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Abstract
The strategic logistics of agricultural production and storage aggregates information related to production 
and storage. In this sense, time, location, and distance from producer and consumer markets are considered, 
emphasizing  the importance of grain storage and production logistics. The Natural Neighbor and multiquadric 
equation are spatial interpolation methods used to predict these variables value at non-sampled locations, 
for asymmetric and categorical data, respectively. This study investigated the spatial prediction of grain 
production (tons) (soybean, first crop corn, second-crop corn, and wheat) in the 2016/2017 growing season 
and qualitative data on the static capacity of warehouses in the 2017/2018 growing season. The result 
obtained through the spatial interpolation using the natural neighbor method was coherent, as it showed 
the high variability of grain production relative to the different meso-regions. Therefore, the method was 
appropriate because it allowed predicting the behavior of grain production in the 2016/2017 growing season 
in the state of Paraná-Brazil, making it possible to identify regions of higher or lower production. The result 
of the spatial interpolation using the multiquadric equations allowed identifying a higher predominance  
of storage units with a low static capacity of warehouses, but also enabled the detection of regions  
with a static capacity of warehouses that varied from the medium to the high category in the state of Paraná, 
Brazil. 
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Introduction

Brazil stands out as one of the largest food 
producers in the world, especially in the production 
of soybean and corn (Cicolin and Oliveira, 
2016; Paludo et al., 2020). The state of Paraná is 
the second-largest Brazilian soybean and corn 
producer, with a soybean yield of 21.6 million tons 
(17% of the national yield) and 15 million tons  
of corn (15% of the national yield) in 2018 (Conab, 
2020). Despite the great advances of Brazilian 
agribusiness in terms of production, the country 
faces a storage deficit, which limits the efficiency 
of the system as a whole, increasing the final cost  
of production (Cima et al., 2020). In the coming 
years, Brazil will probably have a high storage 
deficit of its agricultural production (Baroni et al., 
2017).

Zdráhal et al. (2021) inform in their in their 

studies on economic development that Brazil is 
considered a major exporter of soybean and also has  
an expressive participation in the production 
chain of poultry and beef, it also collaborates  
with the global food supply, within the economic 
and environmental sustainability vision.

Given the expressive and strategic role that 
grain production and agricultural storage has  
in agribusiness in the state of Paraná, the approach 
the sufficiency of static capacity in warehouses 
uses indicators of grain supply associated  
with the demands for storage capacity (Fliehr et al., 
2019). 

The literature shows that study of geostatistics is  
a technique that promotes the analysis  
and prediction of continuous variables that are 
spread over space and time and that considers 
the spatial correlation between the sample points 
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at which they are used to map spatial variability 
(Narany et al., 2014; Bachir et al., 2016; Song  
et al., 2019).

Accuracy in estimating the spatial distribution 
of grain production and the static capacity  
of warehouses requires efficient mechanisms 
and compatibility of methods and computational 
resources (Righi and Basso, 2016). Usually, 
interpolation methods are used to generate 
distributed surfaces of a given variable from point 
data. They contribute to the spatial understanding 
of attributes without the need to collect data  
in the entire area of interest (Righi and Basso, 
2016).

Spatial interpolation methods have been widely 
used in several areas of knowledge such as Agrarian 
Sciences with the trend of digital agriculture 
(agriculture 4.0) and artificial intelligence (Chen 
and Cai, 2019). The Natural Neighbor interpolation 
method is expressively used to work with dispersed 
(asymmetric) data, whereas multiquadric equations 
are used to interpolate qualitative variables 
(Tsidaev, 2016; Yamamoto et al., 2018).

Recent studies have shown the wide application 
and advantages of spatial interpolation methods 
using the Natural Neighbor (NN) interpolator  
and multiquadric equations (Belinha et al., 2017; 
Ku et al., 2020). The spatial interpolation methods 
NN and the radial basis function, also known  
as the study of multiquadric equations, allow  
the knowledge of the spatial behavior of variables 
at non-sampled locations, facilitating the decision-
making  (Sampedro et al., 2019; Millan et al., 2020). 
The multiquadric equations it allows interpolating 
qualitative variables, which often appears in studies 
related to precision agriculture (Saeedpanah et al., 
2020).

The study of strategies for production and storage 
contributes to greater prudence and scientific 
understanding of the challenge that involves  
the grain production and its relationship  
the storage system local and regional (Steiner-
Neto et al., 2017). Currently, studies have focused 
on the mapping and interpolation of agricultural 
data aiming at verifying the spatial variability  
of soybean yield that is closest to the reality  
of the planted crop (Dalposso et al., 2019). There 
is a lack of collective consensus in the literature 
regarding the choice of the best interpolator, 
which may be related to extrinsic factors such  
as the chosen spatial resolution (geographic scale), 
sample size, and data integrity (Aanjos et al., 2017).

In this sense, the interpolation of spatial data using 
the NN interpolator is an extremely important 
computational technique in science and engineering 
(Sekulić et al., 2020). It is a fundamental tool, being 
favored by the spatial autocorrelation associated 
with its covariates (Sekulić et al., 2020).

Sampedro et al. (2019) stated that studies related 
to the NN interpolation method should pave  
the way for new studies nowadays. Li, Chen  
and Luo (2016) and Martyshko, Ladovskiy  
and Byzov (2016) observed that the NN 
interpolation method has an effective potential  
for solving problems in nonlinear data, in addition  
to being efficient enough to be used  
in the interpolation of spatial data.

According to Seydaoğlu (2019), the analysis  
of spatial interpolation using multiquadric equations 
allows verifications of the variables in studies  
and higher understanding of this information. Gao 
et al., (2020), reported that the methods of spatial 
interpolation through multiquadric equations are 
widely studied and used in studies, with promising 
results. In this context, considering the production 
cycle of soybean, corn, and wheat and the effective 
demand for static capacity of warehouses, it is 
necessary to understand the behavior of the spatial 
variability of these variables, allowing a strategic 
view of the agents regarding production and storage 
of the regions.

Yamamoto and Landim (2013) observed the need 
for a binary coding for regionalized variables 
with discrete characteristics, and each type that 
make up the discrete variable is interpolated 
using multiquadric equations without using 
indicator kriging due to the need for a variogram  
for the discrete variable.

Recent studies have shown the effectiveness  
of the spatial interpolation of discrete variables 
using multiquadric equations (Zhang et al., 2014; 
Li and Chen, 2016; Patel and Rastogi, 2017; 
Yamamoto et al., 2018; Musashi, 2018; Seydaoglu, 
2019; Santos and Yamamoto, 2019; Millan  
et al., 2020). Nourani et al., (2018) emphasized 
the importance of using the radial basis function, 
indicating that the efficiency of the method is due 
to lower uncertainties involved in the obtained data, 
improved methods that do not use the regular grid, 
but a radial base function, have become a reference 
for many studies (Briani et al., 2017; Golbabai  
and Mohebianfar, 2017; Soleymani and Ullah, 
2018; Moradi et al., 2020).

[4]
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This study aims to show the use of the NN spatial 
interpolation method in the analysis of grain 
production, as they are a possible alternative 
mentioned in the literature.

Another justification of the present study is to show 
the efficiency of using the interpolation method 
using multiquadric equations in a qualitative 
database of the static capacity of warehouses 
and present its efficiency in the presentation  
of estimated data at a non-sampled location.

Thus, this study aimed to evaluate the use  
of the NN interpolation to understand the behavior  
of the spatial variability of grain production 
(soybean, first crop corn, and second crop corn, 
and wheat) in the state of Paraná, Brazil. Also,  
the present study tried to check the efficiency  
of the multiquadric equations in a qualitative 
database of the static capacity of warehouses  
and present its efficiency in estimate data at a non-
sampled location.

The conceptualization and formulation of this 
study were obtained from the need to understand 
the spatial behavior of grain production  
and the static capacity of warehouses  
in municipalities and meso-regions, as grain 
production is growing and constant. In contrast, 
there is an attenuating mismatch and present  
in grain storage systems in the state of Paraná, 
Brazil.

Material and methods
The study area comprises the 399 municipalities 
in the state of Paraná, Brazil, distributed across 
its ten meso-regions (Figure 1). Georeferenced 
data on grain production (soybean, first crop corn,  
second crop corn, and wheat) and static storage 
capacity in tons were obtained from the National 
Supply Company (Conab, 2019). This study shows 
an application of the spatial interpolations Natural 
Neighbor (NN) from an original database of grain 
production (tons) in the 2016/2017 growing season 
(Seab, 2020) and application of the multiquadric 
equations an database of static capacity  
of warehouses in the 2017/2018 growing season 
(Conab, 2019). Exploratory analysis of data on grain 
production and static capacities of warehouses was 
performed using descriptive statistics to understand 
the behavior of these variables under study.

The analysis of the frequency distribution, 
histogram, and boxplot was performed to verify 
the behavior of these variables relative to the trend 
of data concentration (symmetric or asymmetric 
trend). The variance of the data was also analyzed  
to verify the dispersion of the data associated 
with its distance. The coefficient of variation 
was analyzed according to Cima et al., (2020 b).  
A coefficient of variation higher than or equal to 30%  
(CV ≥ 30%) means that the data have high  
dispersion. For symmetric data exists spatial 
models, based on geometric criteria in which 

Source: Adapted from Seab-Deral (2020)
Figure 1: Delimitation of the study área.
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Euclidean distances are considered.  Geostatistics 
in its classic form could not be used, considering 
the data's asymmetry under analysis (Uribe-
Opazo et al., 2012; Tsidaev, 2016). In this study,  
the variable grain production (tons) is asymmetric.

Sibson (1981) present for asymmetric data,  
the Natural Neighbor (NN) interpolation method 
is based on the Voronoi (1908) polygon network  
of the set of dispersion points. Interpolation using 
the NN method creates weights for each entry point 
based on their considered area of influence (Tsidaev, 
2016). The interpolation occurs considering  
the nearest neighbor interpolator (NN), shown  
in Equation (1).

 	 (1)

on what,

Z is the interpolated value for the regular grid 
node (x, y), and wi represents the weights 
at Zi of the sample that is next to the subset.  
For the spatial study of categorical variables  
the spatial interpolation using multiquadric 
equations is recommended (Yamamoto  
and Landin, 2013). This methods have similarity 
with kriging interpolation used in methodology 
geostatistics, which uses an omnidirectional 
variogram for presenting isotropic behavior  
of the data. Multiquadric equations provide 
information on non-sampled points as a function 
of sampled points. In this study, the variable 
static capacity of warehouses is not numerical  
but qualitative, being represented by different 
K=3 levels (low, average and high), which 
measures the degree of spatial correlation at each 
specific location. Following is the description  
of the steps that corresponded to the implementation 
of multiquadric equations, according to Yamamoto 
and Landim (2013). The indicator functions are 
given by Equations (2) to (7).

	 (2)

on what,

Ci, i = 1, N: are the coefficients of the multiquadric 
equation;

a0: and a constant term that improves the accuracy 
of the radial basis function (Yamamoto, 2002);

(xi - x0): is the distance between the i-th sampling 
point and the point to be interpolated, following 
the geostatistical notation, and ϕ is the radial basis 
function.

According to this information, the multiquadric 
equation can be used as a local interpolation 

method, through with neighboring points closest 
to the point to be interpolated (n). Yamamoto  
and Landim (2013) demonstrated that Equation 
(2) can be written in dual form considering all  
the imposed conditions of restriction, according  
to Equation (3).

	 (3)

in which this equation has the constraint condition 
 that is, a condition equal to that used 

in ordinary kriging, according to the description 
below.

The weights of  Equation (3) are obtained  
from solving a system of equations (Yamamoto  
and Landin, 2013), as shown in Equation (4).

	 (4)

on what,

μ - is the additional parameter to include the non-
bias condition in the multiquadric equation system. 

According to Yamamoto and Landim (2013), 
categorical variables can be measured on a nominal 
or ordinal scale, and, whatever the scale, there is  
a discrete number of types. Let k be the number  
of types of a categorical variable, x0 is a non-
sampled location and n represents values obtained 
at adjacent points. A weighted linear estimate  
of this location can be written as per Equation (5).

	 (5)

on what,

mi: E[Z(xi)] - represents the means, which are 
assumed to be known, mo is the mean at the point x0, 
and {λi, i = 1, n} represents the weights associated 
with the n data.

The non-sampled location and sampled points 
are part of a random function, considering  
the regionalized variables. The mean and variance 
of all locations are constant under the condition 
of second-order stationarity, depending only  
on Euclidean distances (Yamamoto and Landin, 
2013).

According to Yamamoto and Landin (2013),  
the indicator functions obtained according  
to the binary coding can be manipulated numerically 
to interpolate a type at a non-sampled point, 
according to Equation (6) and Equation (7)
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on what the type of the categorical variable 
interpolated is given by the most likely value of

 where
	

	 (7)
on what,

K: is the number of levels to be studied.	

Spatial weights of the multiquadric equations 
needed to be corrected due to the presence  
of negative weights in the kriging and an algorithm 
was used for their elimination, as proposed  
by Rao and Joumel (1997). This algorithm was 
used for such correction. The five closest neighbors 
were considered, according to the method used 
(Yamamoto and Landin, 2013).

The software Surfer 12.0 (Golden Software 
2014) was used to perform the interpolations  
of the grain production data in the 2016/2017 
growing season using the NN method, while  
the software R (R Development Core Team, 2020) 
and Qgis 3.10.1 (Qgis.org. Qgis 3.10 2020) were 
used for the interpolation of data on the static 
capacity of warehouses through the multiquadric 
equations.  

The input data for processing were constructed 
by files in the vector (points) format  
with the georeferenced location of the grain 
production points in the 2016/2017 growing 
season and the static capacity of warehouses  
in the 2017/2018 growing season (latitude  
and longitude in UTM). The entire database  
of the static capacity of warehouses was organized 
due to the repeated coordinates at various points 
and the presence of cases of different municipalities 
with equal coordinates.

The search radius of close values was considered 
for the analysis of the static capacity of warehouses 
using multiquadric equations. It was programmed 
to be variable with a maximum limit of 5 points, 
according to the methodology of Yamamoto and 
Landin (2013).

The discretization of data on the static capacity  
of warehouses required balance. The method used 
was Jenks natural breaks algorithm method, what 
identifies the break between classes according 
to Jenks (1977), being the classification that 
best represented the spatial distribution of data.  
The categories of the static capacity of warehouses 
were named as low (0,91 to 19,575 tons), medium 
(19,575 to 72,649 tons), and high (72,649  
to 265,800 tons) to perform spatial interpolation 
using multiquadric equations.  

The choice of this interpolator was associated  
with the nature the data, and the discrete variable 
(count) was transformed into categorical (low, 
medium and high) and also by the type of map that 
was desired to be obtained (Yamamoto and Landin, 
2013). 

Results and discussion
The descriptive statistics in Table 1 shows 
that the quantitative data of grain production  
in the 2016/2017 growing season had 
heteroscedasticities relative to their means, what 
indicates variability in the grain production, 
justifying the presence of skewness in the data  
(Table 1). The same behavior is observed  
in the static capacity of warehouses, what indicates 
deficiency the static capacity of warehouses  
in the municipalities of the state of Paraná,  
as shown in Table 1.  

Figure 2a and Figure 2b show the presence  
of skewness in the grain production data (t).  
The data frequency in the histogram (Figure 2a) 
is located in higher magnitude in the first class. 
The boxplot (Figure 2b) showed that the data set 
showed skewness, evidenced by the presence  
of several discrepant points.

Figure 3 shows the estimated values of grain 
production in the 2016/2017 growing season 
using the NN spatial interpolation method.  
The map (Figure 3) shows regions with higher grain 
production than other regions.

The data on grain production showed high 

Variables    Years        n Min Md Max Sd CV(%) Total

Grain Production 2016/2017 399 0.015 98.620 64.42 772 114 115 39055

Static Storage Capacity 2017/2018 2751 0.091 10.303 4.146 2658 167 162 28332

Note: n: number of warehouses for study the static  storage capacity and number municipalities for grain production; min: minimum; 
: mean; Md: median; Max: maximum; Sd: standard deviation; CV: coefficient of variation. 

Source: own calculations.
Table 1: Descriptive statistics of grain production and static capacity of warehouses, in thousands of tons.
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Source: own research
Figure 2: Grain production data. a Histogram.  b Boxplot.

Source: own research
Figure 3: Estimated natural neighbor map related to the grain production (tons)  
in the 2016/2017 growing season by mesoregion of the state of Paraná, Brazil.

variability, considering the different analyzed 
locations. The meso-regions East-Central, South-
Central, West, Northwest, and North presented  
the largest ranges of values. The ranges varied  
from 160,000 to 320,000 (light green hue), 
320,000 to 480,000 tons (yellow hue) and 480,000  
to 640,000 tons (rose and red hue). These results 
can be justified and represent the practical results 
obtained in these regions although they are 
estimated values (Figure 3). 

The Northwest meso-region in the state of Paraná, 
that is, the region of the municipalities of Paranavaí, 
Querência do Norte, and Terra Rica, showed  
the highest values of grain production (Figure 3). 
This agricultural scenario became more evident 

from 2017 with the opening of an agro-industrial 
cooperative in this region (Seab, 2020). The meso-
regions West and South-Central showed high 
grain production, which is justified by the large  
poultry and pig complexes and the presence  
of agro-industries processing and transforming  
grains into animal protein.

The meso-regions West, West-Central, and South- 
Central presented an interesting profile,  
with an intersection axis showing a high grain 
storage capacity.

Moreover, the presence of grain production ranging 
from 0 to 160,000 tons (dark green hue), that is, 
low grain production, in the ten mesoregions that 
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make up the state of Paraná shows the spatial 
variability in the grain production. The West-
Central mesoregion presented an interesting profile  
of analysis, as grain production was low  
in practically all its extension (Figure 3, dark green 
hue). This region has a low rural population due  
to the workforce, corroborating with Alves, 
Andreica and Alcantara (2020), who reported 
that family farming predominates in the micro-
regions of Campo Mourão and Goioerê,  
with small municipalities and small-scale 
production characterized by subsistence 
agriculture. Large industrial hubs are also observed 
in this meso-region, such as the textile industry. 
In this sense, Campo Mourão is the municipality 
that most contributes to soybean and corn the other 
municipalities have characteristics of small rural 
properties (Alves et al., 2020).

A similar profile is observed in the meso-regions 
Southwest, Southeast, and Metropolitan region 
(Figure 3, dark green hue). According to Seab 
(2020), the Southwest region is considered a major 
milk producer and has an expressive presence 
of textile industries, the Metropolitan region 
also presented low grain production (Figure 3, 
dark green hue), as this region has mostly urban 
characteristics with large clusters of different 
converting industries, such as the automotive hub 
(Alves et al., 2020).

The NN interpolation method presented  
an efficiency, corroborating with Liu and Chen 
(2018), who studied the NN interpolation method 
and identified the viability of this technique, stating 
that it is a solution procedure reliable and efficient.

Karyab, Hajimirmohammad-Ali and Bahojb 
(2019) reported that the NN interpolation 
method is appropriate, as it had a lower error rate  
in the mapping process in spatial data analysis.

Thus, the thematic map of the spatial distribution  
of grain production in the 2016/2017 growing season 
(Figure 3) showed that the highest production rates 
occurred in the meso-regions West, North-Central, 
East-Central, and South-Central. Additionally, 
the interpolation through the NN interpolator had 
a good performance in the spatialization of grain 
production, considering the 2016/2017 growing 
season.

The spatial interpolation method using multiquadric 
equations allowed constructing the estimated 
thematic map for the static capacity of warehouses 
for the 2017/2018 growing season, aiming  
at understanding the behavior and spatial  
variability of static storage capacities of warehouses 
(Figure 4).

The categories medium and high of the static 
capacity of warehouses were more present  
in the meso-regions North-Central, West-Central, 
West, and South-Central (Figure 4, yellow and rose 
hue). This result makes sense since the largest agro-
industrial cooperatives and trading companies are 
located in these regions.

The large cooperatives that leverage the national 
agribusiness economy are in the West meso-region 
of the state of Paraná, such as the cooperatives 
that trade soybean and corn to other countries,  
as observed by Cima et al. (2020) and Costa et al. 
(2019).

Source: own research
Figure 4: Map estimated using multiquadric equations related to the static capacity 

of warehouses in the 2017/2018 growing season by meso-region in the state  
of Paraná, Brazil.
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An average and high storage capacity was observed 
in the Metropolitan meso-region, as it is a port 
area responsible for transporting the agricultural 
production of the state of Paraná through rivers. 
There was a presence of high static capacity  
of warehouses were observed in the meso-regions 
West, (Cascavel), South-Central (Guarapuava  
and Nova Laranjeira) and East-Central (Ponta 
Grossa), which is justified by the presence  
of agroindustrial cooperatives (Conab, 
2019). Warehousing units were found only  
with the category of low static storage capacity  
in the Southeast meso-region (Figure 4, green hue), 
characterizing insufficient storage capacity relative 
to grain production in this region.

The results indicate that the static capacity  
of warehouses in the low classification was the most 
abundant category in the state of Paraná, followed 
by the medium category. The high category was 
observed less frequently (Figure 4).

The spatialized visualization of the thematic 
map shows that the high category was more 
present in the meso-regions Metropolitan, East-
Central, North-Central, Northwest, South-Central,  
and West (Figure 4, rose hue). In this case,  
the presence of grain storage units with a high static 
capacity, as observed by Cima et al. (2020).

The estimated map showed sharpness and clarity  
(Figure 4), allowing a better analysis  
of the precision in the results found, as observed 
by Costa et al., (2019). The classification high 
static capacity of warehouses is observed at low 
frequency in the state (Figure 4, green hue).

The medium classification, was present more 
frequently in the meso-regions North-Central, 
South-Central, West-Central, and West,  
with storage units with medium total static 
warehouse capacity.

The demand for warehouses in these regions does  
not meet the grain supply in its entirety. Similarly, 
Shah (2015) analyzed the shortcomings in grain 
storage in India and verificade that the rural 
sector does not have a structure for grain storage  
in the country. The most striking scenario is  
the high frequency of the low classification 
(Figure 4) for the static capacity of warehouses. 
This behavior occurs in all ten meso-regions  
in the state of Paraná. It shows the importance  
of the interpolation method through multiquadric 
equations applied in the agricultural data. In this 
sense, Alatorre et al., (2019) reported the importance 
of using interpolation using multiquadric  

equations to analyze the inefficiency of agricultural 
irrigation in furrows in the Laguna de Bustillos 
basin, Chihuahua, Mexico, and concluded that  
the method was efficient.

Figure 4 shows that the interpolation of the spatial 
location of the static capacities of warehouses varied 
most frequently from low to medium classification. 
It shows that the static capacities of warehouses 
in the state of Paraná are small to medium-sized, 
thus not following the fast pace of grain production 
(Seab, 2020).

These results show the importance of the spatial 
interpolation method through multiquadric 
equations (Patel and Rastogi, 2017; Amantéa  
et al., 2018). The temporal and spatial behaviors  
of the total static capacities of warehouses evidence 
a predominance of the total static capacity of small 
warehouses in the state of Paraná, corroborating 
with the statistics that show the great gap  
of the accelerated advance of the total grain 
production relative to the static storage capacities. 
The deficit of warehouses in the state of Paraná is 
worrying when compared to the in grain production 
that has been observed in recent years. Cima et al., 
(2020) found similar results.

Conclusion
The result showed that the interpolation using  
the NN method was efficient in analyzing the grain 
production (tons) in the state of Paraná. The use  
of the NN interpolator is convenient. It showed 
that grain production on a larger scale is centered  
in the meso-regions East-Central, North, 
Northwest, and part of South-Central and West. 
Expressive spatial variability was observed in grain 
production. A similar spatial behavior regarding  
the static capacity of warehouses was observed  
in the 399 municipalities of the state of Paraná 
by means of the interpolation using multiquadric 
equations. A low static capacity of warehouses was 
observed in practically the entire state of Paraná, 
which justifies the insufficiency of storage units 
relative to the grain production, mainly in the meso-
regions West, Southwest, and Northwest, which 
show a high grain production but a low storage 
capacity of warehouses. The spatial interpolation  
of the static capacity of warehouses showed 
that small storage units for agricultural storage 
occur more frequently in the state of Paraná. 
The low, medium and high categories showed 
spatial variability regarding the static capacity  
of warehouses, and the high category showed  
the highest variation.
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