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INTRODUCAO

The radish (Raphanus Sativus L.) is a vegetable that

ABSTRACT

The productivity of a crop is related to the water demand inserted in its development. The
measurement of water and its optimization directly influences the final costs of crop
production for agricultural producers. In this sense, the objective of this study is
evaluating the fuzzy modeling in estimating the productivity of the radish crop (fresh
phytomass of the tuberous root) affected by different irrigation depths (25%, 50%, 75%,
100%, and 125%), based on evapotranspiration of the crop (ETc). To measure the results,
two fuzzy systems (with triangular and Gaussian membership functions respectively) and
a polynomial regression model were developed to perform model validation comparisons.
The fuzzy modeling showed a better fit of the data compared to the polynomial regression
model, with reduced errors (RMSE with values 6.3 and 6.9 in the fuzzy models versus
8.8 in the regression model) and higher correlation coefficient (0.54 and 0.5 fuzzy versus
0.1 regression). The triangular fuzzy model estimated the best crop yield (31.9 g of fresh
phytomass) when using a 100% ETc depth. Also, the curve generated by the fuzzy model
accurately represents all the productivity averages in each depth, in addition to this model
presenting the smallest errors (compared to the triangular model and the regression
model) and the highest R2. However, the Gaussian fuzzy model proved to be more
efficient in representing the agronomic reality, as it does not have peaks and valleys, and
it is a smooth model in both growth and degrowth.

25 and 35 days after sowing (Dutra et al., 2014, Santos et
al., 2014).

belongs to the Brassicaceae family, such as cauliflower,
arugula, cabbage, among others. There is a controversy
about the origin of the radish, as there are records of its
cultivation in China, Europe, West Asia, and the
Mediterranean region (Silva et al., 2015a).

Its characteristics stand out in edible tuberous roots,
oval, round, and elongated, with reddish, white or red,
white, black, and purple colors (Matos et al., 2015). Its
diameter varies between 2 to 5 cm, with white pulp,
satisfying the consumer's taste (Rodrigues et al., 2013).

The radish is a vegetable that does not have much
importance about the planted area but is grown on a large
scale on small properties in several regions. Its cycle is
considered short, and the harvest can be carried out between

As it is crop-sensitive to transplantation, sowing is
carried out directly in the final area, with nutrient needs in
large quantities in a short period, mainly nitrogen and
potassium (Dutra et al., 2014; Coutinho Neto et al., 2010).

The productivity of the crop is related to the amount
of water available for its development. According to
Bregonci et al. (2008), water stress directly and negatively
affects the diameter of the tuberous root and the roots of the
radish. In his study, the author verified a 33% decrease in
the diameter of the radish tuberous root on the control and
effects on the length of the roots of the second cycle, when
submitted to water deficit. According to Silva et al. (2015b),
the radish's productivity and quality are reduced according
to the water stress of the soil, obtaining cracks and spongy
aspects in its roots.
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Observing the effects generated in the productivity
of the crop, for the inadequate handling of the same, and in
the influence of the amount of the depths used in the
irrigation, the agricultural experimentation has become an
important factor in the investigation of new technologies, as
in the reuse of liquid and solid residues, potentization of
resources and other influencing factors (Putti et al., 2017a).

The use of more advanced techniques allows the
search for new structures to support the data obtained in the
field, such as the expansion of studies related to the
evolution of nutrients that are extracted from the soil and
cover the entire body structure of the plant, the reduction of
water used for crop irrigation and crop productivity.

Mathematical modeling has become an area of great
relevance in  implementing the data obtained
experimentally. However, there are situations of
complexities that require more specific and advanced
modeling to solidify the results. The fuzzy logic allows for
a more comprehensive analysis of the data obtained
(Gabriel Filho et al., 2011; Putti et al., 2017b).

The concepts of fuzzy logic are applied in principles
that traditional logic does not allow explanations. Together,
the fuzzy theory makes it possible to perform reasoning
close to that of human beings in environments with
uncertainties (Senna et al., 2015, Raj & Mohan, 2016, Sousa
et al, 2006.

The use of fuzzy theory is used in several areas of
knowledge, such as in the poultry area, in modeling the
impacts generated on the surface of the broiler by different
temperatures (Bahuti et al., 2018), in the sphere of medicine
in analyzing the need to administer vasopressors in ICU
patients (Salgado et al., 2016), in the agricultural sector in
obtaining reference evapotranspiration, replacing the
conventional methodology (Kisi, 2013), among other
compositions involving mathematical and computational
methods that this logic is capable of to develop.

In this way, the present work aims to evaluate the
fuzzy modeling to estimate the productivity behavior of the
radish crop affected by different irrigation depths.

MATERIAL AND METHODS
Experiment location

Based on the experiment described in Cremasco et
al. (2015), the productivity analysis of the radish crop was
carried out using fuzzy modeling. The experiment took
place between September and November in 2013, on the
premises of the Department of Rural Engineering at UNESP
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- Faculty of Agronomic Sciences in Botucatu-SP, located at
22°51'S and 48°26' W, 786 m above sea level.

The experiment was carried out in a completely
randomized design, with 5 treatments (irrigation depths)
and 5 repetitions, where the repetition was the plant. The
crop used for the experiment was from the company Sakata
with the definition: Magarias - Radish n® 19. Its sowing
occurred directly in the soil, with the beginning of thinning
at 14 days after sowing (DAS). However, the evaluations
for the development and productivity of the crop of the
present work occurred on the 35th day after sowing (DAS).

Irrigation was carried out daily at 8 am using two
independent systems, with a main and secondary drip line.
The drippers used were the tape type, Amandani,
manufactured by Petroisa Irrigations LTDA, where they
were separated by 0.30 m, obtaining a pressure of 10 m.c.a.
and an average discharge of 1.4 L.h't, where the efficiency
of the system was approximately 95%.

Irrigation depths with levels of 25%, 50%, 75%,
100% and 125% of the radish crop evapotranspiration were
used. The values corresponding to the percentages of the
irrigation depths are 28.55 mm; 57.1 mm; 85.65 mm; 114.2
mm; 142.75 mm respectively.

In evaluating the productivity of the crop, the
development of the variable fresh phytomass of the tuberous
root (FPTR), an edible and commercialized part of the crop,
was analyzed. All biometric variables were analyzed
together in Boso et al. (2021).

Fuzzy System

From the data collected on the FPTR, fuzzy
modeling was used. Two Fuzzy Rule-Based Systems
(FRBS) were developed using membership functions,
which can be represented graphically or numerically, with
the assignment of fuzzy values to discrete values of
variables in a numerical range. The membership functions
reflect the intensity of each value in each linguistic term
(David et al., 2016).

The first FRBS (Model 1) is composed of triangular
membership functions for the input variable, and the second
FRBS (Model 2) uses Gaussian membership functions, also
for the input variable. Both systems are made up of
triangular membership functions for the output variable. As
an example, Figure la presents the configuration of the
model based on the fuzzy rule base system, with a triangular
membership function, for the input variable “irrigation
depths”. In the same way, the SBRF is represented, for
Gaussian membership function, for the input variable
(Figure 1b).

Engenharia Agricola, Jaboticabal, v.41, n.3, p.311-318, may/jun. 2021



Fuzzy modeling of the effects of different irrigation depths on the radish crop. Part I: productivity analysis 313

Maodel

— {(Mamdani)
5 rules

Irrigation depth (% ETc)

Fresh phytomass of the tuberous root (g)

A Model

— {(Mamdani)
5 rules

Irrigation depth (% ETc)

Fresh phytomass of the tuberous root (g)

FIGURE 1. Fuzzy rule-based system for evaluating the radish crop (Model 1 and 2), with triangular and Gaussian membership
functions, respectively, for the input variable (irrigation depth in% of ETc), 1 output variable (fresh phytomass of the tuberous

root) and 5 rules.

The choice for the triangular membership function,
in the input variable, occurred due to its advantages within
the model. Its characteristics allow its points to coincide
with the averages of the analyzed data, which provides
better responses and performances on the coefficient of
determination (R2) and lesser model adjustment errors
(Cremasco et al., 2010; Silva et al., 2014). However, the use
of the triangular relevance function, in an agronomic way,
is not acceptable.

Its presentation does not show smoothly the reality
of the phenomenon that occurred, besides presenting great
variations (peaks) in the results of the output variables,
when there are changes in the initial data. For cases that
require this smoothness, the use of the Gaussian
membership function is more appropriate. This procedure
was used similarly by Cremasco et al. (2010), Gabriel Filho
et al. (2011, 2015, 2016), Pereira et al. (2008), Putti et al.

(2014, 2017a, 2017b, 2021), Viais Neto et al. (2019a,
2019b), Martinez et al. (2020), Matulovic et al. (2021) and
Goes et al. (2021).

The systems are composed of an input variable
(irrigation depth for crop evapotranspiration - %), an
output variable (biometric productivity variable - FPTR),
and five rules for model execution. The input and output
variables are composed of five delimiters.

The fuzzy models have the following characteristic:
F:X ¢ R— R, such that F = f(x), where X is the
domain set, composed of the variable
“ETc irrigation depth (%)”, where X = [25; 125];and
the codomain defined by the FPTR variable.

Table 1 shows the values of the delimiters of the
triangular and Gaussian membership functions, for the
irrigation depth input variable, of the developed fuzzy models.

TABLE 1. Delimiters of the filtered input variable for Model 1 with triangular membership functions, and Model 2 with Gaussian
membership functions, where C;, C,, C5, C, and Cs are the fuzzy sets related as irrigation depths 25%, 50%, 75%, 100%, and

125%, respectively.

Fuzzy Set Model 1 Delimiters
C, Triangular [0 25 50]
C, Triangular [25 50 75]
Cs Triangular [50 75 100]
C, Triangular [75 100 125]
Cs Triangular [100 125 150]
Fuzzy Set Model 2 Delimiters
C; Gaussian [14,38 25 35,62]
C, Gaussian [39,38 50 60,62]
Cs Gaussian [64,38 75 85,62]
(o Gaussian [89,38 100 110,62]
Cs Gaussian [114.38 125 135,62]
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Figure 2 represent the irrigation depths input variable in Models 1 and 2, with triangular and Gaussian membership

functions, respectively.
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FIGURE 2. Triangular (a) and Gaussian membership functions and of the irrigation depth input variable in Model 1 and 2,
respectively, related to the fuzzy sets C,, C,, C3, C, and Cs, related to the irrigation depths 25%, 50%, 75%, 100%, and 125%,
respectively, with points with pertinence degree varying between 0 and 1.

For the computational components, the Microsoft
Excel software, Fuzzy Logic Toolbox of the Matlab®
software, and the Minitab software in version 17.0 (2014)
were used.

Models validation

For the analysis and validation of fuzzy models
efficiency, as well as for the a data comparison, we using a
quadratic (second-order) polynomial model, with the objective
of is to demonstrate a relationship between a dependent
variable and one or more independent variables, using a
mathematical model based on definitions (Toledo, 2015).

Since the fuzzy models here are generated as curve
fitting models, you can quantify the yield of all models
calculated with the coefficient of determination (R?), the
root mean square error (RMSE) and the mean absolute error
(MAE). The coefficient of determination (R?) consists of
seeking to evaluate the quality of the model's adjustment in

a range between 0 and 1, calculating the percentage or how
much the model was able to explain the data collected
experimentally (Ringle et al., 2014) The root mean square
error (RMSE) and the mean absolute error (MAE), are
measures of uncertainty in the model, where it indicates the
size of the error caused by the model. The better the model
fits, the smaller the error.

RESULTS AND DISCUSSIONS

From the analysis of the input data obtained in the
study developed by Cremasco et al. (2015) and also from
the development of this present work of fuzzy models for
the productivity of the radish crop, the validation of the
models with triangular and Gaussian membership functions
were made with the input data and with the polynomial
regression model (Table 2). Figure 3 shows the membership
function of the output variable of the models developed to
Models 1 and 2, respectively.
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FIGURE 3. Triangular (a) and Gaussian (b) membership functions for the output variable fresh phytomass of the tuberous root
for Models 1 and 2, respectively, where C;, C;, C5, C, and Cs are the fuzzy sets related to the irrigation depths 25%, 50%, 75%,
100%, and 125%, respectively, with points with degree pertinence varying between 0 and 1.

TABLE 2. Results of the validation of fuzzy models of the productivity of the radish crop with triangular and Gaussian
membership functions, and in the polynomial regression model, according to the coefficient of determination (R2), the root mean
square error (RMSE) and the mean absolute error (MAE).

Index Model 1 Mode_l 2 Polynomial Regression:
(Triangular) (Gaussian) y =-0.003.x2 + 0.439.x + 7.772
R? 0,537 (p=0) 0,504 (p=0.0001) 0,104 (p=0.116)
RMSE 6.332 6.898 8.808
MAE 5.135 5.943 7.831
Itis observed that the model based on the polynomial has been gaining great space in the academic environment.
regression did not present significant adjustment if This can be seen in Viais Neto et al. (2018) in the evaluation

compared with the coefficient of determination (R?) of the
fuzzy models. The two fuzzy models, with triangular and
Gaussian membership functions, presented significant
values about the polynomial regression model.

of the production of cherry tomato seedlings, where the
authors verified the superiority of the fuzzy logic in
demonstrating which efficiently the growth of the crop with

The fuzzy model with triangular function presented different levels of polymer doses and irrigation. Too in Putti
RMSE of 6.332 and MAE of 5.135, which indicates an et al. (2017b), verification of the effects generated to the
adjustment of the model on the experimental data of the wheat crop when submitted to fertilization of composted
radish crop. The lower these values, the better the sewage residues.
adjustment. With the same importance, the fuzzy model The triangular fuzzy model showed good fit and

with the Gaussian membership function had to the RMSE
gzihsege?nzr;gz?dp:ji; 7543, showing an adequate adjustment However, the triangular fuzzy model does not demonstrate

Studies proving the efficiency of fuzzy logic on with a smooth curve the reality of the agronomic
polynomial regression analysis, in the interpretation of data, phenomenon in productivity variable (FPTR).

smaller errors over the Gaussian fuzzy model (Figure 4).
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FIGURE 4. Comparison between the Models (triangular and Gaussian) of the productivity of radish crop.

Analyzing the response function, we verify the fuzzy
model better estimated the productivity of the culture when
compared with the regression model, where the depth of
100% of the ETc presented 31.9 g. The regression model,
on the other hand, showed productivity in the depth of 75%,
(25.1 @), which is lower than the average production
acquired by the fuzzy model.

A similar result can be seen in the study developed
by Silva et al. (2013), in the observation of the beet
productivity in the 100% depth of ETc, when applied the
fuzzy logic.

When analyzing the behavior of the crop
development, we observed that the excess or lack of water,
in the depths 50% and 125% of the ETc, caused the
reduction of productivity, being inferior when observed by
the fuzzy model. This reduction can be seen in the study
developed by Bregonci et al. (2008) with the culture of
radish. In his study, the author found that water stress
applied at all stages of crop development caused a reduction
in diameter and fresh phytomass of the tuberose root,
promoting low productivity.

Agronomically comparing the performance of the
fuzzy models developed, we saw that the fuzzy model with
Gaussian membership functions presented curve with
statistical significance (p<0.05) in the description of the
productivity of the radish crop. The smoothness of the curve
describes homogeneously the effects on the productivity of
the crop. This is due to the influence of the membership
functions of the input variables in the fuzzy system.

Although the model with Gaussian membership
function does not reach all midpoints, among the irrigation
depths analyzed, its model tends to obtain little variation in
the results when drastic changes are observed in the initial
data, representing therefore a robust model.

However, this cannot be observed in model with the
triangular membership functions, since any initial alteration
can promote data peaks that do not demonstrate, in a real
way, the study agronomic phenomenon. Thus, the use of the
Gaussian membership function becomes more efficient in
estimating the productivity of the radish crop.

CONCLUSIONS

The triangular fuzzy model estimated the best crop
yield (31.9 g of fresh phytomass of the tuberous root) when
using a 100% ETc depth. Also, the curve generated by this
fuzzy model accurately represents all the averages of
productivity-related each irritation depth.

Both models fuzzy (triangular and Gaussian) were
validated and proved to be superior to quadratic polynomial
regression, with higher R2 values and lower errors (RMSE
and MAE). Also, it should be noted that, unlike the fuzzy
models, the polynomial regression model presented an R2
value with p>0.05, thus not representing therefore a
significant model for the data. Thus, the importance of having
a representative and significant model of data is emphasized,
which was only possible with the use of fuzzy models.

Also, it should be noted that, although fuzzy
modeling with triangular membership functions has shown
better results in validating the model, fuzzy modeling with
Gaussian relevance function proved to be more efficient in
representing the agronomic reality due to the smooth
behavior of the curve.
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