, 20, 21,
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22, 23] while there is a great potential to use this technique
for indoor climates. However, a small number of experiments on the ATOM have been performed to observe indoor air temperature distributions. Among them, [12] proposed a small scale two-dimensional tomographic system
(four output channels and four input channels) for exploring
the experimental arrangement of transmitters and receivers
under laboratory conditions. Subsequently, this model is extended to a larger scale used in a building. Following of
this approach, [4] resolved three-dimensional distributions
of air temperature and flow fields within a certain volume.
In this experiment, the same method of bidirectional soundray paths to calculate the influence of air temperature and
flow properties was applied. More recent investigation was
performed by [3] to determine spatially differentiated room
air temperature with only one loudspeaker and one microphone with the intention to use as little hardware as possible.
Although [3] utilized the visualization of the image source
model (ISM) to find the proper location of transducers in
terms of having homogeneous and distinguishable sound-ray
paths, investigation of numerical estimation of optimal positions of the source and receiver is still required.
One primary factor, which has a major impact on the accuracy of the reconstructed temperatures, is the detection of
the correct peaks in the room impulse response (RIR) reflectogram. This peak detection poses a challenge when the
sound rays have similar travel-times. Therefore, it is required
to control the distribution of the travel-times in the RIR reflectogram with the intention of travel-time separation.
This paper presents a novel numerical method to minimize
the number of simultaneous arrival times of early reflections
in the reflectogram by finding optimal positions of transducers, as their coordinates within the room geometry examined
have a direct impact on the distribution of travel-times. For
instance, in case of symmetry at the coordinates of transducPage 1 of 11

N.S. Dokhanchi et al./Measurement

ers, several sound paths may arrive simultaneously as they
travel the same distance to reach the receiver. However, the
proposed optimal positions have the minimum number of simultaneous arrival times within a threshold level, where the
threshold level results from differences between the lengths
of the sound paths. Furthermore, to ensure the best soundray coverage of the room, an additional function is employed
to the proposed numerical method, which minimizes the number of sound-path-free tomographic voxels for the early reflections.
The organization of the paper is as follows. In section 2, the
theoretical background of our approach is reviewed. Section 3 describes the presented numerical method. In section
4, the experimental set-up and measurement processing are
outlined. Section 5 discusses the measurement results and
data analysis. Finally, section 6 presents the conclusions.

2. Theoretical background
In this section, the method of the ATOM technique presented includes primarily the procedure of travel-times measurement and tomography reconstruction. First, travel-times
between transmitter and receiver are estimated along the propagation paths, namely a forward problem. Second, the spatially distributed temperatures are reconstructed as an inverse problem using a proper tomographic algorithm. These
forward and inverse problems of the ATOM technique [19]
are detailed in the following.
The propagation of the sound wave in gas is mainly affected by the temperature and flow velocity [24]. Under adiabatic conditions, the speed of sound is given by
√
(1)
𝑐 = 𝛾 ⋅ 𝑅𝑠 ⋅ 𝑇 (1 + 0.513𝑞),
where 𝑐 is the Laplace speed of sound for dry air, 𝛾 = 1.40
is the ratio of the specific heat at constant pressure and volume of the gas, 𝑅𝑠 = 287.058 𝐽 𝑘𝑔 −1 𝐾 −1 is the specific
gas constant, 𝑞 is the specific humidity which is the ratio
of water vapor mass to the total mass of moist air, and 𝑇 is
the temperature of the gas in 𝐾 [3, 25, 26]. Accordingly,
(1) is used to determine the average air temperature along
the propagation paths. To solve the forward problem of the
ATOM technique, it is necessary to define the relationship
between the speed of sound and the measured travel-times.
Hence, the speed of sound can be derived experimentally
from the travel-times estimation. ATOM employs the principles of geometrical acoustics to define the relationship between travel-times and the speed of sound [27]. The traveltime along the sound propagation paths can be expressed as
the following integral form:
(2)

where 𝑐(𝑟) is the spatially variable speed of sound, 𝑠(𝑟) is the
slowness which is a reciprocal value of the speed of sound, 𝑙
is the sound paths length, and 𝑟 describes the position inside
N.S. Dokhanchi et al.: Preprint submitted to Elsevier

𝑁−1
1 ∑
𝑦(𝑛)𝑥(𝑛 − 𝑚),
𝑟𝑥𝑦 (𝑚) =
𝑁 𝑛=0

(3)

𝑚 = 0, ..., 2𝑁 − 2
where 𝑥(𝑛) and 𝑦(𝑛) present the acoustic signal in discrete
form at transmitting and receiving points respectively, each
contained N samples and 𝑚 is the lag index. The relation between the 𝑥(𝑛) and 𝑦(𝑛) can be formulated using convolution
theory as [32]
𝑦(𝑛) = ℎ(𝑛) ∗ 𝑥(𝑛) =

∞
∑

(4)

ℎ(𝑘)𝑥(𝑛 − 𝑘),

𝑘=0

2.1. Temperature dependent travel-time

1
𝜏=
𝑑𝑙 =
𝑠(𝑟)𝑑𝑙,
∫𝑙 𝑐(𝑟)
∫𝑙

the tomographic area as a vector of 𝑥, 𝑦 and 𝑧 coordinates
[11, 3, 4].
To extract the travel-time between the emitted and the received signal, the cross-correlating technique is used. The
locations of the maxima in the cross-correlation function
indicate the temporal lag between the transmitted and received signals, representing the travel-time of the signal [12,
28]. To improve the cross-correlation results, a maximum
length sequence (MLS) is used as an excitation signal with
the sequence length of 2n-1, where n is the number of digital
shift registers. The MLS is a type of sequences that benefits
from a perfect pulse auto-correlation characteristics, making it suitable for arrival time estimation [29, 30, 31]. The
cross-correlation between 𝑥(𝑛) and 𝑦(𝑛) can be expressed as
[24]

where h(n) is the impulse response of the system and 𝑘 is
a dummy variable of the summation argument representing
the lags applied to 𝑥(𝑛). Therefore, based on 3 and 4, the
cross-correlation function can be given by
(
)
1 ∑ ∑
ℎ(𝑘)𝑥(𝑛 − 𝑘) 𝑥(𝑛 − 𝑚), (5)
𝑟𝑥𝑦 (𝑚) =
𝑁 𝑛
𝑘
(
)
∑
1 ∑
ℎ(𝑘)
𝑥(𝑛 − 𝑘)𝑥(𝑛 − 𝑚) ,
=
𝑁 𝑘
𝑛
The MLS signal has the following property [33, 34]
{ ∑
𝑛 𝑥(𝑛 − 𝑘)𝑥(𝑛 − 𝑚) = 𝑁 if 𝑘 = 𝑚;
∑

𝑛 𝑥(𝑛 − 𝑘)𝑥(𝑛 − 𝑚)

≃0

if 𝑘 ≠ 𝑚.
(6)

By applying conditions 6 in 5 it yields
If 𝑘 = 𝑚, then
𝑟𝑥𝑦 (𝑚) =

1
ℎ(𝑘)𝑁 = ℎ(𝑚)
𝑁

(7)

∑
1 ∑
ℎ(𝑘)
𝑥(𝑛 − 𝑘)𝑥(𝑛 − 𝑚) ≃ 0
𝑁 𝑘
𝑛

(8)

If 𝑘 ≠ 𝑚, then
𝑟𝑥𝑦 (𝑚) =
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2.4. Acoustic travel-time tomography
To solve the inverse problem of reconstructing temperature distribution from measured travel-times, the simultaneous iterative reconstruction technique (SIRT) has been applied. The following two sections expand on the details of
tomography calculation.

2.4.1. Simultaneous iterative reconstruction
technique (SIRT)
Consider the matrix form of (2) as follows
𝑨𝒙 = 𝒃,

(11)

where 𝒙 ∈ ℝ𝑉 ×1 denotes slowness, 𝑨 ∈ ℝ𝐿×𝑉 includes the
distribution of the length of paths contributed within each
voxel, and 𝒃 ∈ ℝ𝐿×1 is the travel-times along each path.
The least squares problem is defined as
min ‖𝒙 − 𝑨−1 𝒃‖2
𝒙

Figure 1: Three-dimensional representation of an image source
model (ISM) with first and second order reflections.

2.2. Image source model (ISM)
Parallel to measurements, simulated travel-times are obtained by applying image source model (ISM) method (see
Fig. 1). In this method, sound trajectories between a transmitter and a receiver with the known position are represented
by mirror sources using the geometric law of reflection. Thus,
ISM provides reflectograms, which are correct within the
theory of geometrical acoustics [35, 36, 37]. The mathematical approach of ISM method is described in [3] in full
detail. Furthermore, these travel-times derived from simulation can be associated to the measured travel-times using the
peak detection method which is explained in the following.

2.3. Peak detection
To detect travel-times in the measured reflectogram, the
Max criterion or peak detection method is proposed [3], where
the maximum argument in the measured impulse response is
the estimated travel-time
𝜏̂ = 𝑎𝑟𝑔 𝑚𝑎𝑥{|ℎ(𝑡)|},
𝑡

(9)

where 𝜏̂ is the detected travel-time and ℎ(𝑡) is the measured
impulse response.
Prior to maximization, an analysis time window is centered
around each travel-time at the simulated impulse response.
This time window is mapped to the measured travel-times to
find the maximum peak inside the window [3, 4]. As a result,
the time of the maximum peak within each analysis window
illustrates the measured travel-time and can be expressed as
𝜏𝑖 = 𝑡𝑆𝑡𝑎𝑟𝑡 + 𝜏,
̂

(10)

where 𝜏𝑖 is the travel-time in a short-term analysis window
and 𝑡 is within a range of 𝑡𝑆𝑡𝑎𝑟𝑡 < 𝑡 < 𝑡𝐸𝑛𝑑 [3, 4, 38].
N.S. Dokhanchi et al.: Preprint submitted to Elsevier

(12)

To solve (12) inversely, the SIRT algorithm employs the leastsquares method which minimizes the sum of quadratic differences between the reconstructed slowness i.e., 𝑨−1 𝒃 and
slowness i.e., 𝒙 [3, 4, 21].
To generate the matrix 𝑨, it requires to calculate the length
of all sound paths in each voxel. The sound paths, which
have already been calculated by ISM method described in
2.2, can be passed through various defined tomographic voxels. Therefore, each sound path is divided into certain parts,
each part is within different voxel. To calculate this division
of sound paths, it is essential to detect all intersection points
of a sound path with every plane of a voxel. For this purpose,
the following algorithm is implemented to construct matrix
𝑨 as [3, 4, 34]
• Step 1: Construct the coordinates of all voxels by defining voxel planes and voxel origins.
• Step 2: Intersection of ‘first order’ sound paths with
every plane of every voxel.
– Step 2.1: A vector from source or receiver to the
point of the reflection (blue points in Fig. 1).
– Step 2.2: Intersection between the vectors at step
2.1 with every plane of every voxel.
• Step 3: Intersection of ‘second order’ sound paths with
every plane of every voxel.
– Step 3.1: Construct vectors from source to first
wall reflection (red points in Fig. 1), from first
refection point to second reflection (green points
in Fig. 1), and from second reflection points to
the receiver.
– Step 3.2: Intersection between the vectors at step
3.1 with every plane of every voxel.
• Step 4: Calculate the length of each vector inside every voxel with regard to the points obtained at step 2
and 3.
Page 3 of 11
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• Step 5: Finally, construct the matrix 𝑨 similar to (13)
using step 4.
Therefore, the matrix 𝑨 can be written in the following form

numerical model ensures the best sound-ray coverage of the
room by considering an additional function to avoid having
empty tomographic voxels as outlined in 3.2.

3.1. Optimal transmitter and receiver positions
⎡ 𝑎1,1
⎢𝑎
𝐴 = ⎢ 2,1
⋮
⎢
⎣𝑎𝐿,1

𝑎1,2
𝑎2,2
⋮
𝑎𝐿,2

⋯ 𝑎1,𝑉 ⎤
⋯ 𝑎2,𝑉 ⎥
⋱
⋮ ⎥
⎥
⋯ 𝑎𝐿,𝑉 ⎦

(13)

where 𝑎𝑙,𝑣 denotes the fraction length of 𝑙th sound path at
𝑣th voxel.
The SIRT algorithm is applied to reconstruct 𝒙 in (12) [39,
40, 9]. This method is simultaneous in the sense that all
equations are solved at the same time in one iteration [41].
In this study, Landweber’s method is applied, which is given
by
𝑥𝑘+1 = 𝑥𝑘 + 𝜆𝑘 𝐴𝑇 (𝑏 − 𝐴𝑥𝑘 ), 𝑘 = 0, 1, 2, ...,

(14)

where 𝑥𝑘 represents the current iteration vector stands for
slowness values, 𝑥𝑘+1 is the new iteration vector and 𝜆𝑘 is a
relaxation parameter.

2.4.2. Discretization of the tomographic field
Applying the equation (14) in the preceding section requires the subdivision of tomographic area into tomographic
voxels whilst the distribution of slowness is assumed to be
constant within each voxel. Let 𝑉 be the number of voxel
and 𝐿 be the total number of travel-times along different
propagation paths. In the case of no correlation between the
sound paths, the relationship between 𝑉 and 𝐿 can be written as
⎧ 𝐿=𝑉
⎪
⎨ 𝐿<𝑉
⎪ 𝐿>𝑉
⎩

Just-determined problem;
Under-determined problem;
Over-determined problem.

(15)

Although the assumption of the current approach is that the
total number of travel-times along different propagation paths
is greater than the number of voxels, the tomographic problem was treated as under-determined because of the correlations between the given number of sound paths in the tomographic matrix 𝑨. Therefore, a priori information, including the first guess of the searched slowness, was considered
to solve the equation (2) [21].

3. Numerical method (optimization)
In this section, the developed numerical method is presented, which helps to optimize transducers location and the
sound-ray coverage of the room. This proposed procedure
for estimating the optimal coordinates of transducers outlined in 3.1 is valid for any rectangular room. The method
calculates the travel-time differences of every sound path up
to second order reflections. These differences are adjusted
to be above an arbitrary threshold level to separate the reflections at the RIR reflectogram. Moreover, the proposed
N.S. Dokhanchi et al.: Preprint submitted to Elsevier

Once a known signal radiates from a sound-source into
an enclosed space, the propagating signal is reflected on the
boundary surfaces of the enclosure until it reaches the receiver. This relationship is described by the impulse response
of the room for each source-receiver combination. The impulse response consists of the travel-times of the direct path
and multi-path attenuated reflections. One step to implement
the ATOM technique is to detect the measured travel-times
of early reflections to associate them to the simulated one.
Therefore, these travel-times must be clearly distinguishable
on a time-domain reflectogram of the RIR. To avoid overlapping of these early reflections, the position of the transducers should be determined to have the minimum number
of simultaneous arrival times. This problem is addressed by
presenting a numerical method to find the optimal coordinates of the transducers for the given geometry of the examined rectangular room. Let  be the dimension of this room
defined by
}
{
|
 = (𝑥, 𝑦, 𝑧) || 0 ≤ 𝑥 ≤ 𝑥0 , 0 ≤ 𝑦 ≤ 𝑦0 , 0 ≤ 𝑧 ≤ 𝑧0 .
|
(16)
To provide the total number of feasible locations for placement of the transducers, each dimension of the  is divided
into 𝐾 certain bins. Accordingly, the following equation
presents the calculation of the optimal position of transducers. It obtains the solution by minimizing the sum of the
number of cases that the time differences between the 𝑖th
and 𝑗th paths are below a desired threshold level Δ for every
grid point. These optimal coordinates of transducers allow
separation of the travel-times in the RIR reflectogram. Thus,
to obtain the optimal coordinates of transmitter and receiver,
i.e. , the following calculation holds,
 ∈ 𝑎𝑟𝑔 min

{(𝑟𝑘 ,𝑠𝑘 )}

𝐿𝑘 𝐿𝑘
∑
∑
𝑖=1 𝑗=𝑖+1

|
|

|
|

I(|𝑡𝑖 (𝑟𝑘 , 𝑠𝑘 ) − 𝑡𝑗 (𝑟𝑘 , 𝑠𝑘 )| ≤ Δ),

(17)
where 𝑡𝑖 (𝑟𝑘 , 𝑠𝑘 ) and 𝑡𝑗 (𝑟𝑘 , 𝑠𝑘 ) are the travel-times of the early
reflections sound paths corresponding to the 𝑖th and 𝑗th paths,
respectively. The direct path is used to find the starting point
of the received signal at the RIR reflectorgram and it is excluded from (17). 𝐿𝑘 is the total number of sound paths corresponding to the (𝑟𝑘 , 𝑠𝑘 )th locations and I is an indicator
function defined as follows
{
0 if 𝑥 is false;
I(𝑥) ∶=
(18)
1 if 𝑥 is true.
I(𝑥) maps elements of 𝑥 to the range of 0 and 1, count-

|
|
ing the cases in which |𝑡𝑖 (𝑟𝑘 , 𝑠𝑘 ) − 𝑡𝑗 (𝑟𝑘 , 𝑠𝑘 )| is less than Δ.
|
|
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Here Δ is a threshold level chosen appropriately according
to the desired time differences between the two sound paths,
|
|
i.e. |𝑡𝑖 (𝑟𝑘 , 𝑠𝑘 ) − 𝑡𝑗 (𝑟𝑘 , 𝑠𝑘 )|. If Δ is set to a small value, then
|
|
smaller number of positions satisfy (17) and for large values
it is vice versa. To determine the desired threshold level, it
requires to start with a small value (based on the desired time
differences between the two sound paths). If no (𝑟𝑘 , 𝑠𝑘 ) satisfies (17), Δ should be increased to the point where at least
one position to be found in the set .
The (17) aims to separate early reflections as much as possible for having a clear reflectogram. Otherwise, simultaneous
sound paths fit into one analysis time-window for peak detection. Hence, it leads to the ambiguity of sound velocity
calculation for those paths trapped into one window.

3.2. Maximal sound-ray coverage of the room
Independently from the calculation of the optimal coordinates of transducers, the sound-rays should travel through
all parts of the room to spread over the area in a unified
manner. The reason is that when some of the voxels remain
empty of sound-rays, it degrades the accuracy of the temperature reconstruction. For this purpose, an additional function is employed in the numerical method to set the accumulated travel-times at each voxel above a threshold. Thus, it
can be written as
{
}
𝐿𝑟,𝑠
| ∑
(𝑣)
|
𝑡 (𝑟, 𝑠) ≥ 𝛼, ∀𝑣
 ∶= (𝑟, 𝑠) ∈  |
| 𝑖=1 𝑖

(19)

where 𝑡(𝑣)
𝑖 (𝑟, 𝑠) is the sum of sound travel-times inside the 𝑣th
voxel corresponding to the source and receiver locations at
(𝑟, 𝑠),  is defined in (16), 𝐿𝑟,𝑠 is the total number of traveltimes corresponding to (𝑟, 𝑠), and 𝛼 is a threshold which
determines the accumulated travel-times at the 𝑣th voxel.
Hence, considering (17) and (19), the ultimate solution is the
combination of both coverage and distinguishability problems given in the following form
(𝑟, 𝑠) ∈  ∩ 

(20)

It is worth noting that there is a trade-off between the results
of (17) and (19). In the case of symmetry occurring in the
relative locations of sound-source and receiver, maximum
sound-ray coverage can be achieved. However, this leads to
many overlapping sound-rays. On the contrary, when there
is no symmetry, non-overlapping sound-rays appear but the
coverage of the room becomes poor. Therefore, it is required
to solve both optimization problems by considering the mentioned trade-off.

4. Practical implementation
The experimental set-up was performed to test the fidelity of the numerical method presented. For this purpose,
the climate chamber lab of the Bauhaus-University Weimar
was chosen as a test space. Fig. 2 illustrates the measurement set-up containing the location of the transmitter, receiver, and NTC thermistors. The chamber measures 3 m
N.S. Dokhanchi et al.: Preprint submitted to Elsevier

Figure 2: Experimental set-up in the climate chamber lab of
the Bauhaus-University Weimar. 1) four of the eight mounted
NTC thermistors which are superimposed, 2) receiver, and 3)
transmitter

(width) by 3 m (length) by 2.44 m (height) and is able to
create temperatures between +10◦ 𝐶 and +40◦ 𝐶. This controllable condition ensures the main advantages, such as the
ability to set a wide range of temperature variations while
it generates minimum convection within the measurement
area. The chamber was tempered only by its 6 surfaces, resulting in a homogeneous air temperature. As all 6 surfaces
had a similar temperature and ventilation was turned off, no
forced convection occurred inside the chamber. More details
about the characteristics of the climate chamber are provided
in [42].
In this experiment, first, one source and one receiver were
located at non-optimal positions, which were selected randomly. Hence, the theoretical sound-ray paths up to second
order reflections are simulated using the same convention of
the ISM provided in [4, 3]. Furthermore, the optimal positions of transducers for the given geometry of the climate
chamber were calculated. For this purpose, each dimension
of the room is divided into 20 segments; the total number of
feasible coordinates is 𝐾 = 203 [28]. The threshold level

Table 1
Transducers coordinates
Alternatives
Non-opt-position
(randomly selected)
(session 1 and 3)
Opt-position
(calculated)
(session 2 and 4)

Coordinates
source
𝑥 = 1.90 m
𝑦 = 2.50 m
𝑧 = 1.50 m
source
𝑥 = 0.69 m
𝑦 = 1.72 m
𝑧 = 1.18 m

receiver
𝑥 = 1.20 m
𝑦 = 0.40 m
𝑧 = 0.90 m
receiver
𝑥 = 0.25 m
𝑦 = 0.69 m
𝑧 = 0.60 m
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(a) Non-optimal position

(b) Optimal position

Figure 3: Comparing the reflectograms of (a) non-optimal and
(b) optimal case. The number above the lines shows the number of sound paths arriving at that time within a threshold
level of 0.1 ms. The order – green line: direct sound; blue
lines: first order reflections; red lines: second order reflections
– means how many times a sound signal is reflected at the
room boundaries when traveling along the sound path from
transmitter to receiver.

was set to Δ = 0.5 ms, determined based on the desired time
differences of the sound paths. To illustrate the impact of the
optimal coordinates of the transducers on the RIR, the simulated reflectogram of non-optimal positions is compared to
the simulated reflectogram of optimal positions; their coordinates are outlined in Table 1.
Fig. 3a depicts the results of the image source model for
the non-optimal positions. The horizontal axis shows traveltimes of the sound paths up to second order reflections. Accordingly, each line corresponds to the arrival time of a sound
signal at the receiver. The vertical axis presents the amplitude of the sound paths. As in this simulation only the time
of arrival of the sound signals 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.
The number above the vertical lines shows the number of
sound paths arriving at that certain time. It is evident that
for the non-optimal position, the travel-times are very close
to each other. As the measurement environment includes
noises and scattering, this distribution of travel-times leads
to several overlapping sound paths, which arrived simultaneously in the measured RIR. However, as it is shown in Fig.
3b, all the sound paths up to second order reflections for the
optimal case have different travel-times and each line represents only one sound-ray path. This comparison of simulated
reflectograms demonstrates that the optimal position of the
sound-source and receiver leads to an optimized distribution
of travel-times in the reflectogram.
For the tomographic reconstruction, the volume of the chamber has been divided into 23 = 8 voxels. Therefore, the volume of each voxel is (𝑥 ⋅ 𝑦 ⋅ 𝑧) = (1.5 m ⋅ 1.5 m ⋅ 1.22 m).
This subdivision of the tomographic area is outlined in Fig.
4. To compare the tomographically reconstructed temperaN.S. Dokhanchi et al.: Preprint submitted to Elsevier

Figure 4: Subdivision of tomographic area. Each dimension of
the room was divided in two parts evenly.

Figure 5: Calculated impulse response of the measured signal.
The arrow signs above the reflections illustrate the selected
travel-times, blue arrow signs are first order and red arrow
signs are second order reflections.

tures with in-situ measurements, eight temperature sensors
(NTC- negative temperature coefficient thermistors) with an
accuracy of ±0.1K were applied at the center of the eight tomographic voxels. The measurement interval of the NTC
thermistors was set to 1 second. The calculation time of
ATOM measurement was selected based on the length of the
excitation signal, the power of the computer for execution
of cross-correlation, peak detection and tomographic reconstruction. Furthermore, to minimize noise and scattering errors, the RIR was averaged over fifty reflectograms. Thus,
the ATOM temperatures are calculated for every 2 minutes,
considering the both calculation time and the time of the RIR
averaging. Accordingly, the data of the NTC thermistors,
which are synchronized with the ATOM measurement, were
recorded and averaged. Finally, the average temperatures at
each voxel were compared with the averaged-point temperatures of NTC thermistors.
Fig. 5 illustrates an example of the calculated impulse
response of the measured signal conducted for the optimal
coordinates of the transducers in the climate chamber. The
number of sound paths for the given coordinates of transducers was 24, six first-order reflections (blue arrow signs)
and eighteen second-order reflections (red arrow signs). To
detect the travel-times, the simulated travel-times derived
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 6: Measurement results during sessions 1 and 2 (Table 2), comparison of the temperatures of the NTC thermistors with
ATOM temperatures for the both optimal and non-optimal cases within eight voxels separately.

from ISM method are used to locate the centre of an analysis time-window at this measured RIR reflectogram. Consequently, the maximum peak inside the analysis time-window
was considered as the selected travel-time.
The experiment was conducted under a gradual air temperature drift from 𝜃 = 20◦ 𝐶 to 𝜃 = 24◦ 𝐶 during one hour and
vice versa. These temperature drifts have been chosen to
test the performance of the developed ATOM method even
under transient conditions. Moreover, as the corresponding
temperature drifts are within the range of acceptable thermal conditions of a normal office, a prospective scenario is
to use the ATOM temperatures as the input data for the thermal comfort analysis of an office environment.
The total of four experimental sessions were conducted as
listed in Table 2. Session 1 and 2 were considered as the
increasing cases, meaning that, during these sessions, the
temperature increased from 𝜃 = 20◦ 𝐶 to 𝜃 = 24◦ 𝐶 gradu-

Table 2
Sessions of the experiment
Sessions
1
2
3
4

Location
Non-opt
Opt
Non-opt
Opt

Temp-Drift[◦ 𝐶]
20
20
24
24

to
to
to
to

24
24
20
20

Duration[𝑚𝑖𝑛]
60
60
60
60
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ally. In reverse, sessions 3 and 4 were regarded as decreasing
cases, illustrating the process of dropping the temperature
from 𝜃 = 24◦ 𝐶 to 𝜃 = 20◦ 𝐶.
The sound source used in the measurement was a special
self-constructed speaker (with a 2-inch broadband driver FRS
5 XTS by VISATON). It was developed to have a nearly
omni-directional point source; its specification are detailed
in [3]. The receiver was a standard 1/4-inch condenser microphone of type ‘AVM8 MI-17’. For data acquisition, the
measurement card ‘Data Translation DT9847-2-2’ was used,
which is a dual channel dynamic signal analyser. The digitization rate of 216 kHz leads to a good time-resolution for
the processing of signals. This rate of sampling frequency
was required for the small dimensions of the climate chamber lab resulted in short sound travel-times. In contrast to
big room spaces, the small dimension of the climate chamber causes the reflections up to the second order arrive at the
receiver in a short period of time, around 25ms. Thus, the reflectogram of the impulse response requires to have a proper
resolution of those condensed travel-times to be able to distinguish them. The sampling frequency of 216 kHz provides
enough resolution, circa 4.6 𝜇s resulted in reducing the error
of travel-time estimate. For this sampling frequency, an excitation time of 1.21 s for the MLS-signal was used. The software package used to analyse the data is MATLAB R2017b.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 7: Measurement results during sessions 3 and 4 (Table 2), comparison of the temperatures of the NTC thermistors with
ATOM temperatures for the both optimal and non-optimal cases within eight voxels separately.

5. Measurement results and data analysis
The point temperature of each voxel was measured by
NTC thermistors while the average temperatures of individual voxels were obtained by the ATOM technique simultaneously. Fig. 6 illustrates the comparison of temperatures between the NTC thermistors and ATOM for both optimal and non-optimal positions during session 1 and 2. It
is evident that the ATOM temperatures of the non-optimal
positions deviated from the NTC thermistors, although the
amount of deviations varies at every voxel. For example, in
Fig. 6d and 6g (representing voxels 4 and 7, respectively),
the deviations of the non-optimal profile from NTC thermistors are relatively constant through the entire measurement.
On the contrary, in Fig. 6a and 6h (representing voxels 1 and
8, respectively), the non-optimal curves show larger deviations from NTC thermistors, which occurred after the first
30 minutes of the experiment. One would associate such deviations from NTC thermistors with multiple simultaneous
arrival times of individual paths at the non-optimal case.
The overlapping sound-paths reduce the accuracy of the peak
detection method in noisy and scattering environments. Therefore, inaccurate peak detection introduces errors to vector 𝒃
at (12). This causes the error to be spread over all voxels, as
the set of equations at (11) should be solved simultaneously.
Fig. 7 compares the temperature variations of the ATOM
and NTC thermistors during session 3 and 4. It is observed
that the greatest deviation of temperature occurred for the
N.S. Dokhanchi et al.: Preprint submitted to Elsevier

non-optimal case similar to the session 2. Conversely, the
ATOM technique responds to the temperature variations to
some extent in line with the NTC thermistors for the optimal case. For instance, in voxel 4 outlined in Fig. 7d, during the first 10 minutes of the experiment, the difference of
temperature between the optimal case and NTC thermistors
is about 0.2◦ 𝐶 while this difference is about 0.88◦ 𝐶 for the
non-optimal case. Thus, at this certain time, optimizing the
location of transducers enhances the accuracy of temperature
distributions about 0.68◦ 𝐶 in comparison to non-optimal position.
Fig. 8 outlines the three-dimensional representation of temperature distributions measured by ATOM technique during
session 1 and 2 for the non-optimal and optimal coordinates.
The color-bar represents temperatures increasing from 20◦ 𝐶
to 24◦ 𝐶 within each voxel over time. Fig. 8a, 8b and 8c show
a non-uniform variation of temperatures for the non-optimal
case during session 1, demonstrating the amount of deviations occurred in each voxel. Conversely, Fig. 8d, 8e and 8f
illustrates the temperature distribution of the optimal case
indicating that the temperature varies uniformly across the
room as the six surfaces of the climate chamber were tempered simultaneously. To determine the differences between
the results of the tomography calculation and NTC thermistors, the root mean square error (RMSE) for each voxel can
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(a) Elapsed time of 15 minutes

(b) Elapsed time of 45 minutes

(c) Elapsed time of 60 minutes

(d) Elapsed time of 15 minutes

(e) Elapsed time of 45 minutes

(f) Elapsed time of 60 minutes

Figure 8: Three-dimensional representation of ATOM temperature distribution for the non-optimal (session 1) and optimal
(session 2) positions. The color-bar of the optimal position illustrates the uniform variations of the temperatures inside the
chamber in contrast to the non-optimal one.

be calculated as

√

∑𝑁

𝑅𝑀𝑆𝐸 =

𝑛
𝑛=1 (𝑇𝐴𝑇 𝑂𝑀

𝑛
)2
− 𝑇𝑁𝑇
𝐶

(21)

𝑁

𝑛
𝑛
is the temis the ATOM temperature, 𝑇𝑁𝑇
where 𝑇𝐴𝑇
𝐶
𝑂𝑀
perature of NTC thermistors and 𝑁 is the total number of
measurements over time [21]. Fig. 9 illustrates the RMSE
calculation for the entire sessions as a statistical evaluation
over all eight voxels. The small RMSE, which is less than
0.44◦ 𝐶 during sessions 2 and 4, demonstrates the positive
impact of the optimal position on the tomography results.
Table 3, derived from Fig. 9, shows the maximum (max),
average (ave), median (med) and minimum (min) RMSE of
all sessions. It is observed that during session 1 and 2, the
results of the optimal case are approximately 1.48◦ 𝐶 (max)
and 0.71◦ 𝐶 (ave) more accurate in comparison to non-optimal
case in maximum and average RMSE among all voxels, respectively. Furthermore, during session 3 and 4, the results
derived from the optimal case are approximately 0.7◦ 𝐶 (max)
and 0.36◦ 𝐶 (ave) more accurate than non-optimal case in
maximum and average RMSE among all voxels, respectively.

Table 3
Maximum, average, median and minimum RMSE averaged over all eight voxels
Sessions
1
2
3
4

-

Non-opt
Opt
Non-opt
Opt

Max [◦𝐶] Ave [◦𝐶] Med [◦𝐶] Min [◦𝐶]
1.83
0.35
1.14
0.44

0.99
0.28
0.69
0.33

0.84
0.28
0.59
0.32
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0.57
0.22
0.38
0.22

Figure 9: The root mean square error (RMSE) between the
ATOM temperatures and NTC thermistors for each session,
averaged over all voxels; black lines: maximum and minimum
RMSE, red line: median RMSE, blue lines: 80%∕20% quantile
RMSE

6. Conclusions
In this study, to measure the spatially distributed, indoor air temperature using the ATOM technique, a numerical method was proposed to determine an optimal position
of transducers, which simultaneously achieves good soundrays coverage of the room. The former makes the arrival
time of the sound-rays distinguishable and the latter assists
the existence of sound-rays over all voxels. Therefore, the
ATOM temperatures can be measured satisfactory given two
conditions. Firstly, the transducers are placed at the proper
coordinates, which are derived from numerical calculation
for a given geometry. Secondly, a trade-off between the results of optimal position of transducers and the maximal
Page 9 of 11
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sound-ray coverage of the room at the optimal position is
considered. Future research could examine the application
of ATOM technique in an inhomogeneous room climate.
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