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Rice grains represent the majority of worldwide consumed daily food, 
especially for most countries in Asia, where rice crops symbolize the 
feature of the local culture. However, as rice grains are naturally 
hygroscopic, the total values (quality and quantity) are degrading due 
to their varying level of moisture content. Currently, a sampling 
moisture sensing based on a single-point measurement is employed to 
monitor the moisture content level. In this scenario, the conventional 
method needs to be revised because it is very localized and only 
represents part of the moisture distribution inside the bulk grains. 
Besides, implementing several high-end technologies is considerably 
expensive for small-scale industries in developing countries. Therefore, 
this study has developed an RTI system in a prototype scale for a 
constructive moisture sensing method. RTI is a unique approach that 
reconstructs an image across the monitored WSN area by exploiting the 
attenuation of RF signals caused by the presence of targeted subjects. 
Five rice moisture profiles at the percentage of 15%, 20% and 25% 
were reconstructed using image reconstruction algorithms, LBP, FBP, 
NOSER and TR. This study analyses the effectiveness of the proposed 
method in both simulation and experimental studies. The results 
positively support the possibility of engaging the RTI technique to 
localize the moisture distribution in rice storage. 

Keywords 
Image reconstruction, moisture 
content, radio tomographic imaging, 
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1. Introduction 
Paddy grains are routinely harvested for a maximum yield when the moisture content ranges between 18 – 25% 
[1, 2]. Then the grains are cleaned and processed to remove impurities, such as rotten seeds, paddy straws and 
stones. Before loading the paddy and rice grains for safe storage, their moisture content must be reduced on 
average by 12 – 14%, depending on the local weather conditions, storage conditions, and types of storage [3–5]. 
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According to a review by [6], moisture content plays a crucial role in modifying the physicochemical attributes of 
grains, potentially impacting their overall quality. Thus, the former drying process becomes mandatory because 
the extended storage period and different purposes in managing and marketing the grains would necessitate 
different ranges of percentages of moisture content. 

Throughout the storage period, the quality of the rice grains cannot be improved. The reinforcement of air 
dryers to regulate moisture content has proven beneficial in enhancing silo aeration, consequently preserving 
grains with minimal quality loss throughout the storage duration. Nevertheless, previous studies have highlighted 
that the moisture content increases with increasing storage period, which later results in rice grains deterioration, 
development of fungal attacks, additional drying cost, and reduction in the commercial values [7, 8]. Besides, in 
Malaysia, for example, measuring the percentage and localising the distribution of rice moisture content 
throughout the storage process is challenging due to the monsoonal effect, which can be classified as a wet-humid 
climate with a relative humidity of approximately 80% [5]. 

Until now, the percentage of rice moisture content has been commonly measured using primary and 
secondary methods. The primary method applies the traditional sensing of absolute moisture in grains through 
the standard oven-drying process [9]. In contrast, the second method uses either a straightforward and 
convenient moisture meter or high-end technologies [10]. Although the primary method is constantly reliable, 
this technique involves complex procedures and is time-consuming, making it unsuitable for real-time 
measurement. In addition, this technique executes gravimetric analysis, which is a destructive process that 
eventually reduces the grains’ quantity throughout the storage period. Meanwhile, the second method is more 
favourable because this technique is straightforward, non-destructive and provides rapid measurement. Even so, 
some measurement approaches are impractical for moisture sensing on a silo scale. The failure is due to the single-
point measurement, meaning that the measured moisture content does not represent the distribution of moisture 
within the bulk grain inside the silo. Furthermore, the cost of implementing advanced technology in developing 
countries is considerably high [11, 12]. 

Therefore, this comprehensive study designs and develops a radio tomographic imaging (RTI) system to 
improve the efficiency and accuracy of moisture distribution sensing in rice storage. RTI is a unique approach that 
images the subject’s location based on the attenuation in radio frequency (RF) signals from a measured baseline 
value obtained from the links between each stationary sensor node within a wireless network area. The proposed 
method focuses on tomogram analysis produced by employing the RTI technique for sensor data collection, 
reconstructing the image of interest through several image reconstruction algorithms and utilising several image 
quality assessments to evaluate the effectiveness of the proposed method. The findings could lead to more 
exploration of the feasibility of an RTI system as a tool for sensing the changes in grains’ moisture content, which 
subsequently establishes a new approach for a reliable, non-destructive and online sensing method. 

2. System Configuration 
RTI technique is currently the most engaging approach for Device-Free Localization (DFL) technology [13]. The 
RF sensing principle has led to the establishment of the RTI approach, which eventually evolved as one of the most 
efficient localisation techniques. Across the monitoring wireless sensor network (WSN), this RTI system 
practically works by exploiting the attenuation of RF signals, in terms of received signal strength (RSS) quality, 
caused by the presence of targeted objects. RSS-based measurement has been extensively used in WSN monitoring 
and localisation systems because it does not involve the installation of new hardware for the system development, 
as it is already equipped with RF sensor nodes. The original concept of RSS measurements for the RTI imaging 
system was proposed by [14], where they computed these RSS losses to reconstruct the cross-sectional image 
inside the monitoring area. 

Generally, a tomography system’s structure can be visualised as three main components: the sensory system, 
data acquisition and image reconstruction and display system [15, 16]. Fig. 1 describes the structure of the RTI 
system for rice moisture sensing application, while Fig. 2 illustrates the hardware measurement setup. The RTI 
system includes a rice silo, an array of RF sensor nodes mounted externally on the silo’s peripheral, a data 
acquisition system to measure the data from all sensor nodes and a personal computer for data processing and 
image reconstruction. A simulation modelling is carried out to analyse the spatial behaviour of a system, assess 
the image reconstruction results and summarise the fundamental findings. In this study, COMSOL Multiphysics 
software was utilised as a numerical approach using the FEM tool to model the RTI system. An experimental lab-
scaled rice silo setup has been developed non-invasively to evaluate and validate the effectiveness of the RTI 
system for localisation and monitoring. The system used is non-invasive. 
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In this research, the rice silo is designed as a square shape made of an acrylic plate with a wall thickness of 1 
cm. Polymethyl methacrylate (PMMA) is selected for its sturdiness in various applications [17]. The structure of 
the silo proposed in this initial study is designed to be 50 x 50 cm in square length and 70 cm in height. Since the 
radio propagation mechanism may include wave scattering, diffraction and reflection, the silo size is significantly 
considered relative to the wavelength of the propagating frequency to prevent electromagnetic wave interference 
inside the silo [18, 19]. Besides, as cited in reference [20], the attenuation of electromagnetic waves increases in 
correlation with the expansion of the monitoring area. Therefore, this dimension is specifically chosen to 
investigate the capability of the RTI technique to image the moisture distribution inside the rice silo. 

The rice silo system is also configured with 20 RF sensor nodes located evenly along the boundary of the 
square rice silo, with an operating frequency of 2.4 GHz. The 2.4 GHz frequency is preferred to utilise the low-cost, 
over-the-shelf Wi-Fi sensor and standard ISM band of the WSN. On top of that, the 2.4 GHz frequency is very 
sensitive to moisture content, which eventually helps in reconstructing the image contrast. The RF sensor nodes 
are arranged in such a way as to receive the scattered electric fields in multiple directions. In addition, the node 
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Fig. 1 Structure of the RTI system 
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density also plays a significant role in the successful imaging results. Previous research has reported that 
employing 16 sensor nodes instead of 8 sensor nodes enhanced the quality of the reconstructed images [21]. 
Within the same monitoring area, [21] also concluded that a closer arrangement of sensor nodes is anticipated to 
yield better imaging results due to the increased number of projection links intersecting at the same point in the 
targeted area. 

2.1 RF Sensor Nodes: Modelling and Simulation 
Electromagnetic waves constitute measurable electric (E) and magnetic (M) fields, which must coexist. Over 
decades, the remarkable features of electromagnetic waves when propagating in a dielectric medium have led to 
the establishment of advanced and practical solutions, especially in wireless sensing or imaging [22]. In this study, 
the description of electromagnetism is expressed by Statistical Maxwell’s Electromagnetic Theories, as shown by 
[15, 23]. 

It is necessary to have a mathematical model for the RF sensor node so that the RTI system can accommodate 
the simulation of silos at any size with a flexible number of sensor nodes. In this study, the sensor node is modelled 
as a rectangular waveguide operating at 2.4 GHz and TE10 directing wave mode. The width of the rectangular 
waveguide, w is modelled and calibrated through Eq. (1) [24]. Contrarily, the length of the RF node can be 
randomly drawn at a suitable size in the 2D overall plane [25]. 

𝑓𝑓𝑐𝑐 =
𝑐𝑐𝑜𝑜

2𝑤𝑤√𝜀𝜀𝑟𝑟
 (1) 

Where fc is the cut-off frequency depending on the width of the waveguide, w, co is the speed of light, 3 x 108 ms-1 
and 𝜀𝜀𝑟𝑟 is the relative permittivity of dry rice. RF signals can propagate in the dry rice medium if the cut-off 
frequency is lower than the operating frequency. According to [26], in a practical operating range of TE10 mode, 
the cut-off frequency must be higher than 1.22 GHz and less than 2.45 GHz. Herein, the width, w of the RF node is 
5.73 cm at a cut-off frequency of 1.37 GHz. 

2.2 RF Sensor Nodes: Experimental Design 
Since the RSS metric is course information and sensitive, the faulty deployment of RF sensor nodes in terms of 
elevation from the ground and distance between a transmitter and receiver exposes it to multipath effects and 
interference signals from the neighbouring sensor nodes [27]. This phenomenon is specified when the RF signals 
reach the receiver by two or more paths, mainly due to the ground reflections. Hence, the RF sensor nodes 
arrangement has been realised in a well-mannered environment, as in Eq. (2) [28]. Plus, to disregard the ground 
attenuation between the sensor nodes with a transmission frequency of 2.4 GHz, previous research has suggested 
that the sensor node’s height should be much larger than the frequency wavelength (ℎ ≫ 𝜆𝜆), and 0.8 m to 1.25 m 
height just fit for the adjacent sensor nodes placed at a distance less than 5 m [29, 30]. 

𝑟𝑟 = 17.32 × �
𝑑𝑑

4𝑓𝑓 (2) 

Where r is the radius of the Fresnel zone, d is the maximum distance between a transmitter and receiver nodes 
(km) and f indicates the transmitted frequency (GHz). Based on the calculation, all rice moisture profiles should 
not be positioned 12.49 cm lower than the level of RF sensor nodes. 

2.3 Rice Moisture Profiles Setting: Modelling and Simulation 
Permittivity, or dielectric properties, are the electrical characteristics of poorly conducting materials that vary 
significantly with exposed electromagnetic waves. When interacting with RF, these properties are studied as the 
parameters that can be polarised by electromagnetic energy. Thus, this RTI system is based on the relationship 
between the electric field and the medium’s dielectric properties. The relative complex permittivity of the rice is 
expressed in Eq. (3) [15, 31]. 

𝜀𝜀𝑟𝑟 = 𝜀𝜀′ − 𝑗𝑗𝜀𝜀″ (3) 

Where 𝜀𝜀′ is the dielectric constant that describes the capability of a material to store energy in the electric field, 
and 𝜀𝜀″ is the dielectric loss factor that indicates the capability of a material to dissipate energy from the electric 
field, which is then converted into heat energy. 
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The modelling of the rice grains is separated into two parts: the dry rice as a reference medium and the 
moisture rice that indicates the rice phantoms with ‘X’ moisture content. The dry rice is assumed to be at 14% 
moisture based on the standard moisture content level for rice storage following the drying process [1, 2]. For the 
rice phantoms, the MC is set incrementally by 5% each time it is increased, starting at 15%, 20% and finally, 25%. 
The most moisture phantom of 25% moisture demonstrated the worst condition for rice grains since the 
maximum moisture content of paddy grains post-harvesting process is 24% to 26% [1, 2]. Eq. (4) and (5) 
represent the correlation between complex dielectric properties of rice grains with moisture content based on the 
regression method modelled by these researchers [6, 32]. 

𝜀𝜀′ = 𝑎𝑎0′ + 𝑎𝑎1′𝑀𝑀𝑀𝑀 + 𝑎𝑎2′ 𝑀𝑀𝑀𝑀2 (4) 
 

𝜀𝜀″ = 𝑎𝑎0″ + 𝑎𝑎1″𝑀𝑀𝑀𝑀 + 𝑎𝑎2″𝑀𝑀𝑀𝑀2 (5) 

Where the value of coefficients 𝑎𝑎0′, 𝑎𝑎1′, 𝑎𝑎2′ and 𝑎𝑎0″, 𝑎𝑎1″, 𝑎𝑎2″ are for the polynomial expression of the dielectric 
constant, 𝜀𝜀′ and dielectric loss factor, 𝜀𝜀″, respectively. These coefficients are expressed as a function of frequency, 
f, as tabulated in Table 1. 

Table 1 Quadratic coefficients of equations (4) and (5) 
Dielectric properties Coefficient functions 

Dielectric constant, 𝜀𝜀′ 𝑎𝑎0′ = -0.4605f 2 + 8.5289f – 5.1708 
𝑎𝑎1′ = 0.0544f 2 – 0.9928f – 0.2982 
𝑎𝑎2′ = -0.0016f 2 + 0.0281f + 0.0224 

Dielectric loss factor, 𝜀𝜀″ 𝑎𝑎0″ = 0.1347f 2 + 0.6010 – 8.4663 
𝑎𝑎1″ = -0.0166 – 0.0693f + 0.8215 
𝑎𝑎2″ = 0.0005f 2 + 0.0023f – 0.0149 

2.4 Rice Moisture Profiles Setting: Experimental Design 
The valuable expense of the rice grains prevented this study from intentionally causing uncontrolled spoilage. 
Hence, the rice moisture profiles are placed inside cylindrical-shaped containers throughout the experimental 
study. This research introduces two sizes of plastic containers to represent the rice moisture profiles, as presented 
in Fig. 3. Although the containers are slightly different in height, the level of the rice moisture is maintained at 
about 22 cm for both containers. According to [33], the thickness of both containers (1 mm) compared to the 
wavelength of 2.4 GHz radiating frequency (124.91 mm) is negligible. 

The percentage of moisture content is increased to the desired levels based on the moistening method used 
by the previous research in reference [34] and [35]. The difference in the percentage of moisture content can be 
achieved by adding a predetermined amount of water, Q in kg, as calculated by Eq. (6). 

𝑄𝑄 =
𝑊𝑊𝑖𝑖(𝑀𝑀𝑑𝑑 −𝑀𝑀𝑖𝑖)
(100−𝑀𝑀𝑑𝑑)  (6) 

Where Wi is the initial mass of the rice grains (kg), Mi is the initial percentage of the rice moisture content (% wet 
basis) and Md is the desired percentage of the moisture profiles (% wet basis). 

 
 
 

 

11 cm 18 cm 

24 cm 26 cm 

Small container Big container 

Fig. 3 Details of the physical containers representing the rice moisture profiles 



Int. Journal of Integrated Engineering Vol. 17 No. 2 (2025) p. 222-234 227 

 

 

3. Image Reconstruction Technique 

3.1 Solving Forward Problem 
This study exploited the transmission links within the RF sensor network to assess the RSS values. This RSS value, 
measured in dB, indicates the power of a received RF signal as it propagates through a medium from a transmitter 
to a receiver. From a line of sight (LOS) perspective, the transmission link deteriorates as it travels across a 
distance or crosses the attenuating object between the network area. Considering all the simultaneous 
transmission links in the RTI network area, the changes in RSS value, y can be formulated in a matrix form as in 
Eq. (7). 

𝑦𝑦 = 𝑊𝑊𝑊𝑊 + ∆𝑛𝑛 (7) 

Where y is the vector of the measured RSS, W is the n x m weighting matrix, x is the expected attenuation image, 
which has to be determined and ∆𝑛𝑛 is the noise vector. 

The RSS measurement is recorded in two different conditions. Initially, the RTI system is calibrated when 
there is no rice moisture profile inside the silo. Then, the RSS data is collected when the moisture profile is inside 
the silo. Therefore, using the RTI-based technique, the difference between these two RSS measurements can be 
employed to localize the object of interest [36]. 

3.2 Solving Inverse Problem 
The inverse problem is addressed to determine the unknown electric field distribution vector from the sensor 
data output [16]. Thus, in consequence of solving the forward problem that forms the weighting matrix, several 
image reconstruction algorithms have been used to reconstruct the attenuation mapping of the rice moisture 
profiles. 

• Linear Back Projection (LBP) 
LBP is a non-iterative algorithm well known for its simple computational procedure, enabling it to generate a 
tomogram at high speed [37]. Using the LBP algorithm, each normalized weighting matrix is multiplied by its 
corresponding sensor loss at a receiver i-th for projection j-th [38]. Then the individual multiplication is summed 
to attain the back-projected electric field distribution (concentration profile). The weighting matrix has been 
normalized to standardize the output matrices, as in Eq. (8). The following Eq. (9) lines the mathematical equation 
for the LBP algorithm. 

𝐽𝐽𝑗̅𝑗𝑗𝑗 =
𝐽𝐽𝑗𝑗𝑗𝑗
𝑊𝑊 (8) 

Where W is the total add-up of the weighting matrix, also known as the weight balance matrix. 

𝐺𝐺𝐿𝐿𝐿𝐿𝐿𝐿(𝑥𝑥,𝑦𝑦) = ��𝐿𝐿𝑗𝑗𝑗𝑗 × 𝐽𝐽𝑗̅𝑗𝑗𝑗(𝑥𝑥, 𝑦𝑦)
20

𝑖𝑖=1

20

𝑗𝑗=1

 (9) 

Where 𝐿𝐿𝑗𝑗𝑗𝑗  is the sensor loss, 𝐿𝐿𝑗𝑗𝑗𝑗 = 𝑆𝑆𝑗𝑗𝑗𝑗𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑆𝑆𝑗𝑗𝑗𝑗𝑖𝑖𝑖𝑖𝑖𝑖. 𝑆𝑆𝑗𝑗𝑗𝑗𝑡𝑡𝑡𝑡𝑡𝑡  is defined by the electric field that is measured when there is a 
rice moisture profile inside the monitoring area and 𝑆𝑆𝑗𝑗𝑗𝑗𝑖𝑖𝑖𝑖𝑖𝑖  is the electric field measured before the presence of the 
moisture profile. 

• Filtered Back Projection (FBP) 
FBP is a mathematical approach to sharpen the previously reconstructed tomographic images using the LBP 
algorithm [37]. In the FBP algorithm, a filter matrix, F having the dimension as the weighting matrix, is introduced 
to contribute a weighting for each pixel. As a result, a uniform concentration profile is produced at equal sensor 
output. It is obtained by dividing the maximum pixel magnitude, Pm by the weight-balanced matrix, W as shown 
in Eq. (10). 

𝐹𝐹 =
𝑃𝑃𝑚𝑚
𝑊𝑊  (10) 

Hence, the FBP algorithm is defined by multiplying the concentration profile derived using the LBP algorithm 
with a filter matrix, F as given in Eq. (11). 
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𝐺𝐺𝐹𝐹𝐹𝐹𝐹𝐹(𝑥𝑥, 𝑦𝑦) = 𝐹𝐹(𝑥𝑥, 𝑦𝑦) × 𝐺𝐺𝐿𝐿𝐿𝐿𝐿𝐿(𝑥𝑥,𝑦𝑦) (11) 

• Newton’s One Step Error Reconstruction (NOSER) 
NOSER is a fast and practical image reconstruction algorithm due to its stability and direct linear method [39]. 
The formulation of the NOSER algorithm is shown in Eq. (12). 

𝐺𝐺𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑥𝑥, 𝑦𝑦) = [𝐻𝐻]𝑇𝑇 × ��𝐿𝐿𝑆𝑆𝑗𝑗𝑗𝑗 × 𝐽𝐽𝑗̅𝑗𝑗𝑗(𝑥𝑥,𝑦𝑦)
20

𝑖𝑖=1

20

𝑗𝑗=1

 (12) 

Where 𝐿𝐿𝐿𝐿𝑗𝑗𝑗𝑗  is calculated as 𝐿𝐿𝐿𝐿𝑗𝑗𝑗𝑗 = �𝑆𝑆𝑗𝑗𝑗𝑗𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑆𝑆𝑗𝑗𝑗𝑗𝑖𝑖𝑖𝑖𝑖𝑖�
2
 using the least square method. The least-square method aims to 

minimize the variation between the 𝑆𝑆𝑗𝑗𝑗𝑗𝑡𝑡𝑡𝑡𝑡𝑡  and 𝑆𝑆𝑗𝑗𝑗𝑗𝑖𝑖𝑖𝑖𝑖𝑖  for a given electric field distribution in the computational 
domain [24]. 𝐻𝐻  is the Hessian matrix, 𝐻𝐻 = 𝐽𝐽𝑗𝑗𝑗𝑗(𝑥𝑥,𝑦𝑦) ∗ �𝐽𝐽𝑗𝑗𝑗𝑗(𝑥𝑥,𝑦𝑦)�

𝑇𝑇
 which acts as the stabilizer and 𝐽𝐽𝑗𝑗𝑗𝑗(𝑥𝑥,𝑦𝑦) is the 

computed weighting matrix as describe above. In addition, the transposed Hessian matrix is utilized as a rough 
approximation instead of using an inverse matrix because it is impossible to compute the direct inverse [40]. 

• Tikhonov Regularisation (TR) 
TR is a widely used algorithm [36] that provides a simple framework for integrating the desired features into 
tomographic images. In this study, the summation of the Hessian matrix was decomposed into three constituent 
matrices, which are 𝑈𝑈 , 𝑉𝑉  and 𝛴𝛴 . 𝑈𝑈  and 𝑉𝑉  are the unitary matrices, and 𝛴𝛴  is a diagonal matrix. The diagonal 
elements of 𝛴𝛴 are singular values, 𝜌𝜌, as expressed in Eq. (13). 

𝜌𝜌 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝛴𝛴) (13) 

Based on Eq. (13), the involved regularization would introduce additional information into the mathematical 
model to handle these small singular values, hence stabilizing the inverse problem [41]. 

Tikhonov’s smoothing approach is influenced by this regularization parameter, 𝜅𝜅 where 𝜅𝜅 > 0. The iteration 
is concluded to have reached its limitation when a constant value of the image quality assessment is recorded. 
Thus, the same 𝜅𝜅 value is chosen as the optimum regularization parameter to construct the rice moisture profiles. 

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝜅𝜅 =
𝜌𝜌

𝜌𝜌2 + 𝜅𝜅 (14) 

Eq. (15) below shows the mathematical representation of the TR algorithm used to reconstruct the image for 
this RTI system. 

𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡ℎ(𝑥𝑥,𝑦𝑦) = 𝑈𝑈 × 𝑉𝑉 × 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝜅𝜅) × ��𝐿𝐿𝑆𝑆𝑗𝑗𝑗𝑗 × 𝐽𝐽𝑗̅𝑗𝑗𝑗(𝑥𝑥,𝑦𝑦)
20

𝑖𝑖=1

20

𝑗𝑗=1

 (15) 

4. Results and Discussions 
This section objectively presents and discusses the results of the simulation and experimental studies according 
to the methodologies carried out in the earlier section. The capability of the tested RTI system is validated by 
imaging the rice moisture profiles utilizing the proposed image reconstruction algorithms. Fig. 4 illustrates the 
five positions of rice moisture profiles involving single and multiple positions. Profile A has a single small rice 
moisture with a diameter of 11 cm. Profile B depicts dual equal sizes of small rice moisture placed vertically with 
a diameter of 11 cm each. On the other hand, Profile C placed one big size of rice moisture with a diameter of 18 
cm. Profile D displayed a position of the same size as two big rice moisture positioned horizontally, with a diameter 
of 18 cm. Lastly, Profile E portrays dual sizes of rice moisture placed vertically with a diameter of 11 cm and 18 
cm each. 
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The image reconstruction outcomes from all rice moisture profiles studied utilising LBP, FBP, NOSER and TR 

algorithms are tabulated in Tables 2, 3, 4 and 5, respectively. Every simulated and experimental image is compared 
with its corresponding reference image. Despite the hampered smearing artefacts and noises, all four image 
reconstruction algorithms have adequately generated the imaging results as closely identical to the reference 
images with no discrepancies for the percentage of 15%, 20% and 25% of rice moisture content. It can be observed 
that the higher intensity spot (dark red colour) is more concentrated in the targeted location, which represents 
the rice moisture distribution. 

As discovered in the tabulated results, these reconstructed images visualized that, as the number and size of 
the rice moisture increased, the smearing artefacts increasingly marked up the images, consequently promoting 
the image noise floor. The LBP and FBP algorithms mostly reflect this condition compared to the NOSER and TR 
algorithms. The LBP and FBP algorithms are well understood for their poor accuracy due to the appearance of 
artefacts conceivably caused by the back-projection techniques. In contrast, the NOSER and TR algorithms have 
visually improved the reconstructed tomogram images for all rice moisture profiles. The improvement in 
minimizing the smearing artefacts by these algorithms is likely yielded through solving the inverse problem using 
the non-linear approach. 

Table 2 Reconstructed images of rice moisture profiles using the LBP algorithm 

Reference 
image 

15% Moisture content 20% Moisture content 25% Moisture content 
Simulation Experimental Simulation Experimental Simulation Experimental 

       

       

       

       

       
 

Fig. 4 Positions of rice moisture profiles 
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Table 3 Reconstructed images of rice moisture profiles using the FBP algorithm 

Reference 
image 

15% Moisture content 20% Moisture content 25% Moisture content 
Simulation Experimental Simulation Experimental Simulation Experimental 

       

       

       

       

       
 

Table 4 Reconstructed images of rice moisture profiles using the NOSER algorithm 

Reference 
image 

15% Moisture content 20% Moisture content 25% Moisture content 
Simulation Experimental Simulation Experimental Simulation Experimental 
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Table 5 Reconstructed images of rice moisture profiles using the TR algorithm 

Reference 
image 

15% Moisture content 20% Moisture content 25% Moisture content 
Simulation Experimental Simulation Experimental Simulation Experimental 

       

       

       

       

       

4.1 Image Quality Assessment 
Image quality assessment is a tool used to analyse the similarity in terms of visual information of a reconstructed 
image (tomogram) concerning the reference image (original image). Alternatively, it can be used to determine the 
suitability of the particular algorithm and the system’s efficiency. In this research, the MSSIM index has been 
employed to quantify the reconstructed images. The MSSIM method compares the structural similarity between 
two images, producing an output index from 0 to 1. A higher value of the MSSIM index specifies that the 
reconstructed image is likely identical to the reference image [42, 43]. Tables 6 and 7 show the overall results of 
the MSSIM index measured on the rice moisture profiles A, B, C, D and E at 15%, 20% and 25% moisture content 
for both simulation and experimental studies, respectively. 

Table 6 MSSIM indexes measured on the simulation image of rice moisture profiles 

Pr
of

ile
 15% Moisture content 20% Moisture content 25% Moisture content 

LBP FBP NS TR LBP FBP NS TR LBP FBP NS TR 

A 0.3523 0.3213 0.4328 0.3928 0.3490 0.3199 0.4331 0.3813 0.3810 0.3419 0.4750 0.4182 
B 0.3270 0.3111 0.3800 0.3510 0.3371 0.3201 0.3951 0.3590 0.3599 0.3355 0.4314 0.3883 
C 0.3556 0.3361 0.4210 0.3813 0.3678 0.3463 0.4369 0.3948 0.3861 0.3596 0.4601 0.4165 
D 0.3912 0.3836 0.4234 0.4049 0.4028 0.3934 0.4407 0.4196 0.4232 0.4077 0.4714 0.4453 
E 0.3590 0.3466 0.4069 0.3776 0.3705 0.3559 0.4236 0.3919 0.3927 0.3721 0.4537 0.4188 
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Table 7 MSSIM indexes measured on the experimental image of rice moisture profiles 
Pr

of
ile

 15% Moisture content 20% Moisture content 25% Moisture content 

LBP FBP NS TR LBP FBP NS TR LBP FBP NS TR 

A 0.2895 0.2787 0.3458 0.3004 0.2881 0.2779 0.3115 0.2974 0.2867 0.2776 0.3083 0.2953 
B 0.3104 0.2967 0.3330 0.3198 0.3096 0.2994 0.3312 0.3185 0.3080 0.2993 0.3277 0.3160 
C 0.3301 0.3136 0.3566 0.3424 0.3267 0.3119 0.3557 0.3405 0.3288 0.3176 0.3496 0.3378 
D 0.3918 0.3665 0.4087 0.4002 0.3924 0.3843 0.4067 0.3994 0.3925 0.3843 0.4070 0.3997 
E 0.3541 0.3365 0.3773 0.3649 0.3516 0.3318 0.3718 0.3605 0.3506 0.3412 0.3688 0.3589 

 
According to the presented results, the reconstructed images through each image reconstruction algorithm 

demonstrate decent image quality indexes for all rice moisture levels (15%, 20% and 25%). In the simulation 
studies, the maximum score of the MSSIM index is 0.4750 at 25% moisture content of Profile A using the NOSER 
algorithm, whereas the minimum score is 0.3111 at 15% moisture content of Profile B using the FBP algorithm. 
Based on Table 7, the experimental studies recorded the maximum score of the MSSIM index as 0.4087 at 15% 
moisture content of Profile D using the NS algorithm, while the minimum score is 0.2776 at 25% moisture content 
of Profile A using the FBP algorithm. 

Regarding the image reconstruction algorithms, the NOSER algorithm constantly recorded the highest MSSIM 
value among the profile studies, surpassing all the other algorithms throughout the three varying percentages of 
rice moisture content. In contrast, the lowest MSSIM value is always measured by the FBP algorithm. In this study, 
the outstanding performance of the NOSER algorithm is potentially due to the iterative step through the 
measurement from the sensor nodes at the reference distribution model [39]. As reviewed by the previous study, 
the contradictory imaging results attained by the FBP algorithm are primarily because of the filter matrix that 
enhances the image noise, which consequently leads to poor image reconstruction accuracy [44]. 

5. Conclusion 
This study successfully designed and developed a novel technique of localization for imaging the rice moisture 
content distribution in a silo scale based on the tomography method. The development of an RF transceiver sensor 
array as the tomography sensor for moisture localization and monitoring technique has established a new 
application of RF tomography sensor, which is independent and adaptable where the RTI system is suitable to be 
implemented for sizable silo scale measurement. Furthermore, the proposed RTI system has efficiently designed 
an economical, non-invasive and overall-sensing method for rice moisture distribution without assessing the silo 
facilities, which eliminates the traditional single-point measurement method. This model has dismissed the 
complex and destructive procedures. 
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