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Abstract: One of the crucial elements in decision-making is the calculation of criteria weights. In this
paper, a new Modified Integrated Weighting (MIW) method was proposed to combine the weights
obtained using different weight calculation methods into a single set of weights. The weights
express the relative significance of the criteria and play an essential role in making correct decisions.
The proposed method considered both subjective knowledge of the experts and the objectivity of the
problem by combining the subjective and objective weight assignment methods. The proposed weight
calculation method was applied to the agriculture dataset for the evaluation of groundnut crop sites.
A decision-making model was developed via the proposed MIW method and Complex Proportional
Assessment (COPRAS) method to rank the given groundnut crop site dataset. The ranking results
of the developed decision model were compared with the ranking results of average yield data
and other methods for validation purposes. The developed model exhibited better results for the
given dataset and could be used to solve various other decision-making problems, thereby realizing
sustainable development.
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1. Introduction

Decision-making is the process of identifying the best option from the given set of alternatives,
which is characterized by multiple criteria [1]. Multi-criteria decision-making (MCDM) methods are
applied to assist the decision-makers in selecting the best alternative based on some purpose [2—4].
There are three main steps in solving decision-making problems with multiple criteria: the first step
is to obtain the criteria and alternatives relevant to the decision problem, the second step is to find
the relative importance (weights) of the criteria, and the third step is to find the ranking index of the
alternatives. Since multiple criteria are involved in the decision-making process, it is mandatory to
find the relative importance of these criteria. The relative importance of criteria plays a vital role in
evaluating the alternatives in decision-making problems. Also, weight calculation can improve the
reliability and accuracy of decision-making. There are several weight calculation techniques used with
MCDM methods for solving decision problems [5]. Mainly, weight calculation methods are divided
into two types: Subjective method and Objective method.

Objective weight assignment methods calculate weights based on the information obtained
from the available dataset and by applying relevant mathematical formulae. The criteria weights
are assigned directly by analyzing the behavior of the dataset using the mathematical equations.
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The advantage of the objective weight assignment method is that it does not depend on experts’
opinions. The disadvantage of using an objective weight assignment method is that the obtained
results may sometimes be inconsistent with the actual weights of criteria.

Subjective weight assignment methods calculate the weights based on the expertise knowledge
obtained from the decision-makers, and it provides subjective importance to the criteria. The subjective
weight assignment methods also rely on some mathematical formulae for the calculation of weights
based on the opinion gathered from experts. The disadvantage of subjective weight assignment
methods is that sometimes, the flexibility of these methods may lead to subjective randomness and
give inaccurate results [6]. Several research works have been carried out so far by using these objective
and subjective weight assignment methods [7-14].

A mathematical model was built for agriculture development using the subjective weight
assessment method, namely the rank-sum method and objective weight assignment method, namely
the grey correlation method [15]. A multivariate application was developed using GIS for land
suitability analysis by applying the MCDM method, and weights were calculated using the ranks
obtained from the experts [16]. A decision model was developed for the assessment of agriculture land
suitability using a fuzzy approach and MCDM method in which a subject weight assignment method,
namely the analytical hierarchy process (AHP), was applied [17]. A decision model was built in
order to rank the concrete bridge repair projects using VlseKriterijumska Optimizcija I Kaompromisno
Resenje (VIKOR) method by applying objective weight calculation method [18].

A mathematical model was built using subjective and objective weight calculation methods for
ranking purposes [19]. Subjective weights were calculated using the step-wise weight assessment ratio
analysis (SWARA) method to rank the assessment indicators of the energy system [20]. The advantage
of these subjective weight assignment methods is that it gives importance to the subjectivity of the
criteria. The disadvantage of these subjective weight assignment methods is the accuracy of the weights
assigned to the criteria depends upon the experience of experts working in that area, and sometimes,
it may lead to random values [21].

The dominance-based rough set approach was used for the calculation of objective weights
of the criteria, which eliminates the decision from the experts [22]. A hybrid decision model was
developed for agriculture crop selection by integrating soft set and MCDM methods. The objective
weights of the criteria were calculated using the weight assignment method, namely Shannon’s entropy
method [8]. An evaluation model was developed to rank the economics journals by applying objective
weight assignment method, namely, grey correlation method and technique for order of preference
by similarity to ideal solution (TOPSIS) method [23]. An extended SWARA method was proposed to
improve the weighting process in decision-making problems [24]. An MCDM model was developed
using a multi-objective genetic algorithm (MOGA) by calculating objective weights using Shannon’s
entropy method in construction project scheduling [25]. A mathematical programming model was
established to calculate the objective weights of criteria for implementing the technique for order of
preference by similarity to ideal solution (TOPSIS) method [26]. The advantages of these objective
weight assignment methods are they calculate weights based on the dataset associated with each
criterion by applying the mathematical formula, and they do not depend on the opinion of the experts.
The disadvantage of these objective weight assignment methods is that occasionally, the weights
calculated are inconsistent with the actual weights when the dataset associated with the criteria contains
random values.

There is no specific way of selecting a suitable weight calculation method to solve decision
problems using MCDM methods. In order to improve the accuracy, researchers have applied more
than one weight assignment methods for the evaluation of weights of criteria [27-29]. The basic idea
behind combining the different weight calculation methods is to utilize the distinct features of these
methods in solving decision problems by considering their advantages and disadvantages [30].

A combined weight calculation method was developed using subjective, objective weight
assignment methods and applied to the TOPSIS method to select optimum fiber types [26].
A comprehensive weight calculation method was used by integrating the analytical network process
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(ANP) and entropy weights along with the decision-making trial and evaluation laboratory (DEMATEL)
and game theory for the evidential supplier selection problem [27]. A hybrid weight calculation method
was used by combining AHP weights and Shannon’s entropy weights along with the VIKOR method
to rank the failure modes [28]. A new fuzzy evaluation based on distance from the average solution
(EDAS) method was proposed using comprehensive weights obtained from SWARA and criteria
importance through inter-criteria correlation (CRITIC) methods for the evaluation of construction
equipment [29]. The CRITIC method was used to calculate the objective weights of the criteria by
considering standard deviation and correlation among the criteria to solve interdependencies between
the criteria [30]. A combined weight method was proposed using the grey correlation method for the
optimization of a deep foundation pit scheme [31]. A combinative weight calculation method was
developed for the optimization of composites [32].

The advantages of these combined weight assignment methods are they assign weights by
examining the opinion of the experts and also the objectivity of the decision problem. The disadvantages
of these combined weight assignment methods are that there is no specific objective and subjective
weight assignment problem used in MCDM methods. In this work, a framework was established to
combine objective and subjective weight assignment methods to solve decision problems based on
the purpose. In order to combine the benefits of various subjective and objective weight assignment
methods in decision-making, a new modified integrated weighting (MIW) method was proposed in
this work. The proposed method combined two subjective weight assignment methods, namely AHP
and rank-sum method and two objective weight assignment methods, such as CRITIC and standard
deviation (SD) methods. In order to apply the proposed MIW method, a decision model was developed
using COPRAS and integrated weights obtained using the MIW method. COPRAS is one of the most
popular MCDM methods used for the evaluation of the given alternatives.

The rest of the work is organized as follows: In the next section, the various methodologies
used in this work, and the proposed weight calculation method have been explained. In Section 3,
a new decision-making model and the case study are discussed, the results of various methodologies
have been described in Section 4, and discussions related to the results of the proposed method and
comparative analysis are explained in Section 5.

2. Techniques Tested for Coming Up with the Modified Integrated Weighting Method

2.1. Subjective Weight Assignment of Criteria Using Analytical Hierarchy Process

The analytical hierarchy process, developed by Saaty, American Operation Researcher, is a simple
MCDM method used popularly for subjective weight assignment of criteria [33,34]. It includes natural
and straightforward mathematical calculations for weight assignment. Since all the criteria will not
have the same importance, it is necessary to find the relative priorities of each criterion. As the criteria
priorities are measured concerning other criteria, it is mentioned as relative. The relative priorities of
each criterion were obtained by constructing a pairwise comparison matrix. The pairwise comparison
matrix was developed by assigning a numerical scale for specifying the relative priority of each criterion
concerning other criteria. The numerical scale for criteria comparison was developed by Saaty, which
is shown in Table 1.

Table 1. Analytical Hierarchy Process (AHP) Saaty’s numerical scale and description for pairwise
comparison matrix.

Numerical Scale Description
9 Extremely more important
7 Strongly more important
5 More important
3 Moderately important
1 Equally important

2,4,6,8 Intermediate scales
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The steps involved in subjective weight assignment using AHP are as follows:

e  Construct pairwise comparison matrix X by using the numerical scale in Table 1 and considering
the experts” judgments. The pairwise comparison matrix can be stated as follows:

[ C; Cp - Cp )
c
Cl 1 x2 -- x1
2 | 4
X=[Xgjl= . | @ 1 - (1)
| 11 4

where ¢1,¢2,- -+, and ¢, represent criteria, and Xj; denotes experts judgment defined using a
numerical scale on a pair of criteria ¢; and ¢;.

e  Normalize the pairwise comparison matrix by adding the elements in the column and divide each
cell value by its column total.

e  Find the overall priorities by calculating the average of values in each row.

e The obtained overall priorities represent the relative importance (weights wy, wy, ..., wy) of
each criterion.

e  After obtaining the weights of criteria, it is mandatory to check the consistency of the weights.
As the numerical values are obtained from the subjective opinion of the experts, inconsistencies
cannot be avoided. Some level of inconsistency is allowed in AHP. Consistency ratio (CR) is
calculated using the following formula:

CI
R=— 2
CR= 77 2)
Amax — 1
h = —
where C — 3)
n wj
and Amax = JZ{ Xz];l 4)

where CI is Consistency Index, and Random Consistency Index (RI) is the consistency index of
some randomly generated pairwise comparison matrix defined by Saaty (shown in Table 2) to
verify the consistency of the pairwise comparison matrix of the given problem. Anay is the largest
eigenvalue, as defined by Saaty.

e  If the consistency ratio (CR) value thus obtained is less than 0.1, then the judgments obtained
from experts for constructing the pairwise comparison matrix are accepted. Otherwise, a new
pairwise comparison matrix is constructed until the CR value becomes less than 0.1.

Table 2. Consistency indices of randomly generated pairwise comparison matrix; Random Consistency
Index (RI).

N 3 4 5 6 7 8 9 10 11
RI 05245 0.8815 1.1086 1.2479 1.3417 1.4056 1.4499 1.4854 1.5141

2.2. Subjective Weight Assignment of Criteria Using the Rank-Sum Method

Rank order weight methods are simple subjective weight assignment methods used in MCDM
problems [35]. In general, decision-makers are more comfortable in ranking the given criteria than
assigning weights directly. The ranks need to be converted to numerical weights. Rank order weight
methods are used to convert the ranks obtained from decision-makers to numerical weights. There are
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two steps involved in rank order weight methods: Ranking the given criteria based on their importance
and find the weights of the ranks using any one of the rank order weight methods. Among the rank
order weight methods, the rank-sum method is a popular subjective weight calculation method. The
formula for converting ranks to numerical weights in rank-sum weight method is as follows:

wj:(n—rj+l)/Z(n—ri+l) (5)

where w; is the subjective weight of the jth criteria, n is the number of criteria, and r; is the rank
assigned by the decision-maker to the jth criteria.

2.3. Objective Weight Assignment of Criteria using Critic Method

In MCDM problems, it has been found that during a higher level of interdependency between the
criteria, there is a possibility of additional errors in the ranking results of the decision problem [36].
Criteria importance through inter-criteria correlation (CRITIC) method was proposed as an objective
weight assignment method, which deals with the interdependencies between the criteria [36]. It
considers both the standard deviation of each criterion and the correlation between the attributes for
the calculation of weights of criteria. The steps for determining the objective weights of the criteria
using CRITIC are as follows:

e  Let Ybe the decision matrix with ‘n” alternatives and ‘m’ criteria. The primary step is the calculation
of the correlation coefficient between ‘n’ criteria using the formula given as follows:

i (Yi = Y)) (Y = Ye)
Ci = —— (6)

\/i (V- ViP- L (Ve = Vo)’

The amount of information each criterion transmits is calculated using the standard deviation of
the “m’ criteria as follows:

m
R]' = G]Z (1 - C]k) (7)
k=1
where o i denotes the standard deviation of ‘m’ criteria.

e  The weights of criteria are calculated using the formula given as follows:

m
wj:Rj/ZRkwherej =12 ....m 8)
k=1
2.4. Objective Weight Assignment of Criteria using the SD Method

The standard deviation (SD) method calculates the weights using the standard deviations of
criteria by applying the formula given as follows:

m
wj:aj/Zak, where j=1,2, ..., m 9)
k=1

where 0; denotes the standard deviation of “m’ criteria and ‘n” alternatives from the decision matrix,
identified for the decision problem.
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2.5. Modified Integrated Weighting (MIW) Method

In this proposed method, two subjective weight assignment methods and two objective weight
assignment methods were integrated to calculate the weights of the given criteria. When there are
multiple sets of weights considered in the decision-making problem, it is mandatory to integrate
the weights into one single set. Numerous researches have established the process of combining the
weights (subjective and objective) of the criteria [9,30-32]. A modified integrated weighting method
was proposed in this paper to combine the weights obtained using different weight assignment methods
into a single set of weights. The MIW method is defined as follows:

=

N

w;
f (H wi)

i=1\i=1

iwi =

(10)

where iw; represents integrated weights of the criteria, w; denotes the weights of the criteria calculated
using one of the weight calculation methods, and i = 1,2, ..., n, where #n is the number of methods
used to calculate the weights of the criteria. By applying this method, different subjective and objective
weight calculation methods can be used to calculate the weights, and the benefits of these methods
may lead to building a reliable decision model.

2.6. Simple Additive Weighting (SAW) Method

A simple additive weighting method is a simple MCDM method used for calculating the evaluation
scores of the alternatives in decision-making problems. The ranking index of alternatives concerning
criteria are obtained using a simple additive weighting method and is given as follows:

RI = Z iw;D;j (11)
j
where iw; is the weights of criteria, and Dij is the decision matrix, wherei=1,2,3,... ,m,and j = 1,2,3,
... n,where ‘m’ is the number of alternatives, and #n is the number of criteria.

2.7. The COPRAS Method

The complex proportional assessment (COPRAS) method was proposed by [37], and it is a simple
technique that takes less calculation time when compared with other MCDM methods [37]. The
COPRAS method solves the decision problems by determining the ratio of the ideal solution and the
worst ideal solution. Therefore, it is considered a compromising solution method. The critical steps of
the COPRAS method are as follows [38]:

e  Construct decision matrix D with ‘m’ alternatives and ‘n’ criteria.
e Normalize the decision matrix using the formula given as

1
Xjj = — (12)

e  Calculate the weighted normalized matrix using the weights obtained from the proposed modified
integrated weighting method as follows:

Zij = le X Xl']' (13)

wherei=12,..., mandj=12,...,n.
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e Calculate the sums of maximizing criteria and minimizing criteria as follows:

n
M= Z Zij (14)
=1
n
M=) 74 (15)
j=1

where Z,; is maximizing the criteria with maximum values and is preferable for each alternative,
and Z j; is minimizing the criteria with minimum values and is preferable the least.

e  Determine the relative priority values using the formula given as follows:

X M-
Ri=My+ ——r (16)

1
M_i M

Ttz

1
e  Determine the utility degree of each alternative as follows:

R.
Ui——l

Rmax

(17)

where Rpmay is the maximum relative priority value obtained from Equation (16).

Thus, utility degree provides a prioritizing score (ranking index), which is used to rank the
given alternatives.

3. Decision-Making Model Using COPRAS and MIW Method

In order to apply the proposed MIW method, a decision model was developed using COPRAS
and integrated weights obtained using the MIW method. The schematic diagram of the decision model
using the COPRAS and MIW method is shown in Figure 1.

Case Study

In order to meet our agriculture-based food demands, sustainable agriculture is significant in
today’s world. Also, agriculture contributes the maximum share to the national income of many
developing countries. Farmers face many problems, such as unexpected natural disasters, soil infertility,
lack of awareness related to modern farming techniques, etc.; several decision models have been
developed so far to improve the development of sustainable agriculture [8,12-17]. Identification of
relevant parameters and the site dataset concerning agriculture problems is essential for the decision
problem. Evaluation of these agriculture parameters to find the relative importance of each criterion
plays a vital role in sustainable agriculture development. In the developed model, an agriculture
groundnut crop dataset was taken to identify the best groundnut site from the given agriculture dataset.

Through various works of literature and after consulting with the experts working in the agriculture
field, seven main criteria were chosen, and each main criteria had its sub-criteria used to rank the
groundnut crop dataset in agriculture development. Soil main criteria with 11 sub-criteria, water with
two sub-criteria, season with no sub-criterion, input with six sub-criteria, support with two sub-criteria,
facilities with three sub-criteria, and risk with two sub-criteria were the criteria chosen for groundnut
crop selection, as shown in Figure 2.

After selecting the necessary criteria and sub-criteria, the alternatives for groundnut agriculture
site datasets were identified and collected from various villages in Tiruvannamalai District in Tamil
Nadu, India. This site was selected because the groundnut is one of the major crops cultivated in this
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area. Twenty groundnut site dataset was taken in this study to identify the best groundnut site in
this work.

The decision matrix for each main criterion was constructed to calculate the weights of sub-criteria
under each main criterion. Weight calculation plays a vital role in decision-making. The proposed MIW
method was used in this work to calculate the weights of sub-criteria in each main criteria. In the MIW
method, weights are calculated using two subjective and two objective weight assignment methods.
The proposed MIW method considered both the subjective opinions of the experts and the objectivity
of the problem in weight calculation. The two subjective weight assignment methods chosen in this
work were the AHP and the rank-sum method. The two objective weight assignment methods selected
were CRITIC and SD methods. After finding the weights using four weight assignment methods,
weights of sub-criteria were calculated by applying the formula given in Equation (10).

In the experimental study, twenty-seven criteria selected for ranking the groundnut sites were
classified into main criteria and sub-criteria. The sub-criteria sequences in the form of decision matrix
needed to be converted to the main criteria sequence for further ranking purposes. The conversion
could be done by calculating the ranking index of the main criteria using MCDM methods. In this
work, the SAW method was used for ranking index generation of main criteria. The ranking index
of the main criteria was generated by the SAW method using the formula given in Equation (17) by
applying the weights of sub-criteria obtained from the proposed MIW method.

The obtained main criteria matrix thus formed the decision matrix for ranking the given groundnut
agriculture site dataset. COPRAS is another popularly used MCDM method nowadays for ranking
the given alternatives. The main criteria matrix was applied to the COPRAS method to generate
prioritizing scores of alternatives. The scores were then employed to rank the given groundnut site
dataset and to identify the best groundnut site.

‘ Selection of multiple criteria

|

| Selection of alternatives ‘

!

Categorize multiple criteria into
main criteria and sub-criteria

I

Construct decision matrix X
for each sub-criteria

|
| ' | v

Subjective weight Subjective weight calculati Objective weight calculation Objective weight calculation
calculation using AHP(w,) using Rank sum method(w,) using CRITIC method(w,) using SD method(w,)
I [ T l ]
Weight calculation l;IWf
using MIW method ™=/
given by Z[H w,]
tm] \ i=1

Ranking index generation of
main criteria using SAW

]

Main criteria weight calculation
using rank-sum method

!

Generation of prioritizing scores
using COPRAS method

Figure 1. Schematic diagram of the decision model using complex proportional assessment (COPRAS)
and Modified integrated weighting (MIW); Analytical hierarchy process (AHP); CRITIC, criteria
importance through inter-criteria correlation (CRITIC); SAW (simple additive weighting).
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Input Criteria(27)
Main
Criteria |Soil(11 Water(2) Season(0) Input(6) Support(2) Facilities(3) Risk(2)
EC EC |N° Sub-criterion Nitrogen Distance to Agriculture Distance to seed Flood
PH PH Urea Extension Centres processsing plants Winter Rain
Sub Available N P,0, Distance to Agriculture Distance to markets
Criteria | Available P SSP Research Institutions Distance to roads
Available K K,0
Available Zn MOP
Available Cu
Available Fe
Available Mn
Lime Status
Soil Texture

Figure 2. Main criteria and sub-criteria selected for ranking groundnut sites. Electrical Conductivity (EC), Nitrogen (N), Phosphorus (P), Potassium (K), Zinc (Zn),
Copper (Cu), Iron (Fe), Manganese (Mn), Phosphorus pentoxide (P,Os), Single Super Phosphate (SSP), Potassium Oxide (K,O), Muriate of Potash (MOP).
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4. Results

4.1. Results of Subjective Weight Assignments using AHP Method

The subjective weights of the sub-criteria were calculated using the AHP method. The first step in
AHP was the construction of a pairwise comparison matrix. The values of the pairwise comparison
matrix were collected from various experts working in the agriculture field. The relative priorities
of each sub-criteria were obtained by constructing a pairwise comparison matrix. The pairwise
comparison matrix constructed for the sub-criteria under each main criteria is presented in Tables 3-8.

Table 3. Pairwise comparison matrix constructed for soil—main criteria; Electrical Conductivity(EC)

Soil EC PH N P K Zn Cu Fe Mn Lime Status Texture

EC 1 1 7 7 7 7 7 7 7 4 4
PH 1 1 7 7 7 7 7 7 7 4 4

N 1/7 1/7 1 2 2 2 2 2 2 1/2 1/2

P 1/7 1/7 1/2 1 2 2 2 2 2 12 1/2

K 1/7 1/7 1/2 12 1 2 2 2 2 12 1/2

Zn 1/7 1/7 1/2 1/2 1/2 1 2 2 2 1/2 1/2

Cu 1/7 1/7 1/2 1/2 1/2 1/2 1 2 2 12 12

Fe 1/7 1/7 1/2 12 1/2 12 1/2 1 2 12 1/2

Mn 1/7 1/7 1/2 12 1/2 12 12 1/2 1 1/2 1/2
Lime status 1/4 1/4 2 2 2 2 2 2 2 1 1
Texture 1/4 1/4 2 2 2 2 2 2 2 1 1

Table 4. Pairwise comparison matrix constructed for water—main criteria.

Water EC PH
EC 1 12
PH 2 1

Table 5. Pairwise comparison matrix constructed for input main criteria. Single Super Phosphate (SSP),
Muriate of Potash (MOP).

Input Nitrogen Urea P>05 SSP K,O MOP

Nitrogen 1 2 9 9 9 9
Urea 1/2 1 9 9 9 9
P,05 1/9 1/9 1 2 2 2

SSP 1/9 1/9 3 1 2 2
K,O 1/9 1/9 . 12 1 1
MOP 1/9 1/9 3 1/2 1 1

Table 6. Pairwise comparison matrix constructed for support—main criteria.

Support Distance to Agriculture Distance to Agriculture
PP Extension Centers Research Centers
Distance to Agriculture Extension Centers 1 3
Distance to Agriculture Research Centers 1/3 1

Table 7. Pairwise comparison matrix constructed for facilities—main criteria.

Facilities Distance to Seed Distance to Distance

Processing Plants Markets to Roads
Distance to Seed Processing Plants 1 1/4 1/3
Distance to Markets 4 1 1/2

Distance to Roads 3 2 1
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Table 8. Pairwise comparison matrix constructed for risk—main criteria.

Risk Flood Winter Rain
Flood 1 1/3
Winter Rain 3 1

Then, the values of the pairwise comparison matrix have to be normalized by adding the elements
in the column and divide each cell value by its column total. The overall priority values are calculated by
finding the average of values in each row. The overall priorities define the relative importance (weights)
of each sub-criteria. The subjective opinion of the experts may sometimes include inconsistencies in
data. Some level of inconsistency is allowed in AHP. The consistency ratio of the weights obtained
using AHP was calculated for each main criteria using the formula given in Equation (2). If the
consistency ratio is lesser than 0.1, then the subjective opinion of the experts is considered to be accurate.
Otherwise, the pairwise comparison matrix has to be constructed again with another set of values for
weight calculation. The CR values obtained for each main criteria are shown in Table 9.

Table 9. Consistency ratio values calculated for each main criterion.

Criteria Soil Water Input Support Facilities Risk
CR 0.0860 0 0.0764 0 0.0079 0

From Table 9, it has been identified that all the CR values were less than 0.1, and the subjective
opinion of the experts could be considered for the calculation of weights of sub-criteria.

4.2. Results of Subjective Weight Assignments using Rank-Sum Method

Subjective weights of sub-criteria under each main criteria were obtained from the rank-sum
method using the formula given in Equation (5). Agriculture experts were asked to rank the given
criteria, and the ranks were converted to numerical weights using the rank-sum method.

4.3. Results of Objective Weight Assignments using CRITIC Method

The objective weight assignment of sub-criteria was calculated using the CRITIC method. CRITIC
method is a popular objective weight calculation method, which solves the problem of interdependencies
between the variables by considering the correlation between the variables while calculating the weights.
Each sub-criteria matrix was applied to the CRITIC method. The correlation coefficient between the
sub-criteria was calculated using the formula given in Equation (6). A sample correlation coefficient
matrix constructed for sub-criteria under the soil-main criteria is shown in Table 10. The amount
of information each attribute transmits was calculated by finding the standard deviation of criteria
using the formula given in Equation (7). Finally, weights were obtained using the formula given in
Equation (8).
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Table 10. Correlation coefficient matrix constructed for soil-main criteria.

. Lime Soil
Soil EC pH N P K Zn Cu Fe Mn Status  Texture
EC 1.0000 0.2346 0.0116 0.1034 0.2497 0.0899 0.0863 0.1052 0.3047 0.0526 0.1683
pH 0.2346 1.0000 0.7773 02842 0.3830 0.1610 0.6674 0.6690 0.0491 0.2557  0.1104
N 0.0116 0.7773 1.0000 02881 0.6033 0.1066 0.7873 0.6915 0.0251 0.2750  0.2055
P 0.1034 0.2842 0.2881 1.0000 0.4149 0.0881 0.1292 0.0118 0.2831 0.0443 0.2769
K 0.2497 0.3830 0.6033 0.4149 1.0000 0.0273 0.2283 0.3567 0.5578 0.0296  0.0520
Zn 0.0899 0.1610 0.1066 0.0881 0.0273 1.0000 0.0395 0.4286 0.1044 0.1662 0.0770
Cu 0.0863 0.6674 0.7873 0.1292 0.2283 0.0395 1.0000 0.6765 0.0133 0.4267  0.0664
Fe 0.1052 0.6690 0.6915 0.0118 0.3567 0.4286 0.6765 1.0000 0.0402 0.5778  0.1574
Mn 0.3047 0.0491 0.0251 0.2831 0.5578 0.1044 0.0133 0.0402 1.0000 0.0060 0.2563

Lime Status  0.0526  0.2557 0.2750 0.0443 0.0296 0.1662 0.4267 0.5778 0.0060 1.0000  0.1683
Soil Texture 0.1683 0.1104 0.2055 0.2769 0.0520 0.0770 0.0664 0.1574 0.2563 0.1683  1.0000

4.4. Results of Objective Weight Assignments using the SD Method

The objective weights of sub-criteria in each main criteria were obtained using the SD method by
applying the formula given in Equation (9).

Thus the subjective weights and objective weights of sub-criteria in each main criterion calculated
using AHP, Rank-sum, CRITIC and SD methods are tabulated in Tables 11-16.

Table 11. Subjective, objective, and MIW weights of sub-criteria for soil; Analytical Hierarchy Process
(AHP), Criteria importance through inter-criteria correlation (CRITIC), Standard Deviation (SD),
Modified Integrated Weighting (MIW).

Soil AHP Rank-sum  CRITIC SD MIW

EC 0.2761 0.1667 0.1034 0.0685 0.4692

PH 0.2761 0.1515 0.0771 0.0150 0.0696

N 0.0587 0.1364 0.0750 0.1315 0.1137

P 0.0527 0.1212 0.0972 0.0885 0.0791

K 0.0472 0.1061 0.0854 0.1109 0.0683

Zn 0.0419 0.0909 0.1048 0.1677 0.0963

Cu 0.0370 0.0758 0.0828 0.0600 0.0201

Fe 0.0323 0.0606 0.0756 0.1030 0.0219

Mn 0.0278 0.0455 0.1006 0.0742 0.0136
Lime Status 0.0751 0.0152 0.0962 0.0685 0.0108
Soil Texture 0.0751 0.0303 0.1018 0.1122 0.0374

Table 12. Subjective, objective, and MIW weights of sub-criteria for water.

Water EC PH
AHP 0.6667 0.3333
Rank-sum 0.6667 0.3333
CRITIC 0.0364 0.9636
SD 0.2577 0.7423
MIW 0.0498 0.9502

Table 13. Subjective, objective, and MIW weights of sub-criteria for input.

Input N Urea P>05 SSP K,O MOP
AHP 0.4488 0.3576 0.0660 0.0543 0.0366 0.0366
Rank-sum 0.2857 0.2382 0.1905 0.0952 0.1429 0.0476
CRITIC 0.0831 0.1777 0.0531 0.3362 0.1313 0.2186
SD 0.2337 0.2319 0.0725 0.0733 0.1944 0.1942

MIW 0.3901 0.5499 0.0076 0.0200 0.0209 0.0116
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Table 14. Subjective, objective, and MIW weights of sub-criteria for support.

Support Distance to Agriculture Distance to Agriculture
Extension Centers Research Stations
AHP 0.7500 0.2500
Rank-sum 0.6667 0.3333
CRITIC 0.6230 0.3770
SD 0.9163 0.0837
MIW 0.9909 0.0091

Table 15. Subjective, objective, and MIW weights of sub-criteria for facilities.

Facilities Distance to Seed Processing Plants ~ Distance to Markets  Distance to Roads
AHP 0.1263 0.4577 0.4160
Rank-sum 0.1667 0.5000 0.3333
CRITIC 0.2077 0.2970 0.4953
SD 0.3285 0.3221 0.3494
MIW 0.0304 0.4626 0.5070

Table 16. Subjective, objective, and MIW weights of sub-criteria for risk.

Threats Flood Winter Rain
AHP 0.2500 0.7500
Rank-sum 0.3333 0.6667
CRITIC 0.0043 0.9957
SD 0.8378 0.1622
MIW 0.0037 0.9963

4.5. Results of Proposed MIW Method

In the proposed modified integrated weight method, two subjective weight assignment methods,
such as AHP, rank-sum method, and two objective weight assignment methods, such as CRITIC,
SD method, were integrated to obtain a new set of weights of sub-criteria under each main criteria.
The integration was done to apply the main features of the weight assignment methods to calculate the
weights, which can improve the results of decision-making. The integrated weights of sub-criteria
in each main criteria were obtained from the MIW method using the formula given in Equation (10).
In this equation, i = 1 to 4, where w; denotes subjective weight obtained using AHP, w;, denotes the
subjective weight obtained using the rank-sum method, w3 represents the objective weight obtained
using CRITIC method, and w; denotes the objective weight obtained using SD method. The weights
obtained using AHP, rank-sum, CRITIC, SD methods, and the integrated weights obtained for each
sub-criteria under every main criterion using the MIW method are listed in Tables 11-16.

4.6. Results of Ranking Index Generation using the SAW Method

The integrated weights of sub-criteria obtained using the MIW method and the main criteria
decision matrix were applied to the SAW method for generating the ranking index of main criteria
concerning the alternatives using the formula given in Equation (11). The resultant final main criteria
matrix was used for identifying the best groundnut site for agriculture development. The ranking
index of the main criteria for ranking groundnut sites is shown in Table 17.
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Table 17. Ranking index of main criteria obtained using the SAW method.

Sites Soil Water Input Support  Facilities  Threats
al 0.2162 0.2395 0.1546 0.1912 0.1868 0.1810
a2 0.2184 0.2351 0.1558 0.2023 0.1994 0.1828
a3 0.1966 0.2352 0.2613 0.2246 0.2245 0.1828
a4 0.2467 0.2308 0.1570 0.2469 0.2496 0.2262
a5 0.2398 0.2265 0.1605 0.1912 0.1868 0.1810
a6 0.2090 0.2351 0.1561 0.2023 0.1994 0.2714
a7 0.2217 0.2352 0.1549 0.2246 0.2245 0.2262
a8 0.3038 0.2395 0.1997 0.2469 0.2496 0.2733
a9 0.2108 0.2351 0.2196 0.2358 0.2370 0.1810
al0 0.2052 0.2395 0.1549 0.2580 0.2621 0.1810
all 0.2149 0.2351 0.1548 0.1912 0.1868 0.1810
al2 0.1802 0.2352 0.2045 0.2023 0.1994 0.2714
al3 0.1895 0.2308 0.2033 0.2246 0.2245 0.2733
al4 0.2096 0.2265 0.1576 0.2469 0.2496 0.2714
al5 0.1990 0.2395 0.2981 0.2358 0.2370 0.2262
alé 0.2097 0.2351 0.2979 0.2580 0.2621 0.2714
al7 0.1881 0.2352 0.2979 0.1912 0.1868 0.2262
al8 0.2115 0.2395 0.2979 0.2023 0.1994 0.1810
al9 0.2048 0.0300 0.2979 0.2246 0.2245 0.1810
a20 0.2074 0.0299 0.2979 0.2469 0.2496 0.2262

4.7. Ranking Results of the Decision-Making Model

COPRAS is a compromising solution method that considers the ratio of the ideal solution and the
worst ideal solution. The integrated weights obtained using the MIW method and the decision matrix
obtained from the SAW method were applied to COPRAS for the generation of prioritizing scores of
alternatives. Therefore, for determining the weights of the main criteria that were applied to CORPAS,
the rank-sum method was used in this paper.

The first step was the normalization of the decision matrix obtained from the SAW method using
the formula given in Equation (12). Also, the weighted normalized matrix was constructed using the
main weights obtained from the rank-sum method using the formula given in Equation (5). Maximizing
criteria and minimizing criteria were calculated for every alternative in the decision matrix using the
formula given in Equation (14) and Equation (15), which is shown in Table 18. Relative priority values
of each alternative were obtained using maximizing criteria and minimizing criteria by applying the
formula given in Equation (16). Then finally, the utility degree, which represents the prioritizing
scores of alternatives, was obtained by the relative priority values using the formula given in Equation
(17). Thus the prioritizing scores of the alternatives shown in Table 18 served as ranking scores of
the alternatives, and they were ranked according to the scores. Apart from results obtained from the
decision model using COPRAS and MIW method, other ranking results were generated using different
weight calculation methods identified in this work and the COPRAS method for validation purposes.
Thus, ranking scores were obtained by applying AHP and COPRAS, rank-sum and COPRAS, CRITIC
and COPRAS, SD, and COPRAS. Further ranks were generated from these ranking scores, as shown in
Table 19.
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Table 18. Maximizing, minimizing, and prioritizing scores obtained using COPRAS.

Sites Maximizing Criteria Minimizing Criteria Prioritizing Scores
al 0.1205 0.0481 0.9958
a2 0.1211 0.0489 0.9799
a3 0.1291 0.0522 0.9170
a4 0.1334 0.0565 0.8481
a5 0.1262 0.0523 0.9156
a6 0.1242 0.051 0.9391
a7 0.1256 0.0517 0.9264
a8 0.1605 0.0703 0.6811
a9 0.1282 0.0522 0.9168

al0 0.1196 0.048 0.9984
all 0.1194 0.0479 1.0000
al2 0.1219 0.0492 0.9732
al3 0.1247 0.0513 0.9338
al4 0.1248 0.0523 0.9158
al5 0.1385 0.0569 0.8417
alé6 0.1448 0.061 0.7845
al7 0.133 0.054 0.8869
al8 0.138 0.0562 0.8515
al9 0.1036 0.0557 0.8598

a20 0.1082 0.0585 0.8181




Sustainability 2019, 11, 6060 16 of 20

Table 19. Ranking results of decision model compared with yield ranking and other weight calculation methods.

Ranks Obtained from Ranks Obtained Ranks Obtained Ranks Obtained Ranks Obtained

Sites ﬁ:zre;?g: ;{::f: Yield Ranks Decision Model Using from AHP and from Rank-sum  from CRITIC and from SD and
COPRAS and MIW COPRAS and COPRAS COPRAS COPRAS
al 8.9 3 3 1 4 3 4
a2 8.5 4 4 4 1 4 16
a3 6.4 9 9 7 9 9 9
a4 4 16 16 16 16 16 3
ab 5.5 12 12 12 12 12 12
a6 7.8 6 6 18 6 8 6
a7 7 8 8 9 18 6 8
a8 2.8 20 20 20 10 20 20
a9 6 10 10 10 20 10 10
alo 9.2 2 2 3 3 2 2
all 9.7 1 1 2 5 5 1
al2 8.2 5 5 5 2 1 5
al3 7.4 7 7 8 7 7 11
al4 5.7 11 11 11 13 17 17
als 3.8 17 17 17 17 11 7
alé 32 19 19 19 19 19 19
al7 4.8 14 13 14 14 14 14
al8 52 13 15 13 11 13 13
al9 44 15 14 15 15 15 15

a20 34 18 18 6 8 18 18
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5. Discussions

Sustainable agriculture development requires several parameters with different units of
measurements for obtaining maximum profit [39]. In this work, twenty-seven parameters were
considered for building a reliable decision model to rank the groundnut sites. The average groundnut
crop yield data per hectare during the last five years were taken for the validation of ranking results
obtained using the proposed decision model, as shown in Table 19. When compared to the ranking
results of yield data, the decision model correctly ranked 17 groundnut sites out of 20, thus producing
85% of accuracy. The top 12 groundnut sites were appropriately ranked by the model and thus
provided details about the best groundnut sites concerning yield data.

The ranking results of the decision model predicted the groundnut site al7 as 13. However,
the ranking results obtained using yield for the site al7 was 14. Similarly, the ranking result obtained
from the decision model for site al8 was 15, and the yield rank was 13. Also, site al9 was ranked
as 14 by the decision model and 15 by the yield rank. Thus out of 20 sites, the decision model had
ranked 17 sites accurately concerning the yield data taken per hectare during the last five years. There
were minor variations between the ranking results obtained using the decision model and the average
yield data for the three sites al7, al8, and al19. Thus, the ranking results of the decision model with
the MIW method achieved superior performance for the experimental dataset. When compared with
the ranking results of rice paddy crops obtained from the developed mathematical model, which had
produced 80% accuracy, the present work had given 85% accuracy [19].

Further, the ranking results of the decision model were compared with the results obtained from
the subjective (AHP and rank-sum) and objective (CRITIC and SD) weight calculation methods applied
to the COPRAS MCDM method, as shown in Table 19. In Table 19, the ranking patterns obtained
from AHP and COPRAS appropriately ranked nine agriculture sites, ranks obtained from rank-sum
and COPRAS appropriately ranked ten sites, results obtained from CRITIC and COPRAS, as well as
SD method and COPRAS, ranked 14 agriculture sites correctly. The AHP and rank-sum methods are
subjective weight assignment techniques. The decision model developed using these subjective weight
assignment methods produced inferior results compared to other models. Further, this may be because
the opinions gathered from the experts are not consistent with the actual weights of the criteria [21].
The decision model developed using the objective weight assignment methods, such as CRITIC and
SD, produced better results compared to the results of subjective weight assignment method.

Moreover, this is because the mathematical formula is applied to the dataset related to criteria,
and the measurements are accurate [21]. However, when we compared these results with the ranking
results of the decision model developed using the MIW method, the proposed method produced
outstanding results. The reason behind this is that the integration of these methods have eliminated
the disadvantages of the selected subjective weight assignment methods and utilized the distinct pros
of the selected weight assignment methods [31].

From these results, it is validated that the decision model built using COPRAS and MIW showed
excellent results compared to the other ranking results obtained.

Thus, the integrated weights of criteria calculated using more than one subjective and objective
weight assignment method provided better results in solving MCDM problems. Even though the
groundnut crop dataset was applied in this work to prove the efficiency of the model, the proposed
MIW method could be used with any real-world dataset where multiple criteria are involved in
decision-making problems. Besides, the proposed MIW method could be used in other MCDM
methods for building a reliable decision-making model.

6. Conclusions

Weight calculation plays a vital role in building a reliable decision-making model for realizing
sustainable development. Several research works have been carried out so far by combining weight
calculation methods. In this paper, a new modified integrated weighting method was proposed to
combine the weights obtained using different methods into a single set of weights. The method
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integrated two subjective weight assignment methods and two objective weight assignment methods.
The proposed MIW method integrated the four weight assignment methods and calculated a single
set of weights. The proposed method considered the subjective opinion of the experts obtained from
two methods and also the objectivity of the problem. In order to apply the proposed MIW method,
a decision-making model was proposed using the COPRAS method. A case study was done on
agriculture groundnut crop datasets to prove the effectiveness of the developed model. The ranking
results obtained from the model were compared with the ranking results of the average yield obtained
during the last five years. Further, the ranking results of the decision model were compared with
the ranking patterns obtained from different weight calculation methods applied to the COPRAS
method, and the developed decision model with the MIW method illustrated superior results with
an accuracy of 85%. Thus the developed MIW method could be used with any MCDM method for
making accurate decisions.
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