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Abstract

The objective of the present work is to determine an optimal cropping pattern under uncertainty, which maxi-
mizes four objectives simultaneously, including net benefits (NBF), crop production (CPD), employment
generation (EGN) and manure utilization (MUT). Except the objective of maximizing the NBF, the other objectives
are related to sustainability. To deal with uncertainty, a multi-objective fuzzy linear programming (MOFLP) model
has developed along with fuzziness in decision parameters (objective function coefficient, cost coefficients, tech-
nological coefficients and resources) and decision variables (area to be irrigated under each crop in each season)
and applied the same to Jayakwadi Project Stage-I, Maharashtra, India. The present study is in the form of a suc-
cessful attempt to deal with irrigation planning associated with sustainability and uncertainty.

Key words: decision variables and decision parameters, fuzzy optimization, sustainable irrigation planning,
uncertainty

Highlights

® The present study deals with the development of the MOFLP model under uncertainty that maximizes NBF,
CPD, EGN and MUT simultaneously and its successful application for the case study of Jayakwadi Project
Stage-l, Maharashtra State, India.

® The proposed model suggests a basis for irrigation planning as an integrated approach under a fuzzy
environment considering the decision parameters and decision variables as fuzzy.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying,
adaptation and redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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Graphical Abstract

Irrigation Planning Problem with Objectives
of Maximization Net Benefits (NBF), Crop

Production (CPD), Employ t Generation
(EGN) and Manure Utilization (MUT)

Uncertainty/Vagueness Fuzziness in Decision
Triangular Fuzzy Parameters and Decision
Membership Function Variables

I |
l

Multi Objective Fuzzy Linear Programming (MOFLP)
Model and Compromised Solution using LINGO

1

Highlights

The proposed model improves on existing models and suggests a basis for
irrigation planning as an integrated approach under fuzzy environment
considering the decision parameters and decision variables as fuzzy.

The proposed model will be helpful for the irrigation policy maker to
address the uncertainty associated with irrigation planning problem and
to take decisions under conflicting situations while dealing with different
conflicting objectives simultaneously.

The proposed model is capable to deal with integrated irrigation planning
with prime focus on the various parameters related with economic, social,
environmental and sustainability.

The developed MOFLP model is a general-purpose model and it provides
an opportunity to extend its application for the detailed system analysis
for irrigation project having reservoir with surface water, command
area, water distribution network through canal and / or pipe, and
conjunctive use of surface and ground water for water stressed area of
particular region.

INTRODUCTION

The randomness of hydrologic variables such as stream flow, rainfall and evapotranspiration, and
imprecision in management goals/objectives, constraints, crop response, decision makers’ interest,
which are the most common things closely associated with uncertainty. The term fuzzy introduced
and inducted first time by Zadeh (1965), which allows to develop fuzzy set theory in the form of
an improvement over classical set theory. The vagueness and uncertainties associated with various
kinds of objectives, decision parameters and decision variables can be well described and addressed
by a fuzzy set. The concept of decision-making under a fuzzy environment was presented by Bellman
& Zadeh (1970).

Gupta ef al. (2000) have proposed a multi-objective fuzzy linear programming (MOFLP) area allo-
cation model to analyze the conflicting interests of various decision makers such as the irrigation
authority (government) and the individual farmers involved in a particular project and applied the
developed model to the case study of the Narmada river basin, India. Gasimov & Yenilmez (2002)
have discussed the methodology of fuzzy linear programming (FLP) problems. Jimenez et al
(2007) have presented an interactive method to solve linear programming with fuzzy numbers,
which informs the decision maker in various stages of the decision process. The fuzzy parametric pro-
gramming based MOFLP model has been proposed with the illustration of numerical example
(Arikan & Gungor 2007).

Fuzziness and randomness associated with objective function and constraints can be dealt with
the chance-constrained programming model (Nanda ef al. 2008). The linear programming problem
with the triangular fuzzy number (TEFN) has been developed and demonstrated with suitable examples
(Nasseri 2008).

The FLP problem in which decision parameters and decision variables, fuzzy in nature can be
addressed and solved properly by the method proposed by Allahviranloo et al. (2008). The application
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of MOFLP in irrigation planning along with fuzziness in objective function only and fuzziness in
resources and the objective function is reported in the literature (Raju & Duckstein 2003; Regulwar
& Gurav 2010, 2011; Gurav & Regulwar 2012).

Xu et al. (2013) have presented a bilevel optimization approach to deal with the regional water
resource allocation problem using the technique of interactive fuzzy programming and an entropy-
Boltzmann selection-based genetic algorithm under the fuzzy random environment. Guo et al.
(2014) have presented an inexact fuzzy chance-constrained nonlinear programming (IFCCNP)
method for agricultural water resources management to tackle various uncertainties. The model
results obtained are helpful for decision makers to deliver insight for tradeoffs related to environ-
mental, economic and system-reliability policy.

Srivastava & Singh (2017) have proposed fuzzy multi-objecive goal programming (FMGP) to
find the optimal cropping patterns with objective of maximization of benefit and production
along with minimization of investment, fertilizer application and water application to the case
study of canal command of Soraon, District Allahabad, Uttar Pradesh (India). Li ef al. (2016)
have proposed the bi-objective programming model with fuzzy inputs such as fuzziness associated
with objective functions as well as in constraints, and the developed model has been solved using
the fuzzy multi-objective optimization modeling approach for the case study of the Heihe River
basin, northwest China. The MOFLP with a two-phase approach can be used for optimal cropping
pattern planning, and using this approach, various irrigation planning models have been proposed
and presented with its application for different case study of India (Regulwar & Gurav 2013;
Mirajkar & Patel 2016).

Zhang et al. (2018) have developed an irrigation water allocation model with interval-based
fuzzy chance-constrained along with double-sided fuzziness and applied it to the case study of
the Heihe River Basin in Northwest China and found the interrelationships to support the
decision-making for irrigation water management. Zhang & Guo (2018) have developed a
model with the fuzzy linear fractional programming approach with double-sided fuzziness to
address and tackle the uncertainty involved for optimal irrigation water allocation in the case
study of middle reaches of the Heihe River Basin, in Northwest China. The obtained results
help to plan reasonable irrigation water resources management and agricultural production.
Banihabib et al. (2019) have proposed the fuzzy multi-objective heuristic model to maximize
three objective functions along with the uncertainties involved in water resources and economic
parameters in a basin and found that optimal operation policies provide better results than the
deterministic model. Yue ef al. (2020) have developed a full fuzzy-interval credibility-constrained
nonlinear programming (FFICNP) model to deal with uncertainties in planning irrigation water
allocation and applied the same successfully to the case study of the Zhanghe irrigation district
in Hubei Province, Central China. The obtained results show lower credibility level with respect
to higher net system benefit and system efficiency.

With the above literature review presented, it is found that various models of the LP and MOFLP
have been used to tackle the uncertainty and vagueness involved in the irrigation planning scenario.
Also, it is found that any model has not been reported in sustainable irrigation planning with fuzzy
decision parameters and fuzzy decision variables. Most of the uncertainties associated with irrigation
planning are dependent and interrelated with each other in agricultural systems, so it is necessary that
in the irrigation planning problem, uncertainties should be considered and addressed properly. Given
this, the decision parameters and decision variables are considered fuzzy in nature, which leads in the
form of successful attempts in the field of sustainable irrigation planning. The objective of the present
study is to develop the MOFLP model and its application to the Jayakwadi Project Stage-I and to find
out the optimal cropping pattern for 75% dependable yield for sustainable irrigation planning under
the fuzzy environment.
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METHODOLOGY AND MODEL DEVELOPMENT
Description of the study area

To represent the applicability of the MOFLP model, a representative agricultural irrigation man-
agement problem of the Jayakwadi Project Stage-I is considered. It is an earth type of dam
constructed across river Godavari. The reservoir has an active storage capacity of 2,170 Mm?
and a dead storage capacity of 738 Mm>. It has an irrigable command area of 141,640 ha
(1,416.40 km?). Also, the project is a hydropower plant, with a pumped storage with a capacity
of 12 MW. The main crops grown in the command area are Sugarcane, Banana, Chilies, L S
Cotton, Sorghum, Paddy, Wheat, Gram and Groundnut. The location map of the study area is
shown in Figure 1.

Godavari River

India

s

Jayakwadi

Figure 1 | Jayakwadi Project Stage-l Maharashtra State, India.

Objective function

The various objectives are considered in the formulation of the irrigation planning model depending
upon the requirement of the particular region and national importance. In the present study, four
objectives of maximization type are considered from an analysis point of view, which are listed as
below.

Net benefits

Most of the time, farmers want to maximize the net benefits (NBF) with the cultivation of particu-
lar crops for economic prosperity, due to which the decision maker has to incorporate this
objective as part of the irrigation planning policy. Gross benefits are calculated by multiplying
the average yield of a particular crop per ha and current market price of that crop. In the present
study, the net benefits per ha for each crop, which are calculated by subtracting the input cost of
the gross benefits. The input cost considered in the present model, which may vary according to
the market conditions and different parts of the region, such variations in the input cost can be
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incorporated in the model.

Maximize NBF =

2 3 2 2 1
PO WS WS WL RS WLl
i=1 i=1 i=1 i=1 i=1

(1)
2 3 2 2 1
—(zzfc;f+zsz,R+21fSGfS+szGf+zfﬁWG?W)]
1 i=1 i=1 i=1 i=1

1=

[I = crop index, which includes various crops in different seasons such as Sugarcane (P), Banana
(P), Chilies (TS), L, S Cotton (TS), Sorghum (K), Paddy (K), Sorghum (R), Wheat (R), Gram (R)
and Groundnut (HW). P = Perennial, K = Kharif, R = Rabi, TS =Two Seasonal and HW = Hot
Weather]

JK =area in ha for ith crop (K);
JR =area in ha for ith crop (R);
JHW = area in ha for ith crop (HW);
JP = area in ha for ith crop (P);

JI3 = area in ha for ith crop (TS);

F; =Dbenefit coefficient for ith crop;
G; = input cost for ith crop.

Crop production

To expect maximum production of a particular crop is the natural tendency of every farmer, which
needs to be taken into account by the decision maker for the optimal cropping pattern planning
with the objective of maximization of crop production (CPD).

The average yield of a crop per ha is taken as CPD coefficient (Commissionerate of Agriculture,
Maharashtra State 2006).

2 3 2 2 !
Maximize (CPD) = KZ JEUS + > JRUR+ > JPUR + > JPUr + Zlf’wuﬁw) )
i=1 i=1 i=1 =1 =

U; = average yield of ith crop (Tons per ha).

The sufficient food availability in the region can be considered with the help of maximization of
CPD, which mainly focuses on the survival of people with satisfaction of food demand of the particu-
lar region, and given this the second objective can be thought of sustainability-related.

Employment generation

The socio-economic development of a region cannot be possible without providing employment
generation (EGN), which requires the decision maker to include the maximization of EGN in
irrigation planning.

2

3 2 2 !
Maximize (EGN) = KZ JEME + S IRME 3T JMES + 3T PMP + ZIFWMﬁwﬂ 3)
i1 i=1 i=1 =1

i=1

M; =requirement of Man Days for ith crop per ha.
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The number of Man Days or labor required for a particular crop per ha has been considered based
on discussions with farmers and experts from the agricultural field.

The third objective is associated with sustainability with the view of socio-economic development
for a developing country like India, where there is uneven distribution of agricultural land due to
which many people are available in the form of labor for the agricultural sector.

Manure utilization

Maximize (MUT) =

2 3 2 2 1
(szMf<+z/ﬁM5+szSMfs+szMf+zfﬁWMﬁW)] @
i=1 i=1 i=1 i=1 i=1

M; = requirement of manure utilization (MUT) for ith crop (Tons per ha).

The discussion with farmers and experts from the agricultural field, which is considered as a basis to
work out the requirement of MUT for a crop per ha. The requirement of MUT, which depends upon
various parameters such as market condition and its availability, which may vary from place to place.
These changes can be incorporated in the model, which may vary the requirement of MUT.

In India, there is a tradition of preparing the green manure by the farmer with the decomposition of
waste from various activities of the farming and livestock, which is the richest, recycled and pure
source for various ingredients of manure which does not include any harmful chemicals, fertilizers
and pesticides. The manure prepared by this procedure helps to retain nutrient sufficiency of soil
for various crops in each crop season. So, more and more utilization of green manure relates to sus-
tainability and to be included in the cropping pattern by the decision maker.

Constraints
Total sowing area

The total sowing area constraint can be represented by the following equation:
2 3 2 2 1

(Z]{‘+Z]f+ZITS+ZIf+ZLHW> <1y )
i—1 i—1 i—1 i—1 i—1

TJ] = total command area.

Maximum sowing area

The maximum sowing area constraint can be represented by the equation as follows:

Kharif
2 2 2

(Z}f+ZK,-TS+21{‘) ST+ T+ TJ (6)
=1 i=1 i=1

Rabi
2 2 3

(sz+zf<3‘5+zz<ﬁ) TP T T )
i=1 i=1 i=1
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Hot weather and perennial
2 1
(ZLP + ZJ,HW> <77 + 1™ (®)
i=1 i—1

TJX = area for ith crop (K) in ha;
TJR = area for ith crop (R) in ha;
TJHW = area for ith crop (HW) in ha;
TJ? = area for ith crop (P) in ha.
TJ'S = area for ith crop (TS) in ha.

The values for T] (i.e. for particular crop in particular season) have considered according to the
existing cropping pattern of the project.

Affinity constraint

Perennial

K <T7 (9a)
J¥ = area in ha for Sugarcane (P).

BT (9b)

J = area in ha for Banana (P).

Two seasonal

T (9¢)
JIS = area in ha for Chilies (TS).
P <TP (9d)
JIS = area in ha for L S Cotton (TS).

Kharif
5 <Tf (9¢)
JX =area in ha for Sorghum (K).
Js <TJ Ch)

J& = area in ha for Paddy (K).

Rabi
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JR = area in ha for Sorghum (R).

J§ < TR

JR = area in ha for Wheat (R).

J§ < TR

J& = area in ha for Gram (R).

Hot weather

HW HW
10 <TJ;

AW — area in ha for Groundnut (HW).

Labor availability constraint

H,Open Journal Vol 3 No 1
doi: 10.2166/h20j.2020.032

With the view of the problem of the unavailability of labor during the farming season, it is suggested
that to tackle the problem of uncertainty involved in the availability of labor, the labor requirement
should not exceed the total labor availability during that particular crop season.

Kharif

2 2 2 2 2 2
P
<§ M, +§ j],.TSMiTS+§ ]{‘M{‘) < § AM5’+§ AM,TS+§ AMK
i=1 i=1 i=1 i=1 i=1 i=1

Rabi

2 2 3 2 2 3
<Z]fmf + > TMES + Z}fo) <Y AMP+Y T AMP+Y T AME
i=1 i=1 i=1 i=1 i=1

i=1

Perennial and hot weather

2 1 2 1
p
<§ JPM; 4> j]f’WM{fW> <Y AMP+Y AMPY
i=1 i=1 i=1 i=1

=

AM; = labor availability for ith crop;
M; = requirement of Man Days for ith crop per ha.

Manure availability constraint

(11)

With the view of the scarcity of manure and to ensure the fertility of soil, it is considered that in order
to maintain the fertility of the soil, the total manure requirement should not exceed the total avail-

ability of the manure in that crop season.
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Kharif

2 2 2 2 2 2
P
(2 M S M 3 ],.KM,K> S AMP S AMP S AME
i=1 i=1 i=1 i=1 i=1 i=1

Rabi

2
(Z JPM; +
i=1

1

2 3 2 2
PP S e <3S Au S as
=1 =1 i=1 i=1

14 1

3
AMR
=1

Perennial and hot weather

2 1 2 1
(z;fo+ ],HWM?W> S AMPE Y AM
=1 =1 =1

i=1 i i i

AM; = manure availability for ith crop;
M; =requirement of MUT for ith crop per ha.

Water availability constraint

The total water requirement of different crops should not exceed the total water availability in the

reservoir,

2 3 2 2 1 _
(z/fwf Y EWR S WIS LS WP ZJ,HWW,HW) < AW
i=1 i=1 i=1 j—

i=1 i=1

j=1,2,3,4,5 (No of crop seasons);
W; = irrigation water requirement for ith crop;
AW! = total water availability for ith crop (all crops) for jth interval (all seasons).

Non negativity constraint
iK iR7]iTS: ZP: ]1HWa Uia Mi, T]7 T]zK7 TJIR: TIZP? TLTS; T]1HW7AM1P? AMZISa
AME, AMR, AMPW MP, MTS, ME, MR, MPW WP, WIS, WK, WR, WHW AW > ovi, j

Triangular fuzzy number

A fuzzy number A is a convex normalized fuzzy set on the real line R such that:

(a) there exists at least one xo € R with u; (xo) = 1; (b) u;(x) is piecewise continuous.

Let us assume that the membership function of any fuzzy number A is as follows:

mA

—X
aA )
pax) = l_x—mA
BA )

0, otherwise

1-— mt — o <x<m?

mt <x<mh 4 pt
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where m4 is the mean value of A and o and B4 are left and right spreads, respectively, and it is
termed as the triangular fuzzy number. The TEN represented as shown in Figure 2.

Y

Figure 2 | TFN (A).

FLP problem

The FLP model can be represented in the following manner:

maxz=C¢1 QX1 ®...C, Xy
s.t.

A1 QF1 B ... A1 @&y < by

D
&ml ®9~Cl @-u&mn ®5€n < Em
xX1>0,%>0, ...,%,>0.
The matrix form of the above equation is:
maxz =CcQ®%x
st
- . (I1)
ARx<b
x> 0.

The coefficient matrix A = [@ijl s 1 <, j < nis msn fuzzy matrix where Vi, j, a; > 0 or a;; < 0
and x;, b; € F(R).

If matrix A denoted by A =(A4,A,A") that A= [ai]-], A = [a;-j], A’ = [ag-], x = (x,x,x"),

b= (b, b, b"). Then we have:

maxz = (¢, c, ") ® (x, «', x")

s.t.

(147 A/’ A//) ® (x’ x/’ x//) S (b’ b/’ b/l) (III)
(x, &', &) > 0.
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Algorithm for MOFLP

The detailed solution process for the MOFLP model can be described as follows:

1. Formulate the irrigation planning problem with the help of TFN for decision parameters and
decision variables of objective functions and constraints.

2. Solve the model as an FLP problem, considering only one objective individually.

3. Work out the corresponding values of each objective with reference to the procedure adopted in
step 2.

4. Pick up the best value (Zy) and worst value (Z1) for each objective function comparing the values
obtained steps 2 and 3.

5. Formulate the linear membership function with reference to (Zy) and (Zy) values for each
objective.

6. Introduce a new dummy variable as level of satisfaction (1), which is subject to the new constraints
incorporating vagueness involved in the objective function values and original constraints and
maximize it.

7. Identify significant parameters and interactions and formulate the equivalent FLP model as a
MOFLP model and solve the formulated model.

8. Analyze the results and find out the compromised solution with the level of satisfaction (1) under
the fuzzy environment.

9. Stop.

The structure of the fuzzy approach for a compromised solution of the MOFLP model is as depicted
in Figure 3.

RESULTS AND DISCUSSION

The present study explores the development of the MOFLP model with a TFN of linear membership
functions and its applicability for sustainable irrigation planning to the Jayakwadi Project Stage-I,
India. Maximization of NBF, CPD, EGN and MUT, these are the objectives for which the irrigation
policy maker has to focus with the same priority with available limited resources of the project under
uncertainty.

The MOFLP problem considers fuzzy input data by fuzzy membership functions. The objectives
(Equations (1)-(4)) and constraints ((5)-(17)), which are imprecise and uncertain, are represented
by fuzzy sets in the form of TFEN. The fuzziness associated with stipulations (resources) can be well
described by considering the tolerance range of membership functions. Various decision parameters
(cost coefficients, technological coefficients and resources) and decision variables (area to be irrigated
under each crop in each season) are treated as imprecise (fuzzy) in the form of constraints for the
existing cropping pattern of the project. Similarly, for objective functions, various decision parameters
(objective function coefficients, cost coefficients) and decision variables (area to be irrigated under
each crop in each season) considered as fuzzy. The fuzzy objective functions (Equations (1)-(4))
are being maximized individually subject to fuzzy constraints (Equations (5)-(17)) using LINGO
13.0 (Language for INteractive General Optimization). The MOFLP model which gives compromised
solution involves total 35 variables and 51 constraints.

Table 1 shows the results of four different objectives for its individual maximization, with the help
of which, the linear membership function has constructed for each objective by choosing the best
value (z") and worst value (z~), which are indicated in bold figures. The objective functions rise lin-
early from zero to one for membership functions u;(X), u2(X), u3(X) and u4(X) of the fuzzy sets. The
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Formulation of LP and MOFLP model with Fuzzy
Objective Functions for Maximization of (Equation 1 to 4):
1. Net Benefits 2. Crop Production 3. Employment Generation 4. Manure Utilization

Subject to Fuzzy Constraints (Equation 5 to17):
1. Sowing Area 2. Cropping Pattern 3. Affinity Constraint
4. Labour Availability 5. Manure Availability 6. Water Availability

}

Solution for Individual Maximization of
Each objective Function using LINGO

Y

Pick up the Best value (Zv) and Worst value (Z.) for each objective function
and Formulate the linear membership function

I

Introduce a new dummy variable as level of satisfaction (1), and maximize the dummy
variable (») subjected to the additional constraints due to the fuzziness in the value of the
objective functions and original constraints

Maximize i
Subject to
(Z-ZH(ZY-Z M) > .
(Za- Z2Y) (Z2V- 2oy = A
(Zs- 7Y 1 (Z:%- 259 2 s
(Zam Z4Y) 1 (ZV- Z4) 2 b
and all Original Fuzzy Constraints;
A=0.

Analyze the results
and find out
Compromised
Solution

Figure 3 | Structure of the fuzzy approach for the compromised solution of the MOFLP model.

highest values obtained are Z; = 1,261.99 Million Rs, Z, = 355,352.60 Tons, Z3 = 25.83 Million Man
Days and Z, = 137,038.10 Tons, respectively.

In case of NBF, Z; =941.77 Million Rs or less if level of satisfaction (1) rises from zero and when it
becomes one, Z; =1,261.99 Million Rs or more. Similarly, for CPD, Z, = 80,250.94 Tons or less if 1
rises from zero and when it becomes to one, Z, = 355,352.60 Tons or more. Also, Zs = 17.44 Million
Man Days or less if 1 rises from zero and when it becomes to one, Z3 =25.83 Million Man Days or
more for EGN. Similarly, for MUT, Z,=52,932.98 Tons or less if 1 rises from zero and when it
becomes to one, Z, =137,038.10 Tons or more.

The MOFLP model has been formulated for the irrigation planning problem on the basis of FLP
formulation and applied successfully to the case study under consideration. The optimal fuzzy sol-
ution for the first objective is: X;=(4,249.20, 4,249.20, 0), X,=(2,124.60, 2,124.60, 0),
X35 =(4,249.20, 4,249.20, 0), X, = (0, 0, 0), X5=(16,996.23, 16,996.23, 0), X = (6,445.84, 6,445.84,
0), X;=(0, 0, 0), Xg= (35,410, 35,410, 0), Xg= (7,082, 7,082, 0), X10=(0, 0, 0) and the optimal
value of the NBF = 1,261.99 Million Rs.

Similarly, the optimal fuzzy solution for each individual objective and optimal values of the other
objectives are represented in Table 1. From the results presented in Table 1, the solution of decision
variables for various crops is in the form of the TFN. The TFN has values in the form of left spread,
mean value and right spread. When the demand or constraint is satisfied, the membership grade is 1, it
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Table 1 | Solution of the LP model and compromised solution of the MOFLP model

Solution for individual maximization of each objective function

NBF CPD EGN MUT
(Z4) (Z2) (Z3) (24)
Fuzzy variable Crop and season (ha) (ha) (ha) (ha) Compromised solution 4 =0.58
X1 Sugarcane (P) (4,249.20, 4,249.20, 0) (4,249.20, 4,249.20, 0) 0, 0,0) (4,247.93, 4,247.93, 0) (0, 0, 6,498.64)
X, Banana (P) (2,124.60, 2,124.60, 0) (2,124.60, 2,124.60, 0) 0, 0,0) (2,124.60, 2,124.60, 0) (2,124.60, 2,124.60, 0)
X; Chilies (TS) (4,249.20, 4,249.20, 0) (4,249.20, 4,249.20, 0) (4,249.20, 4,249.20, 0) (4,249.20, 4,249.20, 0) (4,249.20, 4,249.20, 0)
X4 L S Cotton (TS) 0, 0,0) (0,0, 0) (35,410, 35,410, 0) (35,410, 35,410, 0) (21,403.70, 0, 0)
X Sorghum (K) (16,996.23, 16,996.23, 0) (16,996.23, 16,996.23, 0) (16,996.23, 16,996.23, 0) (16,996.23, 16,996.23, 0) (0, 0, 50,988.68)
X Paddy (K) (6,445.84, 6,445.84, 0) (0, 0, 0) (14,164, 14,164, 0) (14,164, 14,164, 0) (14,164, 14,164, 0)
X7 Sorghum (R) 0, 0,0) (14,683.87, 14,683.87, 0) 0, 0,0) (20,276.34, 20,276.34, 0) (0, 0,0)
Xg Wheat (R) (35,410, 35,410, 0) (35,410, 35,410, 0) (35,410, 35,410, 0) (0,0, 0) (23,846.35, 23,846.35, 0)
X Gram (R) (7,082, 7,082, 0) (0,0, 0) (6,437.84, 6,437.84, 0) (0,0, 0) (7,082, 7,082, 0)
X1 Groundnut (HW) 0,0, 0) (0, 0, 0) 0,0, 0) (4,249.20, 4,249.20, 0) (0,0,0)
NBF (Million Rs) 1,261.99 (Z{) 1,240.78 941.77 (Zy) 1,094.60 1,127.60
CPD (Tons) 354,319.70 355,352.60 (Z3) 80,250.94 (Z3) 334,781.70 239,897.50
EGN (Million Man Days) 18.54 17.44 (Z3) 25.83(Z3) 19.63 22.31
MUT (Tons) 57,480.78 52,932.98 (Z;) 119,802.80 137,038.10 (Z{) 115,969.60
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means that level of satisfaction is highest (i.e. at apex) or it is having no spread on the left and right of
the TEN. When the demand or constraint is not satisfied, the membership grade is lowest, the level of
satisfaction is minimum, and corresponding spread on the left and right is observed for a TFN. The
situation in which the constraint or demand is not satisfied at all, which can be represented as a hori-
zontal line, i.e. no spread on left and right and zero mean value of the TEN. These features of TFN
allow the irrigation policy maker to address and tackle the vagueness and/or uncertainty involved
in the various parameters of irrigation planning, and given these, to formulate the irrigation planning
problem, the TEN is used for the present study.

From Table 1, when the NBF is maximized, it is observed that the benefit coefficient is low for var-
ious crops such as Groundnut (HW), Sorghum (R) and LS Cotton (78); because of this, the area to be
allocated for irrigation under these crops is zero. Similarly, when the CPD is maximized, as the CPD
coefficients are low for various crops such as Groundnut (HW), Gram (R), Paddy (K) and LS Cotton
(TS); because of this, the area to be allocated for irrigation under these crops is zero. Also, in case of
maximization of EGN, the area under irrigation is zero for Groundnut (HW), Sorghum (R), Banana
(P) and Sugarcane (P), which is because the labor requirement per ha for these crops is low and also,
the limited area allocation of these crops under the existing cropping pattern of the project. If MUT is
maximized, then for crops such as Gram (R) and Wheat (R), the area under irrigation is zero because
the manure requirement per ha is low and also due to the limited area under the existing cropping
pattern of the project. If four conflicting objectives are considered simultaneously under the fuzzy
environment, then crops such as Groundnut (HW) and Sorghum (R), the area under irrigation is zero.

The results are shown graphically for Sugarcane (P) for the fuzzy optimization of individual objec-
tives in the form of TEN in Figure 4. The maximum level of satisfaction (1) from the membership
functions of four participating/conflicting objectives has been designated as the ‘best’ achieved/com-
promised solution. The final modified form of the MOFLP model with adding a new dummy variable
A=min [u1(X), u2(X), u3(X), ua(X)] such that:

Maximize A Subject to:

(Z, —941.77 x 10°)/(1261.99 x 10° — 941.77 x 10°)
> \; (Z2 — 80250.94)/(355352.60 — 80250.94) > A

(Zs — 17.44 x 10°)/(25.83 x 10° — 17.44 x 10°) > A; (Z4 — 52932.98)/(137038.10 — 52932.98) > A
And all other original fuzzy constraints given in the model;
A>0.

The obtained value of the level of satisfaction (1) = 0.58 is in the form of compromised solution, and it
provides NBF = 1,127.60 Million Rs, CPD = 239,897.50 Tons, EGN = 22.31 Million Man Days and
MUT = 115,969.60 Tons, respectively.

HZ,(x)
" »
4249.20 Area (Ha)
/ 4249.20 v
7 7

Figure 4 | Optimal solution of crop 1 in the form of TFN for maximization of NBF.
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The problem of irrigation planning can be analyzed to deal with uncertainty in various strategies
such as (i) fuzzy objective functions (Zy), (ii) fuzzy cost coefficients ((:’,-), (iii) fuzzy resources (b;),
(iv) fuzzy technological coefficients (A,-,-) and fuzzy resources (b;) simultaneously and (v) fuzzy
resources (b;) and fuzzy decision variable (Xj) simultaneously (Regulwar & Gurav 2010, 2011,
2012; Gurav & Regulwar 2012). The uncertainty/vagueness arises in the values of the objective func-
tion because of sharing the same resources for more than one objective(s) (Z); which can be tackled
successfully by trading off between the values of objective functions with fuzzy sets in the first strategy.

Also, the cost coefficients including the fluctuations in market price, input cost and monetary
benefits associated with uncertainty/vagueness can be dealt with the second strategy. When the
resources (b;) are limited but with variation to certain extent due the practical condition/difficulties
(e.g. migration of labor from one region to the other) which leads to uncertainty/vagueness in
resources, that can be tackled by implementing the third strategy. Sometimes, the uncertainty associ-
ated with technological coefficients (4;), and resources (b;) can be dealt with the fourth strategy.

Similarly, depending upon the field situation the strategy sixth (developed and proposed model for
the present study) can be used by irrigation policy makers for irrigation planning. In the present study,
the triangular membership function has been used to represent the fuzzy sets. Along with the triangu-
lar membership function, the other, such as linear membership functions-monotonously increasing
and/or decreasing; linear membership functions; convex and/or concave, exponential membership
functions and trapezoidal membership functions, can also be feasible for such problems.

The results which are represented in the form of Table 1 (present study) are improved qualitatively
and quantitatively over the results presented in Table 2 (Regulwar & Gurav 2011). The uniqueness of
the present manuscript is to deal the uncertainty/vagueness involved in the problem of sustainable
irrigation planning issues in developing countries like India. The present paper deals with the uncer-
tainty included in the objective functions (Zy), cost coefficients (Gj), technological coefficients (A;),
resources (b;) and decision variable (X;) simultaneously, by treating these as fuzzy. This seems to
be probably closer to the real-world problem of irrigation planning associated with uncertainty.

Table 2 | Salient parameters of the optimal cropping pattern planning for Z, b;, aj; and a; and b; (Regulwar & Gurav 2011)

Compromised solution Compromised solution Compromised solution Compromised solution
for Z (1 =0.580) for b; (A =0.503) for a; (1=0.501) for a; and b; (A =0.287)

Sr no. crop and season Area (ha) Area (ha) Area (ha) Area (ha)

1 Sugarcane (P) 2,166.18 1,871.80 1,872.20 1,839.55

2 Banana (P) 2,124.60 1,857.26 2,146.01 2,000.64

3 Chilies (TS) 4,249.20 3,714.52 4,357.91 4,090.02

4 LS Cotton (TS) 28,567.80 24,725.47 30,124.79 19,102.49

5 Sorghum (K) 16,996.80 14,858.08 17,889.34 16,988.02

6 Paddy (K) 14,164.00 12,381.73 14,907.79 14,156.69

7 Sorghum (R) 0 0 0 0

8 Wheat (R) 23,832.78 21,017.54 32,603.18 38,326.00

9 Gram (R) 7,082.00 6,190.86 7,263.18 6,816.70

10 Groundnut (HW) 0 0 0 0

Net Cropped Area (ha) 99,183.36 86,617.26 111,164.42 103,320.11

NBF (Million Rs) 1,503.73 1,314.87 1,617.66 1,602.43

CPD (Tons) 319,563.50 278,042.5 312,941.30 308,066.20

EGN (Million Man Days) 29.74 25.99 34.03 32.60

MUT (Tons) 154,506.50 134,365.3 163,647.90 131.783.00

Irrigation Intensity (%) 70.02 61.15 78.48 72.94
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CONCLUSION

The present study deals with the development of the MOFLP model under uncertainty that maximizes
NBF, CPD, EGN and MUT simultaneously and its successful application for the case study of Jayak-
wadi Project Stage-I, Maharashtra State, India.

The MOFLP model compromised solution has worked out with A = 0.58, which suggests NBF =
1,127.60 Million Rs, CPD =239,897.50 Tons, EGN =22.31 Million Man Days and MUT =
115,969.60 Tons respectively. These obtained results of the present model are promising as it con-
siders the uncertainty involved in irrigation planning problem which is closer to the scenario of the
real world.

The proposed model improves on existing models and suggests a basis for irrigation planning as an
integrated approach under the fuzzy environment considering the decision parameters and decision
variables as fuzzy.

The proposed model will be helpful for the irrigation policy maker to address the uncertainty associ-
ated with irrigation planning problems and to take decisions under conflicting situations while
dealing with different conflicting objectives simultaneously.

The proposed model is capable of dealing with integrated irrigation planning with prime focus on
the various parameters related to economic, social, environmental and sustainability.

The MOFLP model developed in this paper is a general-purpose model, and it provides an oppor-
tunity to extend its application for the detailed system analysis for irrigation project having reservoir
with surface water, command area, water distribution network through canal and/or pipe, and con-
junctive use of surface and ground water for water-stressed area of the particular region.
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