
OPTIMAL WATER ALLOCATION USING A

MULTI-OBJECTIVE EVOLUTIONARY

ALGORITHM

A Thesis submitted by

G M Wali Ullah

For the award of

Master of Science (Research)

2020



ABSTRACT

Agriculture water management in Bangladesh has become a subject of in-

creasing attention due to population growth. Therefore, it is necessary that

we optimize water use in order to increase the agricultural production with

the increasing needs of the population as well as to fulfill the need for a sound

economy of the country as a whole.

The research engages with the optimum allocation of water in the agricultural

sector of Bangladesh. We model the problem using multi-objective constrained

optimization problem. The objectives in this problem are to maximize net re-

turn and minimizing deficit in environmental flow. A Non-Dominating Sorting

Genetic Algorithm, NSGA-II, is used to solve the problem in this research to

find the optimum result.

The research indicates that the crops which are produced more and are more

profitable in trade should be cultivated more as recommended by the model.

The model predictions indicate that rainfall impacts on net return and en-

vironmental flow deficit more than water inflow under the scenarios in the

Muhuri Irrigation Project (MIP) considered.
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Chapter 1

Introduction and Literature

Review

Background

The scarcity of water is one of the significant issues in agricultural sector

in Bangladesh. Although Bangladesh is low-lying, crisscrossed with numer-

ous rivers and featured by heavy rainfalls, the country suffers from seasonal

scarcity of water, especially during winter. The agriculture sector is the high-

est user of water in Bangladesh. About 88 percent of the total water is being

used in this sector (Food and Agriculture Organization of the United Nations,

2017). Irrigated agriculture has been increasing since the 1960s due to the

introduction of high-yielding varieties of crops and modern irrigation systems

(Hossain, 2009).

Bangladesh has four main seasons in a year: pre-monsoon, monsoon, post-

monsoon, and winter. Of the total rainfall, about 71% occurs in the monsoon

season, 27% occurs in the pre-monsoon and post-monsoon season, and 2%

occurs in the winter season (Md.Mizanur Rahman Khan Chowdhury, 2017).

Still, pre and post-monsoon rainfall is sometimes rare. That is why Bangladesh

faces two extreme water-related events each year namely flood and drought

(Reddy et al., 2003). To produce required crops in the periods of dry and

unreliable rainfall, the country needs to increase water-use efficiency and the

conservation of water.
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Bangladesh is also a small country with a large population. Its total landmass

is 144, 170 km2 and its population is approximately 168 million people. Ap-

proximately 37.2% of this population live in urban areas with the rest, 62.8%,

living in village areas. Since Bangladeshi villages are still agricultural-based

people, they are reliant on agriculture and agricultural productivity to live

and lead their lives (Food and Agriculture Organization of the United Na-

tions, 2017).

1.1 Focus of the Research

This research engages with an agricultural project, known as the Muhuri Irri-

gation Project (MIP). This project is located in Feni, a south-eastern district

in Bangladesh, around the confluence of Feni, Muhuri and Kalidaskhali rivers

in the coastal belt of the Bay of Bengal (BD Explorer, 2017).

The location is shown below within Bangladesh in Figure 1.1 and separately

in Figure 1.2.
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Figure 1.1: Muhuri irrigation project (MIP) location (BD Explorer, 2017).
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Figure 1.2: Muhuri irrigation project (BD Explorer, 2017).
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The MIP is one of the important irrigation projects in Bangladesh as shown in

a Figure 1.3, consisting a closure dam and a 20-vent regulator. Construction

began in 1978 and was completed in 1986, at a cost of $40 million, to provide

irrigation facilities and to check the inflow of saline water into the river from

the Bay of Bengal. It helps the farmers to grow various kinds of crops in

dry season over the river bank of Muhuri. It is also a large water vessel to

produce many kinds of local fish. It comprises of 40,000 ha areas, divided

into a 28,600 ha that are cultivable areas and a 14,050 ha are irrigable areas

(Asian Development Bank, 2013). Every year the area of MIP is increasing.

However, it may not contribute to the cultivation of crops during dry periods

optimally. Due to lack of proper water supply system, poor drainage, and

unplanned cropping intensities, the project proves to be less productive and

beneficial especially during drought and dry times in the year.

Although the MIP is significant for agriculture in Bangladesh, it has not been

drawn much attention as a research field either inside or outside Bangladesh.

Therefore, the present research identifies research area that is never consid-

ered before and appears both interesting and engaging. It has a potential

to contribute to the understanding of the water allocation problem in MIP

and finding a solution to the problem and thus can have an impact on the

agricultural production in that locality.
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Figure 1.3: Vent regulator in Muhuri Irrigation Project, Feni, Bangladesh (BD
Explorer, 2017).

1.2 Thesis Objectives

A significant portion of research and application in this field of optimization

has focused on single objective optimization, whereas most of the natural world

problems involve multi-objectives which are conflicting in nature (Olofintoye

et al., 2013, Lewis and Randall, 2017). This research focuses on the water allo-

cation problem in Bangladesh which will be modelled using a multi-objective

optimization problem. The purpose of this research is to explore the economics

of optimal water allocation for irrigation in the MIP of Bangladesh.

The main objectives of the study are to maximize net return and minimize

deficit in environmental flow, by adjusting irrigation water when seasonal water

availability is limited. It uses the Lewis and Randall (2017) model which will

be discussed in more detail in Chapter 2. The model has the objectives of

maximizing net return (NR) and minimizing deficit in environmental flow

(EFD) which are given in Equations (1.1) and (1.2).

The first objective can be written as

maxNR =
C∑
c=1

TCIcXc − Cp

M∑
m=1

Pm −
C∑
c=1

V costcXc

− Cw

M∑
m=1

(( C∑
c=1

WREQc,mXc

)
− Pm

)
(1.1)
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where TCIc is the total crop income of crop c per ha, Xc is the area of crop c

(ha), Cp is the cost of groundwater pumping and delivery per unit volume, Pm

is the volume of ground water pumped in month m, V costc is the variable cost

(such as fertilizer and pesticides applications) per hectare other than water

cost for crop c. Also in Equation (1.1) the parameters Cw is the total cost of

water per unit volume and WREQc,m is the water requirement for crop c in

month m. C is the total number of types of crops to be planted and M is the

total number of months in the planning period.

The first term of the objective function, in Equation (1.1) is the total revenue

and the second term is the expenditure related to the groundwater pump-

ing and delivery cost. The third term is the variable cost such as fertilizer,

pesticides, seeds and other costs. Finally, the last term consists of two parts

one is
C∑
c=1

WREQc,mXc which is the total water requirement for all crops in

month m and other one is Pm is the volume of ground water pumped in month

m. The difference between water requirement and ground water pumped for

month m is called Allocation(m) which comes from the rain after the release

of environmental flow. This is also related to the expenditure about the cost

of water excess to the groundwater pumping and delivery cost. The difference

between the revenue and all expenditures gives the net return.

The second objective is related to the environmental flow. Environmental

flows are the quantity and timing of water flows required to maintain the

components, functions, processes and resilience of aquatic ecosystems and the

goods and services they provide to people (Mahmood et al., 2020).

The second objective is

minEFD =
M∑

m=1

max[(Tenv f(m)− Env f(m)), 0] (1.2)

where Tenv f(m) is the target environmental flow for month m and Env f(m)

is the environmental flow for month m.

The only terms in the right hand side of the Equation (1.2) are included only for

those months where the environmental flow is less than the target, otherwise

zero is used instead.
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1.3 Multi-objective optimization

Optimization is an attempt to maximize a system’s desirable properties while

simultaneously minimizing its undesirable characteristics (Storn and Price,

1997). Multi-objective Optimization Problems (MOPs) (or vector optimiza-

tion) refers to the class of optimization problems with more than one objective

function to be optimized systematically and simultaneously over a given feasi-

ble region. It is not easy to optimize all such objective functions together and

to find a unique solution in real-life problems. Let us consider the following

Multi-objective Optimization Problem (MOP)

minf(x)

s.t. gj(x) ≤ 0, j = 1, 2, ...,m (1.3)

where f(x) := [f1(x), ..., fl(x)] is a vector of l objective functions and x ∈
Rn. The objective functions and the constraints are real valued functions i.e.

fi : Rn → R, i = 1, ..., l, and gj : Rn → R, j = 1, ...,m, are continuously

differentiable functions. Please note that genetic algorithm used in this thesis

does not require differentiability.

MOPs are essential for our real life, because they provide a model for the

case in which we have to take into account the trade-off of several conflict-

ing objectives. Several problems in water management, industry, engineering,

economy, and many other fields involve the optimization of several conflicting

objectives simultaneously. Agriculture is still the greatest water user of all

over the world. When irrigation is constrained by limited water availability, a

maximum crop yield is not achievable. With deficit irrigation, the plants are

consciously under-supplied with water and a reduced crop yield is accepted

as the penalty. Thus, good water management practices in irrigation aim to

improve water use efficiency, without sacrificing crop productivity.

It is very difficult to find a solution that is best in respect to all the ob-

jectives rather there are equally good solutions. Points satisfying a trade-off

among conflicting objective functions are referred to as Pareto points (Mietti-

nen, 2012) or efficient points (Yu, 2013). The set consisting of the images of

these points in the objective function space is called the Pareto front. Three

examples of a Pareto front are shown in Figure 1.4.

A solution is called Pareto optimal if none of the objective functions can be
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Figure 1.4: Example of different shapes of feasible objective space (a) Convex,
(b) Concave and (c) Discontinuous.

improved in value without degrading some of the other objective values. From

the mathematical perspective, every Pareto optimal solution is equally accept-

able as the solution to the MOP. However, for practical reasons ultimately only

one solution is chosen. To choose one desirable solution out of the set of Pareto

optimal solutions involves a decision maker. A person who plays the role of the

decision maker has insights into the problem and is able to express preference

relations between the different solutions. But first options must be provided

to the decision maker.

The fundamental concepts related to MOPs will be discussed next. If all ob-

jective and constraint functions are linear, then (1.3) is called a linear multi-

objective optimization problem. If at least one of the objective or constraint

functions are nonlinear, then (1.3) becomes a nonlinear multi-objective opti-

mization problem. When all functions are convex then (1.3) is called a convex

multi-objective optimization problem as shown Figure 1.4(a). When at least

one of the functions involved is non-convex, the problem is a non-convex multi-

objective optimization problem as shown Figure 1.4(b). When objective func-

tions are not continuous, the Pareto front is discontinuous as shown Figure

1.4(c).

The solutions of (1.3) are called efficient points or Pareto points or nondom-

inated solutions. A point x̄ is said to be an efficient point or nondominated

solution to problem (1.3) if two conditions are met:
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1. The solution x̄ is no worse than ȳ in any objectives, that is fj(x̄) � fj(ȳ),

for j ∈ 1, ..., l, where l is the number of objectives.

2. The solution x̄ is slightly better than ȳ in at least one of the objec-

tives, fj(x̄) / fj(ȳ) for at least one j ∈ 1, ..., l, where l is the number of

objectives.

If both conditions above are satisfied then x̄ dominates ȳ and is written as

x̄ � ȳ. If one of the two conditions are not met then x̄ does not dominates ȳ.

A point x̄ is said to be weak efficient to problem (1.3) if there is no ȳ ∈ X

such that f(ȳ) < f(x̄). The set of weak efficient solutions is a superset of the

set of efficient solutions.

Ideal

Pareto 
front 

f1

f2

Feasible Objective space

Pareto 
optimal solutionsNon optimal 

solutions

Weakly 
Pareto 
optimal solutions

Utopian
f(x1) f(x2)

Figure 1.5: Different points of two-objective optimization problem, where
both objectives are to be minimized.

In order to solve a MOP, it is required that the ranges for all the objective

functions in the objective space be known. The lower bound for individual

objective function fi(x̄) is obtained by minimizing the function fi individually.
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If x̄fi is a minimizer of the problem (1.3), then zi = f(x̄fi), i = 1, ..., l, are

the components of the vector of individual minima. When all these lower

bounds are combined together to form one vector then the vector is called the

ideal vector. The ideal vector contains the individual minima of each objective

function as shown in Figure 1.5.

Clearly, if an ideal vector is feasible for problem (1.3), then it is a solution

of MOP. In general, an ideal vector is not feasible and a reference vector is

considered which is strictly better than the ideal vector is called a utopia vector

as shown Figure 1.5. A utopia vector u ∈ Rn associated with problem (1.3) is

defined as ui = zi − εi where εi > 0 for all i = 1, ..., l. and zi is an ideal vector.

In the context of the thesis f1 represents the negative net return (NR) and f2

represents by minimizing the deficit in environmental flow (EFD) in the MOP

for the water allocation problem. For solving our conflicting MOP we converted

all objective functions to the minimization form and all the constraints are

converted to the form h(x̄) 6 0. Hence we minimize the negative net return

or in essence the net cost as the first objective function.

1.4 Solution techniques

Numerous optimization techniques have been employed in recent decades to

deal with optimal water allocation in agriculture such as Dauer and Krueger

(1980), Xevi and Khan (2005), Lalehzari et al. (2015), Pastori et al. (2015),

Lewis and Randall (2017), Ikudayisi et al. (2018) and so on. All techniques

are generally classified into two categories; (1) classical methods and (2) evo-

lutionary algorithms.

In classical methods, all objective functions are converted into a single or

a family of single objective optimization problems using some parameters.

Then the resulting single-objective problem is solved by standard optimization

methods and software. Examples of some classical methods are the weighted

sum method (Gass and Saaty, 1955), the ε-constraint method (Chankong and

Haimes, 2008), the Pascoletti–Serafini scalarization method (Pascoletti and

Serafini, 1984), the Normal Boundary Intersection method (Das and Dennis,

1998) and the feasible-value-constraint method (Burachik et al., 2017). In

classical method, a single point solution is found for every iteration. Also,

these methods may not work effectively when some of the objectives are noisy
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or have a discontinuous variable space. The problem is that the classical

methods are very much sensitive to the parameters used (Srinivas and Deb,

1994).

Evolutionary Algorithms (EAs) are population-based well renowned meta heuris-

tic optimization algorithms that use biology-inspired mechanisms like muta-

tion, crossover, natural selection, survival of the fittest in order to refine a set

of candidate solutions iteratively (Weise, 2009). The classical methods and

the evolutionary methods are different from each other. In classical method

the optimal solution is found using direct calculation. By contrast, in evolu-

tionary method the optimal solution is searched from a randomly generated

population of possible solutions (Azamathulla et al., 2008).

This research uses EAs for solving MOPs. EAs are particularly desirable for

solving MOPs for two reasons. Firstly, they deal simultaneously with a set

of possible solutions (the so-called population) which allows one to find an

entire set of Pareto optimal solutions in a single run of the algorithm, instead

of having to perform a series of separate runs as in the case of the traditional

mathematical programming techniques. Secondly, evolutionary algorithms are

less susceptible to the shape or continuity of the Pareto front, whereas these

two issues are a real concern for mathematical programming techniques (Bhar-

gava, 2013). Moreover, In this research total number of variables is 22. It is

difficult to calculate the optimum value using direct method. That is why an

evolutionary algorithm is used in this research.

There exist numerous evolutionary algorithms which ensure that, under cer-

tain conditions, the solution obtained is a Pareto optimal point. Among them

the most common evolutionary algorithms are the well-known Vector Evalu-

ated Genetic Algorithm (VEGA) (Schaffer, 1985), the Lexicographic Ordering

Genetic Algorithm (Fourman, 1985), the Multiple Objective Genetic Algo-

rithm (MOGA) (Holland, 1975), the Multi-objective Differential Evolution

(MODE) (Storn and Price, 1997), and the Non-dominated Sorting Genetic

Algorithm (NSGA) (Deb et al., 2000).

The first multi-objective evolutionary algorithm, called the Vector Evaluated

Genetic Algorithm (VEGA) was proposed by Schaffer (1985). This algorithm

emphasizes solutions which are good for individual objective functions but it is

very difficult to produce Pareto optimal solutions in the case of a non-convex

objective function space (Coello et al., 2007).
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In the Lexicographic Ordering Genetic Algorithm (LOGA), the Decision Maker

(DM) is asked to rank the objectives in order of importance. The optimum

solution is then obtained by minimizing the objective functions in sequence,

starting with the most important one and moving forward according to the

assigned order of importance of the objectives. It is suitable only when the

importance of each objective (in comparison to the others) is clearly known

(Coello et al., 2007).

Multi-Objective Genetic Algorithm (MOGA) is an evolutionary algorithm that

can solve both constrained and unconstrained optimization problem which was

introduced by Holland (1975). This method is efficient and relatively easy to

implement but its performance is highly dependent on an appropriate selection

of the sharing factor (Coello et al., 2007).

Multi-objective Differential Evolution Algorithm (MODEA) is a type of evolu-

tionary algorithm originally proposed by Storn and Price (1997) for optimiza-

tion problems over a continuous domain but same parameters may not guar-

antee the global optimum solution and takes more computation time (Babu

and Anbarasu, 2005).

The Non-dominating Sorting Genetic Algorithm-II (NSGA-II) is an improved

version of the Non-dominating Sorting Genetic Algorithm (NSGA) proposed

by Deb, Agrawal, Pratap, and Meyarivan (2000). It starts with building a

population of rival individuals and then ranks and sorts according to its non-

domination level. After that it creates a new offspring pool by using

evolutionary operators, and finally combines the parent and offspring before

splitting the new combined pool into fronts. In comparison with the previous

version, the NSGA-II has less computational complexity, considers elitism, sys-

tematically preserves the diversity of Pareto optimal solutions, and adaptively

handles the problem constraints (Haghighi and Asl, 2014).

The NSGA-II has been successfully used in the wide range of engineering

problems such as long-term groundwater monitoring (Reed et al., 2007), op-

timization of economic/emission load dispatch for hybrid generating systems

(Wafa and Ahmed, 2013), controlling the wind energy systems (Zamanifar

et al., 2014) and analysis of water distribution networks (Zeng et al., 2010).
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1.5 Applications of different methods for wa-

ter allocation in irrigation

Recently, a significant amount of research done regarding water management

optimization. Among such works are, the work by Wardlaw and Bhaktikul

(2004), Xevi and Khan (2005), Lalehzari et al. (2015), Lewis and Randall

(2017), and Ikudayisi et al. (2018).

A Genetic Algorithm (GA) was developed by Wardlaw and Bhaktikul (2004)

to solve an irrigation water scheduling problem. The objective of the study is

to optimize the utilization of water resources in irrigation systems operating on

a rotational basis. This algorithm was applied to the Pugal branch canal in the

Indira Ghandi Nahal Pariyonaja (IGNP) irrigation system located in North

West India. Considering zero-one and rotational approaches they developed

a scheduling approach which combines both canal delivery scheduling with

in-field soil moisture requirements.

A multi-criteria decision-making framework was developed by Xevi and Khan

(2005) to solve water allocation problems with conflicts objectives in irriga-

tion. A multi-objective problem was described in this research which con-

sisted of three objective functions: maximizing net return, minimizing vari-

able cost, and minimizing total supplementary ground water pumping require-

ments. This model was applied to the Irrigation Area at Berembed weir on

the Murrumbidgee River, Australia. To solve the MOP the authors used a

weighted version of goal programming model where all objective functions are

converted into a single objective function.

Lalehzari et al. (2015) proposed a multi-objective programming model on water

allocation to agricultural areas from three different sources of water: rainfall,

river, and ground water by using a NSGA-II to obtain a Pareto front. This

study contains two maximization objectives: (1) net benefit and (2) relative

water use efficiency. The irrigation scheduling was evaluated in the experi-

mental field located at Baghmalek plain, Khuzestan province, Iran. The study

suggested that NSGA-II improves precision in irrigation scheduling (Lalehzari

et al., 2015).

Lewis and Randall (2017) conducted a study which is largely an extension

of that presented in Xevi and Khan, 2005. Here they combined all three
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objectives into a single objective and then added a new objective function to

minimize deficits in the downstream release of water for environmental flows.

An evolutionary computational techniques and pareto optimization concepts

have been applied for solving this problem. From the analysis, it is concluded

that using crop selection their result are extraordinary than that of Xevi and

Khan (2005) result.

In a study conducted by Ikudayisi et al. (2018), a multi-objective optimization

of optimum irrigation water allocation and crop distribution was solved. The

adopted technique in this study was an evolutionary algorithm called com-

bined Pareto multi-objective differential evolution algorithm. The algorithm

combines methods of Pareto ranking and Pareto dominance selections to im-

plement a novel selection scheme at each generation. Using a combined Pareto

multi-objective differential evolution algorithm this paper optimizes irrigation

water allocation and crop distribution under limited water availability while

planting three different crops on a 100 hectares of farmland at the Vaal-Harts

Irrigation Scheme (VIS) in South Africa. The objectives of the model were

formulated to maximize total net benefit of crops while minimizing irrigation

water use.

Zeinali et al. (2020) used a multi-objective optimization to improve the perfor-

mance of a dynamic coupled model for obtaining optimal allocation of surface

water and groundwater in irrigation. The objective functions of this study

were maximizing the demand site coverage and minimizing the groundwater

drawdown in the Balarood Dam, Iran. The goal in this study is to obtain

an optimal conjunctive allocation by using the non-dominated sorting genetic

algorithm II (NSGA-II). Application of this method in the study area enhance

the demand supply reliability and contribute to reducing the groundwater

drawdown at the end of the operational period (Zeinali et al., 2020).

Adama et al. (2020) developed a water allocation model using Genetic Algo-

rithm to equitably allocation available water to the various sectors in Kano

River Irrigation Scheme in Nigeria. The results of this research showed that

the decision making tool for effective water allocation as the water allocation

model yielded an optimal as well as equitable water release with a 96.44%

demand met. The model is robust and relatively easy to apply and can be

employed by farm managers to achieve equity and optimal use of the available

water resource (Adama et al., 2020).

Boah and Twum (2020) presented a state of the art review of water quality
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optimization models and techniques from early 1970s to date. In this research

they categorized all models/techniques into two types and then discussed about

the different types. The result of this research showed that more effort will

need to be given to the application of interior-point methods of mathematical

optimization to water quality management (Boah and Twum, 2020).

In this research, we model the problem using multi-objective constrained opti-

mization problem. The objectives in this problem are to maximize net return

and minimizing deficit in environmental flow. A Non-Dominating Sorting Ge-

netic Algorithm, NSGA-II, is used to solve the nonlinear constraint problem

to find the optimum result. This model was applied to data sourced from

Bangladesh. This to the author’s knowledge has not been done before.

1.6 Overview of the Thesis

The thesis focuses on the optimal water allocation in the small irrigation sys-

tem known as the Muhuri Irrigation Project in Bangladesh. This thesis is

organized into five chapters including this chapter.

Chapter 1 contains the general introduction and literature review to the study.

It describes water scarcity as the main issue affecting the irrigation sector of

Bangladesh in dry season. It also gives a review of some existing evolutionary

optimization algorithms in water allocation problem.

Chapter 2 provides a detail description of the model components. It also

describes about data that are collected from Mr.Oli Afaz Chowdhury, Sub-

Divisional Engineer, Hathazari O& M Sub-Division, Bangladesh Water Devel-

opment Board (BWDB), Chattogram.

In Chapter 3 a novel evolutionary multi-objective optimization algorithm

called Non-dominated Sorting Genetic Algorithm-II (NSGA-II) is describe to

solve constrained and real world irrigation water use and crop yield problem.

Chapter 4 presents the results and discussion of the model findings.

The final chapter summaries the main findings and conclusion of the study

and gives some limitations and identifies the areas of future research.
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Chapter 2

Data Collection and Model

Definition

Introduction

This chapter provides the details of data collection and the model used. The

data used in this study come from different sources including from the Bangladesh

Water Development Board (BWDB), previous studies and research findings,

literature review and specific assumptions. This chapter also provides details

of model.

2.1 Data Description

2.1.1 Salient Features of Study Area

Muhuri Irrigation Project (MIP) is located in Feni, a south-eastern district

in Bangladesh. Actually it is a reservoir project created by the three rivers

(1) the Feni river, (2) the Muhuri river, and (3) the Kalidas-Pahalia river as

shown in Figure 1.3 in the previous chapter. The creation of this artificial

reservoir body, linked with a network of 245 irrigation canals along with 3.411

km closure dam and 40 vent (each vent is 3.65m x 3.65m) regulator stops

the intrusion of sea water into the MIP area. It has been built to seasonally

hold the river’s water for local agricultural irrigation. The dam closes in early
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winter creating a large lake, and the sluice gate is opened before monsoon to

release its water. During winter and spring, this lake, in addition to holding

agricultural water, is used for fish cultivation. The project area covers six

Upazilas; Feni sadar, Sonagazi, Fulgazi Chagalnaiya, Parsuram and Mirsarai.

Mirsarai upazila lies in the Chittagong district the other 5 Upazilas lie in Feni

district. The gross project area measures about 40, 000 ha, the cultivated area

is 28, 600 and the irrigable area is 14, 050 ha (BD Explorer, 2017).

2.1.2 Rainfall and Evapotranspiration Data

Bangladesh is low-lying, crisscrossed country with an area of approximately

144, 170 km2. In climatic point of view Bangladesh has four main seasons in

a year: (i) the dry winter season from December to February, (ii) the pre-

monsoon hot summer season from March to May, (iii) the rainy monsoon

season from June to September, and (iv) the post-monsoon autumn season

which lasts from October to November. Summer in Bangladesh is very humid

as wind blow from the southern hemisphere creating a lot of moisture in the

atmosphere, eventually depositing heavy amounts of precipitation. Whereas

winds from the Northern hemisphere are very dry and in winter it starts to

blow towards the warm southern oceans. The annual average rainfall in the

MIP area is 2447mm (Mainuddin et al., 2014).

Table 2.1 shows the Monthly rainfall data in millimetre (mm) for the period

of July, 2015 to June, 2019 in the MIP area. This data was collected from the

Bangladesh Water Development Board (BWDB), Feni, Bangladesh.

Table 2.1: Rainfall (in mm) data in Muhuri Irrigation Area.

Year Jan Feb Mar Apr May Jun
2019 0 115 0 68 200 100-
2018 0 0 0 320 490 660
2017 0 0 78 735 180 850
2016 0 0 0 70 384 425
2015 - - - - - -

Jul Aug Sep Oct Nov Dec
2019 - - - - - -
2018 375 190 92 128 0 0
2017 819 455 510 270 23 225
2016 800 420 95 400 0 0
2015 1555 706 666 685 0 0

18



The rainfall received in a given period at the MIP is highly variable from

one month to another. The variability depends on the type of climate and

the period. From Table 2.1 we see that the significant amount of rainfall is

observed in the MIP area from April to October. From November to March

we find a little rainfall. The dashes “ – ” in Table 2.1 represents missing or

unavailable data from the Muhuri Irrigation Area.

Evapotranspiration reaches its maximum level in April and May when tem-

perature, sunshine and wind are all at, or close to, their maximum levels for

the year. Monthly evapotranspiration data was collected from the Asian De-

velopment Bank (2013) and is given in Table 2.2.

Table 2.2: Evapotranspiration (in mm) data in Muhuri Irrigation Area.

Location Jan Feb Mar Apr May Jun
Feni 72 89 130 143 145 115

Jul Aug Sep Oct Nov Dec
Feni 113 117 110 106 81 68

In Xevi and Khan (2005) article we have seen that, the researchers have col-

lected wide range of data according to the three seasons: (i) Dry, (ii) Average,

and (iii) Wet. However, the data in the present research is not as complete

as in Xevi and Khan (2005) article. Due to limited scope of the thesis and

the unfavorable situation in collecting data via email, a sufficient data could

not be collected. Despite this, we have used the data which has been collected

supplemented with the data from literature.

2.1.3 Economic data for crops

A wide range of crops are grown in the MIP. They are broadly classified into

two groups: Kharif crops and Rabi crops.

Kharif crops are grown in the summer season and harvested in late summer or

in early winter. Kharif crops are mostly rainfed and partially irrigated. Rabi

crops are grown in dry season and harvested in the spring or early summer.

During this time, there is very little rainfall in this area (Mainuddin et al.,

2014). So they are mostly irrigated. This thesis considered ten crops these

are Transplated Aus Rice (T.Aus), Transplanted Aman Rice (T.Aman), Boro

Rice, Wheat, Potato, Oilseeds, Pulses, Sugercane, Winter Vegetables, and
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Summer Vegetables.

Crops production (T/ha) and crop market price (AUD) data in Table 2.3 was

collected from the Deputy Chief Extension Officer, BWDB, Feni, Bangladesh.

Table 2.3: Economic data for crops in Muhuri Irrigation Area (1 AUD = 60
Taka).

Crops Production (T/Ha) Market Price(AUD) per ton
T. Aus 3.2 331

T. Aman 4.25 365
Boro Rice 5.85 331

Wheat 2.8 206
Potato 23 248

Oilseeds 1.1 537
Pulses 1.56 557

Sugercane 50 4965
Winter Vegetables 16.5 435

Summer Vegetables 14.85 383

In Table 2.4 the expected variable costs of pumping fuel, labor, drip tubing,

and pesticide were calculated from operation and maintenance specifications

and production requirements. Some data have been adapted from Xevi and

Khan (2005). Based on the similarities of production cost between Bangladesh

and Australia some data has been assumed.

Table 2.4: Expected variable cost for different crops in Muhuri Irrigation Area
(1 AUD = 60 Taka).

Crops Cost (AUD)/Ha
T. Aus 665

T. Aman 363
Boro Rice 277

Wheat 339
Potato 860

Oilseeds 487
Pulses 803

Sugercane 167
Winter Vegetables 436

Summer Vegetables 385
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2.1.4 Crop coefficient

The crop coefficient (Kc) is the ratio of the crop evapotranspiration (ETc) to

the reference crop evapotranspiration (ETo)

Kc =
ETc
ETo

. (2.1)

Evapotranspiration (ET ) is a combination of the water evaporated from the

soil surface and transpired through the plant. The reference crop evapotran-

spiration (ETo) is a measurement of the water use for that reference crop. To

calculate reference crop evapotranspiration (ETo) grass is used as the reference

crop. However other crops may not use the same amount of water as grass

due to changes in rooting depth, crop growth stages, and plant physiology.

Table 2.5: Crop coefficient (Kc) (Mainuddin et al., 2014).

Crops Jan Feb Mar Apr May Jun
T. Aus 0.2 0.2 0.2 1.05 1.2 1.2

T. Aman 0.2 0.2 0.2 0.2 0.2 0.2
Boro Rice 1.2 0.9 0.9 0.2 0.2 0.2

Wheat 1.15 1.15 0.4 0.4 0.2 0.2
Potato 0.8 0.8 0.2 0.2 0.2 0.2

Oilseeds 0.3 0.2 0.2 0.2 0.2 0.2
Pulses 1.05 0.3 0.3 0.2 0.2 0.2

Sugercane 0.4 0.4 0.2 0.2 0.2 0.2
Winter Vegetable 0.9 0.9 0.2 0.2 0.2 0.2

Summer Vegetable 0.2 0.2 0.2 0.6 1.1 0.9

Jul Aug Sep Oct Nov Dec
T. Aus 0.9 0.2 0.2 0.2 0.2 0.2

T. Aman 1.2 1.2 0.9 0.2 0.2 0.2
Boro Rice 0.2 0.2 0.2 0.2 1.05 1.2

Wheat 0.2 0.2 0.2 0.2 0.2 0.4
Potato 0.2 0.2 0.2 0.6 1.15 1.15

Oilseeds 0.2 0.2 0.2 0.2 0.35 1.05
Pulses 0.2 0.2 0.2 0.2 0.2 0.4

Sugercane 1.15 1.15 0.9 0.9 0.6 0.6
Winter Vegetable 0.2 0.2 0.2 0.2 0.6 1.1

Summer Vegetable 0.9 0.2 0.2 0.2 0.2 0.2

The crop coefficient (Kc) takes into account the crop type and crop develop-

ment to adjust the (ETo) for that specific crop. There may be several crop

coefficients used for a single crop throughout an irrigation season depending

on the crop’s stage of development. In this research, crop coefficient data in
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Table 2.5 has been taken from Mainuddin et al. (2014).

2.1.5 Water Inflow

Major rivers within the project area are the Feni, Kalidas-Pahalia, and Muhuri

rivers, in addition, there are many Khals located in the area. Other rivers

outside the project area such as Titas, Gumti, Dakatia and Meghna act as

the main drainage collectors. Surface water irrigation is from the three rivers

supported by storage in the rivers, drains and reservoir in the backwater from

Feni Regulator. In Table 2.6 monthly water inflows from the three rivers was

collected from the Asian Development Bank (2013).

Table 2.6: Monthly Water Inflow in cubic meter per second (Asian Develop-
ment Bank, 2013).

River Jan Feb Mar Apr May Jun
Feni 13.2 9.2 7.4 11.6 15.5 31.9

Muhuri 2.1 1.4 1.6 1.6 3.4 16.5
Kalidash Pahalia 1.2 0.8 1.0 1.0 2.0 9.9

Total 16.5 11.4 10.0 14.1 21.1 58.3

Jul Aug Sep Oct Nov Dec
Feni 42.1 69.7 39.2 31.4 18.5 14.9

Muhuri 16.7 22.2 14.2 11.9 7.5 3.3
Kalidash Pahalia 10.0 13.3 8.5 7.1 4.5 2.0

Total 68.8 105.2 61.9 50.4 30.5 20.1

2.2 Model Description

2.2.1 Model formulation

The irrigation water use optimization problem in this study was conducted

for a planting season at MIP. Ten different crops, namely Transplated Aus

Rice (T.Aus), Transplanted Aman Rice (T.Aman), Boro Rice, Wheat, Potato,

Oilseeds, Pulses, Sugercane, Winter Vegetales and Summer Vegetables, are to

be planted potentially on the piece of land. Formulation of the constrained

multi-objective mathematical optimization problem is provided in the follow-

ing sections. The model solution was conducted for a reduced number of crops
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and months. These results are not presented as they did provide a meaningful

solution to the full problem.

2.2.2 Decision variables and objectives

As mentioned in Chapter 1 the main aim of the study is to find the corre-

sponding optimal crop mix and planting areas per crop while maximizing net

return (NR) whilst minimizing irrigation water and minimizing deficit in en-

vironmental flow (EFD). The decision variables are Xc and Env f(m) where

Xc is the area of crop c to be planted in hectare and Env f(m) is the envi-

ronmental flow for month m. The Lewis and Randall (2017) model is adopted

and improved for this research project.

Lewis & Raindall presented a model-based system for water management.

Their project site is Murrumbidgee Irrigation Area in Australia. The have

collected their data from that site and optimized water through crop selection

across dry, average and wet years. The first objective of their model is to

maximize Net Revenue (NR) (as introduced in Chapter 1)

maxNR =
C∑
c=1

TCIcXc − Cp

M∑
m=1

Pm −
C∑
c=1

V costcXc

− Cw

M∑
m=1

(( C∑
c=1

WREQc,mXc

)
− Pm

)
(2.2)

where TCIc is the total crop income of crop c, Xc is the area of crop c (ha), Cp

is the cost of groundwater pumping and delivery per unit volume, Pm is the

volume of ground water pumped in month m, V costc is the variable cost (such

as fertilizer and pesticides applications) per hectare other than water cost for

crop c. Also in Equation (2.2) the parameters Cw is the total cost of water

per unit volume and WREQc,m is the water requirement for crop c in month

m. C is the total number of types of crops to be planted and M is the total

number of months in the planning period.

The first term of the objective function in Equation (2.2) is the total revenue

and the second term is the expenditure related to the groundwater pumping

and delivery cost. The third term is the expenditure which comprises of the
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variable cost such as fertilizer, pesticides, seeds and other costs. Finally, the

last term is also related to the expenditure, is the cost of surface water available

for irrigation of crops in month m. The difference between the revenue and all

expenditures gives the net return.

The second objective is to maintain sufficient downstream flows for environ-

mental reasons. This objective is set with a view to maintain a balance between

the use of water and life of the nature in the MIP. Because if the focus is given

only on irrigation but not on the environment around it the bio-diversity will

be hampered. Still the objective focuses on how to sustain bio-diversity with

minimum use of water.

minEFD =
M∑

m=1

max[(Tenv f(m)− Env f(m)), 0] (2.3)

where Tenv f(m) is the target environmental flow for month m and

Env f(m) is the environmental flow for month m.

The only terms in the summation of the Equation (2.3) that are included are

only for those months where the environmental flow is less than the target, oth-

erwise zero is used instead. The environmental flow, Env f(m) is the quantity,

quality and timing of water that are necessary to sustain the ecosystem.

2.2.3 Water requirement

The crop water requirements per month, WREQc,m, is the excess of evapo-

transpiration with the growth duration in months over rainfall.

WREQc,m = kc,mETm −Rainm (2.4)

where kc,m is the crop coefficient for crop c in month m, ETm is the evapo-

transpiration for month m and Rainm is the rainfall, in millimetres, for month

m.
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2.2.4 Problem constraints

There are a number of physical and environmental constraints imposed on the

model which are given in the following.

The first constraint is the pumping water constraint.

C∑
c=1

Pc,m ≤ Pumpm (2.5)

where Pumpm is the allowable pumping in the irrigated areas for month m.

This constraint ensures the volume of ground water pumped from the irrigation

area in any month does not exceed the allowable pumping for that month.

The second constraint is maximum area constraint.

C∑
c=1

Xc 6 TArea (2.6)

where TArea is the total cropping area available. This constraint limits the

total crop area planted to be less than or equal to the total area available.

The third constraint is minimum area constraint.

Xc(minimum area−Xc) ≤ 0, (2.7)

This constraint limits the amount of the crop planted to be of at least a

minimum size or zero. This means that if a crop has a minimum plantable

area, the corresponding crop area, Xc, must be greater than this minimum

area if the crop is to be planted.

The next constraint relates to the amount of groundwater pumping. The

groundwater pumping required can be derived from the crop water require-

ments and the surface water available for irrigation of the crop in month m

and is given by
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Pm =

( C∑
c=1

WREQc,mXc

)
− Allocation(m) (2.8)

where Pm is the groundwater pumped in month m, Xc is the area of crop c

to be planted in hectare and Allocation(m) is the amount of surface water

available for irrigation of crops in month m.

The last constraint is water allocation constraint

Allocation(m) = Inflow(m)− Env f(m) (2.9)

where Allocation(m) is the amount of surface water available for irrigation

of crops in month m and Inflow(m) is the amount of surface (river) water

available in month m. After the release of environmental flows from the sur-

face water available, this constraint is given by the surface water available for

irrigation of crops in month m.

2.3 Summary

This chapter presents the model description and data. The research is based

on Lewis and Randall water management model for solving multi-objective

optimization using evolutionary computation. This research mainly depends

on the secondary data. However, the secondary data used in this research is

limited because of problem of correspondence with the MIP authority and the

Bangladesh Water Development Board (BWDB). Time constraints and lack of

information in the collected data set (see data set at Appendix A) has meant

we have supplemented the model with data from literature. The next chapter

will discuss how the model will be solved.
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Chapter 3

The Solution Algorithm

Introduction

The multi-objective optimization method, Non-dominated Sorting Genetic

Algorithm-II (NSGA-II) Deb, Agrawal, Pratap, and Meyarivan (2000), has

been improved and adopted to solve water allocation from three sources (sur-

face water, groundwater, and precipitation) to different growth stages of a

cropping pattern by using modified MatLab code first developed Baskar (2015).

The non-dominated sorting principle and crowding distance criterion will be

applied to find the best solution of two objective functions simultaneously.

Genetic algorithms (GAs) are adaptive meta heuristic search algorithms which

classified as an evolutionary computing algorithms, which use techniques in-

spired by natural evolution (Hassanat et al., 2019). GA is the most promis-

ing algorithm to find quick solution. There are many potential genetic algo-

rithms such as Particle Swarm Optimization (PSO), Ant Colony Optimization

(ACO), Simulated Annealing (SA) Tabu Search (TS), Differential Evolution

(DE), Non-dominated Sorting Genetic Algorithm-II (NSGA-II). The study

uses NSGA-II. A comparison of the other algorithms with the NSGA-II to

find the best solution will be a topic for my future research.
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3.1 The Non-dominated Sorting Genetic Al-

gorithm -II (NSGA-II)

The NSGA-II is a multi-objective genetic algorithm developed by Deb, Agrawal,

Pratap, and Meyarivan (2000) see Appendix B . It is an extension and improve-

ment of NSGA, which was proposed earlier by Srinivas and Deb (1994). It is

one of the most popular elitist multi-objective optimization algorithms.

An elite preserving operator favors the elites of a population by giving them an

opportunity to be directly carried over to the next generation. Elitism can be

implemented to different degrees in an multi-oblective evolutionary algorithm.

The presence of elitism should improve the performance of a multi-objective

evolutionary algorithms (Bhargava, 2013).

In the structure of NSGA-II, in addition to the genetic operators of crossover

and mutation, there are two specialized multi-objective operators and mecha-

nisms namely non-dominated sorting and crowding distance that are used and

are defined in the following section.

3.1.1 Non-dominated Sorting

The idea behind the non-dominated sorting procedure is that a ranking se-

lection method is used to emphasize good points. Before the selection is per-

formed, the population is ranked on the basis of an individual’s non-domination

described in Section 1.4, Chapter 1. The fast non-dominated sorting algorithm

is described as below (Deb et al., 2000).

� Step 1 : For each individual p and q in main population P {p,q ∈ P}
do the following:

– Initialize a set Sp = φ which contains all the individual that are

being dominated by p.

– Initialize a set np = φ which contains the number of individuals

that dominate p.

– If p dominates q then include q in Sp.

– If p is dominated by q then increment np.
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Figure 3.1: Non-dominated sorting procedure (reproduced from Wang et al.
(2015)).

– If no solution dominates p then p is the a member of the first front.

In Figure 3.1, populations A, B, C, D, E are the members of the

first front.

� Step 2 : Front one is then permanently neglected.

� Step 3 : Then among the remaining members the second rank is assigned

to the second fronts who don’t dominate the others and these members

are then permanently ignored. In Figure 3.1 populations F, G, H, I are

the members of the second front.

� Step 4 :This process continues until all of the members based on Figure

3.1 are assigned to the different fronts.

3.1.2 Crowding Distance

Once the non-dominated sort is complete the crowding distance is assigned.

Crowding distance helps to get an estimate of the density of population sur-

rounding of a particular solution in the population in Figure 3.2. If the distance

between populations is short and the indicated density is high, the reproduc-

tion probability is low. if the distance is long and the indicated density is

low, reproduction probability is high. Since the individuals are selected based
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on rank and crowding distance, all the individuals in the population are as-

signed a crowding distance value. Crowding distance is assigned front-wise and

comparing the crowding distance between two individuals in different fronts

is meaningless. The crowding distance, cd(x) of a solution i, in Figure 3.2 is

the average side-length of the Cuboid (shown with a dashed box). The fol-

lowing formula is used to calculate the crowding distance of each point in the

population (Konak et al., 2006).

cdk(x[i,k]) =
fk(x[i+1,k])− fk(x[i−1,k])

fmax
k − fmin

k

(3.1)

where cdk(x[i,k]) is the crowding distance of the objective function k in the

solution i. fmax
k and fmin

k are respectively the maximum and minimum values

of the objective function k in the population. fk(x[i+l,k]) is the value of the

objective function k in the solution i + l and fk(x[i−l,k]) is the value of the

objective function k in the solution i− l .

Figure 3.2: The crowding distance calculation.

The following steps are used to calculate the crowding distance;

� Step 1 : Rank the population and identify non-dominated fronts F1

(Fists front), F2 (Second front), ..., FR (Last front) as shown in Figure
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3.1. For each front j = 1, 2, ..., R repeat Step 2 and 3.

� Step 2 : For each objective function k, sort the solutions in Fj in the

ascending order. Let l = |Fj| and x[i,k], represent the ith solution in the

sorted list with respect to the objective function k. For each objective

function, the boundary solutions having the minimum and maximum

function values are assigned a huge distance value, i.e., infinity. So

cdk(x[1,k]) =∞ (3.2)

and

cdk(x[l,k]) =∞ (3.3)

whilst for i = 2, 3, ..., l − 1 assign

cdk(x[i,k]) =
fk(x[i+1,k])− fk(x[i−1,k])

fmax
k − fmin

k

. (3.4)

� Step 3 : To find the total crowding distance, cd(x) of a solution i,

sum the solution’s crowding distances with respect to each objective,

k = 1, 2, ..., r i.e.

cd(x) =
r∑

k=1

cdk(x). (3.5)

As a consequence, every chromosome in the population will have two at-

tributes, including the non-domination rank and crowding distance. Hence,

a crowded comparison operator is applied to the selection process so that it is

guided at the various stages of the algorithm toward a uniformly spread-out

Pareto front. In the NSGA-II the crowded comparison operator is so applied

to the population that between two solutions with different non-domination

rank, the solution with lower rank is selected. However, if both solutions have

the same rank, the one with higher crowded distance is preferred
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3.2 Crowded Comparison Operator

The NSGA-II uses a fixed population size of N . In generation t, the offspring

population Qt in the red area of the Figure 3.3 of size N is first created by

using the usual genetic operator from the parent population Pt in the blue

area of the Figure 3.3. After combining, these two populations form a new

population Pt ∪ Qt of size 2N . By using non-dominated sorting technique all

of the populations are allocate one of the fronts F1 (blue), F2 (green), ..., FR

fronts. For all of the front members, the crowding distances are calculated.

Since the overall population size of Pt ∪ Qt is 2N , therefore all fronts cannot

be accommodated in the N slots available for the new population. Here the

operator randomly selects between two solutions with different non-domination

ranks giving preference to the solution with the lower rank. Otherwise, if

the solutions have the same non-domination rank, the solution with a higher

crowding distance is the winner as shown in Figure 3.3 (Abiri et al., 2017, Deb

et al., 2000).

Figure 3.3: The operation of NSGA - II algorithm (reproduced from Abiri
et al. (2017)).
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3.3 The Main Loop

The implementation of the NSGA-II in this study uses the following steps as

shown in Figure 3.4 (Goel, 2011).

� Step 1 : In Genetic Algorithm (GA) terminology, a solution vector

x ∈X is called an individual or a chromosome. Chromosomes are made

of discrete units called genes. Normally, a chromosome corresponds to a

unique solution x in the solution space. GA operate with a collection of

chromosomes, called a population. The population is normally randomly

initialized. The initial population (points) P0 of size N is generated

randomly based on the problem range.

� Step 2 : For the given population (points) P0 of size N , the objective

functions are evaluated at each population (points) to determine the

fitness value.

� Step 3 : All non-dominated population (points) receive a rank of one.

Then the rank of one are temporarily removed from consideration, and

the population (points) that are non-dominated relative to the remain-

ing group are given a rank of two. This process is repeated until all

population (points) are ranked.

� Step 4 : Select parent population (points) with the lowest rank having

the highest fitness value. That is, fitness is inversely proportional to the

rank.

� Step 5 : Apply crossover to generate new offspring. Crossover is the

most significant phase in a evolutionary algorithms. Offspring are created

by exchanging the genes of parents among themselves until the crossover

point is reached. The parents are selected among existing chromosomes

in the population with preference towards fitness so that offspring is

expected to inherit good genes which make the parent fitter.

� Step 6 : The next operation, which also used to introduce variations into

the population (points), is mutation. Apply mutation with a low prob-

ability to maintain diversity within the population (points) and prevent

premature convergence.
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Figure 3.4: Flow Chart.
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� Step 7 : For the new offspring population (points) Qt of size N , the

objective functions are evaluated at each offspring population (points)

to determine the fitness value.

� Step 8 : After evaluating the fitness values of Qt, for every generation

t, combine Qt into an intermediate population Pt of size 2N ; implement

the fast non-dominated sorting to divide this combined population into

different ranks; calculate crowding distances of the population to get an

estimate of the density of solution surrounding a particular solution in

the population.

� Step 9 : Select a new parent population Pt+1 of size N from Pt ∪ Qt

using a binary tournament selection and crowded comparison operator.

� Step 10 : The algorithms terminates if one of the following termination

conditions is satisfied when

� there has been no improvement in the population for X iterations,

or

� it has reached an absolute number of generations,

or

� the objective function value has reached a certain pre-defined value,

or

otherwise repeat Steps 4 to 8 until the stop criterion is satisfied.

� Step 11 : Output the final results of the simulations.

3.4 Summary

In this chapter we have discussed the NSGA-II algorithm for solving optimal

water allocation problem in the context of MIP, Bangladesh. In particular we

have discussed the main steps of the NSGA-II, how the crowding distance is

calculated, and the non-dominated sorting principle. We will focus on result

and analysis in the next chapter.
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Chapter 4

Results and Discussion

Introduction

The results obtained from the model are presented in this chapter. The NSGA-

II optimization method was used to compute the environmental flow for twelve

months and the cropping pattern for ten crops (T. Aus, T. Aman, Boro Rice,

Wheat, Potato, Oilseeds, Pulses, Sugercane, Winter Vegetables, and Summer

Vegetables) with data gathered from all weather conditions. MatLab soft-

ware developed by Baskar (2015) was modified to implement the NSGA-II

optimization method used to solve the MOP in Section 2.2, Chapter 2.

4.1 Model solution and experimental setup

The mathematical model equations of the objective functions and the con-

straints listed in Section 2.2, Chapter 2 for the constrained multi-objective

optimization problem in this study were solved using NSGA-II.

The number of variables set in this study is total number of crops, Xc which

consists ten crops and the environmental flow, Env f(m) for twelve months.

The indices used for the ten crops and months are given the Tables 4.1 and 4.2

respectively. The lower bound of all the variables is zero. The upper bound

of the cultivable area for each crop is 70, 000 ha and the environmental flow

for each month is set to 300 GL. The minimum area is 1000 ha. The target

environmental flow, Tenv f(m) is set to 100 GL for each month.
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Table 4.1: Crops index, c, corresponding to Xc.

c Crop
1 Transplanted Aus Rice (T. Aus)
2 Transplanted Aman Rice (T. Aman)
3 Boro Rice
4 Wheat
5 Potato
6 Oilseeds
7 Pulses
8 Sugercane
9 Winter Vegetable
10 Summer Vegetable

Table 4.2: Month index, m, corresponding to Env f(m).

m Month
1 January
2 February
3 March
4 April
5 May
6 June
7 July
8 August
9 September
10 October
11 November
12 December

The population size is a sensitive issue in GA; if the size of the population

(search space) is small, this means little search space is available, and therefore

it is possible to reach an unwanted local optimum. Although, if the population

size is very large, the area of search is increased, but the computational load

becomes high (Roeva et al., 2015). Therefore, the size of the population must

be reasonable. In each computation run the population size of the algorithm

in this study is set at 100.

Crossover rate (probability) is the number of times a crossover occurs for chro-

mosomes in one generation, i.e., the chance that two chromosomes exchange

some of their parts, 100% crossover rate means that all offspring are made by

crossover. If it is 0%, then the complete new generation of individuals is to

be exactly copied from the older population, except those resulted from the

mutation process. Crossover rate is in the range of [0, 1] (De Jong and Spears,

1992). The crossover rate in this study is set at 0.2.
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Mutation takes place after crossover is done. Mutation rate (probability) deter-

mines how many chromosomes should be mutated in one generation. Mutation

rate is in the range of [0, 1] (Lynch, 2010). In our study the mutation scaling

factor is set at 1.

Number of generations refers to the number of cycles before the termination.

It depends on the problem type and complexity. In this case the NSGA-II

algorithm is iterated for 500 generations.

For evolutionary algorithms like GA, there are eight kinds of stopping criteria

(Mathworks, 2020):

1. Generations (iterations): When the generation (iterations) reaches

to this predefined value, it stops and provides the best solution in the

last generation (iterations).

2. Time limit: The algorithm stops after running for an amount of time

in seconds equal to Time limit.

3. Fitness limit: The algorithm stops when the value of the fitness func-

tion for the best point in the current population is less than or equal to

Fitness limit.

4. Stall generations: The algorithm stops when the average relative

change in the fitness function value over Stall generations is less than

Function tolerance.

5. Stall time limit: The algorithm stops if there is no improvement in the

objective function during an interval of time in seconds equal to Stall

time limit.

6. Stall test: The stall condition is either average change or geometric

weighted. For geometric weighted, the weighting function is 1
2n

, where n

is the number of generations prior to the current. Both stall conditions

apply to the relative change in the fitness function over Stall generations.

7. Function tolerance: The algorithm runs until the average relative

change in the fitness function value over Stall generations is less than

Function tolerance.

8. Constraint tolerance: The Constraint tolerance is not used as stop-

ping criterion. It is used to determine the feasibility with respect to
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nonlinear constraints. Also, max(sqrt(eps), ConstraintTolerance) de-

termines feasibility with respect to linear constraints.

In this research maximum number of iterations is set for stopping criteria.

Here 300, 600 and 1000 iterations are set for maximum number of iterations

to compare the result. Further investigation of the effect of stopping criteria

to be considered in future research.

4.2 Results and Discussion for Base Level

The multi-objective optimization problem of Equations 2.2 and 2.3 in Chapter

2 for maximizing net return (NR) and minimizing deficit in environmental flow

(EFD) in the MIP in Bangladesh was solved using the parameters mentioned

in Section 4.1 by the NSGA-II method. Results for different iterations and

comparison are discussed next.

4.2.1 Result for 300 iterations

A first, test run has been done using 300 iterations. Here we use average

rainfall data which is called base level rainfall calculated from the Table 2.1,

Chapter 2, and is repeated in Table 4.3. Also we use total water inflow data

which is called base level collected from Table 2.6, Chapter 2, and is given in

Table 4.4 below.

Table 4.3: Rainfall data (in mm) in Muhuri Irrigation Area.

Jan Feb Mar Apr May Jun
0 28.27 19.5 298.25 313.5 508.75

Jul Aug Sep Oct Nov Dec
887.25 442.75 340.75 370.75 5.75 56.25

Table 4.4: Total water inflow in cubic meter.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
16.5 11.4 10.0 14.1 21.1 58.3 68.8 105.2 61.9 50.4 30.5 20.1

The Pareto optimal objective values obtained using 300 iterations are shown

in Figure 4.1 and Table 4.5 shows the result. This figure presents the Pareto
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front obtained by NSGA-II which represents 34 non-dominated solutions for

net revenue in units of 10 million Australia dollars and environmental flow

deficit in units of 100 GL.

Figure 4.1: Pareto optimal solution sets for 300 iterations.

Table 4.5: Summary for 300 iterations.

Name net return (NR) environmental flow deficit (EFD)
Mean 1877.12× 107AUD 10.01 GL

Standard deviation 0.23 0.12
Maximum output 1877.48× 107 AUD 35.53 GL
Minimum output 1876.68× 107 AUD 0.00 GL

Number of solutions 34
Computational time 706.59 min

In Table 4.5 a summary is given which shows the standard deviation for the

NR and the EFD are 0.23 and 0.12 respectively. The maximum and minimum

results for the NR are 1877.48×107 AUD and 1876.68×107 AUD respectively.

The difference between these two results is 0.8 × 107 AUD. The maximum

result, minimum result and the difference between these two results for the

EFD are 35.53 GL, 0.00 GL and 35.53 GL respectively.

The solution of MOPs results is a set of non-dominated solutions which are

Pareto optimal solutions. No solution in this set can be considered better than
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any other in the absence of decision maker choice. However, it is important

that the decision maker chooses only one solution for final implementation. In

this study, the NSGA-II algorithm gives the optimal solutions to the crop using

optimal water allocation at MIP, Bangladesh. In a single simulation, NSGA-II

finds quality Pareto solutions that provide trade-off between the conflicting

objectives of the optimization problem.

From a analysis of all the 34 solutions (Table C.1 in Appendix C) as presented

in Figure 4.1, solution 1 (A in Figure 4.1) is the best in terms of net return

(NR) but worst in terms of environmental flow deficit (EFD). Whilst solution

34 (B in Figure 4.1) is the best in EFD but worst in NR. The 1st solution (A)

as shown in Table C.1 in Appendix C, has the highest total net return of AUD

1877.48×107 with 35.53 GL EFD generated. Whereas solution 34 (B) has the

lowest 0 GL EFD with AUD 1876.68× 107 NR.

4.2.1.1 Crop Area

The cropping pattern of the 1st solution (A in Figure 4.1) of Table C.1 in

Appendix C is given in Figure 4.2. Here the horizontal axis shows the different

crops and the area of land measured by hectare (ha) each is given in the vertical

axis.
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Figure 4.2: Different planting areas for the ten crops of the 1st solution in the
non-dominated solutions using NSGA-II for 300 iterations.

This solution suggests that 1 (T. Aus), 2 (T. Aman), 3 (Boro Rice), 4 (Wheat),

5 (Potato), 6 (Oilseeds), 7 (Pulses), 8 (Sugarcane), 9 (Winter Vegetables),

and 10 (Summer Vegetables) should be planted in 1452.18 (ha), 1516.63 (ha),

13504.46 (ha), 2555.28 (ha), 48610.52 (ha), 6567.29 (ha), 1072.37 (ha), 69228.00

(ha),69227.79 (ha) and 16982.25 (ha) areas of land respectively.

When the crop mixes of the solutions are inspected in Figure 4.2, we see that

the maximum areas, 69228.00 (ha) and 69227.79 (ha), are devoted to growing

Sugarcane and Winter Vegetables. The reason becomes clear as both crops

are highly profitable with a yield per hectare of 50 tonnes and 16.5 tonnes

delivering a gross return of AUD 4965 and AUD 435 per hectare respectively.
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Figure 4.3: Different planting areas for the ten crops of the 34th solution in
the non-dominated solutions using NSGA-II for 300 iterations.

The 34th solution as shown in Table C.2 in Appendix C, has the lowest total

net return of AUD 1876.68 × 107 with zero GL deficit in environmental flow.

The cropping pattern of the 34th solution of Table C.2 in Appendix C is given

in Figure 4.3. This solution suggests that 1 (T. Aus), 2 (T. Aman), 3 (Boro

Rice), 4 (Whea)t, 5 (Potato), 6 (Oilseeds), 7 (Pulses), 8 (Sugarcane), 9 (Winter

Vegetables), and 10 (Summer Vegetables) should be planted in 1453.53 (ha),

1529.59 (ha), 13451.38, (ha), 2854.91 (ha), 48197.63 (ha), 6631.99 (ha), 1072.15

(ha), 69227.99 (ha), 69227.88 (ha) and 17026.76 (ha) areas of land respectively.

In Figure 4.3 we see almost same scenario as like Figure 4.2 except a few

differences. According to the Table C.1 the 1st solution presents the planting

area of Wheat, Potato, and Summer Vegetables are 2555.28 (ha), 48610.52

(ha), and 16982.25 (ha) respectively. But in the 34th solution of the Table

C.2, a slightly different scenario is seen for planting these three crops. Here

2854.91 (ha), 48197.63 (ha),and and 17026.76 (ha) areas of land are devoting

to these crops.
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4.2.1.2 Environmental Flow

The environmental flow in GL of the 1st solution of Table C.1 in Appendix C

is given in Figure 4.4.

Figure 4.4: Environmental flow for a year of the 1st solution in the non-
dominated solutions using NSGA-II for 300 iterations.

As is observed from the Figure 4.4, highest amount of water i.e. approximately

250 GL is required for environmental flow in the month of 11 (November).

The second and third highest amount of water are needed for the months of 6

(June) and 10 (October) and their amount are approximately 164 GL and 145

GL respectively. Approximately 129 GL water is required for the month of 5

(May). Finally, in the remaining months the environmental flow almost same

and near to 100 GL.

The environmental flow in GL of the 34th solution of Table C.2 in Appendix

C is given in Figure 4.5.
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Figure 4.5: Environmental flow for a year of the 34th in the non-dominated
solutions using NSGA-II for 300 iterations.

In Figure 4.5, we see a slight difference of environmental flow with the compar-

ison of Figure 4.4 in the MIP, Bangladesh. In 11 (November), approximately

256 GL of water is needed for the environmental flow which is the highest

amount of water among the other months. Approximately 162 GL and 157

GL are required for the months of 6 (June) and 10 (October) respectively. Ap-

proximately 145 Gl of water is needed for the month of 5 (May). Finally, rest of

the months of the year the environmental flow almost same and approximately

to 100 GL.

4.2.2 Comparison between the 1st and the 34th solu-

tions

If a decision maker gives the priority to the net return, then solution 1 (A

in Figure 4.1) in Tables C.1 and C.3 in Appendix C shown in Figures 4.2

and 4.4 are the best solution. This solution will bring the highest net return

but the decision maker compromises the second objective. If an individual

gives priority to the the second objective i.e. minimum environmental flow

deficit, then solution 34 (B in Figure 4.1) in Table C.2 in Appendix C shown

in Figures 4.3 and 4.5 are the best solution. In this situation that individual
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might compromise to the first objective. The difference between the highest

and the lowest net return and environmental flow deficit is approximately AUD

8 million and 35.53 GL respectively.

When we compare the cropping pattern of both solutions, a big difference is

observed for the crop Potato. Solution 1 suggests to cultivate approximately

48611 ha for Potato shown in Figure 4.2 whereas solution 34 suggests approxi-

mately 48198 ha shown in Figure 4.3 and the difference is 413 ha. The second

highest difference is observed for the crop Wheat and the difference between

solution 1 and solution 34 is 299 ha.

For the crops Boro Rice, Oilseeds and Summer Vegetables, the difference be-

tween solution 1 and solution 34 is nearly 50 ha. Other crops cultivable area

almost same in both solutions.

Likewise, the cropping pattern, we see the difference between solution 1 and

solution 34 for environmental flow. The highest difference is observed in the

month of December. In December, approximately 85 GL water is needed for

the environmental flow in solution 1 shown in Figure 4.4 and approximately

102 GL for solution 34 shown in Figure 4.5. In May and October, the envi-

ronmental flow difference between solution 1 and solution 34 are 16 GL and

13 GL respectively. Other months of the year almost same in both solutions.

Here two solutions i.e. solution 1 and solution 34 are discussed. A decision

maker may choose solution 1 or 34 or any other solutions from solution 1 to 34

in Tables C.1,,C.2, C.3, and C.4 in Appendix C depending on their preference.

4.2.3 Result for 600 iterations

A computation has been made using 600 iterations. The Pareto optimal ob-

jective values obtained are shown in Figure 4.6 and Table 4.6 shows the result.

This figure presents the Pareto front obtained by NSGA-II which represents

15 non-dominated solutions for net revenue in units of 10 million Australia

dollars and environmental flow deficit in units of 100 GL.
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Figure 4.6: Pareto optimal solution sets for 600 iterations.

Table 4.6: Summary for 600 iterations.

Name net return (NR) environmental flow deficit (EFD)
Number of solutions 34 34

Mean 1876.54× 107AUD 4.62 GL
Standard deviation 0.19 0.09
Maximum output 1876.95× 107 AUD 28.79 GL
Minimum output 1876.32× 107 AUD 0.00 GL

Number of solutions 15
Computational time 1324.17 min

Table 4.6 gives a summary of the result of a Pareto front for 600 iterations

which shows the standard deviation for the NR and the EFD are 0.19 and 0.09

respectively. The maximum and minimum results for the NR are 1876.95×107

AUD and 1876.32 × 107 AUD respectively. The difference between these two

results is 0.63 × 107 AUD. The maximum result, minimum result and the

difference between these two results for the EFD are 28.79 GL, 0.00 GL and

28.79 GL respectively. These standard deviation result are smaller than 300

iteration case in Table 4.5.
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4.2.3.1 Crop Area

When we analyse of all 15 solutions as presented in Figure 4.6, the 1st solution

(solution A in Figure 4.6) in context of the net return, given in Table C.5 in

Appendix C, has the highest total net return of AUD 1876.95 × 107 with a

28.79 GL deficit in environmental flow generated from planting the ten crops.

The cropping pattern of this solution is given in Figure 4.7.

Figure 4.7: Different planting areas for the ten crops of the 1st solution in the
non-dominated solutions using NSGA-II for 600 iterations.

This solution suggests that 1 (T. Aus), 2 (T. Aman), 3 (Boro Rice), 4 (Wheat, 5

(Potato), 6 (Oilseeds), 7 (Pulses), 8 (Sugarcane), 9 (Winter Vegetables), and 10

(Summer Vegetables) should be planted in 1359.34 (ha), 1187.93 (ha), 2636.32

(ha), 10391.06 (ha), 45403.72 (ha), 1011.75 (ha), 1552.23 (ha), 69228.00 (ha),

53076.28 (ha) and 44897.37 (ha) areas of land respective.
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Figure 4.8: Different planting areas for the ten crops of the 15th solution in
the non-dominated solutions using NSGA-II for 600 iterations.

The 15th solution (solution B in Figure 4.6) given in Table C.5 in Appendix

C, has the lowest EFD of 0 GL with AUD 1876.32 × 107 NR. The cropping

pattern of the 15th solution of Table C.5 in Appendix C is given in Figure 4.8.

This solution suggests that 1 (T. Aus), 2 (T. Aman), 3 (Boro Rice), 4 (Wheat, 5

(Potato), 6 (Oilseeds), 7 (Pulses), 8 (Sugarcane), 9 (Winter Vegetables), and 10

(Summer Vegetables) should be planted in 1192.14 (ha), 1330.56 (ha), 1913.86

(ha), 10375.42 (ha), 45214.20 (ha), 1772.70 (ha), 1561.83 (ha), 69227.91 (ha),

53252.31 (ha) and 44852.63 (ha) areas of land respective.

When we compare Figures 4.7 and 4.8, a significant difference is shown for two

crops namely 3 (Boro Rice) and 4 (Wheat). In the 1st solution (Table C.5

in Appendix C), 2636.32 (ha) area is cultivated for 3 (Boro Rice) whereas in

the 15th solution this figure is decreased to 1913.86 (ha). On the other hand,

1011.75 (ha) area is cultivated for 4 (Wheat) in solution 1 and this figure is

increased to 1772.70 (ha) in solution 15. The least difference between solution

1 and solution 15 for the crops T. Aus, T. Aman, and Potato exists on Table

C.6 in Appendix C. Other crops are almost same in both solutions.
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4.2.3.2 Environmental Flow

The environmental flow in GL of the 1st (A in Figure 4.6) and 15th (B in

Figure 4.6) solutions (see Table C.6 in Appendix C) are given in Figures 4.9

and 4.10 respectively.

Figure 4.9: Environmental flow for a year of the 1st solution in the non-
dominated solutions using NSGA-II for 600 iterations.

According to the Figures 4.9 and 4.10, we see that the highest environmental

flow difference in both solutions is 18 GL in the month of 9 (September). The

environmental flow difference in 1 (January), 2 (February), 3 (March), and 11

(November) are 13 GL, 10 GL, 13 GL, and 14 GL respectively. There is no

significant difference of environmental flow between these two figures in the

rest of the months.
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Figure 4.10: Environmental flow for a year of the 15th solution in the non-
dominated solutions using NSGA-II for 600 iterations.

4.2.4 Comparison between the 1st and the 15th solution

Like the comparison is given in Section 4.2.2, if a decision maker gives the

priority to the net return, then solution A in Figure 4.6 ( solution 1 in Table

C.5 in Appendix C) is the best solution. This solution will bring the highest

net return but the decision maker might compromise to the second objective.

If an individual gives priority to the the second objective i.e. minimum envi-

ronmental flow deficit, then solution B in Figure 4.6 (solution 15 in Table C.5

in Appendix C) is the best solution. In this situation that individual might

compromise to the first objective. The difference between the highest and

the lowest net return and environmental flow deficit is approximately AUD 6

million and 28.79 GL respectively. In this comparison, an individual is free to

choose any solution from 1 (A) to 15 (B) in Table C.5 in Appendix C according

to his priority.

4.2.5 Result for 1000 iterations

The computational experiments were repeated, maintaining the same targets

for environmental flow and using 100 trial solutions and 1000 iterations. The
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Pareto optimal objective values obtained are shown in Figure 4.11 and Table

4.7 shows the result. This figure presents the Pareto front obtained by NSGA-

II which represents 20 non-dominated solutions for net revenue in units of 10

million Australia dollar and environmental flow deficit in units of 100 GL.

Figure 4.11: Pareto optimal solution sets for 1000 iterations.

Table 4.7: Summary for 1000 iterations.

Name net return (NR) environmental flow deficit (EFD)
Mean 1877.30× 107AUD 6.19 GL

Standard deviation 0.15 0.07
Maximum output 1877.54× 107 AUD 29.57 GL
Minimum output 1876.91× 107 AUD 0.00 GL

Number of solutions 20
Computational time 2610.44 min

In Table 4.7 a summary is given for 1000 iterations which shows the standard

deviation for the NR and the EFD are 0.15 and 0.07 respectively. The maxi-

mum and minimum results for the NR are 1877.54×107 AUD and 1876.91×107

AUD respectively. The difference between these two results is 0.63×107 AUD.

The maximum result, minimum result and the difference between these two

results for the EFD are 29.57 GL, 0.00 GL and 29.57 GL respectively. These

standard deviation results are again smaller than 600 iteration case in Table

4.6.
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4.2.5.1 Crop Area

From the analysis of all the 20 solutions as presented in Figure 4.11, 1st solution

(A in Figure 4.11 also given Table C.7 in Appendix C), has the highest total

net benefit of AUD 1877.54 × 107 with a 29.57 GL deficit in environmental

flow generated from planting the ten crops as shown in Figure 4.12.

Figure 4.12: Different planting areas for the ten crops of the 1st solution in
the non-dominated solutions using NSGA-II for 1000 iterations.

This solution suggests that 1 (T. Aus), 2 (T. Aman), 3 (Boro Rice), 4 (Wheat,

5 (Potato), 6 (Oilseeds), 7 (Pulses), 8 (Sugarcane), 9 (Winter Vegetables),

and 10 (Summer Vegetables) should be planted in 1261.46 (ha), 1382.83 (ha),

9240.16 (ha), 5995.73 (ha), 20937.04 (ha), 1343.26 (ha), 8744.62 (ha), 69227.86

(ha), 65708.28 (ha) and 46573.34 (ha) areas of land respectively.

The 20th solution (B in Figure 4.11 also given in Table C.7 in Appendix C),

has the lowest EFD of 0 GL with AUD 1876.91×107 NR. The cropping pattern

of the 20th solution (Table C.5 in Appendix C) is given in Figure 4.13.
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Figure 4.13: Different planting areas for the ten crops of the 20th solution in
the non-dominated solutions using NSGA-II for 1000 iterations.

This solution suggests that 1 (T. Aus), 2 (T. Aman), 3 (Boro Rice), 4 (Wheat,

5 (Potato), 6 (Oilseeds), 7 (Pulses), 8 (Sugarcane), 9 (Winter Vegetables),

and 10 (Summer Vegetables) should be planted in 1261.46 (ha), 1382.83 (ha),

9240.16 (ha), 5995.73 (ha), 20937.04 (ha), 1343.26 (ha), 8744.62 (ha), 69227.86

(ha), 65708.28 (ha) and 46573.34 (ha) areas of land respective.

From Figures 4.12 and 4.13, we see a substantial difference between solution 1

and solution 20 on cultivating the crops 4 (Wheat) and 1 (T. Aus). In solution

1, approximately 6250 ha and 1067 areas of land are devoted for cultivating 4

(Wheat) and 1 (T. Aus) respectively. On the other hand in solution 20, these

areas are approximately 5996 ha and 1261 ha. For the crops 3 (Boro Rice),

6 (Oilseeds), and 9 (Winter Vegetable) the difference between solutions 1 and

20 is nearly 140 ha. The cultivable areas for other crops are almost same.

4.2.5.2 Environmental Flow

The environmental flow of the 1st (A) and 20th (B) solutions in context of

the net return (Table C.8 in Appendix C) are given in Figures 4.14 and 4.15

respectively.
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Figure 4.14: Environmental flow for a year in the non-dominated solutions
using NSGA-II for 1000 iterations.

Figure 4.15: Environmental flow for a year in the non-dominated solutions
using NSGA-II for 1000 iterations.
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As is observed from the Figures 4.14 and 4.15, the environmental flow for the

months of 1(January) and 7 (July) are higher than all other months. In Figure

4.14, the environmental flow for 1 (January) and 7 (July) are approximately

195 GL and 185 GL respectively. These results come to about 192 GL and

186 GL in Figure 4.15. Among the remaining months, except for 2 (February)

and 3 (March) the environmental flows are approximately the same and this

value is nearly 100 GL. However, the highest difference is observed between

two solutions in 2 (February) and amounting approximately 33 GL. The envi-

ronmental flow for the month of 3 (March) in solution 1 is approximately 100

GL and in solution 20 is about 116 GL.

4.2.6 Comparison between the 1st and the 20th solution

Here the comparison is between the solution A and B in Figure 4.11. If a

decision maker gives the priority to the net return, then solution 1 (A in Figure

4.11 also Table C.7 in Appendix C) is the best solution. If an individual gives

priority to the the second objective i.e. minimum environmental flow deficit,

then solution 20th (B in Figure 4.11 also Table C.7 in Appendix C) is the

best solution. The difference between the highest and the lowest net return

and environmental flow deficit is approximately AUD 6.2 million and 29.57 GL

respectively. Here we also see that the decision maker has the same scope to

choose any solution from 1(A) to 20 (B) in Table C.7 in Appendix C depending

on their priority.

A simulation run of the algorithm for 1500 iterations was attempted. Unfor-

tunately, the algorithm failed complete processing due to insufficient memory

being available. The simulations in this thesis was conducted on a Windows

10 laptop with 8 GB RAM running a 1.60 GHz Intel(R) Core (TM) i5-8250U

CPU.

4.2.7 Comparison between 300, 600, and 1000 iterations

cases

The results for three Pareto front curves are plotted together in Figure 4.16.

Means and standard deviations for the first and the second objectives are given

in Tables 4.8 and 4.9 respectively. According to the Figure 4.16 the Pareto

curve for 1000 iterations is smooth, but the Pareto curves for 300 and 600
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iterations are not smooth as like as the others. These three Pareto fronts

suggest that the Pareto curve of 1000 iterations is better convergent than the

others.

Figure 4.16: Comparison of the Pareto optimal solution sets of different num-
ber of runs scenarios.

Tables 4.8 and 4.9 show a comparison results of the mean and the standard

deviation of first and second objectives for 300, 600, and 1000 iterations.

Table 4.8: Comparison between the means and the standard deviations for the
first objective in different number of iterations.

Name 300 iterations 600 iterations 1000 iterations
Mean 1877.12× 107AUD 1876.54× 107AUD 1877.30× 107AUD
SD 0.23 0.19 0.15

Table 4.9: Comparison between the means and the standard deviations for the
second objective in different number of iterations.

Name 300 iterations 600 iterations 1000 iterations
Mean 10.01 GL 4.62 GL 6.19 GL
SD 0.12 0.09 0.07

According to the Tables 4.8 and 4.9, when the number of iterations is increased,

the standard deviation decreases, and the result becomes more robust.
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Difference of NR and EFD for the 1st solution in context of net return of

different number of iterations are given in Table 4.10.

Table 4.10: Comparison between two objective functions in different number
of iterations for the 1st ranked solution.

Objective
functions

300 iterations 600 iterations 1000 iterations

NR 18774797761.40 18769459470.8940 18775397073.16
EFD 35.53 28.79 29.57

From the Tables 4.10 we see that the highest net return comes from 1000 iter-

ations and amount is AUD 18775397073.16. However, for the second objective

the lowest result comes from 600 iterations and amount is 28.79 GL.

Difference of NR and EFD for the last solution in context of net return of

different number of iterations are given in Table 4.11.

Table 4.11: Comparison between two objective functions in different number
of iterations for the last ranked solution.

Objective
functions

300 iterations 600 iterations 1000 iterations

NR 18766823891.0216 18763200712.6931 18769130197.81
EFD 0.00 0.00 0.00

According to the Table 4.11, we see the same scenario as like Table 4.10 for

net return. But the second objective is zero for all three cases.

Among all three iterations, 1000 iterations gives the better result for the first

objective and 600 iterations gives the better result for second objective.

4.2.7.1 Comparison between crops pattern for 300, 600, and 1000

iterations cases

The comparison between crops pattern for 1st solutions in context of net return

for 300, 600, and 1000 iterations is given in the Figure 4.17.
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Figure 4.17: comparison between crops pattern for 1st solutions in context of
net return for 300, 600, and 1000 iterations.

According to the illustration, area of land for cultivating (1) T. Aus, (2) T.

Aman, and (9) Winter Vegetables are same for all three iterations. However,

the biggest difference is observed for the crops of Potato and Summer Vegeta-

bles. Approximately 48611 ha and 45404 ha areas are suggesting to cultivate

Potato in 300 and 600 simulation respectively. Whereas 1000 simulation sug-

gests to cultivate approximately 20997 ha. But opposite scenario is seen for

cultivating Summer Vegetables. These amount are approximately 46563 ha,

44897 ha, and 16982 ha for 1000, 600, and 300 simulations respectively. Al-

most the same scenario is found for the other crops with a little variation. The

1000 simulation solution has the best NR compare other cases but this could

because it has converged fully.

The comparison between crops pattern for last solutions in context of net

return for 300, 600, and 1000 iterations is given in the Figure 4.18.
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Figure 4.18: comparison between crops pattern for last solutions in context of
net return for 300, 600, and 1000 iterations.

Similar to Figure 4.17, we see the same scenario with slight differences in

Figure 4.18. Here, approximately 48198 ha and 45214 ha are suggesting to

cultivate Potato in 300 and 600 iterations respectively. But in 1000 iterations

this area is nearly 20937 ha.

For Summer Vegetables, this figure is suggesting to cultivate approximately

46573 ha, 44853 ha, and 17027 ha areas for 1000, 600, and 300 iterations

respectively. is more profitable.

4.2.7.2 Comparison between environmental flow for 300, 600, and

1000 iterations

The comparison between environmental flow for 1st solutions in context of net

return for 300, 600, and 1000 iterations is given in the Figure 4.19.
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Figure 4.19: comparison between environmental flow for 1st solutions in con-
text of net return for 300, 600, and 1000 iterations.

As is observed from the Figure 4.19, the highest environmental flow required,

in the case of 300 iterations is for the month of 11 (November) and the amount

is about 250 GL for 300 iterations. But in the 600 and 1000 iterations cases

this amount decreased to approximately 93 GL and 97 GL. Opposite scenario

is seen for the month of January. In January, about 99 GL water is required for

the environmental flow for 300 iterations. This amount increased to approxi-

mately 195 GL and 212 GL for 1000 and 600 simulations runs. Surprisingly,

in March and April nearly 222 GL and 208 GL water are required for the

environmental flow for 600 iterations. On the other hand in these two months

nearly 100 GL is needed for 300 and 1000 iterations. However, from May to

August the differences are smaller but still vary for the three cases. Total ap-

proximately 1455 GL, 1610 GL, and 1368 GL water are required for the whole

year for 300, 600, and 1000 simulations respectively. These three simulations

show that the result come from 1000 simulations is better than the other two.

The comparison between environmental flow for last solutions in context of

net return for 300, 600, and 1000 iterations is given in the Figure 4.20.
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Figure 4.20: comparison between crops pattern for last solutions in context of
net return for 300, 600, and 1000 iterations.

Almost same scenario is seen in Figure 4.20 with a little variation. Total

approximately 1539 GL, 1682 GL, and 1418 GL water are required for the

whole year for 300, 600, and 1000 simulations respectively.

After getting this difference in results we have run the program for 2000 sim-

ulation. Unfortunately, after eight straight days of running, the program was

abruptly stopped, the reason being the computer storage was full.

4.3 Effect of rainfall

The results for five Pareto front curves when rainfall is varied by 10% and

20% less and by 10% and 20% more from the base level using 300 iterations is

shown in Figure 4.21. The corresponding related data used is given in Table

4.12.
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Table 4.12: Rainfall data in mm.

Base level rainfall

Jan Feb Mar Apr May Jun
0.00 28.27 19.5 298.25 313.50 508.75
Jul Aug Sep Oct Nov Dec

887.25 442.75 340.75 370.75 5.75 56.25

10% less rainfall

Jan Feb Mar Apr May Jun
0.00 25.44 17.55 268.43 282.15 457.88
Jul Aug Sep Oct Nov Dec

798.53 398.48 306.68 333.68 5.18 50.63

10% more rainfall

Jan Feb Mar Apr May Jun
0.00 31.1 21.45 328.07 377.66 559.62
Jul Aug Sep Oct Nov Dec

975.98 487.03 374.83 407.83 6.33 61.88

20% less rainfall

Jan Feb Mar Apr May Jun
0.00 22.62 15.50 238.60 250.80 407.00
Jul Aug Sep Oct Nov Dec

709.80 354.20 340.72 296.60 4.60 45.00

20% more rainfall

Jan Feb Mar Apr May Jun
0.00 33.92 23.40 357.90 376.20 610.50
Jul Aug Sep Oct Nov Dec

1064.70 531.30 408.90 444.90 6.90 67.50

Figure 4.21: Compare Pareto optimal solution sets of different rainfall.
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The result of two objective functions for the 1st solution in context of net

return for 300 iterations when rainfall is less than 10% from the base level is

given in Table 4.13.

Table 4.13: Compare different objective functions value, when rain is less than
10%.

.

Objective
functions

Base level rain 10% less rain
Absolute dif-
ference

Percentage

NR
(AUD)

18774797761.40 18685988940.82 -88808820.58 -0.47

EFD
(GL)

35.53 59.87 24.34 67.95

The Table 4.13 illustrates that if rainfall is 10% less from the base level NR

will decrease 0.47% and EFD will increase 67.95%.

The result of two objective functions for the last solution in context of net

return for 300 iterations when rainfall is less than 10% from the base level is

given in Table 4.14.

Table 4.14: Compare different objective functions value, when rain is less than
10%.

.

Objective
functions

Base level rain 10% less rain
Absolute dif-
ference

Percentage

NR
(AUD)

18766823891.02 18673563546.99 -93260344.03 -0.50

EFD
(GL)

0.00 0.00 0.00 0.00

The Table 4.14 presents that if rainfall is 10% less from the base level NR will

decrease 0.50% but there is no effect on EFD.

The result of two objective functions for the 1st solution in context of net

return for 300 iterations when rainfall is more than 10% from the base level is

given in Table 4.15.

Table 4.15: Compare different objective functions value, when rain is more
than 10%.

.

Objective
functions

Base level rain 10% more rain
Absolute dif-
ference

Percentage

NR 18774797761.40 18876308314.66 101510553.26 0.54
EFD 35.53 22.16 -24.14 -37.63
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The Table 4.15 presents that if rainfall is 10% more than from the base level

NR will increase 0.54% and EFD will decrease 37.63%.

The result of two objective functions for the last solution in context of net

return for 300 iterations when rainfall is more than 10% from the base level is

given in Table 4.16.

Table 4.16: Compare different objective functions value, when rain is more
than 10%.

.

Objective
functions

Base level rain 10% more rain
Absolute dif-
ference

Percentage

NR 18774797761.40 18873152942.53 98355181.13 0.52
EFD 0.00 0.00 0.00 0.00

The Table 4.16 provides that if rainfall is 10% more than from the base level

NR will increase 0.52% but there is no effect on EFD for the last solution.

The result of two objective functions for the 1st solution in context of net

return for 300 iterations when rainfall is less than 20% from the base level is

given in Table 4.17.

Table 4.17: Compare different objective functions value, when rain is less than
20%.

.

Objective
functions

Base level rain 20% less rain
Absolute
difference

Percentage

NR 18774797761.40 18633144666.23
-
141,653,095.16

-0.76

EFD 35.53 59.68 24.14 67.95

The Table 4.17 presents that if rainfall is 20% less from the base level NR will

decrease 0.74% and EFD will increase 67.95%.

The result of two objective functions for the last solution in context of net

return for 300 iterations when rainfall is less 20% from the base level is given

in Table 4.18.
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Table 4.18: Compare different objective functions value, when rain is less than
20%.

.

Objective
functions

Base level rain 20% less rain
Absolute dif-
ference

Percentage

NR 18774797761.40 18613406027.31
-
161391734.09

-0.86

EFD 0.00 00.00 0.00 0.00

The Table 4.18 provides that if rainfall is 20% less from the base level NR will

decrease 0.86% but there is no effect on EFD for the last solution.

The result of two objective functions for the 1st solution in context of net

return for 300 iterations when rainfall is more than 20% from the base level is

given in Table 4.19.

Table 4.19: Compare different objective functions value, when rain is more
than 20%.

.

Objective
functions

Base level rain 20% more rain
Absolute dif-
ference

Percentage

NR 18774797761.40 18920005078.14 145207316.74 0.77
EFD 35.53 25.52 -10.01 -28.17

The Table 4.19 illustrates that if rainfall is 20% more than from the base level

NR will increase 0.77% and EFD will decrease 28.27%.

The result of two objective functions for the last solution in context of net

return for 300 iterations when rainfall is more than 20% from the base level is

given in Table 4.20.

Table 4.20: Compare different objective functions value, when rain is more
than 20%.

.

Objective
functions

Base level rain 20% more rain Difference Percentage

NR 18774797761.40 18917167845.36 142370083.96 0.76
EFD 0.00 00.00 0.00 0.00

The Table 4.20 shows that if rainfall is 20% more than from the base level NR

will increase 0.76% but there is no effect on EFD for the last solution.
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4.3.0.1 Comparison of crops pattern for different rainfall

The comparison of crops pattern for 1st solutions in context of net return for

different rainfall using 300 iterations is given in the Figure 4.22.

Figure 4.22: comparison of crops pattern for different rainfall.

According to the Figure 4.22, the area of land for cultivating 8 (Sugercane) is

same for all five conditions and amount is approximately 69228 ha. However

a biggest difference is observed for the crops of 5 (Potato) and 10 (Summer

Vegetables). In base level rainfall, we see the highest amount of land is devoted

for cultivating the crop 5 (Potato) but opposite scenario is seen for the crop

10 (Summer Vegetables). When rainfall decreases or increases, the cultivation

of crop 5 (Potato) always decreases but opposite matter is happened for the

crop 10 (Sugercane). For other crops the differences are smaller but still vary.

4.3.0.2 Comparison between environmental flow for different rain-

fall

The comparison between environmental flow for 1st solutions in context of net

return for different rainfall using 300 iterations is given in the Figure 4.23.
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Figure 4.23: comparison between environmental flow for different rainfall.

As is observed from the Figure 4.23, when rainfall is 20% more than from

the base level the highest environmental flow is required for the month of 5

(May) and amount is approximately 290 GL. On the other hand the lowest

environmental flow is needed for the month of 3 (March) when rainfall is 10%

less from the base level and amount is about 50 GL.

In the light of above discussion, It can be argued that, if it rains more, the profit

will be more and the cost of irrigation and water supply for environmental flow

will decrease.

4.4 Effect of water inflow

The results for five Pareto front curves when water inflow is less and more

by 10% and less and more by 20% (Table 4.21) from the base level using 300

iterations is shown in Figure 4.24.
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Table 4.21: water inflow data in cubic meter.

Base level water inflow

Jan Feb Mar Apr May Jun
16.50 11.40 10.00 14.10 21.10 58.30
Jul Aug Sep Oct Nov Dec

68.80 105.20 61.90 50.40 30.50 20.10

10% less water inflow

Jan Feb Mar Apr May Jun
14.85 10.26 9.00 12.69 18.99 52.47
Jul Aug Sep Oct Nov Dec

61.92 94.68 55.71 45.36 27.45 18.09

10% more water inflow

Jan Feb Mar Apr May Jun
18.15 12.54 11.00 15.51 23.21 64.13
Jul Aug Sep Oct Nov Dec

75.68 115.72 68.09 55.44 33.55 22.11

20% less water inflow

Jan Feb Mar Apr May Jun
13.20 9.12 8.00 11.28 16.88 46.64
Jul Aug Sep Oct Nov Dec

55.04 84.16 49.52 40.32 24.40 16.08

20% more water inflow

Jan Feb Mar Apr May Jun
19.80 13.68 12.00 16.92 25.32 69.96
Jul Aug Sep Oct Nov Dec

82.56 126.24 74.28 60.48 36.60 24.12

Figure 4.24: Compare Pareto optimal solution sets of different water inflow.
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The result of two objective functions for the 1st solution in context of net

return for 300 iterations when water inflow is 10% less from the base level is

given in Table 4.22.

Table 4.22: Compare different objective functions value, when water inflow is
less than 10%.

.

Objective
functions

Base level wa-
ter inflow

10% less water
inflow

Absolute dif-
ference

Percentage

NR 18774797761.40 18735938923.84 -38858837.55 -0.21
EFD 35.53 31.37 -4.16 -11.71

According to the Table 4.22 when water inflow is 10% less from the base level,

we see that both NR and EFD will decrease 0.21% and 11.71% respectively.

The result of two objective functions for the last solution in context of net

return for 300 iterations when water inflow is 10% less from the base level is

given in Table 4.23.

Table 4.23: Compare different objective functions value, when water inflow is
less than 10%.

.

Objective
functions

Base level wa-
ter inflow

10% less water
inflow

Absolute dif-
ference

Percentage

NR
(AUD)

18774797761.40 18733362569.74 -41435191.66 0.22

EFD
(GL)

0.00 0.00 0.00 0.00

Table 4.23 provides that if rainfall is 10% less from the base level NR will

decrease 0.22% but there is no effect on EFD for the last solution.

The result of two objective functions for the 1st solution in context of net

return for 300 iterations when water inflow is more than 10% from the base

level is given in Table 4.24.

Table 4.24: Compare different objective functions value, when water inflow is
more than 10%.

.

Objective
functions

Base level wa-
ter inflow

10% more wa-
ter inflow

Absolute dif-
ference

Percentage

NR
(AUD)

18774797761.40 18843119828.23 68322066.83 0.36

EFD
(GL)

35.53 34.86 -0.67 -2.81
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The Table 4.24 illustrates that if water inflow is 10% more than from the base

level NR will increase 0.36% and EFD will decrease 2.81%.

The result of two objective functions for the last solution in context of net

return for 300 iterations when water inflow is more than 10% from the base

level is given in Table 4.25.

Table 4.25: Compare different objective functions value, when water inflow is
more than 10%.

.

Objective
functions

Base level wa-
ter inflow

10% more wa-
ter inflow

Absolute dif-
ference

Percentage

NR
(AUD)

18774797761.40 18820543489.65 45745728.25 0.24

EFD
(GL)

0.00 0.00 0.00 0.00

The Table 4.25 provides that if water inflow is 10% more than from the base

level NR will increase 0.24% but there is no effect on EFD for the last solution.

The result of two objective functions for the 1st solution in context of net

return for 300 iterations when water inflow is 20% less from the base level is

given in Table 4.26.

Table 4.26: Compare different objective functions value, when water inflow is
less than 20%.

.

Objective
functions

Base level wa-
ter inflow

20% less water
inflow

Absolute dif-
ference

Percentage

NR
(AUD)

18774797761.40 18704648123.26 -70149638.14 -0.37

EFD
(GL)

35.53 13.98 -21.56 -60.66

Table 4.26 shows that if the water inflow is 20% less from the data level, there

is a slight decrease in NR but significant change in EFT amounting 60.66%.

The result of two objective functions for the last solution in context of net

return for 300 iterations when water inflow is 20% less from the base level is

given in Table 4.27.
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Table 4.27: Compare different objective functions value, when water inflow is
less than 20%.

.

Objective
functions

Base level wa-
ter inflow

20% less water
inflow

Absolute dif-
ference

Percentage

NR
(AUD)

18774797761.40 18694884071.77 -79913689.63 -0.43

EFD
(GL)

0.00 0.00 0.00 0.00

The Table 4.27 provides that if water inflow is 20% more than from the base

level NR will decrease 0.43% but there is no effect on EFD for the last solution.

The result of two objective functions for the first solution in context of net

return for 300 iterations when water inflow is more than 20% from the base

level is given in Table 4.28.

Table 4.28: Compare different objective functions value, when water inflow is
more than 20%.

.

Objective
functions

Base level wa-
ter inflow

20% more wa-
ter inflow

Absolute dif-
ference

Percentage

NR
(AUD)

18774797761.40 18809554007.80 34756246.4 5.32×10−9

EFD
(GL)

35.53 53.18 17.65 2.81

The Table 4.28 presents that if water inflow is 20% more than from the base

level, there is very little impact on NR and a slight change in EFD.

The result of two objective functions for the last solution in context of net

return for 300 iterations when water inflow is more than 20% from the base

level is given in Table 4.29.

Table 4.29: Compare different objective functions value, when water inflow is
more than 20%.

.

Objective
functions

Base level wa-
ter inflow

20% more wa-
ter inflow

Absolute dif-
ference

Percentage

NR
(AUD)

18774797761.40 18806582997.01 31785235.61 0.17

EFD
(GL)

0.00 0.00 0.00 0.00

The Table 4.29 provides that if water inflow is 20% more than from the base

level NR will increase 0.17% but there is no effect on EFD for the last solution.
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4.4.1 Comparison of crops pattern for different water

inflow

The comparison of crops pattern for 1st solutions in context of net return for

different water inflow using 300 iterations is given in the Figure 4.25.

Figure 4.25: comparison of crops pattern for different water inflow.

Similar in Figure 4.22, we see the same scenario with slight differences in

Figure 4.25. For different water inflow level conditions the crop 8 (Sugarcane)

are cultivating almost same area of land. But for crops 5 (Potato) and 10

(Summer Vegetables), we see the opposite scenario. For all other crops, there

is a slight variation.

4.4.2 Comparison between environmental flow for dif-

ferent water inflow

The comparison between environmental flow for 1st solutions in context of net

return for different water inflow using 300 iterations is given in the Figure 4.26.
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Figure 4.26: comparison between environmental flow for different water inflow.

According to the Figure 4.26, the highest environmental flow is required for

less than 10% water inflow from the base level in the month of 6 (June). Same

scenario is seen for base level water inflow in the month of 11 (November). For

the case of 10% more water inflow, we see more than 200 GL water is required

for environmental flow in the months of 2 (February) and 12 (December).

From the tables and figures we conclude that, more water inflow brings more

profit.

4.5 Result for cyclic target environmental flow

The computational experiments were run, maintaining the cyclic target envi-

ronmental flow which is given in Table 4.30 and using 100 trial solutions for

300 iterations. This data has been assumed from Xevi and Khan (2005).
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Table 4.30: Cyclic target environmental flow in GL.

Jan Feb Mar Apr May Jun
125 115 100 90 75 60

Jul Aug Sep Oct Nov Dec
50 65 85 100 120 125

Using cyclic target environmental flow which is given in Table 4.30 the Pareto

optimal objective values obtained are shown in Figure 4.27.

Figure 4.27: Pareto optimal solution sets for cyclic target environmental flow.

This figure presents the Pareto front obtained by NSGA-II which represents 56

non-dominated solutions for net revenue in units of 10 million Australia dollar

and environmental flow deficit in units of 100 GL. In Figure 4.27 the highest

net revenue is AUD 1880.81 × 107 with 144.47 GL deficit in environmental

flow and the lowest net revenue is AUD 1879.26× 107 with zero GL deficit in

environmental flow.

75



4.5.1 Comparison between constant and cyclic target

environmental flow

The results for two Pareto front curves are plotted together in Figure 4.28.

Figure 4.28: Compare Pareto optimal solution sets of constant and cyclic target
environmental flow.

As is observed from the Figure 4.28, we see that when we use the cyclic tar-

get environmental flow, NR will increase but EFD will decrease. The differ-

ence of NR between constant and cyclic target environmental flow is AUD

33, 253, 531.67. The difference of EFD between constant and cyclic target en-

vironmental flow is 108.94 GL.

Table 4.31 shows the difference of objective functions for 1st solution of con-

stant and cyclic target environmental flow.
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Table 4.31: Compare different objective functions value for constant and cyclic
target environmental flow.

Objective
functions

constant target
environmental
flow

cyclic target
environmental
flow

Absolute dif-
ference

Percentage

NR
(AUD)

18774797761.40 18808051292.67 33253531.27 0.18

EFD
(GL)

35.53 144.47 108.94 306.59

If we use cyclic target environmental flow, the result is quite opposite to con-

stant target environmental flow. Table 4.31 provides that NR will increase

0.18% surprisingly EFD will increase 306.59%.

4.6 Summary

In summary, the chapter focuses on four things.Firstly, the chapter shows how

multiple simulations have been conducted and what results come from three

simulations namely 300, 600, and 1000. Secondly, the chapter displays what is

the impact of rainfall on net return and environmental flow deficit. Thirdly, the

impact of water inflow is shown. And finally the chapter shows the output of

cyclic environmental flow. In this way, the chapter argues that more iterations

gives the better result. It also shows that rainfall has a greater impact on NR

and EFD than water inflow. However, the result of cyclic target environmental

flow is opposite to that constant target environmental flow.
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Chapter 5

Conclusion and

Recommendations

Introduction

This study sought to explore the economics of optimal water allocation for

irrigation in the MIP of Bangladesh. Although Bangladesh is not a country

with widespread, year-round water scarcity, it faces severe water shortage dur-

ing the dry winter season. The main objective of this thesis is to maximize

net return and minimize deficit in environmental flow using optimal water

management policies.

The first chapter of the thesis discusses the context of this research and present

the literature review. It also discusses the focus of the thesis and solution

techniques. In chapter two, model and data are described. In chapter three,

we have discussed about Non-dominated Sorting Genetic Algorithm-II (NSGA-

II) which has been used to solve the multi-objective optimization problem in

the present research. The result and discussion chapter 4 shows four things:

firstly, the NSGA-II optimization method is described which is used to solve

the MOP, applying 300, 600, and 1000 iteration runs; secondly, the chapter

shows the calculation of the rainfall effect on net return and environmental

flow deficit; thirdly, it focuses on the effect of water inflow on net return and

environmental flow deficit; and finally, the chapter compares the net return

and environmental flow deficit using cyclic and constant environmental flow.
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5.1 Research Outcomes

Based on the above mentioned framework the thesis has several outcomes. The

following is the synthesis of those outcomes:

� The thesis supports that the more is the number of iteration runs the

better is the result of evolutionary algorithms. The Pareto Curve for

more iterations appears to be smoother and better convergent.

� The crop which are produced more and profitable in trade, the model

recommends to cultivate them more.

� During dry season there requires more environmental flow to sustain the

environment and to cultivate the crops than the rainy season.

� The decrease and increase of net return (NR) and rainfall are directly

proportional to each other. However, the relationship between rainfall

and environmental flow deficit (EFD) is not proportional. The decrease

of rain by 10% contributes to the increase of environmental flow deficit

(EFD) but the decrease of rain by 20% does not impact on environmental

flow deficit (EFD) in the same way.

� When the water inflow increases, net return (NR) also increases. On the

other hand, environmental flow deficit (EFD) decreases with increase

when water inflow increases and vice versa.

5.2 Limitations and further research

5.2.1 Limitations

The study has some limitations. Firstly, limited amount of data directly col-

lected from the field. Secondly, some data was taken from literature or as-

sumed as described in Chapter 2. National average data was also used in some

parameter estimations, when the local data was not available. Thirdly, the

amount of data available was limited. Another limitation is that the Genetic

algorithms are non-deterministic methods. Thus, the solutions they provide

may vary each run of the algorithm for the same set of model parameters. Ge-

netic algorithm’s convergence is also very much dependent on several things
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such as initial solution, number of iteration, number of population, number of

generation, crossover, and mutation rate.

5.2.2 Further research

There is an avenue for further research in this thesis. The avenue is based on

the present research to develop a new model to optimize water allocation in

context of several irrigation projects in Bangladesh including MIP. The present

model I have taken based on the Murrumbidgee Irrigation Area (MIA), in

Australia. But following the environmental, social and economic differences

between Bangladesh and Australia, a new model can be developed.

In future project I will collect primary data from the project sites. I will then

compare other evolutionary algorithms with NSGA-II to find the best solution

and the current practices of crop/land use against model predictions. This plan

will facilitate a more comprehensive understanding of the land, crop, weather

and environment relationships in different irrigation projects in Bangladesh.
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Appendix A

Raw data

This section contains raw data that has been collected from Mr.Oli Afaz

Chowdhury, Sub-Divisional Engineer, Hathazari O& M Sub-Division, Bangladesh

Water Development Board (BWDB), Chattogram, Bangladesh.

Figure A.1 is monthly rainfall data from June, 2015 to June, 2019 in Muhuri

Irrigation Area.

Figure A.1: Monthly rainfall (mm) data from June, 2015 to June, 2019 in
Muhuri Irrigation Area.
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Figure A.2 is the cropping pattern of the Muhuri Irrigation Project in session

2018-2019. Here data is in the Bangla language.

Figure A.2: Cropping pattern of Muhuri Irrigation Project in session 2018-
2019.
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Figure A.3 is Crop production achievement report 2017-18 in the Muhuri Irri-

gation Project.

Figure A.3: Crop production achievement report 2017-18 in Muhuri Irrigation
Area .
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Figure A.4 shows the crop production per hectare and market value of different

crops in the Muhuri Irrigation Project. Here data is in the Bangla language.

Figure A.4: Crop production and market value of different crops in Muhuri
Irrigation Area.
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Figure A.5 is seasonal crop and irrigation report of the Muhuri Irrigation

Project in session 2018-2019. Here data is in the Bangla language.

Figure A.5: Seasonal crop and irrigation report of Muhuri Irrigation Area in
session 2018-2019.
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Figure A.6 is seasonal crop and irrigation report of the Muhuri Irrigation

Project in session 2017-2018. Here data is in the Bangla language.

Figure A.6: Seasonal crop and irrigation report of Muhuri Irrigation Area in
session 2017-2018.
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Figure A.7 is seasonal crop and irrigation report of the Muhuri Irrigation

Project in session 2016-2017. Here data is in the Bangla language.

Figure A.7: Seasonal crop and irrigation report of Muhuri Irrigation Area in
session 2016-2017.
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Appendix B

MatLab code

This section contains the modified MatLab code originally developed by Baskar

(2015) for the NSGA-II method used to solve the MOP in Section 2.2, Chapter

2 and figures contained within this work. We have written Listing B.2 and B.3

files and partially modified Listing B.1 file. Others files remain unchanged.

Listing B.1: Main NSGA-II

1 c l e a r a l l

2 c l o s e a l l

3 c l c

4

5 %% Desc r ip t i on

6

7 % 1 . This i s the main f i l e f o r running t h i s program .

8 % Code d e f i n e s populat ion s i z e in ’ pop s i ze ’ ,

9 % number o f des ign v a r i a b l e s in ’V’ , number o f

10 % runs in ’ no runs ’ ,

11 % maximum number o f g ene ra t i on s in ’ gen max ’ ,

12 % current gene ra t i on in ’ gen count ’ and number

13 % of o b j e c t i v e s in ’M’ .

14 % 2 . ’ xl ’ and ’xu ’ are the lower and upper bounds o f the

15 % des ign v a r i a b l e s .

16 % 3 . Fina l optimal Pareto sou t i on s are in the v a r i a b l e

17 % ’ pareto rank1 ’ , with des ign v a r i a b l e s in the coumns

18 % ( 1 :V) , o b j e c t i v e s in the columns (V+1 to V+M) ,

19 % c o n s t r a i n t v i o l a t i o n in the column (V+M+1) , Rank in

20 % (V+M+2) , Distance in (V+M+3).
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21

22

23

24 %% r e f e r e n c e s

25

26 % 1 . BINH, Thanh . ”A m u l t i o b j e c t i v e evo lu t i ona ry a lgor i thm .

27 % The study ca s e s ” . Technica l r epo r t . Barleben ,

28 % Germany . 1999 .

29 % 2 . DEB, Kalyanmoy . ”Multi=Object ive opt imiza t i on us ing

30 % evo lu t i ona ry a lgor i thms ” . John Wiley & Sons , LTD.

31 % Kanpur , Ind ia . 2004 .

32

33 %% code s t a r t s

34 g l o b a l V M xl xu etac etam p o p s i z e pm

35

36 M=2; % number o f o b j e c t i v e s

37 p o p s i z e =100; % Populat ion s i z e

38 no runs =1000; % Number o f runs

39 % stopping c r i t e r i a

40 gen max=500; % MAx number o f g ene ra t i on s

41 fname=’ my function ’ ; % Object ive func t i on and

42 % c o n s t r a i n t eva lua t i on

43 V = 22 ; % number o f des ign v a r i a b l e s

44 x l = ze ro s (1 ,V) ; % lower bound vec to r

45 xu = horzcat (70000*

46 ones (1 ,10) ,300* ones ( 1 , 1 2 ) ) ; % upper bound vec to r

47 etac = 20 ; % d i s t r i b u t i o n index f o r c r o s s o v e r

48 etam = 100 ; % d i s t r i b u t i o n index f o r mutation

49 % / mutation constant

50 pm=1/V; % Mutation P rob a b i l i t y

51 Q= [ ] ;

52 f o r r=1

53 data = my data ( r ) ;

54 f o r run = 1 : no runs

55

56 %% I n i t i a l populat ion

57

58 xl temp=repmat ( xl , pop s i ze , 1 ) ;

59 xu temp=repmat (xu , pop s i ze , 1 ) ;
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60 x = xl temp +((xu temp=xl temp ) . * rand ( pop s i ze ,V) ) ;

61

62 % Evaluate o b j e c t i v e func t i on

63

64 f o r i =1: p o p s i z e

65 [ f f ( i , : ) e r r ( i , : ) ] = my function ( x ( i , : ) , data ) ;

66 end

67

68 % Normal i sat ion o f the c o n s t r a i n t v i o l a t i o n

69

70 error norm=norma l i s a t i on ( e r r ) ;

71 p o p u l a t i o n i n i t =[x f f error norm ] ;

72

73 % Non domination s o r t i n g on i n i t i a l populat ion

74

75 [ popu lat ion f r o n t ]=NDS CD cons ( p o p u l a t i o n i n i t ) ;

76

77 %% Generation S t a r t s

78

79 f o r gen count =1:gen max

80 % s e l e c t i o n ( Parent Pt o f ’N’ pop s i z e )

81 % Tournament s e l e c t i o n

82 p a r e n t s e l e c t e d=t o u r s e l e c t i o n ( populat ion ) ;

83

84 %% Reproduction ( Of f sp r ing Qt o f ’N’ pop s i z e )

85

86 % SBX c r o s s o v e r and polynomial mutation

87 c h i l d o f f s p r i n g = g e n e t i c o p e r a t o r

88 ( p a r e n t s e l e c t e d ( : , 1 :V) ) ;

89

90 f o r i i = 1 : p o p s i z e

91 % o b j e c t i v e func t i on eva lua t i on f o r o f f s p r i n g

92 [ f f f ( i i , : ) e r r ( i i , : ) ] = my function

93 ( c h i l d o f f s p r i n g ( i i , : ) , data ) ;

94 end

95

96 error norm=norma l i s a t i on ( e r r ) ;

97 c h i l d o f f s p r i n g =[ c h i l d o f f s p r i n g f f f error norm ] ;

98
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99 %% Intermed iate populat ion (Rt= Pt U Qt o f 2N s i z e )

100

101 p o p u l a t i o n i n t e r =[ populat ion ( : , 1 :V+M+1) ;

102 c h i l d o f f s p r i n g ( : , 1 :V+M+1) ] ;

103 % Non domination Sor t ing on o f f s p r i n g

104 [ p o p u l a t i o n i n t e r s o r t e d f r o n t ]=NDS CD cons

105 ( p o p u l a t i o n i n t e r ) ;

106

107 %% Replacement = N

108

109 new pop=replacement ( p o p u l a t i o n i n t e r s o r t e d , f r o n t ) ;

110 populat ion=new pop ;

111 end

112 new pop=sort rows ( new pop ,V+1);

113 p a r e t o s e t ( run ) . t r i a l=new pop ( : , 1 :V+M+1);

114 % Combining Pareto s o l u t i o n s obta ined in each run

115 Q = [Q; pa r e t o s e t ( run ) . t r i a l ] ;

116 end

117

118 %% Result and Pareto p l o t

119

120 i f run==1

121 p lo t ( new pop ( : ,V+1) , new pop ( : ,V+2) , ’ * ’ )

122 e l s e

123 [ p a r e t o f i l t e r f r o n t ]=NDS CD cons (Q) ;

124 % Applying non domination s o r t i n g on the

125 %combined Pareto s o l u t i o n s e t

126 rank1 index=f i n d ( p a r e t o f i l t e r ( : ,V+M+2)==1);

127 % F i l t e r i n g the best s o l u t i o n s o f rank 1 Pareto

128 pareto rank1=p a r e t o f i l t e r ( rank1 index , 1 :V+M)

129 p lo t ( pareto rank1 ( : ,V+1) , pareto rank1 ( : ,V+2) , ’ * r ’ )

130

131 end

132 end

133 x l a b e l ( ’ o b j e c t i v e func t i on 1 ’ )

134 y l a b e l ( ’ o b j e c t i v e func t i on 2 ’ )

135 t i t l e ( ’ My Function ’ )

136 end
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Listing B.2: Import data

1 f unc t i on [ parametres ] = my data ( r )

2 %% t h i s func t i on reads data from . csv f i l e s and r e tu rn s the

3 % data as ’ parametres ’ . r r e p r e s e n t the number o f row .

4 r a in = importdata ( ’ r a i n f a l l . csv ’ ) ;

5 r a in wate r=ra in . data ;

6 parametres . r a in = ra in wate r ( r , : ) ;

7 evopa t ran sp i r a t i on= importdata ( ’ evapo=t r a n s p i r a t i o n . csv ’ ) ;

8 ETo = evopa t ran sp i r a t i on . data ;

9 parametres . evopa t ran sp i r a t i on= ETo( r , : ) ;

10 c r o p c o e f f i c i e n t = importdata ( ’ c r o p c o e f f i c i e t s . csv ’ ) ;

11 c r o p c o e f f = c r o p c o e f f i c i e n t . data ;

12 parametres . c r o p c o e f f i c i e n t = c r o p c o e f f ;

13 c rop product ion = importdata ( ’ c rop product ion . csv ’ ) ;

14 crop prod = crop product ion . data ;

15 parametres . c rop product ion = crop prod ;

16 t o t a l c r op in come = importdata ( ’ t o t a l c r op in come . csv ’ ) ;

17 crop income = to ta l c r op in come . data ;

18 parametres . t o t a l c r op in come = crop income ;

19 wate r in f l ow = importdata ( ’ wat e r in f l ow . csv ’ ) ;

20 i n f l ow = wate r in f l ow . data ;

21 parametres . wat e r in f l ow = in f l ow ( r , : ) ;

22 v a r i a b l e c o s t = importdata ( ’ v a r i a b l e c o s t . csv ’ ) ;

23 v a r i a b l e = v a r i a b l e c o s t . data ;

24 parametres . v a r i a b l e c o s t = v a r i a b l e ;

25 t a r g e t e n v f l o w = importdata ( ’ t a r g e t e n v f l o w . csv ’ ) ;

26 t a r g e t env i r onm enta l f l ow = t a r g e t e n v f l o w . data ;

27 parametres . t a r g e t e n v f l o w = ta rg e t env i r onme nta l f l ow ;

28 groundwater pupming cost = importdata

29 ( ’ groundwater pupming cost . csv ’ ) ;

30 ground water = groundwater pupming cost . data ;

31 parametres . groundwater pupming cost = ground water ( r , : ) ;

32 sur facewater pumping cos t = importdata

33 ( ’ sur facewater pumping cos t . csv ’ ) ;

34 s u r f a c e w a t e r = sur facewater pumping cos t . data ;

35 parametres . sur facewater pumping cos t = s u r f a c e w a t e r ;

36 t o t a l a r e a = importdata ( ’ t o t a l a r e a . csv ’ ) ;

37 area = t o t a l a r e a . data ;

38 parametres . t o t a l a r e a = 10* area ;
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39 total pump = importdata ( ’ total pump . csv ’ ) ;

40 pump = total pump . data ;

41 parametres . total pump = pump ;

42 m area = importdata ( ’ minimum area . csv ’ ) ;

43 marea = m area . data ;

44 parametres . minimum area = marea ;

45 water req = parametres . c r o p c o e f f i c i e n t .* parametres

46 . evopat ransp i ra t i on=parametres . r a in ;

47 parametres . water req = water req ;

48 end

Listing B.3: Oblective functions and constraints

1 %% Desc r ip t i on

2

3 % 1 . This func t i on r e tu rn s the o b j e c t i v e f u n c t i o n s f1 , and f2

4 % in the vec to r ’ f i t ’ and c o n s t r a i n t s in the vec to r ’ c ’

5 % f o r the chromosome ’x ’ .

6 % 2 . ’V’ i s the number o f opt imiza t i on v a r i a b l e s .

7 % 3 . Al l the c o n s t r a i n t s ’ c ’ are converted to the form h( x)<=0.

8

9 f unc t i on [ f i t , e r r ] = my function (x , data )

10 % Function ’ my function ’ to c a l c u l a t e f i t n e s s va lue and e r r o r

11 % the output f o r two input as s p e c i f i e d in the problem .

12

13 % Input :

14 % x = randomly generated i n i t i a l populat ion .

15 % data = d i f f e r e n t data .

16

17 % Output :

18 % f i t = f i t n e s s va lue .

19 % e r r = e r r o r

20 c r o p c o e f f i c i e n t = data . c r o p c o e f f i c i e n t ;

21 c rop product ion = data . c rop product ion ;

22 groundwater pupming cost = data . groundwater pupming cost ;

23 sur facewater pumping cos t= data . sur facewater pumping cos t ;

24 t a r g e t e n v f l o w = data . t a r g e t e n v f l o w ;

25 t o t a l a r e a = data . t o t a l a r e a ;

26 t o t a l c r op in come = data . t o t a l c r op in come ;

27 total pump = data . total pump ;
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28 v a r i a b l e c o s t = data . v a r i a b l e c o s t ;

29 wate r in f l ow = data . wate r in f l ow ;

30 minimum area = data . minimum area ;

31 water req = data . water req ;

32 [ crop , month ] = s i z e ( c r o p c o e f f i c i e n t ) ;

33 Xc = x ( 1 : crop ) ;

34 env f low = x ( crop +1: crop+month ) ;

35

36 T1=(Xc .* c rop product ion )* ( t o ta l c r op in come ) ’ ;

37 w a t e r a l l o c a t i o n = ( wate r in f l ow = env f low ) ;

38 monthly groundwater pupming = Xc*water req=w a t e r a l l o c a t i o n ;

39 T2 = groundwater pupming cost *sum( monthly groundwater pupming ) ;

40 T3 = Xc* v a r i a b l e c o s t ’ ;

41 T4 = sur facewater pumping cos t *sum( w a t e r a l l o c a t i o n ) ;

42 f 1 = =T1+T2+T3+T4 ; % f i r s t o b j e c t i v e func t i on .

43 f 2 = 0 ;

44 f o r m=1:month

45 i f t a r g e t e n v f l o w (m)>env f low (m)

46 % second o b j e c t i v e func t i on .

47 f 2 = f2+sum( t a r g e t e n v f l o w (m)=env f low (m) ) ;

48

49 end

50 end

51 c (1 ,1)= sum(Xc*water req=w a t e r a l l o c a t i o n )=total pump ;

52 % f i r s t c o n s t r a i n t

53 c (1 ,2)= sum(Xc)= t o t a l a r e a ;

54 % second c o n s t r a i n t

55 f o r j = 1 : crop

56 c (1 ,2+ j )= Xc( j )* ( minimum area = Xc( j ) ) ;

57 % th i rd c o n s t r a i n t

58 end

59 e r r =(c>0).* c ;

60 f i t =[ f 1 /10000000 f2 / 1 0 0 ] ;

61 end

Listing B.4: Normalisation of the constraint violation

1 f unc t i on err norm = norma l i s a t i on ( e r ro r pop )

2

3 %% Desc r ip t i on
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4 % 1 . This func t i on norma l i s e s the c o n s t r a i n t v i o l a t i o n o f

5 % var ious i n d i v i d u a l s , s i n c e the range o f c o n s t r a i n t

6 % v i o l a t i o n o f every chromosome i s not uniform .

7 % 2 . Input i s in the matrix e r ro r pop with s i z e

8 % [ pop s i ze , number o f c o n s t r a i n t s ] .

9 % 3 . Output i s a normal i sed vector , err norm o f s i z e [ pop s i ze , 1 ]

10

11 %% Error Nomal isat ion

12 [N, nc ]= s i z e ( e r ro r pop ) ;

13 con max=0.001+max( e r ro r pop ) ;

14 con maxx=repmat ( con max ,N, 1 ) ;

15 cc=er ro r pop . / con maxx ;

16 err norm=sum( cc , 2 ) ; % f i n a l l y sum up a l l v i o l a t i o n s

Listing B.5: Non domination sorting on initial population

1 %% Desc r ip t i on

2 % 1 . This func t i on i s to perform Deb ’ s f a s t e l i t i s t

3 % non=domination s o r t i n g and crowding d i s t anc e ass ignment .

4 % 2 . Input i s in the v a r i a b l e ’ populat ion ’ with s i z e :

5 % [ s i z e ( popuation ) , V+M+1]

6 % 3 . This func t i on r e tu rn s ’ chromosome NDS CD ’ with s i z e

7 % [ s i z e ( populat ion ) ,V+M+3]

8 % 4 . A f l a g ’ problem type ’ i s used to i d e n t i f y whether the

9 % populat ion i s f u l l y f e a s i b l e ( problem type=0) or

10 % f u l l y i n f e a s i b l e ( problem type=1) or pa r t l y

11 % f e a s i b l e ( problem type =0.5) .

12

13 %% Reference :

14 %Kalyanmoy Deb , Amrit Pratap , Sameer Agarwal , and T. Meyarivan ,

15 % ” A Fast and E l i t i s t Mu l t i o b j e c t i v e Genet ic Algorithm :

16 % NSGA=I I ” ,IEEE TRANSACTIONS ON EVOLUTIONARY COMPUTATION,

17 % VOL. 6 , No . 2 , APRIL 2002 .

18

19

20 %% func t i on beg ins

21 f unc t i on [ chromosome NDS CD f r o n t ] = NDS CD cons ( populat ion )

22 g l o b a l V M problem type

23

24 %% I n i t i a l i s i n g s t r u c t u r e s and v a r i a b l e s
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25 chromosome NDS CD1 = [ ] ;

26 in fpop = [ ] ;

27 f r o n t . f r = [ ] ;

28 s t r u c t . sp = [ ] ;

29 rank =1;

30

31

32 %% Segregat ing f e a s i b l e and i n f e a s i b l e s o l u t i o n s

33

34 i f a l l ( populat ion ( : ,V+M+1)==0)

35 problem type =0;

36 chromosome=populat ion ( : , 1 :V+M) ;

37 % Al l Fea s i b l e chromosomes ;

38 pop s i z e1=s i z e ( chromosome , 1 ) ;

39 e l s e i f a l l ( populat ion ( : ,V+M+1)˜=0)

40 problem type =1;

41 pop s i z e1 =0;

42 infchromosome=populat ion ;

43 % Al l I n Fe a s i b l e chromosomes ;

44 e l s e

45 problem type =0.5 ;

46 f e a s i n d e x=f i n d ( populat ion ( : ,V+M+1)==0);

47 chromosome=populat ion ( f ea s index , 1 :V+M) ;

48 % Feas ib l e chromosomes ;

49 pop s i z e1=s i z e ( chromosome , 1 ) ;

50 i n f e a s i n d e x=f i n d ( populat ion ( : ,V+M+1)˜=0);

51 % i n f e a s i b l e chromosomes ;

52 infchromosome=populat ion ( i n f e a s i n d e x , 1 :V+M+1);

53 end

54

55 %% Handling f e a s i b l e s o l u t i o n s

56 i f problem type==0 | problem type==0.5

57 pop s i z e1 = s i z e ( chromosome , 1 ) ;

58 f 1 = chromosome ( : ,V+1);

59 % o b j e c t i v e func t i on va lue s

60 f 2 = chromosome ( : ,V+2);

61 %Non= Domination Sor t ing

62 % F i r s t f r o n t

63 f o r p=1: pop s i z e1
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64 s t r u c t (p ) . sp=f i n d ( ( ( f 1 (p)= f 1 )<0 &( f2 (p)= f 2 )<0)

65 | ( ( f 2 (p)= f 2 )==0 &( f1 (p)= f 1 )<0)

66 | ( ( f 1 (p)= f 1 )==0 &( f2 (p)= f 2 )<0)) ;

67 n(p)= length ( f i n d ( ( ( f 1 (p)= f 1 )>0 &( f2 (p)= f 2 )>0)

68 | ( ( f 2 (p)= f 2 )==0 &( f1 (p)= f 1 )>0)

69 | ( ( f 1 (p)= f 1 )==0 &( f2 (p)= f 2 ) >0))) ;

70 end

71

72 f r o n t ( 1 ) . f r=f i n d (n==0);

73 % Creat ing subsequent f r o n t s

74 whi le (˜ isempty ( f r o n t ( rank ) . f r ) )

75 f r o n t i n d i v=f r o n t ( rank ) . f r ;

76 n( f r o n t i n d i v )= i n f ;

77 chromosome ( f r o n t i n d i v ,V+M+1)=rank ;

78 rank=rank +1;

79 f r o n t ( rank ) . f r = [ ] ;

80 f o r i = 1 : l ength ( f r o n t i n d i v )

81 temp=s t r u c t ( f r o n t i n d i v ( i ) ) . sp ;

82 n( temp)=n( temp)=1;

83 end

84 q=f i n d (n==0);

85 f r o n t ( rank ) . f r =[ f r o n t ( rank ) . f r q ] ;

86

87 end % Ranked populat ion

88 chromosome sorted=sort rows ( chromosome ,V+M+1);

89

90

91 %Crowding d i s t anc e Assignment

92 rowsindex =1;

93 f o r i = 1 : l ength ( f r o n t )=1

94 l f=length ( f r o n t ( i ) . f r ) ;

95

96 i f l f > 2

97

98 s o r t e d i n d f 1 = [ ] ;

99 s o r t e d i n d f 2 = [ ] ;

100 s o r t e d f 1 = [ ] ;

101 s o r t e d f 2 = [ ] ;

102 % s o r t i n g based on f1 and f2 ;
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103 [ s o r t e d f 1 s o r t e d i n d f 1 ]=

104 sor t rows ( chromosome sorted

105 ( rowsindex : ( rowsindex+l f =1) ,V+1)) ;

106 [ s o r t e d f 2 s o r t e d i n d f 2 ]=

107 sor t rows ( chromosome sorted

108 ( rowsindex : ( rowsindex+l f =1) ,V+2)) ;

109

110 f1min=chromosome sorted

111 ( s o r t e d i n d f 1 (1)+ rowsindex =1,V+1);

112 f1max=chromosome sorted

113 ( s o r t e d i n d f 1 ( end)+rowsindex =1,V+1);

114

115 chromosome sorted ( s o r t e d i n d f 1 (1 )

116 +rowsindex =1,V+M+2)= i n f ;

117 chromosome sorted ( s o r t e d i n d f 1 ( end )

118 +rowsindex =1,V+M+2)= i n f ;

119

120 f2min=chromosome sorted ( s o r t e d i n d f 2 (1 )

121 +rowsindex =1,V+2);

122 f2max=chromosome sorted ( s o r t e d i n d f 2 ( end )

123 +rowsindex =1,V+2);

124

125 chromosome sorted ( s o r t e d i n d f 2 (1 )

126 +rowsindex =1,V+M+3)= i n f ;

127 chromosome sorted ( s o r t e d i n d f 2 ( end )

128 +rowsindex =1,V+M+3)= i n f ;

129

130 f o r j = 2 : l ength ( f r o n t ( i ) . f r )=1

131 i f ( f1max = f1min == 0) |
132 ( f2max = f2min == 0)

133 chromosome sorted ( s o r t e d i n d f 1 ( j )

134 +rowsindex =1,V+M+2)= i n f ;

135 chromosome sorted ( s o r t e d i n d f 2 ( j )

136 +rowsindex =1,V+M+3)= i n f ;

137 e l s e

138 chromosome sorted ( s o r t e d i n d f 1 ( j )

139 +rowsindex =1,V+M+2)=

140 ( chromosome sorted ( s o r t e d i n d f 1 ( j +1)

141 +rowsindex =1,V+1)
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142 =chromosome sorted ( s o r t e d i n d f 1 ( j =1)

143 +rowsindex =1,V+1))

144 /( f1max=f1min ) ;

145 chromosome sorted ( s o r t e d i n d f 2 ( j )

146 +rowsindex =1,V+M+3)=

147 ( chromosome sorted ( s o r t e d i n d f 2 ( j +1)

148 +rowsindex =1,V+2)

149 =chromosome sorted ( s o r t e d i n d f 2 ( j =1)

150 +rowsindex =1,V+2))

151 /( f2max=f2min ) ;

152 end

153 end

154

155 e l s e

156 chromosome sorted ( rowsindex :

157 ( rowsindex+l f =1) ,V+M+2:V+M+3)= i n f ;

158 end

159 rowsindex = rowsindex + l f ;

160 end

161 chromosome sorted ( : ,V+M+4) =

162 sum( chromosome sorted

163 ( : ,V+M+2:V+M+3) ,2) ;

164 chromosome NDS CD1 =

165 [ chromosome sorted ( : , 1 :V+M)

166 z e r o s ( pop s i ze1 , 1 ) hromosome sorted

167 ( : ,V+M+1)chromosome sorted ( : ,V+M+4) ] ;

168 % Fina l Output Var iab le

169 end

170

171 %% Handling i n f e a s i b l e s o l u t i o n s

172 i f problem type==1 | problem type==0.5

173 in fpop=sort rows ( infchromosome ,V+M+1);

174 in fpop =[ in fpop ( : , 1 :V+M+1)

175 ( rank : rank=1+s i z e ( infpop , 1 ) ) ’

176 i n f *( ones ( s i z e ( infpop , 1 ) , 1 ) ) ] ;

177 f o r kk = ( s i z e ( f ront , 2 ) ) : ( s i z e ( f ront ,2))+

178 ( l ength ( infchromosome ))=1;

179 f r o n t ( kk ) . f r= pop s i z e1 +1;

180 end
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181 end

182 chromosome NDS CD = [ chromosome NDS CD1 ; in fpop ] ;

Listing B.6: parent selection

1 f unc t i on [ p a r e n t s e l e c t e d ] = t o u r s e l e c t i o n ( pool )

2

3 %% Desc r ip t i on

4

5 % 1 . Parents are s e l e c t e d from the populat ion pool

6 % f o r reproduct ion by us ing binary tournament

7 % s e l e c t i o n based on the rank and

8 % crowding d i s t anc e .

9 % 2 . An i n d i v i d u a l i s s e l e c t e d i f the rank i s

10 % l e s s e r than the other or i f crowding

11 d i s t ance i s g r e a t e r than the other .

12 % 3 . Input and output are o f same

13 % s i z e [ pop s i ze , V+M+3] .

14

15 %% Binary Tournament S e l e c t i o n

16 [ pop s i ze , d i s t anc e ]= s i z e ( pool ) ;

17 rank=dis tance =1;

18 candidate =[randperm ( p o p s i z e ) ; randperm ( p o p s i z e ) ] ’ ;

19

20 f o r i = 1 : p o p s i z e

21 parent=candidate ( i , : ) ;

22 % Two parents indexes are randomly s e l e c t e d

23 i f pool ( parent ( 1 ) , rank)˜= pool ( parent ( 2 ) , rank )

24 % For parents with d i f f e r e n t ranks

25 i f pool ( parent ( 1 ) , rank)<pool ( parent ( 2 ) , rank )

26 % Checking the rank o f two i n d i v i d u a l s

27 mincandidate=pool ( parent ( 1 ) , : ) ;

28 e l s e i f pool ( parent ( 1 ) , rank)>pool ( parent ( 2 ) , rank )

29 mincandidate=pool ( parent ( 2 ) , : ) ;

30 end

31 p a r e n t s e l e c t e d ( i , : )= mincandidate

32 % Minimum rank i n d i v i d u a l i s s e l e c t e d f i n a l l y

33 e l s e % f o r parents with same ranks

34 i f pool ( parent ( 1 ) , d i s t anc e )>pool ( parent ( 2 ) , d i s t anc e )

35 % Checking the d i s t anc e o f two parents
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36 maxcandidate=pool ( parent ( 1 ) , : ) ;

37 e l s e i f pool ( parent ( 1 ) , d i s t anc e )< pool

38 ( parent ( 2 ) , d i s t anc e )

39 maxcandidate=pool ( parent ( 2 ) , : ) ;

40 e l s e

41 temp=randperm ( 2 ) ;

42 maxcandidate=pool ( parent ( temp ( 1 ) ) , : ) ;

43 end

44 p a r e n t s e l e c t e d ( i , : )= maxcandidate

45 % Maximum d i s t anc e i n d i v i d u a l i s s e l e c t e d f i n a l l y

46 end

47 end

Listing B.7: crossover and mutation

1 f unc t i on mutated chi ld = poly mutat ion ( y )

2 g l o b a l V x l xu etam pm

3

4 %% Desc r ip t i on

5 % 1 . Input i s the c ro s sove r ed c h i l d o f s i z e (1 ,V) in

6 % the vec to r ’y ’ from ’ g e n e t i c o p e r a t o r .m’ .

7 % 2 . Output i s in the vec to r ’ mutated chi ld ’ o f s i z e (1 ,V) .

8 %% Polynomial mutation i n c l u d i n g boundary c o n s t r a i n t

9 de l=min ( ( y=x l ) , ( xu=y ) ) . / ( xu=x l ) ;

10 t=rand (1 ,V) ;

11 loc mut=t<pm;

12 u=rand (1 ,V) ;

13 de lq=(u<=0.5) .* ( ( ( (2*u)+((1=2*u).*((1 = de l ) . ˆ ( etam +1) ) ) ) .

14 ˆ(1/( etam+1)))=1)+(u>0.5).*(1=((2*(1=u))+(2*(u=0 .5) .

15 *((1= de l ) . ˆ ( etam +1 ) ) ) ) . ˆ ( 1/ ( etam +1)) ) ;

16 c=y+delq .* loc mut . * ( xu=x l ) ;

17 mutated chi ld=c ;

Listing B.8: replacement

1 f unc t i on new pop=replacement ( p o p u l a t i o n i n t e r s o r t e d , f r o n t )

2 g l o b a l p o p s i z e

3 %% Desc r ip t i on

4 % The next gene ra t i on populat ion i s formed by appending

5 % each f r o n t subsequent ly u n t i l the populat ion s i z e

6 % exceeds the cur r ent populat ion s i z e . I f When adding
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7 % a l l the i n d i v i d u a l s o f any f ront , the populat ion

8 % exceeds the populat ion s i z e , then the r equ i r ed number

9 % of remaining i n d i v i d u a l s a lone are s e l e c t e d from

10 % that p a r t i c u l a r f r o n t based on crowding d i s t anc e .

11 %% code s t a r t s

12 index =0;

13 i i =1;

14 whi le index < p o p s i z e

15 l f=length ( f r o n t ( i i ) . f r ) ;

16 i f index+l f < p o p s i z e

17 new pop ( index +1: index+l f , : )= p o p u l a t i o n i n t e r s o r t e d

18 ( index +1: index+l f , : ) ;

19 index=index+l f ;

20 e l s e

21 temp1=p o p u l a t i o n i n t e r s o r t e d ( index +1: index+l f , : ) ;

22 temp2=sort rows ( temp1 , s i z e ( temp1 , 2 ) ) ;

23 new pop ( index +1: pop s i ze , : )= temp2 ( l f =(pop s i ze=

24 index )+1: l f , : ) ;

25 index=index+l f ;

26 end

27 i i= i i +1;

28 end
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Appendix C

Result

In this appendix we include results that we have found from using the Non-

dominated Sorting Genetic Algorithm-II (NSGA-II) on the MOP Section 2.2,

Chapter 2.

The results for 300 iterations is given in Tables C.1, C.2, C.3, and C.4.

The results for 600 iterations shown in Tables C.5 and C.6.

The results for 1000 iterations is focused in Tables C.7 and C.8.

The results for rainfall 10 % more, 10 % less, 20 % more, and 20 % less than

the base level rainfall are given in Tables C.9, C.10, C.11, C.12, C.13, C.14,

C.15, C.16, C.17, C.18, C.19, C.20, C.21, and C.22 respectively.

The model results for water inflow 10 % more, 10 % less, 20 % more, and 20

% less than the base line water inflow are shown in Tables C.23, C.24, C.25,

C.26, C.27, C.28, C.29, C.30, C.31, and C.32 respectively.

The results for cyclic target environmental flow is given in Tables C.33, C.34,

C.9, C.35, C.36, C.37, and C.38.
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