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Abstract: Drying as an effective method for preservation of crop products is affected by various
conditions and to obtain optimum drying conditions it is needed to be evaluated using modeling
techniques. In this study, an adaptive neuro-fuzzy inference system (ANFIS), artificial neural network
(ANN), and support vector regression (SVR) was used for modeling the infrared-hot air (IR-HA)
drying kinetics of parboiled hull. The ANFIS, ANN, and SVR were fed with 3 inputs of drying time
(0-80 min), drying temperature (40, 50, and 60 °C), and two levels of IR power (0.32 and 0.49 W/ cm?)
for the prediction of moisture ratio (MR). After applying different models, several performance
prediction indices, i.e., correlation coefficient (R?), mean square error index (MSE), and mean absolute
error (MAE) were examined to select the best prediction and evaluation model. The results disclosed
that higher inlet air temperature and IR power reduced the drying time. MSE values for the ANN,
ANFIS tests, and SVR training were 0.0059, 0.0036, and 0.0004, respectively. These results indicate the
high-performance capacity of machine learning methods and artificial intelligence to predict the MR
in the drying process. According to the results obtained from the comparison of the three models, the
SVR method showed better performance than the ANN and ANFIS methods due to its higher R? and
lower MSE.

Keywords: drying; parboiled hulls; artificial neural networks; neuro-fuzzy inference; support
vector regression

1. Introduction

Rice is one of the oldest and most important grains on earth. Due to the increase
in population and the limitations of increasing the area under rice cultivation, the most
important goal in the industry is the processing of this strategic plant and the production
of the highest quality crop [1]. Rice is a very valuable food and plays an important role in
human nutrition. In 2020, according to the World Food and Agriculture Organization, the
total world rice production was 513 million tons [2]. The nutritional value of rice has led to
the use of this substance as a staple food in most countries and has a significant role in the
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nutrition of people around the world. Due to the importance of rice in the diet of Iranians
after wheat, it is among the strategic goods and is the second most-consumed food by most
people [3].

Parboiling is a hydrothermal process that is applied to the hulls before the conversion
operation and consists of three stages: immersion, steaming, and drying. To solve the
problem of rice fracture, parboiling is a useful, practical, and safe method that has a
significant impact on rice self-sufficiency [4].

Drying is one of the oldest and most common processes of preserving food and
agricultural products, which has greatly affected the quality of the product in terms of color,
texture, size, and taste [5]. For example, it reduces the activity of water in the product and
in turn reduces the microbiological activity of the product and also minimizes physical and
chemical changes during storage. In drying, in addition to preventing food spoilage due to
the invasion of microorganisms or chemical reactions, the weight of the food is reduced
due to the loss of moisture in the product, and savings in transportation, packaging, and
storage costs [6].

In the past, solar energy was used to dry a variety of agricultural products and food,
but due to inappropriate changes in food quality, lack of enough control during the drying
process, long drying time, and unsanitary, the product has many problems in using this
method, so it is necessary to use new technology in the drying process [7].

Hot-air drying is the most common method for drying food and agricultural products.
In this method, the whole product is completely and uniformly exposed to drying. Low
energy efficiency, long drying time, and low quality of products are among the disadvan-
tages of this method [8]. On the other hand, the use of IR radiation for drying agricultural
products is increasing due to its many advantages (faster heat transfer, uniform heating
of the product, and high value of dried food). IR radiations are shone on the product [9].
Depending on the type of product and the wavelength of the radiated radiation, part of
the radiation passes through the product, a percentage of it is reflected, and finally, a part
is absorbed and penetrates the product and will be converted into thermal energy. The
product then heats up sharply and the thermal gradient inside the body increases sharply
over a short period of time. Because air transmits IR radiation energy, IR energy heats the
product without heating the ambient air [10]. Drying of food and agricultural products
using combined infrared and hot-air drying can be a good substitute for single hot and
infrared drying. The interaction of the two drying leads to an efficient drying process.
When materials are exposed to IR radiation, the radiation penetrates into the product and,
as a result, increases the molecular vibration, thus facilitating heat dissipation and reducing
the drying time [11,12]. Rapid heating of the material increases the speed of moisture
movement to the surface. The flow of hot and dry air removes moisture from the surface,
thus increasing mass transfer. Other advantages of infrared and hot-air drying are high
drying speed, high energy efficiency, better product quality, and efficient use of space [13].
Many products have been dried using IR-HA drying, including shiitake mushroom [14],
mint leaves [15], white mulberry [13], Kiwi and Turnip [16,17], sweet potato [12], and
savory leaves [18].

Drying is a very complex and uncertain phenomenon and there are unknown factors
for them. This phenomenon has been modeled with different levels of complexity [19].
Predicting the drying kinetics of agricultural products under different conditions is very
important and basic for equipment and process design, quality control, energy and fuel
management, and selection of appropriate storage [20]. In order to model food process-
ing processes such as drying and predicting the desired parameters in the design and
development of systems, various methods and equations have been used. In situations
where the relationships between independent and dependent parameters are complex,
mathematical modeling methods will face limitations such as selecting parameters, the
application of assumptions to solve equations, and the complexity of solving equations.
Therefore, the best choice is to use intelligent optimization methods [21]. These methods
include artificial neural networks (ANNSs), adaptive fuzzy-neural inference system (ANFIS),
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and support vector regression (SVR), which allow adequate and accurate prediction of the
drying process in industrial applications.

Many authors have successfully used ANN, ANFIS, and SVR to describe the drying
properties of many agricultural and food products. Kaveh et al. [22] conducted a study
to predict the moisture ratio (MR), energy, and exergy of onions during drying with a
semi-industrial type of continuous dryer by using two different approaches ANNs and
ANFIS. The results showed that the ANFIS model provided better results for all predicted
parameters. In another study, the MR, energy, and exergy analysis of drying of blackberry
in an IR-HA dryer with ultrasonic pretreatment were predicted by ANNs and ANFIS [23].
Ziaforoughi et al. [24] performed comparisons between mathematical and inference models
to predict the MR of quince in the IR drying. According to the results, the ANFIS model
with (R? = 0.998) had better performance than the mathematical models. SVR has also been
used to predict the moisture content (MC) of wood during the drying process [25]. Several
studies have employed ANNSs to estimate the MR of different products in different dryers,
including green peas [26], apricot [27], stevia [28], basil seed [29], and yam slices [30].
Therefore, in this study, ANN, ANFIS, and SVR are evaluated to predict the moisture
drying ratio of rice in an IR-HA dryer under different operating conditions (two levels of
infrared power and three levels of inlet air temperature).

Previous studies have generally focused on neural networks and semi-empirical
models. These methods are powerful tools for modeling complex phenomena such as the
drying process, but these methods provide district information based on drying behavior,
and therefore it is inevitable to consider different models for precise simulation of the
drying process. The number of studies comparing ANN, ANFIS, and SVR methods based
on drying characteristics is limited in the literature. Therefore, the purposes of the present
study are (a) investigation of the effect of drying temperature (40, 50, and 60 °C) at two levels
of IR power (0.32 and 0.49 W/cm?) on parboiled hulls moisture ratio (b) the evaluation
of the different topologies of ANN models as shaped by the selection of the networks,
activation functions, training algorithm, the neuron and the hidden layer number, (c) the
evaluation of different first-order Takagi-Sugeno type ANFIS models with different number
and types of membership function for each input and output, training algorithm, number
of output membership functions and number of fuzzy rules for predicting the drying
characteristics of parboiled hulls, (d) the comparison of the various learning algorithms of
the support vector regression method for estimating the MR of drying of parboiled hulls.

2. Materials and Methods
2.1. Description of Dataset
2.1.1. Sample Preparation

To conduct the research, the Fajr rice cultivar was prepared from the research farm
of the Iranian Rice Research Institute in Amol. The samples were separately saved in
plastic bags at 5 & 1 °C refrigerators. For the experiment, the broken seeds were separated
from the healthy seeds to reduce the test error. The experiments were performed in the
laboratory of the Department of Biosystem Engineering of the University of Mohaghegh
Ardabili, Iran. In this state, the MC value of samples was 11 £ 1%, wet basis (w.b.). To
find the MC, 10 g of the hull was heated in an oven (Memert model D06836, Germany)
at a temperature of 130 °C for 24 h. Fajr rice cultivar has a weight of one thousand seeds
of 21.6 g. The average length, thickness, and width of rice samples were 10.60, 2.11, and
1.98 mm, respectively.

The MC of paddy samples was obtained from the following equation [22]:

_mp —my
= -

MC 1)

where MC (moisture content) is based on a wet basis; m; is the initial sample weight (kg),
my, is the final sample weight after drying (kg).
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2.1.2. Parboiling Hulls

A device made by Taghinezhad et al. [31] was used for the immersion of hulls. This
device includes a tank and a temperature control system. During immersion, a water
temperature control system was used to maintain the water temperature. A mesh chamber
(sampler) was used to float the hull in the tank. The samples were placed in a sampler and
the water temperature in the tank was constant throughout the soaking period with an
accuracy of +0.5 °C. Therefore, for soaking, 200 g of paddy samples were added to 1000 mL
of deionized water, for a water to rice ratio of 5:1 [32]. The samples were soaked in a water
bath and the temperature was set at 65 °C % 0.5 °C for 180 min to achieve the best quality
of parboiled rice [33]. The experiment was performed in three replications. Approximately
200 g of the sample was used in each experiment.

2.2. Pre-Processing
Drying Oven

After immersing the hull, the samples were taken out of the distilled water, and then
the extra water was absorbed from the sample surface using a towel. The samples were
then transferred to a combined IR-HA drying with three levels of hot air temperature
(40, 50, and 60 °C) and airspeed of 1 m/s. It is worth mentioning that this dryer has a
temperature control system (with an accuracy of £0.01 °C) and two 500 W IR lamps (Philips
model, Flemish, Belgium) which were installed in the upper part of the dryer chamber
with a height of 30 cm. A centrifugal fan with an inverter (Vincker VSD2, ABB Co., Taipei,
Taiwan) was used to create the inlet air velocities. During the experiments, the ambient
temperature was between 20 and 26 °C and the relative moisture was between 22% and
27%. The samples were weighed using a digital scale with 0.001 g resolution (AND GF-600,
Japan). The IR-HA dryer was turned on 30 min before the start of each experiment to
ensure stable and uniform conditions at the beginning of drying. The drying process was
performed at three temperature levels (40, 50, and 60 °C), two levels of IR power (0.32 and
0.49 W/cm?) by a combined IR-HA drying. Samples with a weight of 200 g were put on
a 10 cm by 10 cm surface in the IR-HA chamber. Also, the bed depth of the sample was
5 mm. The samples were dried by a dryer until the MC reached 11% on a dry basis.

Moisture ratio was calculated by Equation (2) [7]:

o Mt_Me

MR = ————
Mb_Mg

()
where MR is the moisture ratio, M;, M}, and M, are moisture content at time t, initial, and
equilibrium moisture content (% db), respectively.

2.3. Model Development
2.3.1. Artificial Neural Network

The neural network consists of a connected group of artificial neurons that processes
information using a computational connection approach [34]. ANN is an adaptive system
whose structure is based on the information given to it through the network during the
learning phase. ANN is able to learn the relationship between input and output data by
having enough information [35].

The experimental phase occurs at the same time as the learning phase, in which the
network tests itself with another piece of data (Figure 1).
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Input layer H First hidden layer | Second hidden layer | Output layer \
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Drying Time
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Figure 1. Selected ANN structure with two hidden layers.

In this structure, by changing the type of network (Feed Forward Back Propaga-
tion (FFBP)), Cascade Forward Back Propagation (CFBP), training algorithm (Levenberg-
Marquardt (LM) and Bayesian Regulation (BR)), the amount of data used for learning, testing
and evaluating the best network structure to achieve the optimal network were investigated.

Levenberg-Marquardt’s algorithm is a way to find the minimum of a multivariate
nonlinear function that has been employed as a standard method for solving the least-
squares problem for nonlinear functions [36,37].

Bayesian Regulation: this method does not require accurate information and the
complete history of a fact. In fact, it can use incomplete and inaccurate information to
achieve very acceptable results in estimating the current or future state of a system [37,38].

FFBP: The static (etc. time-dependent) structure of this network is used in engineer-
ing and scientific computing. Neurons, which are elements of the signal processor, are
connected by synaptic connections between the feed-forward layers. Input-output con-
nections may be performed by nonlinear mapping functions (activation functions). Error
back-propagation algorithm is the main method for updating FFBP network weights to
perform calculations. The first layer is the data entry layer. No processing is done in this
layer. The last layer is the network output layer, and the user or control system can receive
the processed information [39]. In this network, the neurons of each layer are connected to
the neurons of the prior layer’s neurons. The inputs of this network pass through layers to
reach the output layer (Figure 2).

Hidden Layer 1 Hidden Layer 2 Output Layer

Input Output
3 1
8 8 1

Figure 2. Feed Forward Back Propagation structure with two hidden layers.

CFBP: These networks, like the feedback network, use an error back-propagation
algorithm to update the weights. But the main feature of this network is that the neurons
in each layer are connected to all the previous layer neurons (Figure 3) [40]. The activation
functions and algorithms used for the CFBP network are similar to those for the FFBP
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network. It is noteworthy that due to the increase in interneuron connections, the network
used becomes more complex because its computational volume increases [37].

Hidden Layer 1

Hidden Layer 2

1

Figure 3. Cascade Forward Back Propagation structure with two hidden layers.

Determining the number of neurons and layers is the main important issue for design-
ing ANN algorithms [41]. The number of neurons has a direct impact on ANN algorithm
learning. For instance, if fewer neurons are considered then the time of the network is
reduced while the network has not learned enough, and the network has not faced all
the possible cases. Selecting a high number of neurons then the calculation takes more
time and extra memory capacity is required however it results in excellent learning [42].
Overall, trial and error are used to determine the number of neurons and layers [43]. The
perceptron multilayer neural network is an FFBP or CFBP with three inputs (infrared
power, air temperature, and drying time), one or two hidden layers, and one output layer.
However, there was no general rule for choosing the number of neurons in the hidden layer.
Both the input and output were considered to have one neuron, and the stepwise searching
method was used to determine the optimal number of hidden neurons in the range of 3-15
(trial and error) [41]. Also, ANN will finish the procedure of the network after reaching a
minimum error and maximum R? value

During the training process, ANNs, with the help of training data, learn the connec-
tions between neurons in each training epoch to bring these predicted values closer to the
desired outcomes and maximize the efficiency of the prediction model. During the network
training process, composite variables such as the number of hidden layers, neurons, and
training epochs were assessed by trial and error. X; is weighted inputs for each neuron in
jth layer and computed as below [44]:

N
X]‘ZEWi]‘XYi-i-bj 3)
=

where N is the number of output layer neurons, Wj; is the weight coefficient between the
ith and jth layers, Y; is the ith neuron output, b; is the bias of jth neuron for FFBP and
CFBP networks

During the training process, these weights and the constant values that are added
to them, called biases, change continuously until the error is minimized. After obtaining
each Xj, an activation function is used for modifying it. To optimize the network structure,
three activation functions of the hyperbolic tangent sigmoid (Tansig (TAN)), logarithmic
sigmoid transfer function (Logsig (LOG)), and linear function (Purlin (PUR)) were used
(Figure 4) [28].
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a = tansig(n)

a = logsig(n)

a = purelinin)

Figure 4. Activation functions of Tansig, Logsig, and Purlin.

Three transfer functions were employed to achieve the optimized network struc-
ture [45,46].

2 .
Yi=ax exp(2X;)) — 1 Tansig @
1 .
Yj = m LogSIg (5)
Y; = X; Purlin (6)

2.3.2. ANFIS

The ANFIS model is a soft computation model that serves as a combination of neural
networks and fuzzy systems [20]. Hence, it provides a synergetic effect that incorporates
the advantages of both systems in linear and non-linear processes. ANFIS constitutes an
integration of fuzzy inference systems (FIS) and ANNSs, maintaining both advantageous
features in a single structure, such as the trainability, the optimizable connectionist structure,
the human expert knowledge in linguistic terms using if-then rules. In ANFIS, the main
problem is determining the type of membership function and their degree of membership,
for which there is no specific solution, and by using trial and error, the best structure
of the model is determined. For this purpose, in training the structure of ANFIS, the
hybrid method was used, which is a combination of the least-squares method and the back
propagation method. ANFIS can be potently employed to find the optimum relationship
between a set of input and output data effectively. Fuzzy rules can be generated from the
given input-output data by implementing the Takagi-Sugeno fuzzy inference system, thus
this system is always interpretable in terms of fuzzy if-then rules in contrast with ANNSs
where the knowledge gained by training is split in every network weight and is not possible
to be interpreted by humans [20]. The inputs and outputs parameters are related together
using some fuzzy rules known as IF-THEN rules. In the present study, fuzzy IF-THEN rules
were used to evaluate the MR of parboiled hulls. ANFIS is a five-layered model that utilizes
fuzzy logic controllers in solving problems at a high rate with a minimum steady-state error.
The ANFIS model consists of five layers whose functions are fuzzification, multiplication,
normalization, defuzzification, and summation, respectively [42,47]. The designed ANFIS
system consists of three inputs (inlet air temperature (T), infrared power (P), and drying
time (DT)), and from the other side one outlet (MR (f)) (Figure 5). Fuzzy if-then rules are
written for this structure based on Equations (7) and (8).
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[ Input mf || rule |[Outputmf]|[ Output |

Air temperature

Infrared power
—D

Drying Time

Figure 5. An ANFIS model based on Sugeno-type fuzzy rule.

In this study, fuzzy if-then rules consisted of four rules, three of them for inputs (T, P,
and DT) and one rule for output (f), as in the following forms [30].

Rule1:if Tis A1, Pis By and DT is Cq @)
then fi = p1T +q1P+ DT +5,
Rule1:if Tis Ay, Pis By and DT is Cp

8
then fo = poT + 2P + DT + s ®)

where T is the input air temperature (°C), P is the infrared power (W/cm?), DT is the
drying time (min), f is the MR, A1, Aj, By, By, C1 and C; are the language indicators, 1, 1,
q1, 92, P1, P2, 81, and s; are the linear coefficients of the output function and f; and f, are
first-degree polynomials.

The first layer (fuzzification): each node in the first layer is an adaptive node and the
corresponding node function is written as follows [39]:

O'4i = nai(T) i=12 )
O'p; = ug;j(P) i=1,2 (10)
O'4i = uci(DT) i=12 (11)

where, 14, 1pj, and pcj are the membership functions from the language variables of A, B,
and C.

In the second layer; known as multiplication; each rule functions as a node in the
ANFIS network using soft-min or product to determine the binding factor of the rule. The
input signal in Equation (12) is multiplied by this layer and exits the product.

Ozi =w; = PlAz(T) X ‘uBZ(P) X ],[Ci(DT), ..... i=1,2 (12)

In the third layer (normalization): the ratio ith of the laws of weight governing the
total force of each rule can be found by Equation (13) [22]:
Wi
w1 + wp

0% =w= (13)

where w is the normalization rate.
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The fourth layer (defuzzification): each w; value is related to the result of linear
regression f; in this layer and finally the output result is generated in Equation (14) [30]:

041- :wifi :wi(piT—l—qu—i—i’iDT-'-Si) (14)

Fifth layer (dummation): the total output is obtained using follow Equation (15) [25]:

Zwlfl zal)fl' 1,2 (15)

In this paper, two models of ANN and ANFIS with 163 datasets were used to predict
the MR of parboiled hulls. In order to model the network, the data were randomly divided
into two groups, of which 75% (114 data) were used for training and 25% (49 data) were
used for testing the models. The data were then trained using MATLAB software (ver4.01)
and with one or two hidden layers.

2.3.3. Support Vector Regression (SVR)

The support vector machine (SVM)/support vector regression (SVR) has been lately
utilized in multi-various fields for the prediction of quality characteristics. While support
vector machines (SVMs) are a well-known method for classification, SVR is a lesser known,
but effective, method for solving regression problems and estimating function with a
supervised learning approach. Unlike SVM, where the output is a separate set, in this
method, by estimating a multivariate function, the output is obtained with a continuous
value [48]. Support vector machine is considered a non-parametric technique because it
is based on nuclear functions. SVR estimates a continuous-valued function that encodes
the fundamental interrelation between a given input and its corresponding output in the
training data. This function then can be used to predict outputs for given inputs that
were not included in the training set [49]. This algorithm has been used in cases such as
face recognition, text classification, and bioinformatics. Learning algorithms include the
following types: linear, quadratic, cubic, and gaussian [50]. One of the main advantages
of using SVR is that it has very few adjustable parameters which in turn provides less
effort and diminishes the need for experimentation for the purpose of finding appropriate
architecture [51]. In this study, all data were used to train SVR algorithms. The architecture
of the SVR model is presented in Figure 6.

I Input vector X | I Kernel I

Air temperature |
1

Infrared power:
1
—

Drying Time

Figure 6. Architecture of the SVR used for modeling the wheat moisture content in this study.

2.4. Model Evaluation Methods

The input layer in all three networks to predict the features studied in this study
included inlet air temperature, infrared power, drying time and the output layer also
included MR (Table 1).



Appl. Sci. 2022,12,1771

10 0of 18

Table 1. Input parameters for ANN and ANFIS to predict the MR of parboiled hulls.

Parameter Sign Unit Category Min Max
Inlet air temperature T °C Input 40 60

Infrared power P W /cm? Input 0.32 0.49
Drying time DT min Input 0 68
Moisture ratio MR - Output 0.2 1

Table 1 presents the inputs and output factors. Therefore, three neurons including
inlet air temperature, IR power, and drying time were employed in the input layer of ANN
and ANFIS networks and one neuron was allocated for the output layer (MR). The Neural
Network Toolbox of MATLAB software (v4.01) was also employed to design and evaluate
ANN, ANFIS, and SVR to predict the MR of parboiled hulls.

It is recommended to normalize the data along a correct spectrum to stop any nu-
merical overflow during the training of ANN, ANFIS, and SVR. Taghinezhad et al. [23]
noted that normalization can help improve the network. Input and output values are
standardized between 0.00 and 1.00 using Equation (16). [23].

Xb — Xmin

Xpy=—"7—"-—-"+"7""
" Xmax - Xmin

(16)
where X, is the normalized value of the parameter, X}, is the real value of each parameter,
Xmax is the maximum value of the desired parameter and Xy is the minimum value of
the desired parameter.

Three indicators (R-square, mean squared error (MSE), and mean absolute error
(MAE)) were applied for the evaluation of the ANN, ANFIS, and SVR. These indices are
shown in Equations (17)—(19), respectively [52].

i=1

R2 — = . (17)
{21 (Xi - Xmean) }
N 2
‘g (Xi — Xp)
MSE = N (18)
1 N
MAE:NZ]Xi—Xﬂ (19)

i=1
where X; and Xp are the measured (actual) and predicted values of output, Xmean is the
average predicted values and N is total data

3. Results and Discussion
3.1. Drying Kinetics

Figure 7 shows a diagram of the MR and drying time (min). The results showed that
with increasing IR power, the rate of moisture removal from the hulls was faster and the
drying time was reduced. Based on this, the minimum and maximum drying time were
obtained in IR power of 0.49 and 0.32 W/cm?, respectively. IR waves reduced the drying
time and increased the drying rate due to the direct penetration of energy on the grain
surface and its absorption as heat [27]. In other words, high IR power caused more mass
and heat transfer and more severe moisture reduction [53]. In addition, the drying time of
the products was decreased at higher inlet temperatures, so the longest and shortest process
times were related to drying at 40 and 60 °C, respectively. Increasing the temperature of
the product surface led to an increase in mobility of water molecules and as a result easier
migration of these molecules from the internal parts to the product surface [54]. Increasing
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the temperature on the one hand increased the moisture absorption capacity of the air
due to increasing the temperature difference between the air and the product and on the
other hand caused faster heating of the product and better evaporation of water from it
and ultimately reduced drying time [55]. Chayjan et al., [40] in a study of drying the thin
layer of sour cherry using IR-HA showed that by changing the infrared power from 500
to 1500 W, increasing the air temperature from 35 to 65 °C, the drying time in the length
of the drying process was reduced. Similar findings were observed in the drying of mint
leaves [15] and pumpkin [55] and potato [41].
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Figure 7. Effect of air temperature on MR in different IR powers during parboiled hulls drying.

3.2. Artificial Neural Networks

Due to the influence of the number of neurons, the type of functions, and learning
algorithms on the output of the models, different networks were designed and evalu-
ated. Table 2 shows the comparison of different structures in determining the MR of
parboiled hulls.
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Table 2. Best selected topologies, including testing and training, different layers and neurons for

FFBP, and CFBP for moisture ratio.

Training Activation Number of Layers Test Train

. Epoch

Network Algorithm Functions and Neurons MSE R? MAE R? MAE poc
FFBP LM TAN-TAN-TAN 3-8-8-1 0.0059 0.9991 0.0423 0.9967 0.0618 144
FFBP BR PUR-TAN-TAN 3-5-5-1 0.0073 0.9982  0.0501 0.9711 0.0924 118
CFBP LM TAN-LOG-PUR 3-10-8-1 0.0068 0.9989 0.0449 0.9968 0.0599 68
CFBP BR TAN-TAN-TAN 3-5-5-1 0.0080 0.9979  0.0533 0.9899  0.0855 132

Table 2 displays the best selected ANN models with their topology, activation func-
tions, and various algorithms used to anticipate the MR of parboiled hulls in an IR-HA
drying. Among all the topologies depicted in Table 2, the powerful one for estimating the
MR of parboiled hulls with topology 3-8-8-1 and activation function TANSIG-TANSIG-
TANSIG belong to the LM algorithm. The error values of MSE, MAE, and R? of the network
were 0.0059, 0.4234, and 0.9991, respectively.

In a study, Sadeghi et al. [56] reported that a model contained an input layer with four
neurons (radiation intensity, slice thickness, distance between slices and infrared lamps),
two hidden layers (5 and 7 neurons) and one neuron in the output layer (MR) with TANSIG
transfer function and the LM training algorithm was the best model for predicting kiwi
slice in an infrared dryer. Beigi and Torki [57] predicted the moisture ratio of the onion
slice in the microwave drying with the highest R? = 0.997 and the lowest MSE = 0.000228
values (Best structure: three inputs including microwave power, samples thickness and
drying time, the multi-layer feed-forward network with a topology of 3-18-1, Levenberg-
Marquardt training algorithm and transfer function of LOG- PUR). Various studies have
been performed on the drying MR of other crops such as potato [41], apricot [27], and
stevia [28] using ANN.

3.3. ANFIS

The results of the best ANFIS structure for estimating the MR of parboiled hulls in
different conditions are given in Table 3.

Table 3. Information on the best model for the MR of parboiled hulls in ANFIS.

Result ANFIS Modeling Results
Sugeno-type Fuzzy structure
Genfisl Basic FIS for training
3-3-3 Number of membership functions for each entry
Gaussian (gaussmf) Type of membership function for each entry
1000 Epoch
Linear Type of membership function for each output
Hybrid Training algorithm
3 Number of entries
27 Number of output membership functions
114 Number of data for training
49 Number of data to evaluate
27 Number of fuzzy rules

In the present study, the findings of an experimental investigation and the modeling
prediction using ANFIS were compared and employed to estimate the MR of parboiled
hulls. Information on the most preside algorithms is shown in Table 3.

In ANFIS analysis, as in other models used, the best architecture must be designed.
To achieve this goal, different ANFIS models have been designed using a trial-and-error
method to determine the number of fuzzy rules in output prediction. This model used
eight types of membership functions: psigmf, dsigmf, pimf, Gasuss2mf, Gaussmf, gbellmf,
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trimf, and trapmf. As can be seen, the Gaussian membership function (gaussmf) is widely
employed in ANFIS modeling using training and test data as a membership function. It
was found that this membership function due to the lower values of MSE and higher R?
and 27 fuzzy rules with structure (3 x 3 x 3) showed the best performance and estimation
compared to all membership functions to predict the MR of parboiled hulls in infrared-hot
air drying (Table 3). The number of functional membership rules was three to five. This
membership function is the most applied in ANFIS networks. Indeed, it is actually suitable
in terms of values and relation to the types of membership functions. Finally, the three fuzzy
rules for each input exceed the number of other membership rules. Thus, 27 fuzzy rules
(3 x 3 x 3) revealed the highest efficiency for predicting the MR of parboiled hulls in an
IR-HA drying (Table 3). The findings obtained for ANFIS modeling are tabulated in Table 4.
It should be noted that the accuracy of the ANFIS model could be improved by increasing
the number of membership functions; however, it drastically increases the number of rules.
As observed, the lowest MSE and the highest R? were provided by the ANFIS algorithm.
In fact, the model potentially predicted the MR with a coefficient of determination of 0.995
and the MSE of 0.0036. In a study conducted by Ziaforoughi et al. [24] who used a similar
technique to estimate the MR of quince using IR drying, they claimed the values of 0.9999
and 0.0041 for R? and RMSE, respectively. In another research, Kaveh et al. [26] used the
ANFIS model to predict the green peas moisture ratio (MR) by using a hot air-rotary drum
dryer. They obtained R? = 0.9996 and MSE = 0.0026 for the prediction of the moisture ratio.
Other researchers, including Taghinezhad et al. [17], Okonkwo et al. [21], and Ojediran
et al. [30] also used the ANFIS model in the drying process, and the optimal performance
of the ANFIS model for the modeling has been shown in these studies.

Table 4. The results of different ANFIS arrangements for estimating MR obtained from testing and
training data.

Type of Membership Number of Membership Test Train
Function for Each Entry Functions for Each Entry MSE R2 MAE R2 MAE
gaussmf 3-3-3 0.0036 0.9995 0.038 0.9991 0.042
trimf 3-3-3 0.0050 0.9992 0.0414 0.9972 0.0468
trapmf 3-5-3 0.0064 0.9989 0.0451 0.9978 0.0459

3.4. Support Vector Regression

Different types of SVR algorithms were investigated, the results of which are presented
in Table 5. Corresponding MSE and R? values were 0.0182 and 0.9997 for the prediction of
moisture ratio. A comparison between the predicted and experimental moisture ratios for
data sets for the SVR is shown in Figure 8.

Table 5. Results of various learning algorithms of the support vector regression method for estimating
the MR obtained.

Type of Algorithm MSE R? MAE
Linear 0.0023 0.9611 0.0352
Quadratic 0.0004 0.9997 0.0182
Cubic 0.0005 0.9990 0.0201

Fine Gaussian 0.0018 0.9705 0.0335
Medium Gaussian 0.0006 0.9985 0.0203

Coarse Gaussian 0.0010 0.9814 0.0235
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Figure 8. Predicted MR data vs. real values, and for quadratic algorithm the SVR method.

According to the results, it seems that quadratic, cubic, and Gaussian algorithms have
higher average power in estimating MR, respectively.

In a study conducted by Abdollahpour et al. [58], they reported that the ANN model
has a greater ability than the SVR model to predict the moisture content of wheat at harvest
time. In another study, Taheri et al. [59] modeled the moisture content for drying the lentil
seeds in a microwave fluidized bed dryer using the SVR and ANN. They showed that the
ANN model performed better with R? = 0.999 than the SVR with R? = 0.995.

3.5. Comparison of ANN, ANFIS, and SVR

The present study attempted to investigate the potentials of ANN, ANFIS, and SVR
modeling techniques to estimate the MR of parboiled hulls. In order to have a measurement
of the efficiency of the developed equations, three statistical functions were used (i.e., MSE,
MAE, and R?). Table 6 shows the values of ANN, ANFIS, and SVR models. Accordingly,
the ANFIS model provided higher accuracy than ANN. Furthermore, the predicted results
against the actual values for the Gaussian membership function and the ANN are presented
in Figure 9. Kaveh et al. [22] and Taghinezhad et al. [23] in a comparative application of
ANN and ANFIS to predict the MR of onion and blackberry, respectively, reported that
the ANFIS model performs better in predicting the MR. Amini et al. [29] and Satorabi
etal. [27] also used ANN- genetic algorithm and ANFIS—to predict the MR of basil seed
and apricot crops. They showed that the ANFIS model performed better due to the higher
R? value. Similarly, Zadhossein et al., [60] reported that the ANFIS model was slightly
better than multilayer feed-forward neural networks models for the prediction of MR,
energy, and exergy of Cantaloupe Slice in a microwave dryer. Bakhshipour et al. [28]
reported that the ANN model was more accurate than the ANFIS and mathematical model
for the prediction of stevia leaves in an infrared-assisted continuous hybrid solar dryer.
However, Abbaspour-Giandeh et al. [61] and Chasiotis et al. [20] for drying quince and
Echium amoenum Fisch. & C. A. Mey., respectively, were shown that compared to ANN and
mathematical models, ANFIS is reported as the most suitable model for MR prediction

Table 6. Comparison of prediction behavior of parboiled hulls drying in an IR-HA drying using
ANN, ANFIS, and SVR.

MR
ANN ANFIS SVR
MSE 0.0059 0.0036 0.0004
MAE 0.0423 0.0388 0.0182

R? 0.9991 0.9995 0.9997
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Figure 9. Predicted MR data vs. real values, for the Gaussian membership function (gaussmf) and
the ANN.

Although the training and evaluation of the SVR method were different from the other
two models and the calibration results were reported with all the data in Table 6, the mean
square error was significantly lower than the ANN and ANFIS results.

4. Conclusions

Drying is a useful crop preservation method, increases the shelf-life of the crops, and
decreases storage, packaging, and transportation costs. There are several methods for
drying and each one of them has a specific procedure. Analyzing and finding the optimum
procedure condition could be obtained using modeling and simulation techniques. The
data set was obtained at three temperature levels (40, 50, and 60 °C), two levels of IR power
(0.32 and 0.49 W/cm?) in an IR-HA drying. Drying time was reduced at higher temperature
values of the inlet air between 40 °C and 60 °C. Based on the data set, three nonlinear
prediction models (ANN, ANFIS, and SVR) were designed to estimate the parboiled
hulls MR. All three models were designed with one output variable (MR) and three inlet
variables (inlet air temperature, IR power, and drying time). To select the best model for
accurately predicting the MR, the developed models were compared with each other. To
select the best model, the coefficient of determination obtained and the total ranking for
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each model was calculated and examined. According to the experimental data set, the
performance prediction of the ANFIS model (R? = 0.9995) was higher than the ANN model
(R? = 0.9991). Therefore, the ANFIS model provided higher performance in predicting the
MR of parboiled hulls in comparison with ANNs with higher R?, lower MSE, and MAE.
The SVR method also showed considerable capability in training the model for predicting
the MR of parboiled hulls compared to the other two methods.
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