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Introduction 
This work is inspired by two issues related to temperature 
measurement using Acoustic travel-time TOMography 
(ATOM) technique, which has recently received 
considerable attention. The first is the acoustic rooms: 
Bleisteiner et al. [1] and Dokhanchi et al. [2] showed that we 
can reconstruct indoor temperature from travel-time 
estimation of the early reflections. This improvement is 
based on the fact that using the early reflections, one may 
seek the fields with as little hardware as possible. The 
second issue is optimization of transducers location: to 
localize these transducers within the investigation area; one 
can use a numerical approach. Accordingly, Dokhanchi et al. 
[2, 3] performed a systematic study on the comparison of the 
performance of non-optimal and optimal positions of 
transceivers. Authors have reported how the optimal position 
of the transceiver can improve the reconstruction of 
temperature compared to what is observed with the non-
optimal positions (selected randomly). The effectiveness of 
this idea is owed to its suitability to treat impacts in 
overlapping of the early reflections, since it directly depends 
on the distinguishability of the generated sound paths. 
However, there remain open questions. Some of them are: 
"What is the evidence that the only optimal position selected 
by Dokhanchi et al. [2, 3] is the best among the available 
positions?", "Could further optimal positions be identified 
that would be as reliable and able to improve the 
reconstructed fields?" and "Is that any non-optimal position 
that really produces a measurement deviation"? 
Accordingly, the main goal of this paper is to provide 
answers to these questions. 

ATOM experimental setup  
Acoustic tomography array 

In the work of Barth and Raabe [4] the indoor temperature is 
reconstructed using only the direct sound paths between the 
transmitters and receivers. For this purpose, 16 transmitters 
and 16 receivers have been used to estimate the travel-times 
of a frame (1.3 m × 1.0 m × 1.2 m), where the distance 
between sensors that belong to one pair is 0.1 m. This layout 
is capable of generating 240 sound ray paths. Later, the early 
reflections in rooms [1-3] enabled new conditions, and may 
allow us to greatly improve the work of Barth and Raabe [4], 
such as the reconstruction of temperature using a minimum 
number of devices. In the present work, one of our primary 
goals is to apply a similar principle of Barth and Raabe   
measurement [4] in an echoic plexiglas box with similar 
frame dimensions (1.33 m × 1.0 m × 1.27 m), considering 
the early reflections (Fig. 1). This observation can present 

one of the significant improvements of the present paper. 
One loudspeaker and one receiver were positioned in the box 
at five optimal positions (see next section) and three non-
optimal positions so that an appropriate coverage ray-path of 
the box is ensured. The rate of coverage ray-paths can be 
numerically verified using the visualization of the image 
sound source model (ISM) [1, 2]. In addition, the layout is 
also composed of a computer with a sound card and 
LabVIEW and MATLAB installed, an audio toolbox system, 
a power amplifier (RA150), a power supply (PCB-482C24 
4-Kanal-ICP) and an USB audio interface (RME Fireface), 
as shown in Fig. 2.  

 

 

 

 

 

 

 

Figure 1. Test space: plexiglass box (1.33 m × 1.0 m × 1.27 
m). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. System diagram of travel-times estimation 
procedure. 

The RME Fireface was used to simultaneously collect 
signals from the loudspeaker and the microphone. An 
important benefit of the Fireface UC is that it provides a 
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sampling rate of 192 kHz with which good time-resolution 
for the processing of signals can be achieved. The common 
procedure of RME Fireface employs the so-called 
"audioPlayerRecorder" command based on the audio 
toolbox system. The exponential swept-sine [5] is presented 
as an excitation signal. The most popular advantage of this 
approach is the separation of the linear impulse response of 
the system from its harmonic distortion, which makes it able 
to provide a measured data totally free from the spurious 
peaks. It is worth noting that only loudspeaker, microphone 
and 3 NTC thermistors are located in the test space (Fig. 2), 
so that the measurement can be monitored and controlled 
from the outside without generating unwanted time 
variances, which would inevitably occur due to the presence 
of a person. Here, the three NTC thermistors needed to 
independently record temperature were distributed in the 
grid cells 1, 2 and 4, respectively. Consequently, the results 
of the ATOM technique are to be compared with the data of 
these conventional thermistors. 

Multiple non-optimal and optimal positions of 
transceivers 

In a recent paper, Dokhanchi et al. [2,3] showed that the 
sound-ray coverage of the indoor space could be produced 
under the optimal positions of the transmitter and receiver. It 
means that no ray-paths of the sound waves arrive 
simultaneously as they do not travel the same distance to 
reach the microphone. They demonstrated that removing the 
reflection overlaps could be extremely effective in 
improving the accuracy of measurement. As reported in the 
work of Dokhanchi et al. [2, 3], the selected threshold level 

smms /4.3435.0  from differences between the 
lengths of the sound paths within the room (3m, 3m, 2.44m) 
is capable of generating six optimal positions of the 
transmitter and receiver, where only one of them was 
discussed. At this stage, there remain several open questions 
such as a plausible explanation for choosing this optimal 
position among the six available cases. Perhaps, this 
indicates that the coverage ray-paths under this position is 
more perfect than the other positions. Similar questions can 
be addressed for the non-optimal positions. However, a more 
in depth study regarding a comparison between multiple 
optimal and non-optimal positions of transceivers is needed. 

In this section, a numerical strategy is presented that helps to 
predict the optimal positions of the source and receiver 
within the plexiglass box (1.33 m × 1.0 m × 1.27 m) as 
shown in Fig. 1. A special area from the box was 
truncated to predict the optimal positions of transceivers, 
which were defined as, 

1.01.0,1.01.0
,1.01.0,,

zzyy
xxzyx                           (1) 

By considering the optimal positions issue, the investigation 
area is, thus, identified by ignoring around 0.1 m from each 
wall side: this helps to automatically remove lots of 
overlapping of the early reflections that particularly 
concentrated near to the walls. Each dimension of the area 

 is divided into several bins M  with a step of 0.1 in 
order to provide the total number of feasible locations. In 
contrast to references [2, 3], the threshold level  was not 
identified in the present work, where we left a margin of 
freedom on this parameter with the only requirement: 

0 . Accordingly, the set  may be determined 
explicitly as, 
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kki srt ,  and 
kkj srt ,  denote the distance of the early 

reflections sound paths of the thi and thj  ray paths, 
respectively. 

kL denotes the total number of ray paths 
corresponding to the

kk sr ,  locations while is an indicator 
function. The ray-paths that do not fit the above 
requirements may be excluded from the total number of 
possible optimal positions by introducing the indicator 
function (Eq. 3). Consequently, a total of 634867 possible 
optimal positions (with a step 0.1 m) have been reported 
within the echoic box (1.33 m × 1.0 m × 1.27 m). The main 
challenge under this huge number of the optimal positions is 
to assess these different positions, then choose the best 
among them based on the sound-ray number and sound-ray 
coverage criterions. Accordingly, two numerical steps are 
required to achieve this goal. We consider that the first step 
is an exclusion mechanism of some optimal positions that 
could not generate the desired 24 ray paths [2,3]. Thus, 
296357 optimal positions from the total cases were 
excluded. These excluded positions were able to generate 
only about 20 to 23 ray paths. Then, the remaining 338510  
optimal positions are also subject to the filtration process 
regarding choice of the optimal positions that give a max 
charge of ray paths within each cell grid as far as possible. 
Accordingly, 5 optimal positions can favorably meet the 
above requirement, where able to cover about 53% from the 
entire voxels. For a test of this numerical step, the room 
dimension (3m, 3m, 2.44m) from reference [2] was initially 
used. It was found that without specifying a threshold the 
charge of ray paths in the voxels increases from 37% [2] to 
53% using the current strategy. Accordingly, five optimal 
positions are considered in the present work as shown in 
Table 1. However, three non-optimal position with different 
number of overlapping sound rays has also been considered 
(Table 1), where they must not belong to ξ (  ξ). 

Input-travel-time estimation method: Forward problem 

The forward problem in ATOM technique is to express the 
travel-times  of the propagation of sound waves along 
several generated ray-paths in terms of the temperature 
distributions T . In fact, the modelled reflectogram is being 
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used to estimate measured travel-times under consideration 
of early reflections [1,2]. The theoretical trace of the 
reflectogram is calculated and illustrated using ISM [1, 2]. 

The travel-time 
i

, along the sound propagation paths
il , 

is related to the speed of sound )(rc  (or inverse of sound 
velocity )(rS ) as [1, 2], 

lraylray

i
i dlrS

rc
dl )(

)(
                                                      (4) 

Table 1. Transceivers coordinates. 

Positions Coordinates 

Opt-Position-1 s[0.6 0.7 0.1]; r[0.1 0.4 0.3] 

Opt-Position-2 s[0.5 0.7 0.3]; r[1 0.6 0.4] 

Opt-Position-3 s[0.6 0.1 1.1]; r[0.9 0.6 1] 

Opt-Position-4 s[0.7 0.1 0.8]; r[1.2 0.8 1] 

Opt-Position-5 s[0.7 0.1 1]; r[1 0.8 1.1] 

Non-Opt-Position-1 s[0.3 0.4 0.5]; r[1 0.6 0.5] 

Non-Opt-Position-2 s[1.2 0.9 1.1]; r[1.2 0.5 0.9] 

Non-Opt-Position-3 s[1 0.4 1]; r[0.4 0.4 1] 

 

Here, under adiabatic conditions, the sound velocity  is 
computed as [1, 2], 

qTRsc av 513.012                                                 (5)  

where  denotes the virtual temperature.  being the 
specific humidity, which is the mass ratio of water vapor to 
the total mass of moist air,  is the 
specific constant for gas (dry air) and  denotes the 
ratio of specific heat capacities at constant pressure and 
volume for gas [1, 2]. Here, the alteration of the relative 
humidity is negligible, thus one can write , 
where T is the gas temperature. 

The travel-time that given by Eq. 4 of a signal can be 
estimated from the recorded data by cross-correlation (CC) 
technique between the transmitted and the received signals 
[1, 2]. After cross correlating the recorded channel signal 
with the transmitted signal, the reflectogram may be subject 
to a kurtosis analysis, which is aimed at highlighting 
reflections of low order [1]. Then, the measured travel-times 
of sound waves can be derived from this measured kurtosis 
reflectogram, which is based on an impulse response of the 
box (Fig. 3 (a)). It is worth noting that only the first optimal 
position is considered in this figure, while the other optimal 
and non-optimal positions are not included here just for 
brevity. The major task of this challenge is to detect early 
reflections in the kurtosis reflectogram and associate these 
with calculated travel-times of ray-paths. To achieve this 
goal, calculated travel-times using ISM method are used as 
markers at which a short-term analysis window is set within 
the kurtosis reflectogram in which the different early 

reflection is expected [1, 2]. The relevant calculated travel-
times for the different ray-paths are shown in Fig. 3 (b), 
where we are only concerned with the first and second order 
reflections. It is noteworthy to disclose, this simulated travel 
time is not the final version, but an updated model 
corresponds to the experimental data will be issued after an 
iterative comparison process in the inverse problem (see next 
section). For the different early reflections, with plexiglass 
plates having absorption characteristics, one may expect 
absorption coefficient effects to come into play, resulting in 
reduced the volume of the peaks (Fig. 3 (a)). Accordingly, it 
is difficult to distinguish some of the reflections clearly. But 
what matters to us is the position of the maximum in the 
reflectrogram, which represents the measured travel-time 
[1]. 

 
Figure 3. Impulse response and the modelled reflectograms 
of the first optimal position (Op-Position-1)  

Tomographic reconstruction algorithm: Inverse 
problem 
The measured travel-times are used in the inverse problem 
as input data to reconstruct temperature field. Simultaneous 
iterative reconstruction technique (SIRT) is widely used as a 
useful tool to reconstruct the temperature [6]. In contrast to 
several techniques [6], SIRT approach has made it possible 
to derive the temperature values without initial knowledge of 
statistical data about distribution of the relevant field. The 
basis for this technique is the need to discretize the 
investigation area into voxels, where the problem can be 
handled under overdetermined condition [2]. In the present 
work, the area of the box has been divided into n3 (n=2) 
voxels, where the area of each voxel is (x=0.665m, y=0.5m, 
z=0.635m). Thus, a discretization of Eq. 4 leads to [4, 6], 

J

j
jij

J

j
jLiji SlCl

11

1
,

                                                         (6) 

where, 1
, jLj CS is the slowness within the thj voxel, while J  

denotes the total number of voxels. 
ijl  is the length of the thi  

ray path inside the thj voxel, which can be written in the 
following form, 
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 I is the total number of sound ray-paths. The inverse 
process using the SIRT technique is based on computing the 
slowness corrections. For more extensive background on  the 
inverse process of the SIRT technique we recommend 
reading work of  Othmani et al. [6].  

Analysis of results 
In order to evaluate the performance of the non-optimal and 
optimal positions, the temperature fields in the eight voxels 
are reconstructed. The positions shown in Table 1 are 
considered. Here, we study three non-optimal positions with 
different number of reflection overlaps: with only one 
reflection overlap (Non-Op-Position 1), two reflection 
overlaps (Non-Op-Position 2) and six reflection overlaps 
(Non-Op-Position 3). Here, the box has been arranged to be 
in steady state condition at a somewhat uniform air 
temperature of about 22.09 °C. Figure 4 outlines the ATOM 
three-dimensional representation of temperature distributions 
for the Op-Position 1, where the NTC thermistors values are 
added in the voxels 1, 2 and 4. The 3D temperatures of the 
other positions are not included here just for brevity. In the 
five optimal positions, the temperatures of ATOM within 
different voxels are in a good agreement with the NTC-
temperatures. For the Op-Position 1, the discrepancy can 
reach about 0.04 K, 0.17 K and 0.07 K within the voxels 1, 2 
and 4, respectively. For the second optimal position, 
discrepancy shows the values 0.23 K, 0.08 K and 0.07 K, 
respectively. For the Opt-Positions 3, 4 and 5, discrepancy at 
its strongest can reaches 0.18 K, 0.2 K and 0.18 K 
respectively. Instead, in the non-optimal positions, the effect 
of the overlapping sound-rays can be observed as a 
significant deviation of temperature between NTC 
thermistors and ATOM technique. For the Non-Op-Position 
3, with six reflection overlaps, the relative errors on 
temperature grow (ΔT=7.2 K, 6.2 K and 1.39 K) and, the 
accordance with thermistors was never achieved, i.e. the 
reconstruction of temperature is unsatisfactory. The relative 
error decreases with the Non-Op-Position 2, where the 
discrepancy shows the values 0.24 K, 0.22 K and 0.12 K. By 
taking the Non-Op-Position 1, with only one reflection 
overlap, our tomography results agree well with those 
obtained by thermistors (ΔT= 0.07 K, 0.03 K and 0.12 K). 
Overall, it can be concluded that the optimal positions 
produce a better distribution of the temperature and confirm 
the significant effect of the simultaneous arrival times of 
several sound-rays. 

Conclusions and outlook 
Evaluating the performance of the ATOM technique under 
several non-optimal and optimal positions of transceivers 
can lead to unbiased conclusions. We defined sufficient 
requirements such that the ATOM temperature is successful. 
Our experiments align with the NTC thermistors and show 
that an accurate reconstruction field is feasible when the 

significant numbers of overlap among ray paths are 
excluded. Future work could examine the application of 
early reflections to reconstruct indoor airflow fields. 

 

Figure 4. 3D representation of ATOM-temperature 
distribution for the first optimal position (Op-Position-1). 
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