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ABSTRACT

The main purpose of this thesis is to apply a genetic algorithm (GA) to the
practical multiple reservoir release problem in which various utilisations of the
multipurpose reservoirs are considered. A genetic algorithm (GA) is an optimisation
approach based on the mechanics of natural selection, derived from the theory of
natural evolution. The performance of a GA in test system called the “Four-reservoir
problem” was evaluated by Wardlaw and Sharif (1999) and demonstrated that GAs
provide robust and acceptable solutions to the problem. Their research provides the
foundation for this thesis.

The investigation of developed GA technique was carried out through
application to a real multiple reservoir system in the Mae Klong River Basin. The
simulation model of the Mae Klong River Basin conducted by the Electricity
Generating Authority of Thailand (EGAT) was used. The revised rule curves resulted
from the simulation model were used in the comparison with the results from the
optimisation model using GAs.

A real world multiple reservoir release problem was solved satisfactorily using
the GA approach. The GA run process was carried out using real-value representation
scheme, tournament selection, uniform crossover, and modified uniform mutation. The
best parameter set obtained from sensitivity analysis had a crossover probability of]
0.9, mutation probability of 0.139, which corresponds to 5 mutations per chromosome,
for a population size over 160.

The results of the GA were compared with those of EGAT’s simulation model.
The GA derived rule curves bring the higher benefits, in terms of irrigation production
and electricity production. GA rule curves also lead to the reduction of irrigation
deficits, and salinity control deficits.

In case of Srinagarind Reservoir, the space between upper rule curve and
lower rule curve of EGAT does not cover the best ruling level, which can lead to the
best utilisation. The results suggested that the upper rule curve and the lower rule
curve of Srinagarind Reservoir should be revised again in order to satisfy all demands
as much as possible and to lead to the best utilisation of water resources in the basin.

KEY WORDS : OPTIMISATION / RESERVOIRS RELEASES / GENETIC
ALGORITHMS / MAE KLONG RIVER BASIN
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CHAPTER 1
INTRODUCTION

1.1 Justification

1.1.1 Multiple Reservoir Release Problem

Water resources play an important role in the most of human’s
activities. Because of the increasing of population and economic growth, water
demand then tends to be important problem for water resources management. Several
development projects have been occurred and proceeded as the attempts to allocate
water for all activities in which water is necessary in equitable manner. Irrigation
system, dam and reservoir, water supply, and many development projects are the
obvious examples of those attempts.

However, water resources allocation problem is still not come to the
end even though several development projects seem to be success. Because of the
continuous increasing of water demand and uncertain change in quantity of water due
to seasonal change, therefore the effective management is necessary to make the
demand of water agrees with natural supply. For this reason, the studies on water
resource management are the important task to make such problem continuously
rectified.

Reservoir is one of the development projects with which water
management problem has been deal. It is the effective tool to store water that flows
rapidly in large area and to distribute it to many activities such as agricultural use,
domestic water supply, electric power generation, and other utilisation. Although dam
and reservoir are the useful construction to solve such problem, but only the effective
tool is not enough. To completely fix the problem, the effective project should come

with the effective management.
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The problem on reservoir operation relates with the approach to
maintain water level in the reservoir close to standard level as much as possible and, in
the same time, to adequately and equitably satisfy all downstream requirements.
Among different type of demands, reservoir engineer has faced the decision whether
the releases from reservoir necessary, and how much the release rate at which
upstream ecological environment, and upstream utilisation would not be affected, and

at which downstream activities would be satisfied should be.

1.1.2 Genetic Algorithms

Mathematical models are often used to make the decision. When they
are used to select the best alternative out of a large number of possibilities, they are
called optimisation (Meyer, 1985). In general case, the objective function for each
possibility can be always evaluated, in principle, and the best can be chosen.
Mathematical optimisation problems are ones where the feasible set is very large,
possibly infinite. In such problems, checking all the possibilities is impossible.
Mathematical optimisation may be thought of as a set of techniques that enable the
researchers to avoid enumerating all the possibilities in the feasible set.

For this reason, optimisation techniques are used in a wide range of
applications in many related fields including operations research, decision science and
management science as well as in decision support for a wide range of engineering
applications. Most of the techniques in use were developed to solve practical problems
to which optimal solutions were required.

Genetic Algorithms (GAs) are optimisation approach, which based
upon the mechanics of natural selection, derived from the theory of natural evolution —
hence the term evolutionary algorithms. GAs simulate mechanisms of population
genetics and natural rules of survival in pursuit of ideas of adaptation.

GA 1is a powerful optimisation approach, although as yet have seen
limited application in water resources. In case of multiple reservoir release problem,
there is only one previous application by Wardlaw and Sharif (1999). Their research
expressed that GA approach is robust and is easily applied to reservoir system

operation problem. Because of the advantages of GA as an optimisation approach on
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large and complex problems, and the successful of its application to the test system by
Wardlaw and Sharif (1999), the further study on the practical problem should be

proceeded.

1.2 Research Objectives

GAs have been applied to multiple reservoir release problem by Wardlaw and
Sharif (1999). In their research, the fundamental guidelines for implementation of the
approach to practical problems were presented. The GA approach appears to be robust
and is easily applied to complex systems. In this research, the multiple reservoir
system of the Mae Klong River Basin is considered as practical problem and is used as
a case study to be optimised by using GAs after Wardlaw and Sharif (1999)’s
guidelines. The main purpose of this research is to apply a GA to the practical multiple
reservoir release problem in which many utilisation of the multipurpose reservoir are
considered. The specific objectives are as follows:

1) to apply a GA to the multiple reservoir operation in the study area;

2) to optimise the rule curves for reservoir system in the study area;

3) to evaluate GA performance against that of conventional approach in

multiple reservoir release problem.

1.3 Scope of the Study

Formulation and characteristics of GA applied in this thesis are based on the
research by Wardlaw and Sharif (1999) through which GA approach comprises real-
value coding, tournament selection, uniform crossover and modified uniform
mutation.

The objective function and constraints used in this research are constructed on
the assumption of multipurpose reservoir operation i.e. hydropower generation,

irrigation, potable water supply and salinity control.
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1.4 Conceptual Framework

Although the construction of reservoir makes natural water available for
human’s activities, the manner by which reservoir engineers allocate water to any
utilisation is of important. Among several types of water demands, their priorities shall
be taken into account by the appropriate calculation method. In this thesis, such
method is a genetic algorithm.

Figure 1.1 illustrates the conceptual framework of this research.

Hydropower
Generation Demand
Potable Water l
Supply Demand
Multiple
Reservoir

Release
Problem

i Reservoir System
’\ Operating Rule

)

Trrigation Water
Demand

Salinity Control
Demand Representation

Schemes GA Parameters

Genetic Operators

Figure 1.1: Conceptual Framework

The problem is the allocation of water stored in each reservoir of the whole
system to serve different kinds of use. It consists of hydropower generation demand,
irrigation demand, potable water supply demand and salinity control demand. The
unreliable water provided by nature and the available water remained in each reservoir
are the limitations to the problem.

The approach used to solve the problem is genetic algorithms. The
characteristics and formulation of GA are the important factors helped the algorithm
finds the best solution to the problem. Such characteristics and formulation are

representation schemes, genetic operators and GA parameters.



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Technology of Environmental Management) / 5

The solution from GA method leads to the operating rule for reservoir system.
The operating rule can be expressed in monthly schedule of each type of releases. The
operating rule produced by GA model is considered as the most beneficial

management for multiple reservoir operation of any reservoir system.

1.5 Expected Outcomes

According to the thesis objectives, the expected outcomes of this research are
as follows:

1) the formulation and characteristics of GA, which are appropriate to the
Mae Klong River Basin reservoir operation;

2) the control rule curves of the reservoirs in the Mae Klong River Basin,
which against the existing rule curves well in terms of benefits produced and deficits

decreased.

1.6 Thesis Organisation

The rest of the thesis organised in 6 chapters.

Chapter 2 describes the basic concept of reservoir operation and provides a
review of mathematical techniques used in reservoir operation studies.

Chapter 3 presents the basis and fundamentals of the GA approach. The
different representation schemes and various genetic operators are also described. A
brief review of GA in application to water resource management problem is also
presented.

Chapter 4 describes the evaluation of GA to the multiple reservoir release
problem. The research by Wardlaw and Sharif (1999) is reviewed. The research
concerned on the application of GA approach to the well known “Four-reservoir
problem”. Several alternative formulations of GA had been evaluated and a series of
sensitivity analysis to various parameters had been carried out. The results from their
research are briefly reviewed to provide a benchmark for the application of GA to the

real world reservoir operation.
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Chapter 5 describes the characteristics of the Mae Klong River Basin, which is
a case study area implemented in this thesis. The existing water resource development
projects are also presented. In addition, the revised rule curves produced by simulation
model of Electricity Generating Authority of Thailand (EGAT) are also discussed in
this chapter.

Chapter 6 presents the application of GA in the determination of optimal
reservoir operating rules. The comparison with the revised rule curves by EGAT is
also discussed.

Finally, Chapter 7 provides the conclusions of the research. The chapter lists
the achievement of the research and outlines the limitations of the work carried out.

Recommendations for future research are also presented.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

The optimal operation of multiple reservoir system is an interesting subject in
the field of water resource engineering. This is reflected in the abundance of literature
in this field. Many mathematical techniques in application to multiple reservoir
operation are available. This chapter provides basic concepts of reservoir operation
and a general literature review of mathematic methods using in this field of study.

Following this introduction, section 2.2 presents the basic concepts of reservoir
operation. Section 2.3 is a literature review of mathematical techniques in application

to reservoir operation problem. Finally, section 2.4 is conclusions.

2.2 Reservoir Operation

Although water can be stored in several different constructions, most of the
environmental and engineering issues interest in reservoirs. Reservoirs store water
especially in periods of surplus for use during periods of deficit. The water may be for
domestic water supply, agriculture, hydropower generation or other uses.

Major topics of reservoirs deal with both design and operation. The design of a
reservoir system determines the size and location of reservoirs. Analysis of a reservoir
system is the process of determining operation policies for the reservoir system.
Operation of the reservoir system is required to check the design (Mays, 1996).

In this section, reservoirs operation is of interest, especially the operation on
reservoir releases. The outflows or releases from each reservoir are specified by its
release rule or operation policy. Reservoir releases are typically based on current

reservoir storage volumes, on downstream demand target deficits, on a specified
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minimum required release or on target storage volumes in the case of multiple

reservoirs operated as a group, as applicable (Mays, 1996).

2.2.1 Reservoir Operation Based on Downstream Demand

Releases made to meet downstream demand deficits may take priority
over the releases made based on storage volumes (Mays, 1996). As previously
described, reservoirs store water for several purposes. However, there are four

purposes of interest reviewed in this section.

a) Hydropower Generation

Energy production is a major and growing use of water. By
extracting 80 to 90 percent of the potential energy in falling water, hydropower is by
far the most efficient of the major sources of electric power generation (Mays, 1996).
Hydropower is a relatively clean power source, produces no air pollution or
radioactive waste problems. It is also a valuable by-product at projects constructed for
irrigation, domestic water supply or flood mitigation. No water is consumed directly
by its process, but the timing of streamflows is altered, and water is evaporated from
the reservoirs and creates a hydraulic head. Unfortunately, the construction and
operation of hydropower projects sometimes conflict with other river uses and have an
adverse impact on the river environment.

Knowledge of the basic principles of hydropower engineering is
important for any engineer involved in the planning, design, and management of water
resource projects. To meet the current needs and environmental requirements, the
operational plans must be periodically updated. Those needs and requirements for
hydropower operation are dependent on the demand of electricity. The demand varies
over the course of the day, ranging from a minimum in the early hours of the morning
to peak loads in late morning or early evening (Mays, 1996).

The optimum loading of hydropower would be to use it for
carrying peak load, which is the highest portion of the load occurring for only a few

hours a day, because it would displace the system’s most expensive fuel-burning
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power plants (Mays, 1996). Several hydropower projects are operated in this manner.
Some project, however, is constrained from peaking operation by operating limits
designed to protect the environment and other project purposes and are constrained by

limited storage.

b) Irrigation

The water supporting agricultural production generally comes
from two basic sources i.e. natural support and manmade support, which is so called
irrigation. While the demand of water for agriculture exists for all year, but nature can
provide water only on wet season. Precipitation, however, is effective only when it
remains in the soil and is available to plants, or otherwise offsets a requirement for
leaching water (Linsley, Kohler and Paulhus, 1982). Local runoff is not available to
crops. Moreover, many cropped areas have been affected by unreliable rainfall.
Therefore, the effectiveness of rainfall is dependent on its fortuitous occurrence
following irrigation (Linsley, Kohler and Paulhus, 1982). For this reason, irrigation
becomes the solution to the scarcity of water for agriculture especially on dry season.

Irrigation generally requires the construction of storage
reservoirs. They may serve as the main storage reservoir at the head of an irrigation
system or as regulatory reservoirs within the irrigation system. The latter are
particularly useful in managing large irrigation systems with long canals and pipelines
(Mays, 1996). However, this research concerns on only reservoir at the head of an
irrigation system.

The reservoir releases for irrigation depend on the total
irrigation water requirement, which is the consumptive use less the expected
contribution from precipitation plus any losses associated with delivery and
application of the water. In some cases it is also necessary to provide for excess
irrigation water to leach accumulating salts from the soil, since removal by the
evapotranspiration process is minimal (Linsley et al., 1982).

The design and allocation of the irrigation system are beyond

the scope of this thesis. There are several recent papers given excellent discussion on
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water allocation of irrigation system (e.g. Wardlaw and Bhaktikul, 2001, Wardlaw and
Barnes, 1999).

¢) Potable Water Supply

Since the low flow in the river or stream is not adequate for the
domestic demand of water, reservoir construction for water supply is the attractive
choice to overcome such problem. The advantages of using reservoir as a raw water
source for potable water supply are the low maintenance cost and the convenience in
water quality monitoring. Moreover, water scarcity can be minimised by reservoir
balance planning.

The operation policy for potable water supply is related to the
inflows and storage capacity and depends on the demand of water, which is the
function of population and per capita consumption. For more complete calculation of
domestic water demands, the type of uses must be classified as residential use,

commercial use, industrial use and public use.

d) Salinity Control

Salinity control is necessary for the survival of the agricultural
area in the vicinity of the sea. The damage from salinity includes the flowing back of
saline water from the sea, salinity intrusion, and the impact from salt-farming and
shrimp-farming activities on nearby lands.

In order to prevent salinity problem, salinity control reservoir
must release water in the minimum rate at which flowing back at the river mouth can
be forced back to the sea.

The alternative approaches are available; the construction of
dike barrier on right and left bank of the river or the construction of gate regulators at

necessary locations, for example.
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2.2.2 Reservoir Operation Based on Storage Volumes

This section reviews reservoir operation using rule curve. The principle
of reservoir operation using rule curve is to operate by keeping the level of storage
close to the rule curve level as much as possible. Reservoir operation using rule curve
leads to maximum benefit in long-term utilisation and is the principle using in
reservoir operation of the Mae Klong Basin.

Reservoir operation using rule curve can be classified by water situation

to be 3 case of operation.

a) Normal Reservoir Operation

In normal situation in which water provided by nature is
sufficient for every demand, the approach to operate any reservoir is to keep the water
level in reservoir under the upper rule curve (URC) and, in the same time, close to the
upper rule curve as much as possible.

Upper rule curve is the highest level of storage for reservoir
operation in any time period of interest. When water level has increased over this rule
curve, the storage should be released through the turbines of the power generator in

full capacity in order to keep the storage level under the rule curve.

b) Flood Reservoir Operation

Flood reservoir operation or emergency reservoir operation is
the operation in the period that large volume of inflow immediately fills the reservoir.
In general, such situation might occur in the monsoon season. The approach to operate
reservoir in flood reservoir operation period is to maintain the water level in reservoir
under flood control rule curve (FCRC).

Flood control rule curve is the water level designed to control
reservoir releases in flood season. If the water level increases over this rule curve, it
must be released through spillways urgently. This operation is the preparation for large

volume of floodwater, which might happens in flood season. The condition is that, in
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situation of designed flood with operation by flood control rule curve, the water level
must not be over the maximum water level of reservoir.

In some case, flood control rule curve is set to be the same level
to the normal high water level (NHWL). This means that if the designed flood happens
when the storage is at normal high water level and spillways are opened in accordance
with the operating rule, the surcharge will not over the maximum water level of

reservoir.

¢) Deficit Reservoir Operation

Deficit reservoir operation is the operation continued from
normal reservoir operation but emphasised on water shortage period, which may
extremely affects the storage volume of reservoir. In deficit period, reservoir is
normally operated by lower rule curve (LRC).

Lower rule curve is the requirement of water level or water
storage remained in the reservoir in order not to cause the shortage problem in critical
period. This rule curve ensures that there is water available enough for any necessary
demand in such critical period. Lower rule curve is normally set proportional to live
storage under upper rule curve of reservoir (between upper rule curve and minimum

water level).

2.3 Mathematical Programming Techniques in Application to

Reservoir Operation

2.3.1 Linear Programming

Randall, Houck and Wright (1990) used linear programming (LP) to
study the operation, during drought, of a water system consisting of multiple reservoir,
groundwater, treatment plants and distribution facilities. The objective was to
maximise the net revenues, which were the different between the cost of production
and the sale price of water; maximise reliability, expressed as the minimum of the

ratios of consumption to demand for each water use deficit; maximise reservoir
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storage at the end of the operating period; and maximise the minimum flows in the
streams.

2.3.2 Dynamic Programming

Heidari et al. (1971) solved the test system called “Four-reservoir
problem” by using optimisation approach called discrete differential dynamic
programming (DDDP), which is an iterative techniques in which the recursive
equation of traditional dynamic programming (DP) is used to search for an improved
trajectory among the discrete states in the neighbourhood of a trial trajectory. This can
be done by starting with a trial trajectory satisfying a specific set of initial and final
storage and applying Bellman’s recursive equation in the neighbourhood of this
trajectory. At the end of each iteration step a locally improved trajectory was obtained
and was used as the trial trajectory in the next step. The results demonstrated that the
known solution to the problem can be obtained, and the solution converged to the
optimal trajectory. Moreover, the two major difficulties of traditional DP i.e. memory
requirements and computer time requirements can be overcome.

Murray and Yakowitz (1979) described and analysed a successive
approximation dynamic programming technique, which is the efficient procedure
available for solving multiple reservoir release problem. A particularly important
feature of the method is that the memory and computational requirements do not grow
exponentially with the dimension of the state or decision variables. Another is that
discretisation state and control space is not required. The differential dynamic
programming (DDP) was modified in application to certain constrained sequential
decision problems such as “Four-reservoir problem” and “Ten-reservoir problem”.
The DDP was found to quickly locate solutions of Four-reservoir problem introduced
by other investigations as well as the solution of a Ten-reservoir problem thought to be
beyond the capability of alternative methods.

Faber and Stedinger (2001) used ensemble streamflow prediction (ESP)
forecasts as the basis of a sampling stochastic dynamic programming (SSDP) model to
optimise reservoir operations. The SSDP optimisation algorithm, which is driven by
individual streamflow scenarios, allows the ESP forecast traces to be employed

directly, taking full advantage of the description of streamflow variability and
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temporal and spatial correlations captured within the traces. The use of ESP forecasts
with the SSDP algorithm produced more efficient operating decisions than did an
SSDP model that used an appropriately weighted and representative subset of the
historical streamflow time series with snowmelt-season volume forecasts. The
SSDP/ESP algorithm was better able to assess the trade-off between immediate
benefits and the expected value of water in the future. A simple two-stage decision
model , which is the combination of multiple deterministic optimisations, also
provided more efficient operating decisions than a sophisticated SSDP model
employing historical time series coupled with snowmelt-season volume forecasts.
Both models were driven by an approximately weighted and representative subset of

the original forecast and streamflow samples.

2.3.3 Artificial Neural Networks

Jain, Das and Srivastava (1999) applied artificial neural networks
(ANNs) for reservoir inflow prediction and operation to the Upper Indravati
multipurpose project, in the state of Orissa, India. In this study, an autoregressive
integrated moving average time-series model and an ANN-based model were
compared. The ANN was found to model the high flows better, whereas low flows
were better predicted through the autoregressive integrated moving average model.
Furthermore, reservoir operation policies were formulated through DP. The optimal
release was related with storage, inflow, and demand through linear and non-linear
regression and the ANN. The results indicate that the ANN is a powerful tool for
input-output mapping and can be effectively used for reservoir inflow forecasting and

operation.

2.3.4 Combined Methods

Cai, McKinney and Lasdon (2001) described strategies for solving
large non-linear water resource model management, which combine GAs with LP
texhnique. The key idea is to identify a set of complicating variables in the model,

which, when fixed, render the problem linear in the remaining variables. The
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complicating variables are then varied by a GA. This GAs & LP approach was applied
to a reservoir operation model with non-linear hydropower generation equations and
non-linear reservoir topologic equations, and was compared with solutions attained by
CONOPT?2. Conclusion was presented that, for smaller instances, the CONOPT2 non-
linear solver is more accurate and faster, but for larger instances, the GAs & LP

approach finds solutions with significantly better objective values.

2.4 Conclusions

The basic concepts of reservoir operation are described in this chapter. In
practical, the operation based on downstream demand should be in consistent with the
storage available. The development of rule curve, consequently, shall consider both
storage volume and downstream requirements.

The literature review shows the evident of some application of mathematical
approach to the study of reservoir system operation. Each technique has its own
advantages and limitations to the problem. GA also has its own advantages in their
robust and efficiency in application to large and complex problems. Their basic

concepts are described in the next chapter.
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CHAPTER 3
GENETIC ALGORITHMS

3.1 Introduction

In recent years, genetic algorithms (GAs) have become popular among
researchers as a robust and general optimisation technique. The approach has been
successfully applied to various fields of studies. The results of employment of GAs to
a wide variety of problems have indicated their potential in the application to water
resource management. This chapter describes the basic concept, working procedure,
and some application to various water resource problems.

The chapter organisation is as follows. Section 3.2 gives the definition and the
basic of GA. Alternative representation schemes are discussed in section 3.3. Section
3.4 describes the genetic operators of a GA. The general review of the application of
GA to water resource management is presented in section 3.5. The chapter ends with

the conclusions in section 3.6.

3.2 Basis of Genetic Algorithms

A Genetic Algorithm (GA) is an optimisation approach based on the
mechanics of natural selection, derived from the theory of natural evolution. GAs
create a set of artificial chromosomes representing the value of variables, and
reproduce a new generation by using bits and pieces of the fittest of the old and
introducing new bits and pieces for better measure. They do this process time after
time to find the string, which represents the optimal solution.

The study of GAs originated in the mid 1970s (Holland, 1975). They have
become a powerful optimisation approach, although as yet have seen limited

application in water resources.
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GAs are different from other optimisation methods in four significant ways
(Goldberg, 1989):

1) GAs work with a coding of the parameter set, not the parameters
themselves;

2) GAs search from a population of points, not a single point;

3) GAs use objective function information, not derivatives or other auxiliary
knowledge;

4) GAs use probabilistic transition rules, not deterministic rules.

Comparing with other traditional optimisation and search methods such as
calculus-based methods, enumerative schemes, random search algorithms, and other
conventional approaches, a GA is more effective especially in the complex problems
in which the search space may include discontinuities and may often include a number
of sub-optimum peaks. A GA is a robust method for searching the optimum solution to
complex problems, even though it may not always necessarily lead to the best possible
solution (Michalewicz, 1996). GAs work from a rich database of points
simultaneously (a population of strings), climbing many peaks in parallel; thus, the
probability of finding a false peak is reduced over methods that go point to point
(Goldberg, 1989).

A GA generally represents a solution using strings (or chromosomes in the
biological terminology) of variables that represent the problem. Each string comprises
a number of blocks (Figure 3.1), which represent the individual decision variables of
the problem (genes in biological terminology). In early GAs, the genes were
comprised of binary bits (alleles in biological terminology), which may encode
integers, real numbers, sets or whatever else was appropriate to the problem. In most
recent studies, real-value coding is now proving more effective in many problems than

binary coding.
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gene 1 gene 2 gene 3 gene 4

Figure 3.1: Sample of a chromosome comprises 4 genes, each gene has 3
alleles

Source: Bhaktikul (2001)

Coding components of possible solutions into a chromosome is the first part of
a GA formulation. The number of genes comprised the string depends on the decision
variables of the objective function of the problem. The fitness of a chromosome as a
candidate solution to a problem is an expression of the value of the objective function
represented by it. It is also a function of the problem constraints and may be modified
through the introduction of penalties when constraints are not satisfied.

The population of strings (or chromosomes) are processed and combined
through a series of genetic operators according to their fitness to produce successive
fitter chromosomes. The genetic operators used in the reproductive process are
selection, crossover and mutation. Chromosomes in the population with high fitness
values have high probability of being selected to next generations. Combination is
achieved through the crossover of pieces of genetic material between selected
chromosomes. Mutation allows for the random mutations of bits of information in
individual genes. Through successive generations, fitness should progressively
improve, and at the end of the evolution process, a chromosome representing an
optimal (or near optimal) solution should be obtained.

Excellent introductions to GAs are given by Goldberg (1989) and by
Michalewicz (1996), and several recent papers give summaries of the essentials (e.g.

Wardlaw and Bhaktikul, 2001, Wardlaw and Sharif, 1999).

3.3 Representation Schemes

In a GA, an appropriate genetic representation for potential solutions to a

particular problem must be defined. An alternative approach to formulation of the GA
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is to use a representation appropriate to the components of the problem. Traditionally,
GAs have used binary coding. A string of bits can encode integers, real number or
anything else appropriate to a problem. However, real-value chromosomes have been
used with success by various researchers (e.g. Wardlaw and Bhaktikul, 2001, Wardlaw
and Sharif, 1999), and is now gaining popularity.

There are three types of representation schemes generally used i.e. binary,

Gray and real-value representation. Each of them is briefly discussed below.

3.3.1 Binary Representation

Binary representation scheme is a representation in which chromosome
represented by a string of binary bits. Binary strings are easy to operate on and within
any gene, binary representations can be mapped to values in the range feasible for the
variable represented (Goldberg, 1989). Following the operations of reproduction, the
fitness of a particular chromosome is evaluated after the binary values are decoded
back into their original form. Gene lengths can be modified to permit various levels of
precision. If greater precision is required in the decimal values represented, then
additional bits must be introduced to a gene. However, long string can slow down

execution time and also making convergence more difficult.

3.3.2 Gray Representation

Binary coding of variables permits large jumps in variable values
between generations, which can lead to difficulty in converging to a good solution.
This can be overcome to some extent through the use of Gray coding (Goldberg,
1989). In which the binary representation of two adjacent variable values changes by
only one binary digit. In Gray coded string, the bitwise mutation operator causes less
disruption to the solution because the effect of flipping a single bit is smaller most of
the time.

Table 3.1 shows the correspondence between coded substrings for

binary and Gray coding.
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Table 3.1:  Sample of adjacent decoding in a binary and Gray coding

Binary Coding  Gray Coding

Decimal Value

000
001
010
011
100
101
110
111

000
001
011
010
110
111
101
100

~N O D»n Rk~ W

Source: Bhaktikul (2001)

3.3.3 Real-value Representation

For problems where the function arguments are integer of real values,

integer or real-value representation may be used. In a real-value coding, individual

genes of a chromosome are initially allocated valued randomly within the feasible

limits of the variable represented. There are significant advantages in not wasting

computer time on decoding for objective function evaluation, although a more careful

approach to mutation is required. Moreover, there is no discretisation of the decision

variable space in real-value coding; therefore greater precision is possible. This is

another advantage of this representation. For real value optimisation problems, real-

value representation outperforms binary representation because it is more consistent,

more precise and leads to faster execution (Michalewicz, 1996).
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3.4 Genetic Operators

3.4.1 The Selection Operator

Selection operator is the procedure by which strings are chosen for
participation in the reproduction process. The probability of chromosomes to be
selected depends on their fitness. The fittest strings have the highest probability of
being used in reproduction. There are several approaches to selection, all of which
determine the probability of selection as a function of fitness. The common approaches

are discussed below.
a) Proportional Selection
A popular selection approach is proportional selection in which
probability of selection of an individual is calculated by dividing its fitness by the

summation of the fitness of all strings in that generation. This can be written as

following equation:

A (3.1)

where P; = probability of selection,
fi = fitness of individual chromosome (7) in that generation,
n = population size.

The fitness proportional selection scheme may lead to premature
convergence, however, due to high selective pressure, which influences the degree to
which the best individuals are favored. The diversity in the population depends upon
the selective pressure — a high selective pressure may lead to a rapid convergence, but
often convergence to a sub-optimal solution, while a low selective pressure may result
in a greater number of generations being required before convergence to an acceptable

solution is achieved.
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b) Rank Selection

Various rank selection schemes are in use (Michalewicz, 1996).
This type of selection tends to ensure that good chromosomes have higher chances of
being selected for the next generation. Ranking schemes operate by sorting the
population on the basis of fitness values and then assigning a probability of selection
to individual strings based upon their rank. A constant selection differential is
maintained between the worst and the best individuals in the population. A drawback

1s that information on the relative fitness of the individuals is not used.

¢) Tournament Selection

In tournament selection, a group of individuals is chosen at
random from the population, and the individual with the highest fitness is selected for
further genetic process. The procedure is repeated until the appropriate number of
individuals is selected for the new generation. The approach had originally been
developed with groups of two individuals and was called binary tournament selection,

but larger groups lead to greater diversity and a smoother progression to a solution.

3.4.2 The Crossover Operator

Crossover is an extremely important part of a GA. The general theory
behind the crossover operation is that by exchanging genes between pair of
chromosomes in a population that perform well. The GA attempts to create new
strings that preserve the best genetic material from two parent strings.

The number of strings in which material is exchanged is controlled by
the crossover probability, which is an input to a GA. The crossover probability is
usually in the range of 0.5 and 1.0. Goldberg (1989) and Michalewicz (1996)
described the following methods of crossover:

1) One-point crossover;

2) Two-point crossover;

3) Uniform crossover.
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One-point crossover

Two-point crossover

Uniform crossover

Figure 3.2: Approaches to crossover
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Figure 3.2 gives an indication of how the above approaches operate. In
one-point crossover, genetic material is simply exchanged about some point, which is
randomly selected in the chromosome length. Two new chromosomes are created by
swapping all genes between such positions and the last genes. In two-point crossover,
genetic material between two positions chosen at random along the chromosome
length is exchanged. Uniform crossover operates on individual genes of the selected
chromosome, rather than on blocks of genetic material, and each gene is considered in
turn for possible crossover or exchange. The use of uniform crossover leads to greater
population diversity.

An important aspect of crossover in application to a multivariate
problem in binary coding is that crossover should occur only at gene boundaries,
because each gene consists of alleles, or bits, and crossover may split the genes. This
is not an issue for real-value coding. In real-value coding, the gene comprises a single

allele and is itself the variable value.

3.4.3 The Mutation Operator

Mutation is an important process that permits new genetic material to
be introduced to a population. A mutation probability is specified that permits random
mutations to be made to individual genes. In binary representation, individual alleles
or bits of a gene simply have their value changed from a 0 to 1 or vice versa.

For real-value representation, two basic approaches are uniform
mutation and non-uniform mutation (Michalewicz, 1996). In uniform mutation, the
value of a gene can be mutated randomly within its feasible range of values, possibly
resulting in significant modification of otherwise good solutions. One of the problems
with uniform mutation in real-value representation is that otherwise good solutions can
be disturbed by the mutation process. This can be overcome through non-uniform
mutation in which the amount by which genes are mutated can be reduced as a run
progress and can therefore help in the later generations to fine tune the solutions.

In this study, a modified uniform mutation is used. Modified uniform
mutation permits modification of a gene by a specified amount, which may be either

positive or negative.
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3.5 Application of Genetic Algorithms to Water Resource Problems

3.5.1 Reservoir Operation

Wardlaw and Sharif (1999) evaluated GAs for optimal reservoir
system operation using the Four-reservoir, deterministic, finite-horizon problem with a
view to presenting fundamental guidelines for implementation of the approach to
practical problems. Alternative representation, selection, crossover and mutation
schemes were considered. Conclusion was presented that the most promising GA
approach for the Four-reservoir problem comprises real-value coding, tournament
selection, uniform crossover and modified uniform mutation. A non-linear Four-
reservoir problem was also considered, along with one with extended time horizons.
The results demonstrated that a GA could be satisfactorily used in real time operations
with stochastically generated inflows. A more complex Ten-reservoir problem was
also considered, and results demonstrated that the GA approach is capable of

addressing large problems.

3.5.2 [Irrigation System

Chen (1997) improved conventional GAs by introducing new
crossover and mutation approaches. These new operators are sequence crossover and
homo-crossover, multi-points crossover and multi-points mutation. In addition, the
optimum management of an irrigation problem was solved as an example of the
application of these new methods. Moreover, the methods that divide the whole
searching space into several sub-spaces and that process the actions simultaneously are
adopted. Through that the period of searching is decreased.

Kuo, Merkley and Liu (2000) presented a model based on on-farm
irrigation scheduling and the simple GA optimisation method for decision support in
irrigation project planning. The model was applied to an irrigation project located in
Delta, Utah, for optimising economic profits, simulating the water requirement, crop
yields and estimating the related crop area percentage with specified water supply and

planted area constraints. The user-interface model generated daily weather data based
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on long-term monthly average and standard deviation data. The generated daily
weather data were then applied to simulate the daily crop water demand and relative
crop yield. Information on relative crop yield and water demand allowed the GA to
optimise the objective function for maximising the project benefits. The GA
performed quite well and the optimal planning was obtained.

Montesinos, Camacho and Alvarez (2001) implemented a seasonal
furrow irrigation model based on the concept of a comprehensive irrigation system
using a Visual Basic program, OPTIMEC (EConomic OPTIMization in Spanish). The
main purpose of OPTIMEC is to plan the irrigation season given possible irrigation
management constraints and the non-availability of real-time data. OPTIMEC
determines a quasi-optimum irrigation season calendar based on economic profit
maximisation from a set of climatological, soil, furrow geometry and crop data for
sloping and runoff furrows. The model features four components; a soil moisture
model, an irrigation hydraulic model, a crop yield model and economic optimisation
module. This module uses GA to find a quasi-global optimum combination of
irrigation events that maximises net profit. The study area is located in Cordoba,
southern Spain. The problem is to find the best combination of weekly irrigation
events during the season. A maximisation approach based on traditional optimisation
technique is not easy due to the difficulties in establishing an explicit function relating
profit, water depth and flow rate. This disadvantage was overcome using GA
optimisation based approach, and the model achieved quasi-optimal solutions
according to scheduling management and economic criteria.

Wardlaw and Bhaktikul (2001) applied GAs to the water allocation
problem using a simple test network and a more complex network on which the
sensitivity of various GA approaches could be tested. Not only alternative
representation, selection, crossover and mutation schemes were evaluated, comparison
between the set up of GA using irrigation supplies and canal flows represented in a
chromosome and that of using only canal flows as the decision variables was also
determined. The experiment concluded that the GA set up with real-value
representation, proportional selection, one-point crossover, non-uniform mutation and
formulation in terms of canal flows alone produced good results on both test systems.

The application to the real irrigation system was also considered. The results from GA
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application to the relatively simple test systems were used in the Tukad Ayung
Irrigation System in Bali. The results demonstrated that the GA approach produced
acceptable solution but offered no real advantage over the quadratic programming
(QP) approach.

Wardlaw and Bhaktikul (2004) applied GA to two lateral canal
scheduling problems. They are concerned with matching water demands from lateral
canals with available supplies. In application to Hetao irrigation system, which is
located at the Inner Mongolia region of China, the solutions obtained by GA were
compared with those of 0-1 LP technique. The results indicated that GA produced
greater water delivery and no constraint violations over the results produced by 0-1 LP
formulation. In application to the single period and multiperiod problems, the mixed
integer programming (IP) technique was used to compare with GA technique. The
single period problem included an assumption that farmers would prespecify when
within a rotational cycle they would like to receive their supplies. The multiperiod
application is the application in which farmers who did not receive water close to their
requested time in one rotational cycle would be given a higher priority in the next
rotational cycle. The results produced by GA almost identical to those of IP technique.
The main advantage over the IP approach is in execution time, the ability to deal with

larger and more complex problems and its flexibility in application.

3.5.3 Rainfall-runoff Modeling

Wang (1996) introduced and used GA to calibrate a conceptual
rainfall-runoff model with nine parameters. A hypothetical example in which the three
optimum set of parameter values was known by assumption, was used to examine
whether the GA was capable of finding that optimum. The performance of the GA in
model parameter calibration was then studied using real data from four catchments;
Bird Creek, Wollombi, Kizu and Halton. The GA was always able to find an objective
function value very close to the global optimum. In some run, the search located at a
local optimum, but this happened only when the objective function value of the local

optimum was similar to that of the global optimum, lacking a clearly unique optimum.
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For more efficient use of the GA, combination of an approximate search using the GA
and fine tuning using a standard search technique was shown to perform excellently.

Cooper, Nguyen, and Nicell (1997) investigated the performance of
three probabilistic optimisation techniques for calibrating the Tank model, which is a
hydrologic model typical of conceptual rainfall — runoff models. These methods are
the shuffled complex evolution (SCE), genetic algorithms (GAs), and simulated
annealing (SA) methods. It was found that performances depended on the choice of
the objective function considered and also on the position of the start of the
optimisation search relative to the global optimum. Of the three global optimisation
methods in the study, the SCE method provided better estimates of the optimal
solution than the GAs and SA methods. With respect to the efficiency of those
methods, as expressed by number of iterations for convergence, the SCE and the GAs
methods were more efficient than SA method.

Ndiritu and Daniell (2001) modified the standard GA through a fine-
tuning strategy involving automatic search range reduction, a hillclimbing strategy
consisting of automatic search range shift to the promising regions of search and the
use of independent subpopulation searches coupled with shuffling. The degree of
search space reduction and shifting were determined by the distribution of the best
parameter values in the previous generations and were implemented after every
specified number of generations. If the best parameter value in successive generations
was clustering in a small part of the search range, a higher level of range reduction was
used. The search shift was based on the deviation from the middle of the current
search range of the best parameter values of a specified number of previous
generations. With each independent subpopulation, a search had performed until an
optimum was achieved. Shuffling was then performed and new subpopulation search
spaces were obtained. The modified GA was applied to the rainfall-runoff model
calibration and function optimisation. The SIXPAR rainfall-runoff model, the Hartman
function and the Griewank function were used in this research. The improved GA
effectively located the global optima of the three test problems at varying levels of
efficiency, while the simple GA performs poorly with all three. However, the

improved GA was less efficient than the shuffled complex evolution (SCE-UA)
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method for the SIXPAR rainfall-runoff model calibration and the Griewank function.
The modified GA can therefore be considered effective but not always efficient.
Cheng, Ou and Chau (2002) presented an automatic calibration
methodology for the Xinanjiang model that has been successfully and widely applied
in China. The automatic calibration of the model consists of two parts; water balance
parameter and runoff routing parameter calibration. The former is based on a simple
genetic algorithm (GA). The latter is based on a new method which combines a fuzzy
optimal model (FOM) with a GA for solving the multiple objective runoff routing
parameters calibration problem. The GA with multiple objectives in this research is
different from the simple GA that the specific fitness where the membership degree of
alternative obtained by FOM with limited alternatives and multiple objectives is
employed. The parameter calibration includes optimisation of multiple objectives;
peak discharge, peak time and total runoff volume. The Shuangpai Reservoir was
applied to calibrate and verify the model parameters. Results of this study showed that
the hybrid methodology of GAs and the FOM is not only capable of exploiting more

the important characteristics of floods but also efficient and robust.

3.5.4 Groundwater Management

McKinney and Lin (1994) solved three groundwater management
problems; maximum pumping from an aquifer, minimum cost water supply
development and minimum cost aquifer remediation, by using GAs. In maximum
pumping rate problem, the GA result agreed well with the LP solution. In minimum
cost pumping problem, the NLP and GA solutions agreed very closely as far as the
total pumping and total cost were concerned. In minimum cost pump-and-treat
remediation system design, the GA result also agreed well with the NLP solution. The
results from all three examples showed that GA can effectively and efficiently be used
to obtain globally optimal solutions to groundwater management problem.

Ritzel. Eheart and Ranjithan (1994) applied GA to a multiple objective
groundwater pollution containment problem, which involves finding the set of optimal
solutions on the trade-off curve between the reliability and cost of a hydraulic

containment system. The decision variables were number of wells, well locations and
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pumping rates. Two GA formulations were developed: a vector-evaluated GA
(VEGA) and a Pareto GA. VEGA is similar to a simple GA in every way except for
the manner in which selection is performed. During the selection phase, a fraction of
the surviving population is selected for each of the objectives by the selection ratio
based on reliability to the fraction selected via cost. Pareto GA involves finding the set
of strings in the population that are Pareto non-dominated by the rest of the population,
assigned them the highest rank and eliminated from further contention. This process
continues in such population until the population is suitably ranked. The resulting rank
is then used to determine a string’s fitness, with the strings closest to the non-
dominated frontier having the greatest fitness. For the zero-fixed cost situation, the
Pareto GA was shown to be superior to the VEGA and produced a trade-off curve
similar to that obtained by mixed integer chance constrained programming (MICCP).
The Pareto GA was shown to be capable of incorporating the fixed cost associated
with installing a system of wells.

Cieniawski, Eheart and Ranjithan (1995) investigated GA in
optimisation of groundwater monitoring problem. The objective is to generate an
entire trade-off curve of reliability versus contaminated area, in other word, to
maximise reliability and to minimise contaminated area at the time of first detection,
separately yet simultaneously. The GA based solution method has a distinct advantage
over traditional multiple objective programming approaches because it can generate
both convex and non-convex points of the trade-off curve, accommodate non-linearity
in the two objective functions and not be restricted by the peculiarities of a weighted
objective function. Four GA formulations were developed. The only difference
between them is in the method that each formulation uses to determine a fitness value.
Their performances in generating the trade-off curve were evaluated and were
compared with each other and also with simulated annealing (SA) approach. SA relied
on a weighted objective function, while all of the GA formulations were able to find a
larger number of convex and non-convex points of trade-off curve in a single iteration
of GA, but several SA iterations were required to generate a trade-off curve. However,
none of the GA formulations demonstrated the ability to generate the entire trade-off

curve in a single iteration.
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Huang and Mayer (1997) applied GA to search for optimal pumping
rates and the discrete space of well locations. The optimisation model was applied to
hypothetical, three-dimensional, contaminated aquifer systems with homogeneous and
heterogeneous porous media properties. This research presented a new formulation in
which the pumping rates and well locations were used explicitly by defining the well
locations as discrete functions in space and time. This approach produced the optimal
well locations and pumping rates more effectively than the existing fixed-well
formulation. The study of the impact of objective function formulation resulted that
although a linear objective function identified some of the optimal well locations, it
also produced a higher pumping rate, which resulted in higher remediation costs,
compared with non-linear objective function. Optimal well locations were found along
the mass centerline of the contaminant plumes and in high-permeability areas in the
heterogeneous system. The well location search path and convergence behavior
indicated that the GA is an effective approach and that well location optimisation is
more important than pumping rate optimisation.

Wang and Zheng (1998) coupled GA and simulated annealing (SA)
with MODFLOW, a commonly used groundwater flow simulation code, for optimal
management of groundwater resources under general conditions. The coupled
simulation-optimisation models allow for multiple management periods in which
optimal pumping rates vary with time to reflect the changing flow conditions. The
models are first applied to two dimensional maximum yield and minimum cost water
supply problems with a single management period, and then to a multiple management
period problem. The strengths and limitations of the GA and SA based models are
evaluated by comparing the results with those obtained using linear programming,
non-linear programming, and differential dynamic programming. For the three
examples problems examined, the GA and SA based models yield nearly identical or
better solutions than the various programming methods. While SA tends to outperform
GA in terms of the number of forward simulations needed, it uses more empirical
control parameters, which have significant impact on solution efficiency but are
difficult to determine.

Smalley, Minsker and Goldberg (2000) developed a risk-based

groundwater management model, which combines contaminant fate and transport
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simulation models and health risk assessment procedures with a noisy GA. The model
was presented that simultaneously predicts risk and proposes cost-effective options for
reducing risk to acceptable levels under conditions of uncertainty. Noisy GAs are
simply ordinary GAs that operate in noisy environments. The noise that exists in
certain environments can be defined as any factor that hinders the accurate evaluation
of the fitness of a given trial design. The noisy GA used sampling from parameter
distributions to assess the performance of candidate designs. The model was applied to
a realistic case study developed from published data of Borden, Ontario. The results
showed that the noisy GA was capable of identifying highly reliable designs from a
small number of samples, a significant advantage for computationally intensive
groundwater management models. Finally, it was shown that the time-dependent costs
associated with monitoring and the remediation design selected, illustrating the
potential importance of including variable remediation periods and a realistic objective

function in risk management models.

3.5.5 Wastewater Management

Chen and Cheng (1998) used GA and fuzzy mathematical
programming in identifying optimal strategies for water pollution control in the river
basin. GAs allowed multi-criteria decision making with respect to both non-linear
feature and fuzzy characteristics to be incorporated directly into the optimisation
process and generate trade-off curves between cost and environmental quality while
identifying good control strategies. The uncertainty involved in water quality
management can then be properly handled within the decision making process when
siting wastewater treatment facilities at several control locations. A case study of
Tseng-Wen River Basin, Taiwan, was used to verify such a mechanism, and the results
satisfactorily indicated the requirement of the treatment in the river system.

Schiitze, Butler and Beck (1999) analysed the potential of integrated
control of the urban wastewater system. Assembly and implementation of an
integrated simulation and optimisation tool named SYNOPSIS, which is a software
package allowed water quantity and quality processes in the urban wastewater system

to be simulated. Moreover, optimisation modules included in this tool can be applied
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for off-line optimisation of control strategies. The optimisation algorithm aims at
maximisation of an objective function, which describes the effects on the urban
wastewater system of the control strategy applied. A controlled random search (CRS),
a genetic algorithm (GA) and a derivative-free local optimisation procedure had been
implemented as options for the optimisation procedure. However, the optimisation
procedure found to be most successful was a CRS. This procedure was carried out in a
semi-hypothetical case study site. Results obtained for this case study suggest that
integrated control of the urban wastewater system can indeed lead to some
improvement of its performance.

Yagi and Shiba (1999) applied fuzzy logic control and GAs to
achieved improved pump operation in a combined sewer pumping station. Pumping
rates were determined by fuzzy inference and fuzzy control rules corresponding to
input variables. GAs were used to automatically improve the fuzzy control rules
though genetic operations. A stormwater runoff model was used to investigate the
effects of different fitness functions and learning conditions. It was found that current
pump operations can be improved by using additional information of the sewer water
quality, and the improved operations can reduce not only floods in the drainage area

but also pollutant loads discharged to the receiving waters.

3.6 Conclusions

The essentials of the GA technique have been discussed in this chapter. An
introduction to various representation schemes and genetic operators has been
provided. General review of some application of GA to water resource problems has
also been presented. It is concluded that a wide variety of problems from diverse fields
have been solved using GA approach, and there is an increasing number of researchers
using this technique to solve difficult engineering problems. The GA approach
presented in this chapter is applied in the subsequent chapter to optimise the multiple

reservoirs operation problem.
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CHAPTER 4
APPLICATION TO FOUR-RESERVOIR PROBLEM

4.1 Introduction

This chapter provides a specific review on the research by Wardlaw and Sharif
(1999), which is the foundation of this thesis. The objective of the research, research
problem and the results are briefly discussed for better understanding.

This thesis builds on recent investigations by Wardlaws and Sharif (1999),
addressing the reservoir system operation. The research by Wardlaw and Sharif (1999)
was concerned specifically with the optimal reservoir system operation in the test
system.

The research by Wardlaw and Sharif (1999) was aimed at exploring the
potential at alternative GA formulations in application to reservoir systems and to
deterministic finite-horizon problems in particular. The research was intended to
address the most appropriate type of formulation for reservoir systems through
consideration of the application of GAs to the well-known “Four-reservoir problem”.
The research focussed on several different approaches to GA formulation applied to
the problem along with a range of sensitivity analyses.

The research by Wardlaw and Sharif (1999) provides the foundations for this
thesis. In view of this a thorough review of their research and findings is presented in
this chapter, leading to identification of the main focus of the thesis.

The rest of this chapter is organised as follows. Section 4.2 gives the
description of Four-reservoir problem. Section 4.3 presents the evaluation function and
constraints to the problem. Section 4.4 describes formulation of a GA to solve the
problem. Evaluation of alternative GA formulations is described in section 4.5.
Section 4.6 presents Four-reservoir trajectories. Finally, conclusions are presented in

section 4.7.
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4.2 Four-reservoir Problem

The “Four-reservoir problem” was used as the test system to develop a GA for
application to the reservoir system operation. This problem offered the opportunity to
test the performance of GAs against a known global optimum and to perform
sensitivity analysis.

The test system consists of four reservoirs, and the schematic is shown in
Figure 4.1. The purposes of this multiple reservoir system are to supply hydropower
generation and irrigation. Hydropower generation is possible from each reservoir, and
all discharges pass through the turbines. The outflow from the fourth reservoir may be
diverted for irrigation. The objective of the problem is to maximise benefits from the
system over 12 two-hour operating periods. There are inflows only to the first and
second reservoir, and these are 2 and 3 units, respectively, in all time periods. The

initial storage in all reservoirs is 5 units.

R

R4

Figure 4.1: Four-reservoir problem

Source: Wardlaw and Sharif (1999)
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4.3 Objective Function and Constraints

The objective function to be optimised for Four-reservoir problem can be

written as:
4 11 11
Maximise Z = Z Zb;(t) R{(t) + Z bs(t) R4(?) (4.1)
/=1 t=0 t=0
where b(f) = unit benefit of reservoir releases from reservoir 7 in time step ¢;
R{(f) = reservoir releases from reservoir i in time step 7.

Hydropower and irrigation benefits are quantified by linear function of discharge and

are tabulated by Larson (1968) and Heidari et al. (1971) (Table 4.1).

Table 4.1:  Time functions used in calculating benefit

t bi(t) ba(t) bs(t) ba(t) bs(t)
0 1] 1.4 1.0 1.0 1.6
1 1.0 1.1 1.0 19 1.7
2 1.0 1.0 12 1.8 1.8
3 .2 1.0 1.8 7S 1.9
4 1.8 1.2 2.5 2.2 2.0
5 2.5 1.8 2.2 2.0 2.0
6 2.2 2.5 2.0 1.8 2.0
7 2.0 2.2 1.8 2.2 1.9
8 1.8 2.0 2.2 1.8 1.8
9 2.2 1.8 1.8 1.4 1.7
10 1.8 2.2 1.4 1.1 1.6
11 1.4 1.8 1.1 1.0 1.5

Source: Larson (1968) and Heidari et al. (1971)
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The fundamental constraints to be satisfied are as follows:

a) Reservoir Storage Constraint

008,85, 85<10 4.2)
0.0<8,<15 (4.3)
where S; = reservoir storage of reservoir i.

b) Reservoir Release Constraint

0.0<R;<3 (4.4)
0.0<R,R;<4 (4.5)
0.0<R,<7 (4.6)

¢) Reservoir Balance Constraint

Si(t+1) = S(t) + I(f) - M R(1) (4.7)
where [,(f) = reservoir inflows to reservoir 7 in time step ¢;
M = n*nmatrix of indices of reservoir connections.

0 -1 0 0
0 1 -1 0
1 0 1 -1

d) Final Target Storage Constraint

di, dr, d3>5 (4.8)
dy>7 4.9)
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where d; = final target storage for reservoir i.

In GA approach, however, the final target storage was set as a penalty
function to ensure that the constraint would be satisfied. If S,(12) < d;, the penalty

function is expressed as follow:
gi[S(12),d] = -40[S(12) - diI’ (4.10)
where g; = penalty factor.

The objective function was thus modified to:

4 11 11 4
Maximise Z= Y Y bi#) R(t) + ., bs(?) Ra() + D gi[S(12), d] (4.11)
t=0 /=1

/=1 t=0

4.4 Formulation of Genetic Algorithms

To solve the Four-reservoir problem using a GA, Wardlaw and Sharif (1999)
constructed a chromosome representing all four reservoirs in twelve time steps. Since
the objective function is based on reservoir releases in each time step, releases should
be the decision variable on which the GA is based. With four reservoirs and twelve
time steps, there are, consequently, 48 discrete variables to be coded in the GA. Each
of these may be considered to be a gene.

Three types of representation schemes were considered. In binary and Gray
coding, which is encoded as binary number, three digits are required for the range of
releases defined. Thus the total length of each string in the population is 144. In real-

value representation, the length of a chromosome is 48.
4.5 Evaluation of Alternative Genetic Algorithm Formulations
A series of sensitivity analyses were carried out by Wardlaw and Sharif (1999)

to establish appropriate parameter settings under binary, Gray, and real-value coding,

prior to evaluation of the alternative representation themselves. In many practical
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problems, GA results are found to be sensitive to crossover and mutation probabilities.
This because genetic material lost at the start of a run, through either crossover or
mutation, may be needed to improve fitness in the later stages of run. Wardlaw and
Sharif (1999) discussed the sensitivity to crossover and mutation as presented below

for each coding scheme.

4.5.1 Sensitivity to Crossover Probability

Wardlaw and Sharif (1999) practiced sensitivity analysis to crossover
probability using a population size of 100 and a mutation probability of 0.02. The
tournament selection approach was adopted with uniform crossover and modified
uniform mutation for real-value representation. Crossover probabilities ranged from
0.50 to 0.95 were considered through runs with a fixed length of 500 generations. The
sensitivity of the achieved fitness to crossover probability for each of three coding
schemes considered is shown in Figure 4.2. Fitness is expressed as a proportion of the

known optimum for the Four-reservoir problem.

Proportion of maximum fitness

- b
0.985 \
i N
098 = = Binarycods N
— ey code Note: Maximurm fitness is known global maximem
=——— Real-value cods Population of 100, 500 genarutions
0.975 1 " 1 e 1 1
0.5 0.6 0.7 0.8 0.9
Crossover probability

Figure 4.2: Sensitivity to crossover probability

Source: Wardlaw and Sharif (1999)

The real-value coding clearly provides the best performance over a

wide range of crossover probabilities. The most appropriate crossover probability for
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the real-value coding appears to be in the range of 0.70-0.75. The optimal crossover
probability for Gray coding appears to be 0.80. The binary coding is apparently more
sensitive than either the real-value or Gray coding to crossover probability. Wardlaw
and Sharif (1999) concluded that the real-value representation is more robust and

produces better results than either of the binary or Gray coding.

4.5.2 Sensitivity to Mutation Probability

To determine the sensitivity to mutation probability, Wardlaw and

Sharif (1999) used a crossover probability of 0.70 with all other parameters and run

controls as discussed previously. The mutation probability may be expressed as

follow:
P, = k (4.12)
Clength
where P, = mutation probability;
k = number of mutations per chromosome;

Cleng=  chromosome length (in genes).

In the Four-reservoir problem formulation used here, the length of a
chromosome is 48 genes. Number of mutations per chromosome in the range of 0.1 to
10 has been considered, resulting in mutation probabilities of 0.002 to 0.208. The
results of the sensitivity analysis are presented in Figure 4.3. The best results are
achieved with approximately one mutation per chromosome. In binary coding, the best

result was achieved with 1.5 mutations per chromosome.
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Proportion of maximum fitness
1

0.98
0.96
0.94
052 1] —Z Gruy code Note: Maximum fitness is known global maximmm
[ —— Real-value code Population of 100, 500 generations
0'9 | | " L 1
0 2 4 6 8 10
Number of mutations per chromosome

Figure 4.3: Sensitivity to mutation probability
Source: Wardlaw and Sharif (1999)

4.5.3 Analysis of Representation Schemes

Wardlaw and Sharif (1999) using the parameter levels that gave the best
performance practiced an evaluation of the three representation schemes with each
scheme in the sensitivity analysis. As presented in Figure 4.2 and 4.3, the results
indicate that the real-value coding is likely to be the best.

A comparison of how maximum fitness values vary with generation
number is presented in Figured 4.4. Similar results are achieved with each scheme,
although it is apparent that the real-value coding produces a smoother curve, perhaps
indicating a greater robustness. The real-value representation exhibits a slower rate of
improvement in fitness in the mid-generation period of the run, but it sustains its rate

of improvement longer.
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Proportion of maximum fitness
1

0.98
0.96
0.94
0.92

0.9
0.88 [] —— Graycode Note: Maximum fitness is known global maxiomum

—— Real-value code
0.86 : L ] ; L ! .
0 100 200 300 400 500
Generation number

Figure 4.4: Maximum fitness with alternative representation schemes

Source: Wardlaw and Sharif (1999)

Plots of average fitness in the population with generation number are
shown in Figure 4.5. Clearly, the real-value coding results in a population with a much
higher overall fitness than both the binary and Gray representation. Moreover, the
variability in average fitness between generations i1s much lower. Wardlaw and Sharif
(1999) reasoned that this is largely because of the improved manner in which mutation
can be dealt with. With binary and Gray coding, the average fitness does not improved
significantly after about 100 generations. The number of infeasible solutions generated
as a result of mutation is higher than with real-value coding, and this restricts the

average fitness that can be achieved.
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Proportion of maximum fitness

1
L

095

09 W At N ; oAy

(5 LI

0.85 [

0.8
0.75 Note: Maximum fitness i known global maximom

" ] ——  Real-valua code Average fitness values are smoothed

J . 1 L : :
0.7 0 100 200 300 400 500
Generation number

Figure 4.5: Average fitness with alternative representation schemes

Source: Wardlaw and Sharif (1999)

The maximum values of the objective function achieved with 500
generations with each representation are given in Table 4.2. The known global
optimum for the Four-reservoir problem is 401.3. Clearly, each of the representation
schemes approaches the global optimum closely. Wardlaw and Sharif (1999) identified
the advantage of the real-value coding over both binary and Gray coding as follows:

1) a higher maximum fitness value is achieved;

2) asmoother convergence to a solution is achieved;

3) the average fitness of the population generated is much higher.

Table 4.2: Normalised and actual fitness values after 500 generations

Coding Normalised fitness Actual fitness
Binary 0.995 399.0
Gray 0.995 399.0
Real-value 0.998 400.5

Source: Wardlaw and Sharif (1999)
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In addition, another significant advantage of real-value representation is
in execution times. On the basis of the parameter sets used above, Wardlaw and Sharif
(1999) expressed that the real-value coding of the Four-reservoir problem completed
500 generations two and a half times faster than binary representation and four times
faster than the Gray coding. For larger problems, this speed advantage may be of

importance.

4.5.4 Influence of Population Size

Population size also influences the performance of a GA. Figure 4.6
shows the influence of population size on maximum fitness produced by the real-value
coding after 500 generations. Acceptable results are produced with a population of
100, but by increasing the population size to 200 it is, in fact, possible to match the
known global optimum. Wardlaw and Sharif (1999) noted that the desired results
might not be achieved with small population size. Moreover, the diversity in a

population cannot be maintained if the population size is small.

Proportion of maximum fitness
1

0.999

0.998

0.997

0.996

Note: Maximum fitness is known global meximom
0.995 Based on $00 peoorations

1 L L L " L " n
0'99460 80 100 120 140 160 180 20¢

Populstion size

Figure 4.6: Influence of population size on fitness

Source: Wardlaw and Sharif (1999)
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4.5.5 Influence of Alternative Crossover and Mutation Operators

Wardlaw and Sharif (1999) also considered the influence of alternative
crossover and mutation operators on the results produced with real-value
representation. Three crossover and two mutation operators was considered. The

results presented in Table 4.3.

Table 4.3:  Evaluation of crossover and mutation schemes

Scheme adopted Proportion of maximum fitness

Crossover schemes

Uniform crossover 0.998
One-point crossover 0.997
Two-point crossover 0.994

Mutation schemes
Uniform mutation 0.983

Modified uniform mutation 0.998

Note: Modified uniform mutation is used with all crossover schemes
and uniform crossover with all mutation schemes.

Source: Wardlaw and Sharif (1999)

Uniform crossover is the best crossover operator for the Four-reservoir
problem. Wardlaw and Sharif (1999) explained that this might be expected, as it is
likely to lead to greater diversity within the population than either one-point or two-
point crossover. Modified uniform mutation is clearly the best mutation operator. This
type of mutation dampens the impacts of lost of good genetic material, thus leading to

better solutions.

4.6 Four-reservoir Trajectories

The results produced by real-valued GA were compared to those produced by

LP and DDDP. These comparisons are presented in Figure 4.7. The GA results are
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based on the best parameter set resulting from sensitivity test and are given for a

population size of 100 at the end of 500 generations.

Storage Storage

Figure 4.7: Trajectories in four-reservoir problem

Source: Wardlaw and Sharif (1999)

There is an exact reproduction of the optimal trajectories for reservoir 1 and 4.
For reservoir 2 and 3, there are minor shifts in trajectories. It can be observed that for
each reservoir the GA was able to find solutions which satisfied the boundary

conditions.

4.7 Conclusions

Wardlaw and Sharif (1999) evaluated the performance of a GA for Four-
reservoir problem and demonstrated that GAs provide robust and acceptable solutions
to the problem. Through simulation experiments with several possible formulations,

they concluded that the real-value representation, incorporating tournament selection,
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uniform crossover, and modified uniform mutation will operate most efficiently and
produce the best results.

Their research provides the foundation for this thesis. While Wardlaw and
Sharif (1999) have concerned on the test system, this thesis applies their results to the
practical problem, which is larger and more complex. The objective function and
constraints used in their research must be modified. The method to solve the practical

problem would be discussed in Chapter 6.
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CHAPTER S
THE MAE KLONG RIVER BASIN

5.1 Introduction

The investigation of developed GA technique has been carried out through
application to a real multiple reservoir system in Mae Klong River Basin. The
characteristics of the basin are described in this chapter. The water resource
development projects and the water use in the basin are also presented. The contents in
this chapter are based on the research by Asian Institute of Technology (1994) and the
report by Electricity Generating Authority of Thailand (2001). In addition, the report
by EGAT also presents the details of the simulation model of the Mae Klong River
Basin and the revised rule curves of reservoirs in the system. For more completeness
of this chapter, the results of EGAT’s research are also briefly reviewed.

Following this introduction, section 5.2 describes the characteristics of the
basin and those of storage reservoirs. A brief review of large-scale irrigation project in
the basin is also included in the same section. Section 5.3 presents the existing water
use in the basin. The simulation model of the basin was carried out by EGAT and the

revised rule curves are discussed in section 5.4. Finally, section 5.5 is the conclusions.

5.2 The Basin

5.2.1 Previous Studies

There are many researches relating to the water resource management
of the Mae Klong River Basin. Some of them are briefly reviewed in this section.

Asian Institute of Technology (1994) studied the potential
development of water resources in the Mae Klong River Basin. The data of general

characteristics of the basin and the existing development projects were collected and
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analysed. The water resource development potential was evaluated through
mathematical model. Finally, the river basin development plan was formulated both in
short term and long term and was presented to The Office of National Economic and
Social Development Board (NESDB).

Rajasekaram (1997) formulated a static reliability model for the Mae
Klong River Basin irrigation system and applied it to evaluate the operational
reliability of the basin. This research also optimised overall reliability by revising the
operating rule curves. The reliability based approach to study the system performance
was compared to the conventional simulation procedure, and the relative merits of
using reliability as a suitable index to describe system operation performance were
highlighted. In the optimisation, the excess amount of water after meeting the
downstream requirements was maximised. This optimisation yields a set of optimal
lower operation ruling levels for reservoirs and hence an improved reliability of

system operation.

5.2.2 Location and Tributaries

Mae Klong River Basin is located in the western region of Thailand
and has a boarder with Myanmar. The basin total area is about 30,800 square
kilometres (or 19.45 million rai).

The Mae Klong River starts right at the spot where the Khwae Yai and
the Khwae Noi River converge at Pakphrak, Kanchanaburi Province. Two rivers are in
major tributaries of the Mae Klong River, originate from the mountain range forming
the divide between Thailand and Myanmar. They meander through the hilly terrain
covered by tropical evergreen, deciduous dipterocarp, and mixed deciduous forests.
The rivers have very steep slopes interspersed with rapids almost throughout their
lengths.

The Khwae Yai River has its source at the Khonlin Satripik Mountain
of the Thanon Thong Chai Mountain Range in Umphang District, Tak Province. The
river is 450 kilometres in length with a catchment area of 14,630 square kilometres.

The Khwae Noi River traverses through Kanchanaburi Province for

most of its length. The river is on the west of Thanon Thong Chai Mountain Range,
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which forms the divide of Khwae Yai River. The Khwae Noi River starts at Samsop
confluence where the three rivers, Ranti, Song Kalia, and Bi Khi, converge somewhere
near Ban Tha Din Daeng a little above the seat of Sangkhla Buri District. The Khwae
Noi River has a length of 320 kilometres with a catchment area of about 10,960 square
kilometres.

After the Khwae Noi and Khwae Yai River join up to form the main
river, the Mae Klong River flows to the plain in the southeast through Tha Muang and
Tha Maka District. The river flows pass Ratchaburi Province, Samut Songkhram
Province before emptying into the sea at Muang Samut Songkhram District.

Figure 5.1 illustrates the map of the Mae Klong River Basin.

5.2.3 The Climate Conditions

a) General Climatic Conditions

The Mae Klong River Basin which is close to the Gulf of
Thailand is subjected to the strong southwest monsoon from the Bay of Bengal and the
Gulf of Thailand. The rain from the southwest monsoon and moist air from the Gulf of
Thailand are distributed over the basin as local showers and thunder showers in the
afternoon and evening. It appears that the basin experiences three climatic seasons that
are winter or northeast monsoon (October to February), summer (mid-February to

mid-May) and rainy season (mid-May to October).

b) Rainfall

The southwest monsoon or the summer monsoon produces
practically all of the rainfall in the Mae Klong River Basin. Rain usually begins about
mid-May and increases its intensity and frequency as the season passes. Its peak
arrives about September and drops again in October and November. However, there is

a short drought in June or July.
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—15 00

Figure 5.1: The Mae Klong River Basin

Source: Department of Environmental Quality Promotion (2004)
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¢) Evaporation

Evaporation throughout the Mae Klong River Basin is
normally high in March and April and is low during November to December.
Generally, the upper reach of the basin experiences low evaporation rates; the highest
recorded value is 210 millimetres per month and the lowest recorded value is 124
millimetres per month. In the lower reach of the basin where the large irrigation area
lies high evaporation rates are observed; the highest recorded value is 222 millimetres

per month and the lowest recorded value is 124.6 millimetres per month.

d) Temperature

Temperature in the Mae Klong River Basin, due to its location
in tropical latitudes, is uniform throughout the year with very little seasonal variation.
Maximum temperatures during the summer generally range from about 35 Celsius
degree to 38 Celsius degree with a mean of about 37 Celsius degree. The annual mean
maximum temperature in the basin is 32.2 Celsius degree. Minimum temperatures
occur during January when the mean varies between 12.2 Celsius degree to 18.2
Celsius degree. The annual mean minimum temperatures are between 17.8 Celsius

degree and 22.8 Celsius degree.

e¢) Humidity

The relative humidity in the Mae Klong River Basin is high
throughout the year with its annual mean of 87 percent at Kanchanaburi, and monthly
means range from 81 percent to 93 percent. The seasonal variation shows the period of
low humidity during December through May and high humidity during June through

November.



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Technology of Environmental Management) / 53

5.2.4 Large-scale Reservoir Projects in Operation

The Mae Klong River Basin, which is one of the major river basins of
Thailand, has so far undergone the development of its tributaries’ water resources. The
large-scale developments in the major tributaries are under the co-ordination between
Electricity Generating Authority of Thailand (EGAT) and Royal Irrigation Department
(RID). EGAT is responsible for study, design, and implementation of the large-scale
storage dams while RID is responsible for diversion dams including distribution
systems and other medium-scale and small-scale storage dams in the minor tributaries.

The large-scale reservoir projects are described in this section.

a) Vajiralongkorn Reservoir

The Vajiralongkorn Reservoir was developed in accordance
with the Stage Two Mae Klong River Basin Development Plan. The dam is situated
across the Khwae Noi Tributary, locating at Tha Khanoon Village, Tambon Tha
Khanoon, Thong Pha Phum District, Kanchanaburi Province. The dam site is about
147 kilometres north-west of Kanchanaburi town center. EGAT 1is a responsible
agency for implementing this dam.

Runoff inflow to the Vajiralongkorn Reservoir is annually
about 4,960 million cubic metres. The total storage volume is 8,860 million cubic
metres while the active volume is 5,848 million cubic metres. The dam features the
height of 82 metres and the length of 1,019 metres. The reservoir water surface area is
388 square kilometres. Moreover, for hydropower generation, three units of turbine
generator including other related facilities are equipped. Three units of turbine

generator with 300 megawatt per each capacity were installed and operated.

b) Srinagarind Reservoir

The Srinagarind Reservoir was implemented in accordance
with the Second Stage Mae Klong River Basin Development Plan. The dam was built
across the Khwae Yai tributary, located at Ban Chao Nen Village (the dam’s former
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name was Chao Nen Dam), Tambon Ta Kradarn, Sri Sawat District, Kanchanaburi
Province. The dam site is about 70 kilometres north-west of Kanchanaburi town
center.

Runoff inflow to the reservoir is on average 4,388 million
cubic metres per year. The total storage volume is 17,745 million cubic metres while
the active storage volume is 7,480 million cubic metres. The dam features the height
of 140 metres and the length of 610 metres. The reservoir water surface area is 419
square kilometres at high water level. It is also a multipurpose reservoir with major
roles in irrigation and hydropower generation. Five units of turbine generator with 120
and 180 megawatt per each capacity for the first to third and the fourth to fifth

generator, respectively were installed and operated.

¢) Tha Thung Na Reservoir

This reservoir is for the increase in effective control of the
Khwae Yai River water. The volume of water released during peak hours by the
Srinagarind Reservoir is generally in excess of all demands downstream. Therefore,
this reservoir is provided downstream of the Srinagarind Reservoir in order to regulate
the release water for matching with the downstream demands while the surplus water
is stored and pumped back into the Srinagarind Reservoir using the two reversible
pumps.

The Tha Thung Na Dam was built across the Khwae Yai River
about 25 kilometres downstream of the Srinagarind Dam at Tha Thung Na Village
Tambon Chong Sadao, Mung District, Kanchanaburi Province. The total storage
volume is 55 million cubic metres while the active volume is 26 million cubic metres.
The dam features the height of 30 metres and the length of 840 metres (mixed type of
concrete dam with 118 metres-length and rock-filled dam with 722 metres-length).
The spillway has a designed discharge of 3,000 cubic metres per second. Two units of

turbine generator with 19.0 megawatt per each capacity were installed and operated.
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5.2.5 Large-scale Irrigation Project: Greater Mae Klong Irrigation

Project

The Greater Mae Klong Irrigation Project (GMKIP) is the major
irrigation scheme using water from the Mae Klong River. The project area is partly
inside the Mae Klong River Basin, and the remaining area is the adjacent Suphanburi,
Nakhonpathom, Samutsakorn, and Phetchburi Province. The total command area is
3,020,900 rai.

In this project, the development of irrigation and drainage canals on
both sides of the Mae Klong River is implemented. This includes the Mae Klong
Diversion Dam, which is built across the Mae Klong River at Tha Muang District,
Kanchanaburi Province. The dam is a reinforced concrete structure, 117.50 metres
long and 14 metres high. It is designed to pass a maximum flood of 3,100 cubic metres
per second through eight openings, each 12.50 metres wide. The openings are
controlled by radial steel gates each 7.50 metres high. The water level at the barrage
would be kept at +22.00 metres over mean sea level for irrigation purpose with 0.50 m

a allowable freeboard.

5.3 Water Use in the Basin

5.3.1 Irrigation

The major irrigation use in Mae Klong River Basin is Greater Mae
Klong Irrigation Project. The area of this project is 2.69 million rai and has Mae Klong
Dam as a diversion dam of the project. The major types of cultivations are rice,
upland, sugarcane and tree.

Annual irrigation demand of the project is 5,791 million cubic metres
per year, which is a demand in wet season about 2,555 million cubic metres and is a

demand in dry season about 3,236 million cubic metres.
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5.3.2 Salinity Control

The discharge needed for downstream salinity control is 50 cubic
metres per second in average in dry season. In addition to the critical period, this value

shall be decreased to 30 cubic metres per second.

5.3.3 Diversion out of the Basin

There is a diversion to Tha Chin River in dry season about 30-60 cubic
metres per second. Moreover, the release is also diverted to Bangkok Metropolitan

Administration (BMA) at the rate of 15 cubic metres per second.

5.3.4 Hydropower Generation

Every storage reservoir in Mae Klong River Basin has its own power
plant. The installed power of Vajiralongkorn Dam is 300 megawatt. The installed
power of Srinagarind Dam is 720 megawatt. And that of Tha Thung Na Dam is 38
megawatt.

However, the electricity generated from those power plants should be

the by-product of releases for other types of demand.

5.4 The Mae Klong River Basin Simulation Model

5.4.1 Reservoir Simulation Model

Reservoir simulation model is a mathematical model, which imitates
the operation of reservoirs in the basin system composed with reservoirs and control
nodes in any location in order to manage the releases to satisfy downstream
requirements (Electric Generating Authority of Thailand, 2001). The model also
imitates the water flow in any location along the entire river consistent with the real

condition. Figure 5.2 illustrates the schematic of the Mae Klong River Basin.
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Vajiralongkorn Srinagarind
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~— Salinity control node

Figure 5.2: The schematic of Mae Klong River Basin

Mathematical model for reservoir operation analysis using in the study
by EGAT is HEC-3 Model — Reservoir System Analysis for Conservation developed
by the Hydrologic Engineering Center (HEC), U.S. Army, Corps of Engineers in
1974. The model was improved by EGAT for more suitable in EGAT’s field of works.

The general rules of HEC-3 Model using in EGAT’s study are as
follows:

1) in normal situation in which the water level is between upper rule
curve and lower rule curve, the releases are made in order to satisfy downstream
irrigation demand and demand for electricity generating at base load;

2) the release for irrigation is equal to the irrigation demand minus the
volume of side flow;

3) the water level should be maintained close to upper rule curve as
much as possible. Whenever the water level increase over the upper rule curve, the

release shall be made for electricity generating in full capacity in order to decrease the
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water level lower than the upper rule curve. However, the impact to downstream area
must be in consideration;

4) the water level should be maintained not to increase over the flood
control rule curve. The surplus water shall be released through the spillway;

5) whenever the water level decreases to the lower rule curve, the
release for electricity generating at base load shall be reduced;

6) no releases are made when water level is under the minimum

storage level.

5.4.2 Simulation Model Runs

The typical rule of reservoir releases is that the release volume should
be in consistent with downstream irrigation demand and hydropower demand of
EGAT. Moreover, the status of water storage in the reservoir is also considered.
Therefore, the using of rule curve as a guideline for the operation is appropriate
because it is built base on the water demand data and the dynamic of reservoir system.

In order to check the reservoir operation in the past whether they
completely satisfied various types of demand in the basin, the comparative study of
HEC-3 simulation model and the real operation should be carried out. Input data to the
model are as follows.

1) monthly inflow;

2) diversion volume for irrigation;

3) diversion volume for Tha Chin River and BMA;

4) side flow volume.

The results from the comparative study are illustrated in Figure 5.3 and
Figure 5.4 for Vajiralongkorn Reservoir and Srinagarind Reservoir, respectively. The
reservoir simulation model has given the better storage levels, which are the levels in
the range between lower rule curve and upper rule curve for almost every year, than
the levels made by the real operation, which fall below the lower rule curve in some
year. In real operation situation, the over releases may be occurred because of some

necessary causc.
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5.4.3 The Revised Rule Curves

The new rule curves of Vajiralongkorn Reservoir and Srinagarind

Reservoir were introduced in EGAT’s study and are presented in this section.

a) Upper Rule Curve

The wupper rule curve of Vajiralongkorn Reservoir and
Srinagarind Reservoir were revised for more appropriate to the present reservoir
operation situation by using HEC-3 Model in correction of the upper rule curves. The
revised ones should be most beneficial returns, produce more electricity, cause less
spillage and not lead to the scarcity in any type of water use.

Figure 5.5, Figure 5.6, Table 5.1 and Table 5.2 illustrated the
revised rule curves of both reservoirs. The annual power generated by using the new
rule curves is 1943.6 million kilowatts-hour in average, which is more than 1933.9
million kilowatts-hour in average of the old ones for 9.7 million kilowatts-hour or 0.50

percent whereas the spillages are not different.

Vajiralongkorn Revised Rule Curves
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Figure 5.5: Revised rule curves of Vajiralongkorn Reservoir

Source: Electricity Generating Authority of Thailand (2001)
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Table 5.1:  Revised rule curves of Vajiralongkorn Reservoir

Month-end Elevation (mMSL)
Rule

Curve
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

URC 14980 148.80 149.00 149.30 152.00 155.00 155.00 155.00 15490 154.60 153.80 152.10

LRC  138.64 137.50 136.53 135.64 13629 139.15 141.83 142.03 141.71 141.18 140.60 139.87

Source: Electricity Generating Authority of Thailand (2001)

Srinagarind Revised Rule Curves
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Figure 5.6: Revised rule curves of Srinagarind Reservoir

Source: Electricity Generating Authority of Thailand (2001)
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Table 5.2:  Revised rule curves of Srinagarind Reservoir

Month-end Elevation (mMSL)
Rule

Curve
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

URC 17730 17640 176.00 17630 177.40 178.50 180.00 180.00 180.00 180.00 179.40 178.60

LRC 169.68 169.10 168.62 168.25 168.55 169.90 171.46 171.72 171.48 171.30 17091 170.39

Source: Electricity Generating Authority of Thailand (2001)

b) Lower Rule Curve

In general, lower rule curve is the water level or the storage
volume assigned in order not to cause the water deficit in critical period. This rule
curve ensures that there is water enough for utilisation in a critical time.

Figure 5.4, Figure 5.5, Table 5.1 and Table 5.2 also expressed
the revised lower rule curve of Vajiralongkorn Reservoir and Srinagarind Reservoir.
These new rule curves produced electricity much more than the old ones for 8.7
million kilowatts-hour in average. The scarcity of water in Greater Mae Klong
Irrigation Project is reduced a little, and the spillages from Vajiralongkorn Reservoir
and Tha Thung Na Reservoir are decreased for 16 million cubic metres per second

annually in average.

¢) Flood Control Rule Curve

Flood control rule curve is the rule curve assigned in order to
control the releases in flood season. The reservoir volume over flood control rule
curve must large enough to contain probable maximum flood, which is the designed
flood volume for the reservoir, when spillways are opened accordingly to the rules

assigned in the Spillway Operation Manual by Civil Maintenance Division. In some



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Technology of Environmental Management) / 63

case, normal high water level of the reservoir is assigned to be a flood control rule
curve.

Flood control rule curves of Vajiralongkorn Reservoir and
Srinagarind Reservoir were not revised in EGAT’s research. EGAT explained the
reason of these unchanged rule curves that the rules for operation in flood season have
already been assigned in the Spillway Operation Manual by Civil Maintenance

Division.

5.5 Conclusions

In this chapter, the characteristics of the Mae Klong River Basin were
presented. Brief information of the storage reservoirs in the basin was described. It can
be concluded that there are three storage reservoirs and one large-scale irrigation
project as major components of the Mae Klong River Basin system management.

The simulation model performed well and produced better results compared
with the actual operation. The revised rule curves, therefore, were built by EGAT and
were also presented in this chapter. The conclusion is that the new rule curves are
better than the old ones in terms of electricity generated and spillages.

The revised rule curves resulted from the simulation model discussed here
have been used in the comparison with those resulted by optimisation model using GA
in terms of hydropower benefit and deficit in any type of demands. The results of the

comparison will be presented in Chapter 6.
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CHAPTER 6
APPLICATION TO THE MAE KLONG RIVER BASIN

6.1 Introduction

The development of GA for reservoir system operation was carried out by
Wardlaw and Sharif (1999) as reviewed in Chapter 4. The preliminary test began with
consideration on a Four-reservoir problem in which only two purposes of system, i.e.
hydropower generation and irrigation, are of interest. After that, the sensitivity
analyses of the solution procedures then were considered.

Although the application of GA to the Four-reservoir problem is succeeded, it
is just a test system. Since this research is interested in practical application of
reservoir system operation, whose release purposes are larger than that of the test
network, then the structure of the model should be reconstructed.

The research by Wardlaw and Sharif (1999) leads to the application to the
actual multiple reservoirs system. The Mae Klong River Basin has been selected to be
a case study of such application, and the results from the problem are described in this
chapter.

Following this introduction, section 6.2 describes the criteria of GA for the
Mae Klong River Basin problem. The system dynamics are presented in section 6.3.
The objective function is applied to three cases. The first is the optimisation for
hydropower production. In second case, the objective function is constructed for
irrigation. The third case considers the optimisation with respect to the demand for
salinity control. These three cases are discussed in section 6.4. The data input to the
model are listed in the section 6.5. The solution to the problem is discussed in section
6.6. Section 6.7 presents the sensitivity analysis of the crossover probability, mutation
probability and population size. Section 6.8 presents the control rule curves produced
by GA and compared them with those produced by EGAT. The economic post

processing results are evaluated in Section 6.9. Finally, section 6.10 is the conclusions.
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6.2 Criteria of Genetic Algorithm for the Mae Klong River Basin

Problem

As reviewed in Chapter 3, there are several applications of GAs to water
resource problems because of their flexibility. Each type of problem may have its own
characteristics and formulation of GA appropriate to the components of the problem.
To develop GA for reservoir operation problem, the suitable formulation must be
addressed.

There are several ways to set up GAs for each problem. In multiple reservoir
release problem, Wardlaw and Sharif (1999) had already developed GA formulation
and characteristics as reviewed in Chapter 4. They have provided a benchmark for

practical optimisation problems.

6.2.1 Formulation of Genetic Algorithms

Refer to the Four-reservoir problem using a GA by Wardlaw and
Sharif (1999), chromosomes were set to represent all four reservoirs in all twelve time
steps. The decision variables with respect to their objective function are clearly the
reservoir releases in each time step. With four reservoirs and twelve time steps, there
were thus 48 discrete variables to be represented in the GA. Each of these may be
considered to be a gene.

In the Mae Klong River Basin problem, which has three storage
reservoirs in the system, consideration on time steps is given in monthly operating
period. Thus there are 36 discrete variables to be represented in the GA.

According to the research by Wardlaw and Sharif (1999), real-value
coding was suggested to be used in multiple reservoir system optimisation using GAs.
Thus there are 36 genes in each chromosome in Mae Klong River Basin problem.

The manner in which genes are grouped within the chromosomes is of
importance. There are two basic alternative approaches. One would be to group
releases by time step, such that the chromosome contained 12 groups of 3 genes
representing the releases from each reservoir in a particular time step in the Mae

Klong River Basin problem. The alternative is to have 3 groups of 12 genes in the Mae
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Klong River Basin problem, with each group containing the time series of releases
from an individual reservoir. Refer to the suggestion of Wardlaw and Sharif (1999),

the former approach is preferable and keeps more closely related material together.

6.2.2 Representation Schemes

The representation schemes in common use are binary, Gray, and real-
value representation. Each of these has been discussed in Chapter 3. The choice of an
appropriate coding scheme to represent the potential solutions is the key to success for
any GA.

In multiple reservoir release problem, the appropriate genetic
representation schemes were also evaluated by Wardlaw and Sharif (1999). An
evaluation of the three representation schemes was carried out using the parameter
levels that gave the best performance with each scheme in the sensitivity analysis. As
discussed in Chapter 4, the best representation scheme for multiple reservoir release

problem is real-value coding.

6.2.3 Genetic Operators

Consideration was given to the influence of alternative crossover and
mutation operators on the results produced with real-value representation in the
research by Wardlaw and Sharif (1999). Three crossover operators i.e. uniform
crossover, one-point crossover and two-point crossover, and two mutation operators
1.e. uniform mutation and modified uniform mutation, were considered. The discussion
of their influence has been already presented in Chapter 4. The conclusions by
Wardlaw and Sharif (1999) suggested that uniform crossover and modified uniform
mutation are clearly the best genetic operators for multiple reservoirs releases
problem. This research thus follows their guidelines. The crossover probability of 0.70
was suggested, and mutation probability should be based on one mutation per
chromosome. However, these probability parameters shall be evaluated in sensitivity

analysis test for more appropriate to the Mae Klong River Basin problem.
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The criteria for beginning GA run are shown in Table 6.1.

Table 6.1:  Criteria for GA run on multiple reservoir release problem

Characteristics Four-reservoir Mae Klong River Basin
Representation scheme Real-value Real-value
Population size 100 (Evaluate)
Number of generations 500 1000
Number of genes 48 36
Probability of crossover 0.70 (Evaluate)
Probability of mutation 0.02 (Evaluate)
Number of mutations per chromosome 1 (Evaluate)
Type of selection Tournament Tournament
Type of crossover Uniform Uniform
Type of mutation Modified uniform Modified uniform

6.3 System Dynamics

System dynamics are basic concept of any mathematical model. In multiple
reservoir system, its dynamics can be described by mathematical equation constructed
on the basis of mass balance. However, it must be subject to some constraints to the

system. System dynamics and its constraints are presented in this section.
6.3.1 Reservoir Balance
Reservoir balance is the constraint set up to governs the transformation
of multiple reservoir system from stage to stage. It is set up on the basis of mass
balance and can be described by the following equation:

S(t+1) = Sif)+ I(t) + M R(t) - Ex?) (6.1)

where Si(f) = reservoir storages in reservoir i at time ¢;
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I(t) = reservoir inflows to reservoir i at time ¢;

R(f) = reservoir releases from reservoir i at time ¢;

Ef(t) = netreservoir evaporation from reservoir i at time ¢;
M = n*n matrix of indices of reservoir connections.

6.3.2 Storages and Releases

In addition to reservoir balance constraint, the storages and releases are
limited by physical considerations. Reservoir storage should not exceed maximum
allowable storage nor should it fall below a specified minimum level in any time
period. Similarly, there are restrictions on the maximum possible release, and
minimum turbine release is also may be required to avoid cavitation in any time step.

Therefore, the system is subject to the constraints expressed as follows:

Si,min < Si(t) < Si,max (62)
Rl’,min < Ri(t) < Ri,max (63)
where S;.i» = allowable minimum storage in reservoir i;
Simax = allowable maximum storage in reservoir i;
Rimin = allowable minimum release from reservoir i,
Rimex = allowable maximum release from reservoir i.

The storage constraint is incorporated to the model as a penalty
function if the constraint does not be satisfied. The release constraint is included to the
model in the initialisation of the chromosome representing releases from each

reservoir in each time step.
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6.4 Objective Function

The objective function reviewed in Chapter 4 was constructed to solve Four-
reservoir problem. It was easily set up by calculating the summation of benefits from
each type of releases, which can be computed by multiply the release by benefit
function of its type. In practical application, the problem to be solved is more complex.
For this reason, new objective function should be introduced for more completeness in

the definition of practical problem and is presented in this section.

6.4.1 Optimising for Hydropower

In case of optimising for hydropower generation, the objective is to
maximise the hydropower production from all reservoirs in the system subject to the
given constraints. The objective function for hydropower production optimisation may

be expressed as follow:

i i

Maximise Z = Y. > E(f) P(?) (6.4)
T
where n = number of reservoirs included in the model;
N = time step;
E(t) = economic return in baht from hydropower produced from reservoir i
during time step ;
P(t) = power generated in million kilowatts-hour from reservoir i during

time step z.

The P{(f) can be calculated from the polynomial relation function of

release whose data is available at EGAT.

6.4.2 Optimising for Irrigation

The objective in case of optimising for irrigation is to minimise the

deficits in irrigation water supply. To achieve this goal, the penalty function for not
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meeting the irrigation demand is introduced. The penalty function is quadratic. The

objective function for this case is given by Equation 6.5.

where C
ki
P

where d;, ()

Xl

6.4.3

Maximise Z = C—k;P; (6.5)

= positive constant;

= penalty factor for P;;

= penalty for not meeting or over supply the irrigation demand

assumed to be of the following form:

Pr =9 [n® =0T (6.6)

n
/=1 t=1

= irrigation demand at the downstream of reservoir i during time step #;
= irrigation supply to the downstream of reservoir i during time step .

Optimising for Salinity Control

For this case of optimisation, the model attempts to minimise the

deficits in water supply for salinity control. A penalty function similar to that used in

previous section is employed. The objective function may be expressed as follow:

where C
k>
P,

Maximise Z = C-k,P; (6.7)

= positive constant;

penalty factor for P»;
= penalty for not meeting or over supply the salinity control demand

assumed to be of the following form:

n_ N
PZ = Z Z [dsc,i(t) - xsc,i(t)]z (68)

/=1 t=1

where d,.{(f) = salinity control demand at the downstream of reservoir i during time

step £;



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Technology of Environmental Management) / 71

Xs,i(f) = salinity control supply to the downstream of reservoir i during time

step ¢.

Finally, the complete objective function or evaluation function comprises the
hydropower benefits and penalties for failing to supply the required water for

irrigation and for salinity control. The function can be rewritten as follow:

MaximiseZ = 3'S" E() Pt) - 22: kP, (6.9)

i=1 t=1 Jj=1

The selection of penalty factors &; are important as they determine the severity
of penalty imposed. The objective function given by Equation 6.9 is considered
complex because hydropower production is a highly non-linear function of release and
power produced. Also, the objective function includes penalty terms.

In addition, the model includes potable water demand neither as benefit term
nor as penalty term in the objective function because the potable water demand is the
first priority to be fulfilled. If the demand is not satisfied, then agriculture would
receive no water thus causing a large penalty on the return function. The potable water
demand is therefore included in the objective function through the imposed

constraints.

6.5 Input Data to the Model

The data input to the model available from 1968-2000 are as follows:
1) monthly inflow and side flow volume;
2) monthly evaporation rate;
3) reservoir characteristics data;
4) water requirements as the following;
e potable water demand including the volume diverted to Tha Chin
River Basin;
e irrigation demand;

e salinity control demand.
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6.6 The Solution Procedure

The solution to the problem was obtained using GA approach. Real-value
representation with the tournament selection scheme, uniform crossover, modified
uniform mutation and elitism were used. The evaluation function used by GA
corresponds to the objective function given by Equation 6.9. In addition, the
constraints on storage are handled by using a penalty function based upon the degree
of constraint violation is applied. The crossover probability of 0.9 and the mutation
probability corresponding to 5 mutations per chromosome were used. Figure 6.1
shows the plot of generation number versus maximum normalised fitness and average

fitness of the population.
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Figure 6.1: Generation versus maximum and average fitness

It can be observed from Figure 6.1 that the GA run begins with poor initial
solutions but rises quickly. As the GA run progresses, the infeasible solutions are
eliminated because the penalties assigned to them reduce their fitness, thus making
their chances slim for selection process in the next generation. By the end of 300
generations, a number of good solutions have been found. Once the GA locates good
solutions, some fine-tuning may be required to improve them. At the end of the run, a

large number of feasible and near optimal solutions have been obtained.
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6.7 Sensitivity Analysis

In many practical problems, GA results are found to be sensitive to crossover
and mutation probabilities. Therefore, proper settings of GA parameters are required to
achieve the best performance from it. Sensitivity analysis has been carried out to
evaluate the effect of crossover probability and mutation probability on the GA

performance.

6.7.1 Sensitivity to Crossover Probability

A mutation probability of 0.139, which corresponds to 5 mutations per
chromosome, was used to analyse the impact of crossover probability on the GA
performance. All other parameters and run controls were set constant. GA runs were
carried out with crossover probabilities ranging from 0.5 to 0.95. Sensitivity of the GA
performance to crossover probability is presented in Figure 6.2. Fitness is expressed as
the proportion of the maximum fitness produced by the GA run with the best crossover

probability.

Sensitivity to Crossover Probability
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Figure 6.2: Sensitivity to crossover probability
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The acceptable solutions are obtained when crossover probability is
over 0.85. The best values were achieved for the crossover probability of 0.9. It can be
observed from Figure 6.2 that the performance of GA might not be good if too low
values of crossover probabilities are used. The reasonable solutions were produced
when the value of crossover probability had risen. The peak performance was achieved
with a crossover probability of 0.9 but beyond this value, there is a little deterioration

in performance again.

6.7.2 Sensitivity to Mutation Probability

The impact of mutation probability on the performance of GA has also
been analysed using a crossover probability of 0.9. The mutation probabilities are
expressed in term of number of mutations per chromosome, which are varied from 1
mutation to 10 mutations per chromosome. Figure 6.3 shows the sensitivity of the
achieved fitness to number of mutations per chromosome. Again, the fitness has been
expressed as the proportion of the maximum fitness achieved by the GA run with the

best mutation probability.

Sensitivity to Mutation Probability
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Figure 6.3: Sensitivity to mutation probability
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It can be observed from Figure 6.3 that the number of mutations per
chromosome less than 5 produces reasonable solutions (consider on the normalised
fitness over 0.95). However, 5 to 6 mutations per chromosome produce better results.
If the number of mutations per chromosome is larger than 6, the performance is likely
to decrease again but still acceptable. Clearly, the best results were achieved with 5
and 6 mutations per chromosome. The value of 5 mutations per chromosome is
preferable because it is lower. Since the chromosome for the Mae Klong River Basin
problem was made up of 36 genes, the mutation probability corresponding to 5

mutations per chromosome is 0.139 (approximately 5/36).

6.7.3 Influence of Population Size

Consideration has been given to the influence of population size on the
performance of GA. The real-value representation was adopted, and the best
parameters obtained from sensitivity test were used. The GA was run with different
population sizes ranging from 60 to 200. The sensitivity of achieved maximum fitness

to population size is shown in Figure 6.4.

Influence of Population Size
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Figure 6.4: Influence of population size



Kanisorn Namchaiswadwong Application to the Mae Klong River Basin / 76

The acceptable results are produced with a population over 160. A
decrease in population size decreases the total number of evaluations performed, and
hence acceptable results may not be achieved with smaller population size.
Furthermore, smaller population size cannot maintain diversity in the population. The
choice of proper population size depends upon the judgment and experience of the

user.

6.8 Comparisons of the Rule Curves

Comparisons of the rule curves obtained from GA and from EGAT’s
simulation model are presented in Figure 6.5, Figure 6.6, Table 6.2 and Table 6.3. The
GA results are based on the best parameter set resulting from sensitivity analysis. The
EGAT’s rule curve is the operating curve simulated by using inflows data and water
requirements data in consistent with the upper rule curve and the lower rule curve.
Both runs start at the same level. However, the rule curve of Tha Thung Na Reservoir
to be compared with that of GA is not available. EGAT uses only the normal high
water level and minimum water level in the operation of this reservoir because of its

smaller size compared with Vajiralongkorn Reservoir and Srinagarind Reservoir.
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Figure 6.5: Rule curves of Vajiralongkorn Reservoir
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Table 6.2:  Rule curves of Vajiralongkorn Reservoir

Month-end Elevation (mMSL)
Rule

Curve
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

GA 149.80 148.79 14832 148.64 15037 150.84 150.12 150.21 150.61 150.75 150.81 150.35

URC  149.80 14880 149.00 14930 152.00 155.00 155.00 155.00 15490 154.60 153.80 152.10

LRC 138.64 13750 136.53 135.64 13629 139.15 141.83 142.03 141.71 141.18 140.60 139.87

EGAT 149.80 14849 148.06 148.10 150.12 153.15 154.74 155.00 15490 154.60 153.80 152.10

It can be observed that GA rule curve for Vajiralongkorn Reservoir matches to
the EGAT’s rule curve for a few points only in the early period of the water year but
not completely. Nevertheless, it can be observed that GA rule curve is drawn between
the existing upper rule curve and lower rule curve in every period of the water year.
This can be concluded that the existing rule curves completely cover the optimal ruling

level, which is the level of the best utilisation.
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Figure 6.6: Rule curves of Srinagarind Reservoir
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Table 6.3:  Rule curves of Srinagarind Reservoir

Month-end Elevation (mMSL)
Rule

Curve
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

GA 171.70  170.19 168.85 169.13 16896 171.04 171.13 171.24 171.56 171.58 171.01 169.53

URC 17730 176.40 176.00 17630 177.40 178.50 180.00 180.00 180.00 180.00 179.40 178.60

LRC 169.68 169.10 168.62 168.25 16855 169.90 171.46 171.72 171.48 171.30 17091 170.39

EGAT 171.70 170.77 169.88 170.14 170.59 171.87 17320 173.52 173.52 17339 173.11 172.57

In case of Srinagarind Reservoir, the comparison of GA derived rule curve
with the existing rule curve shows that GA derived rule curve does not match to the
EGAT’s rule curve except for a very first time step. It can be observed that GA
operating curve matches to the lower rule curve for a few points but not completely.
The GA ruling level in October, November, February and March are lower than the
lower rule curve. This indicates that the operable space between the upper rule curve
and the lower rule curve does not cover the best ruling level, and this means that the

existing rule curves could not lead to the optimised reservoir operation

6.9 Evaluation of Economic Post Processing Results

The application of GA to the Mae Klong River Basin is also interested in the
economic post processing results. The response of the reservoir system to the rule
curves produced by GA and the existing rule curves produced by EGAT’s simulation
model was evaluated. This evaluation dealt with potable water supply deficit,
irrigation deficit, and salinity control deficit.

Figure 6.7 shows the deficits in potable water supplies to downstream for the
GA derived rule curve and the EGAT’s rule curves. This research assigned the potable
water demand a priority over other types of demand according to the reservoir

operation policy of EGAT. For this reason, potable water demand was assigned to be
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an imposed constraint to the problem and incorporated in the very first sequence of the

GA run process, which is the initialisation of genes in chromosome.

Potable Water Supply Non-deficit
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Figure 6.7: Potable water supply non-deficit

It can be observed from Figure 6.7 that potable water demand is completely
satisfied by using both GA derived rule curves and EGAT’s rule curves. These results
are expectable because of the highest priority of potable water requirement. GA
optimised rule curves have no advantage over EGAT’s simulation rule curves in this
case considered.

Figure 6.8 and Table 6.4 show the deficits in irrigation supplies to downstream
for both rule curves. Because the irrigation demand was given priority under the
potable water demand, the release amounts to fulfill potable water requirement might

be the expense of irrigation water supply.
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Irrigation Deficit

£ 300.00
[$]
£ 250.00
%5 200.00 -
S —+—GA
@ 150.00 |
= EGAT
S 100.00 -
5 50.00 - \ |
E 0.00 A\, e o /\/
= > £ S5 o o = P Gy . o =
< AN O =
Month
Figure 6.8: Irrigation deficit
Table 6.4:  Irrigation deficit in million cubic metres
Irrigation Demands Irrigation Deficits (mcm)
Month
(mcm) GA EGAT
Apr 753.66 0.00 21.78
May 717.29 82.98 147.64
Jun 335.23 78.25 0.00
Jul 365.89 0.00 0.00
Aug 641.95 0.00 0.00
Sep 534.59 0.00 228.05
Oct 385.76 0.00 0.00
Nov 423.07 0.00 264.25
Dec 204.38 0.00 90.56
Jan 183.96 0.00 0.00
Feb 492.55 0.00 0.00
Mar 753.18 26.44 0.00
Total 5791.51 187.67 752.28

The lower priority of irrigation demand caused the deficits in some period of

the water year for each rule curve considered, but the period and scale of deficits were
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different for each case. Operation by using GA rule curves cause the deficits only in
some period of dry season, whereas using EGAT’s rule curves cause the deficits in
several months. In addition, significant reduction in irrigation deficits were obtained
with the GA rule curves over the existing rule curves, especially in wet season. The
operation by using GA rule curves cause the total irrigation deficit for 187.67 million
cubic metres, whereas the total irrigation deficit of 752.28 million cubic metres was
obtained by using EGAT’s rule curves.

The deficit of salinity control supplies at the river mouth is illustrated in Figure
6.9 and is tabulated in Table 6.5 for both GA derived rule curves and EGAT rule
curves. Salinity control demand is a demand at the end of the river. Consequently, the
upstream utilisations before the release volume flows to the river mouth might cause

the deficit in this type of demand.

Salinity Control Deficit
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Figure 6.9: Salinity control deficit
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Table 6.5:  Salinity control deficit in million cubic metres

Month Salinity Control Salinity Control Deficits (mcm)
Demand (mcm) GA EGAT
Apr 129.60 60.11 129.60
May 0.00 0.00 0.00
Jun 0.00 0.00 0.00
Jul 0.00 0.00 0.00
Aug 0.00 0.00 0.00
Sep 0.00 0.00 0.00
Oct 0.00 0.00 0.00
Nov 129.60 0.00 129.60
Dec 129.60 115.48 129.60
Jan 129.60 18.33 0.00
Feb 129.60 0.00 0.00
Mar 129.60 129.60 0.00
Total 777.60 323.52 388.80

It can be observed that the salinity control deficits occurred from the operation
by GA rule curves are smaller than those from the operation by the existing rule curves
in terms of deficit amounts. However, regarding the frequency of deficits occurred, the
operation by using EGAT’s rule curves cause the deficits only in April, November and
December, whereas the deficits appear in April, December, January and March for the
operation by using GA derived rule curves.

The economics returns that could be realised from the basin for the rule curves
produced by GA and those produced by EGAT’s simulation model have been
compared and are presented in Table 6.6 and Figure 6.10. The results are reported in
terms of irrigation production at GMKIP, potable water production of BMA and
energy benefits. The irrigation production is based upon agricultural product price
whose data is available at Office of Agricultural Economic (2004). The potable water
production is calculated by using water price whose data is available at Metropolitan
Waterworks Authority (2004). Energy benefits are computed on the basis of power
purchase price whose data is available at Electricity Generating Authority of Thailand

(2004).
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Table 6.6: Summary of economic returns in million baht

GA EGAT
Irrigation Production 13323.06 11980.70
Potable Water Production 4898.88 4898.88
Energy Benefits 4255.11 3716.66
Total 22477.05 20596.24
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Figure 6.10: Summary of economic returns

Table 6.6 and Figure 6.10 show that the rule curves derived by GA produce

significantly higher total returns than those obtained from the rule curves produced by

EGAT’s simulation model. With the GA derived rule curves, the irrigation production

is 13323.06 million baht, potable water production is 4898.88 million baht, and energy

benefit is 4255.11 million baht. In case of the benefits from potable water production,

the returns from operation by using GA rule curves and by using EGAT’s rule curves

are equal because there is no deficit in this type of demand no matter what rule curves

are used. However, operation by EGAT’s rule curves returns lower benefits in case of

energy benefits and irrigation production. The results thus demonstrate that the GAs

can be efficiently used in identifying operation policies for multiple reservoir systems.
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6.10 Conclusions

A real world multiple reservoir release problem has been solved satisfactorily
using the GA approach. The GA run process was carried out using real-value
representation scheme, tournament selection, uniform crossover and modified uniform
mutation. A series of sensitivity analysis indicates that the crossover probability of 0.9
and mutation probability corresponding to 5 mutations per chromosome are the proper
setting of GA parameter. The model was run with the population size of 160 for 1,000
generations and the satisfactory solutions were obtained.

The results of GA were compared with those of EGAT’s simulation model. It
can be observed that the GA derived rule curves bring the higher benefits, in terms of
total benefits, irrigation production and electricity production. GA rule curves also
lead to the reduction of irrigation deficits and salinity control deficits as well.

It can be observed that the GA rule curve for Srinagarind Reservoir is drawn
out of the boundary formed by the existing upper rule curve and the lower rule curve.
This indicates that the existing rule curves cannot lead to the best operation in some
period of the water year. The results suggest that the upper rule curve and the lower
rule curve of Srinagarind Reservoir should be revised again in order to satisfy all
demands as much as possible and to lead to the best utilisation of water resources in

the basin.
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CHAPTER 7
CONCLUSIONS

7.1 Introduction

This thesis discusses the implementation of GAs for the optimisation of
multiple reservoir release problem. The application of GAs to the Mae Klong River
Basin has been presented, and their effectiveness in producing optimal solutions has
been analysed. The comparison study has been carried out by evaluating GA rule
curves against the existing rule curves. This chapter summarises the research, outlining
the limitations of the research and providing recommendations for further research.

Following this introduction, section 7.2 presents the achievements of the
research. Section 7.3 describes the limitations and section 7.4 presents a few pointers

towards the future study.

7.2 Achievement of the Thesis

This thesis is made up of two distinct parts. The first part of the thesis reviews
the development of a GA for water resource problems. Secondly, the approach was
applied in the optimisation of rule curves for the Mae Klong River Basin. Major
achievements of the thesis highlighting the contributions at each stage are presented in
this section.

Chapter 2 of the thesis presents a general review of reservoir operation and
mathematical techniques for water resource problems. Chapter 3 of the thesis presents
a basis of GA approach, and a brief review of GA applications to water resource
problems. This could be a useful guideline in the application of GAs to various
optimisation problems.

In Chapter 4, the research by Wardlaw and Sharif (1999) is reviewed. Their

research involves the evaluation of several alternative formulations of the GA for the
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Four-reservoir problem. Wardlaw and Sharif (1999) also carried out the sensitivity
analysis of GA performance to parameters such as crossover probability, mutation
probability and population size. Different representation schemes and genetic
operators were also investigated. The application to non-linear Four-reservoir problem
had further demonstrated the robustness of the approach. All of these cases are
reviewed, and the conclusions from this chapter are summarised here.

The formulation and implementation of GAs to multiple reservoir
operation optimisation problems had been developed.

A generic GA model for the optimisation of multiple reservoir release
problem had been developed.

The effectiveness of real-value coding over binary and Gray coding had
been demonstrated.

GA incorporating tournament selection, uniform crossover, and modified
uniform mutation is most effective and produced the best results.

The best probability parameters are 0.7 for crossover probability and 0.02
for mutation probability, which is corresponding to 1 mutation per chromosome.

The population size of 100 produces acceptable solutions.

In Chapter 5 of the thesis, the characteristics of the Mae Klong River Basin are
described. The essential features of EGAT’s simulation model of the basin and the
revised rule curves produced from the model are also presented. These new rule curves
have been compared with the rule curves produced by GA in Chapter 6.

The application of the GA approach in the optimisation of control curves to the
Mae Klong River Basin reservoir system is presented in Chapter 6. The sensitivity
analysis of GA performance to parameters has been investigated. A comparison of the
GA results with those produced by simulation model is also presented. Some major
contributions from this chapter are listed below.

The best parameter set obtained from sensitivity analysis is crossover
probability of 0.9, mutation probability of 0.139, which is corresponding to 5
mutations per chromosome, and the population size over 160.

The control curves which can be used as a guideline in the actual operation

of the reservoirs have been developed.
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The comparison of rule curves produced by GA with those produced by
EGAT’s simulation model has been demonstrated that, in case of Srinagarind
Reservoir, the space between upper rule curve and lower rule curve of EGAT does not
cover the best ruling level, which can lead to the best utilisation.

The control rule curves produced by GA causes less deficit in terms of
irrigation and salinity control.

The evaluation of economic post processing results has been demonstrated
that the benefits obtained from the operation based on GA rule curves is 22477.05
million baht and the benefits obtained from the operation based on rule curves
produced by EGAT’s simulation model is 20,596.24 million baht in terms of energy
benefits, water supply benefits, and irrigation production.

In the context of reservoir optimisation, Wardlaw and Sharif (1999) proved that

GAs have some distinct advantages over the traditional methods in Four-reservoir
problem. This thesis extends these advantages of GAs to the Mae Klong River Basin
problem, which is the actual reservoir operation, and demonstrates that GAs also have
the practical advantages. Moreover, the implementation of GA is straightforward due

to its simplicity and flexibility.

7.3 Limitations of the Research

There is some limitation in the application of GA to the real world reservoir
operation. The limitations of the research are presented in this section.

GAs are not theoretically guaranteed to identify the exact optimal solution to a
given problem. Their mechanisms are based upon the probabilistic rules, not
deterministic rules. However, they search from a population of points on many regions
of the solution space simultaneously and thus ensure a high probability of locating the
true optimum.

The GA approach requires the use of penalty functions to satisfy the constraints
of the problem. Using suitable penalty functions can overcome the problem but some
experimentation might be required. Proper setting of penalty parameters is a key to

achieve an efficient performance of GA. Too high penalty factors may eliminate some
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good genetic material at the early stage of the run, whereas poor solutions may
propagate in subsequent generations if the penalty factors are too low.

The success of GA approach largely depends upon the proper setting of GA
parameters. There is no single set of parameter values that result in an efficient search
in all cases. Accordingly, a sensitivity analysis to GA parameters is necessary and has
to be carried out time after time. The correct choice of probability parameters is
important, and some care has to be exercised in selecting these values.

There is some limitation in the use of rule curves of EGAT’s simulation model
in comparison with GA derived rule curves. EGAT’s model did not include seepage
volume to the reservoir balance calculation. For accuracy in comparative purpose, the
GA optimisation model then also ignored it. As a result, there might be a little error in
the model. However, the seepage volume may be considered small compared with
other components of the model. For this reason, this error may be considered
acceptable.

Due to the characteristics and the existing water resources management project
of the Mae Klong River Basin, there is a problem relating to the scale of reservoir
operated in the system. The different in size of each reservoir in the system can cause
the severe problem in the satisfaction of storage capacity. The size of Tha Thung Na
Reservoir is too small compared with those of Vajiralongkorn Reservoir and
Srinagarind Reservoir. As a result, the fitness evaluated by the objective function was
frequently penalised by the storage penalty function. This may lead to the loss of some
good solution, and the optimal solutions might not be found. To overcome this

problem, the selection of penalty factor should be carefully practiced.

7.4 Recommendations for Further Study

To conclude this thesis, the following recommendations are made for further
research which could lead to enhanced optimisation performance and better reservoir

system operation.
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7.4.1 Comparative Study

Many advanced optimisation approaches are available; dynamic
programming, simulated annealing, and artificial neural networks, for instance. These
techniques have different advantages and disadvantages. The application of new
approach to the reservoir operation problem against those of conventional techniques
will lead to the discovery of efficient methods that can be used in real world reservoir

system operation.

7.4.2 Hybrid GAs

The combination of robust techniques will become a more powerful
approach. The basic GA is effective in identifying solutions close to the optimum
because it performs a global search instead of a localised one. Using this advantage of
GAs, a hybrid search strategy that combines GA with a local search technique could

produce better solutions to the problem.

7.4.3 Revised Upper Rule Curve and Lower Rule Curve

Despite of the results and conclusions of this thesis, the use of upper
rule curve and lower rule curve is more convenient in routine operation than using
only a single curve. Further research should be focused on the improvement of the
upper rule curves and the lower rule curves in consistent with the optimal rule curves
derived by GA. Another choice is to derive fortnightly, weekly, or even daily rule
curves for more completeness in the definition of the real-time reservoir operation.
These studies will ease the routine operation. However, there are limitations in the data

available that makes such researches hard to accomplish.
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APPENDIX A
RESERVOIR CHARACTERISTICS

This appendix summarises the characteristics of reservoirs in the Mae Klong

River Basin.

A.1 Vajiralongkorn Reservoir

Dam characteristics

Type: Rock fill

Height: 82.00 m

Crest elevation: +163 mMSL

Crest length: 910.00 m
Reservoir characteristics

NHWL.: +155 mMSL

MinWL: +135.00 mMSL

Surface area (at NHWL):  388.00 km®

Gross storage capacity: 8,860.00 mcm

Effective storage capacity:  5,848.00 mcm
Power characteristics

Type of turbine: ~ Francis

Installed capacity: 300.00 MW

Rated discharge:  167.00 cms
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A.2 Srinagarind Reservoir

Dam characteristics

Type: Rock fill
Height: 140.00 m
Crest elevation: +185 mMSL
Crest length: 610.00 m
Reservoir characteristics
NHWL: +180 mMSL
MinWL: Unit 1-3: +159.00 mMSL

Unit 4-5: +164.75 mMSL
Surface area (at NHWL): 418.80 km®
Gross storage capacity: 17,745.00 mcm
Effective storage capacity:  Unit 1-3: 7,480.00 mcm

Unit 4-5: 5,691.00 mcm
Power characteristics

Type of turbine:  Francis
Installed capacity: 720.00 MW
Rated discharge: ~ Unit 1-3: 120.00 cms

Unit 4-5: 175.10 cms

A.3 Tha Thung Na Reservoir

Dam characteristics

Type: Rock fill
Height: 30.00 m
Crest elevation: +62 mMSL
Crest length: 840.00 m

Reservoir characteristics
NHWL: +59.70 mMSL
MinWL: +55.50 mMSL
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Surface area (at NHWL): 8.12 km?

Gross storage capacity: 55.03 mcm

Effective storage capacity: 26.08 mcm
Power characteristics

Type of turbine: ~ Kaplan

Installed capacity: 38.00 MW

Rated discharge:  150.00 cms
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APPENDIX B
GENETIC ALGORITHM COMPUTER CODE

This appendix contains the source code for the program used to solve multiple
reservoir release problem using genetic algorithm. The source code is developed by
using Microsoft Visual C++. It is written in a relatively generic form and can be used
to solve various multiple reservoir operation problems with changes needed only to the
input data file.

The source code is contained in 5 files. A description of these files is provided

below.

B.1 MRRGA.CPP

This file comprises a main program and a number of functions required to
implement the GA procedure. The details of these functions are documented in the
code itself. There are functions of initialisation, different selection schemes such as
proportional selection, rank selection and tournament selection, various crossover
schemes such as one-point crossover, two-point crossover and uniform crossover, and
mutation schemes such as uniform mutation, non-uniform mutation and modified

uniform mutation.

B.2 MRR_HEAD.H

This is a header file where the population size, number of reservoir nodes in
the system, number of confluence nodes and number of time steps in the optimisation

horizon are defined by user.
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B.3 MRR DATA.H

This file contains the functions for input the data from the data file to be

processed in this code.

B.4 MRR _EVAL.H

This file contains the objective function for multiple reservoir release problem.

B.S UTILITIES.H

Miscellaneous functions required by the main program are included in this file.
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/***************************RARRILA(:PP****************************/

/* This is a real-valued genetic algorithms code which canbe ~ */
/* use to solve multiple reservoir optimisation problems. */
/* The code is written in C++ and requires a set of five files. */
/****************************************************************/
/* FILE MRR_HEAD.H is the header file where the population */
/* size, number of reservoirs in the system, and number of time  */
/¥ steps in the optimisation horizon are defined by the user. */
/****************************************************************/
/¥ FILE UTILITIES.H contains routines that are required by the */
/* main code. g/
/****************************************************************/
/* FILE MRR DATA.H open the data file for the multiple */
/* reservoir release problem. This file could easily modified */
/* to include the data of the problem to be solved with this */
/* code. */
/****************************************************************/
/* FILE MRR EVAL.H contains the objective function for the */
/¥ multiple reservoir release problem. b/

[ sk okttt ok stk el ok ok sk ko ok ok st ok ok ok ko ol ok kb ok ok ok sk ok ok ok ok sk ok /

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <string.h>
#include <time.h>

#include "mrr_head.h"
FILE *garun;

/* the header file */
/* an output file */

/****************************************************************/

struct genotype

{
float gene[NVARS]; /* NVARS number of genes of a chromosome */
/* NVARS=num_reservoir*num_stages */
double fitness; /* fitness of chromosomes */
float upper[NVARS]; /* upper limit of the genes */
float lower[NVARS]; /* lower limit of the genes */
double rfitness; /* relative fitness of a chromosome */
double cfitness; /* cumulative fitness of a chromosome */
15
struct nodechar /* struct defining reservoir/node characteristics */
{

float storage[num_stages+1];
float release[num_stages];
float inflow[num_stages];
float totalinflnum_stages];
float evap[num_stages];
float area[num_stages];
float power[num_stages];
float areak[4];

float powk[4];

float stormin;

float stormax;

float storinitial;

float storfinal;

float relmin;

float relmax;

/* an array for storages */

/* an array for releases */

/* an array for inflows */

/* an array for inflows + releases from upper */
/* an array for evaporation */

/* an array for surface area */

/* an array for power */

/* an array for area-storage coeffeicient */
/* an array for power-flow coefficient */
/* minimum storage */

/* maximum storage */

/* initial storage */

/* final storage */

/* minimum release */

/* maximum release */
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float irri[num_stages]; /* an array for irrigation */
float sali[num_stages]; /* an array for salinity control */
float potw[num_stages]; /* an array for potable water */
s
float *ben;

int **index;
#include "utilities.h"
#include "mrr_data.h"

#include "mrr_eval.h"
[ Rk Rtk sl sttt Rk ksl skl R st Rtttk skl skl kR kRl koo skoR o/

/* This initializes a population of chromosomes within i/
/* the upper and lower bounds of the variables of the problem.  */
/* These bounds are specified through a data file which is */
/* applied to this function as a second argument. */

/****************************************************************/

void initializel(genotype population[],nodechar node[],int reservoirn[])

{

int 1,j,ii,nn;

/* initialize variables within the bounds */
for(j=0;j<POPSIZE;j++){
1=0;
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_reservoir;nn++){
population[j].lower[i]=node[reservoirn[nn]-1].relmin;
if(population[j].lower[i]<node[reservoirn[nn]-1].potw][ii])
population[j].lower[i]=node[reservoirn[nn]-1].potw][ii];
population[j].upper[i]=node[reservoirn[nn]-1].relmax;
population[j].gene[i]=randval(population[j].lower][i],
population[j].upperl[i]);
THK
H
H
population[j].fitness=0;
population[j].rfitness=0;
population[j].cfitness=0;

/****************************************************************/
/* This function is similar to initializel except that each GA */
/* run starts with a different number seed. */

R e e L e

void initialize2(genotype population[],nodechar node[],int reservoirn[])
{

int i,j,ii,nn;

float rmax;

/* initialize variables within the bounds */
/* set the initial random number seed */
srand((unsigned)time(NULL));
rmax=RAND MAX;
printf("rmax=%f(any key)\n",rmax);
/* read upper and lower bounds from the file */
for(j=0;j<POPSIZE;j++){
i=0;
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_reservoir;nn++){
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population[j].lower[i]=node[reservoirn[nn]-1].relmin;
if(population[j].lower[i]<node[reservoirn[nn]-1].potw][ii])
population[j].lower[i]=node[reservoirn[nn]-1].potwl[ii];
population[j].upper[i]=node[reservoirn[nn]-1].relmax;
population[j].gene[i]=randval(population[j].lower][i],
population[j].upper][i]);
1++;
H
H
population[j].fitness=0;
population[j].rfitness=0;
population[j].cfitness=0;
H
H
/****************************************************************/

/* keep the best function: This function keeps track of the */
/* best member of the population. Note that the last entry in %(
/* the array Population holds a copy of the best individual. R

[ sk sk stk et ok kbt ok ok skl ok ok st ks ok ok ko ol ok kb ok ok ok sk ko ok ok ok sk ok /

void keep the best(genotype population[])

{
int i,mem;
int cur_best; /* index of the best individual */
cur_best=0; /* stores the index of the best individual */
double maxfitness=0.0;
for (mem=0;mem<POPSIZE;mem+-+){
if(population[mem].fitness>maxfitness) {
maxfitness=population[mem].fitness;
cur_best=mem;
population[POPSIZE] fitness=population[mem)].fitness;
H
§
/* once the best member in the population is found, copy the genes */
for(i=0;i<NVARS;i++)
population[POPSIZE].gene[i]=population[cur_best].gene[i];
}****************************************************************/
/* elitist function: The best member of the previous generation  */
/* is stored as the last in the array. */

/****************************************************************/

void elitist(genotype population[])

{ . .
nt 1;
double best,worst; /* best and worst fitness values */
int best_ mem,worst_mem; /* the best and the worst members */

best=population[0].fitness;
worst=population[0].fitness;

for(i=0;i<POPSIZE-1;++i){
if(population[i].fitness>population[i+1].fitness) {
if(population[i].fitness>=best) {
best=population[i].fitness;
best mem=i;

if(population[i+1].fitness<=worst){
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worst=population[i+1].fitness;
worst mem=i+1;

H
H
else{
if(population[i].fitness<=worst){
worst=population[i].fitness;
worst_mem=i;
if(population[i+1].fitness>=best){
best=population[i+1].fitness;
best mem=i+1;
}
f
H
/****************************************************************/
/* if best individual from the new population is better than %
/* the best inidividual from the previous population, then &
/* copy the best from the new population; else replace the &/
/* worst individual from the current population with the &7
/* best one from the previous generation. */

/****************************************************************/
if(best>=population[POPSIZE].fitness) {
for(i=0;i<NVARS;i++){
population[POPSIZE].gene[i]=population[best mem].gene[i];

H
population[POPSIZE].fitness=population[best mem].fitness;
H
else{
for(i=0;i<NVARS;i++){
population|[worst_mem].gene[i]=population[POPSIZE].gene[i];
H
population[worst mem)].fitness=population|POPSIZE].fitness;
H

}

/****************************************************************/

/* Selection function: Standard proportional selection gy
/****************************************************************/

void ProportionSelect(genotype population[],genotype newpopulation[])
{

int mem,i,j;

double sum=0;

double p,avg;

/* find total fitness of the population */
for(mem=0;mem<POPSIZE;mem-++){
sum+=population[mem].fitness;

H
avg=sum/(double)POPSIZE;

/* calculate relative fitness */
for(mem=0;mem<POPSIZE;mem-++){

population[mem].rfitness=population[ mem].fitness/sum;

}

population[0].cfitness=population[0].rfitness;

/* calculate cumulative fitness */
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for(mem=0;mem<POPSIZE;mem-++){
population[mem].cfitness=population[mem-1].cfitness+
population[mem].rfitness;

}

/* finally select chromosomes using cumulative fitness */
for (i=0;i<POPSIZE;i++){
p=rand()%1000/1000.0;
if(p<population[0].cfitness)
newpopulation[i]=population[0];

else{
for(j=0;j<POPSIZE;j++)
if(p>=population[j].cfitness&&
p<population[j+1].cfitness)
newpopulation[i]=population[j+1];
H

}

/* once a new population is created, copy it back */
for(i=0;i<POPSIZE;i++){
population[i]=newpopulation[i];
H
H
/****************************************************************/
void BinaryTourSelect(genotype population[],genotype newpopulation[])
{
int mem,ii,jj,i;
/* find the best member from the group and select it */
for(mem=0;mem<POPSIZE;mem++) {
ii=irandval(0,POPSIZE-1);
jj=irandval(0,POPSIZE-1);
if(population[ii].fitness>=population[jj].fitness)
newpopulation[mem]=population[ii];
else newpopulation[mem]=population[jj];

}

/* once a new population is created, copy it back */

for(i=0;i<POPSIZE;i++){
population[i]=newpopulation[i];

H

R T L e

int TournmSelection(genotype population[])
{

int TS K=4;

float TS P=0.25;

float p;

int i,j;

typedef struct
{

int index;
double fitness;
ttournmType;

tournmType sel[POPSIZE];
tournmType aux;
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/* Selects K individuals */

for(i=0;i<TS_K;i++){
sel[i].index=irandval(0,POPSIZE-1);
sel[i].fitness=population[sel[i].index].fitness;

}

/* Sorts the fitness/ Brings best to the top */
for(i=0;i<TS_K;i++){
for(j=i+1;j<TS_K;j++){
if(sel[i].fitness<=sel[j].fitness) {
aux=sel[i];
sel[i]=sel[j];
sel[j]=aux;

—

}

p=rand()%1000/1000.0F;
if(p<TS_P)sel[0].index=sel[1].index;
return(sel[0].index);

[ sk sk sttt ok stk ot ok ok sk ko ok ok ok ok ok ok kot ok ok ok ok ok ok sk ko ok ok ok ok o/

void ModTourSelect(genotype population[],genotype newpopulation[])
{

int 1,1i;

for(i=0;i<POPSIZE;i++){
ii=TournmSelection(population);
newpopulation[i]=population[ii];

}

/* copy back the population */
for(i=0;i<POPSIZE;i++){
population[i]=newpopulation[i];

}

/****************************************************************/

/* MODIFIED SELECTION SCHEME g/

/****************************************************************/

void mod_select(genotype population[],genotype newpopulation[])
{

int mem,i,j;

double sum=0;

double p;

/* find total fitness of the population */

for(mem=0;mem<POPSIZE;mem-++){
population[mem].fitness=1-mem/(POPSIZE-1);
sum+=population[mem].fitness;

}

/* calculate relative fitness */
for(mem=0;mem<POPSIZE;mem-++){

population[mem].rfitness=population[ mem].fitness/sum;

}

population[0].cfitness=population[0].rfitness;

/* calculate cumulative fitness */
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for(mem=1;mem<POPSIZE;mem-++){
population[mem].cfitness=population[mem-1].cfitness+
population[mem].rfitness;

}

/* finally select survivors using cumulative fitness */
for(i=0;i<POPSIZE;i++);{
p=rand()%1000/1000.0;
if(p<population[0].cfitness)
newpopulation[i]=population[0];

else{
for(j=0;j<POPSIZE;j++)
if(p>=population[j].cfitness&&
p<population[j+1].cfitness)
newpopulation[i]=population[j+1];
H

}

/* once a new population is created, copy it back */
for(i=0;i<POPSIZE;i++){
population[i]=newpopulation[i];
H
H
/****************************************************************/

void Xover(int one,int two,genotype population[])

{
int i;
int point; /* crossover point */
/* select crossover point */
point=num_reservoir*irandval(l,num stages-1);
for(i=point;i<NVARS;i++)
swap(&population[one].gene[i],&population[two].gene[i]);
H
J e e e L e e L LY
/* Crossover: performs 2 point crossover of the two selected 7
/* parents. 7

/****************************************************************/

void TPXover(int one,int two,genotype population[])
{

int i;

int pointl, point2; /* crossover point */

/* select crossover point */
pointl=num_reservoir*irandval(0,num_stages-1);
point2=num_reservoir*irandval(0,num_stages-1);
if(point2>pointl)iswap(&pointl,&point2);
for(i=pointl;i<point2;i++){
swap(&population[one].gene[i],&population[two].gene[i]);

H

/****************************************************************/

void MUNXover(int one,int two,genotype population[])

{
int i,ii,crossindex.kk;
int blockLength;
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kk=0;
blockLength=num_reservoir;

for(ii=0;ii<num_stages;ii++){
crossindex=rand()&01;
for(i=kk;i<kk+blockLength;i++){
if(crossindex==0)swap(&population[one].gene[i],
&population[two].gene[i]);

i
kk=kk+blockLength;
H

/****************************************************************/

/* Performs uniform crossover */
/****************************************************************/

void UNXover(int one,int two,genotype population[])

{
int i,rr,crossindex,kk;
int blockLength;
kk=0;
blockLength=num_stages;
for(rr=0;rr<num_reservoir;rr++){
crossindex=rand()&01;
for(i=kk;i<kk+blockLength;i++){
if(crossindex=—=0)swap(&population[one].gene[i],
&population[two].gene[i]);
i
kk=kk+blockLength;
H
H
[ R R R SRR R R R SRR SRR R SRR SRR R R SRR R Rk R R SRRk SRR Rk kR Rk Rk
/* Crossover selection: select two chromosomes that take part K/
/* in the crossover. Implements one point crossover. o

/****************************************************************/

void OnePointCrossover(genotype population[],float PXOVER)
{

int mem,one;
int first=0; /* count of the number of members chosen */
double x;

for(mem=0;mem<POPSIZE;++mem){
x=rand()%1000/1000.0;
if(x<PXOVER){
++first;
if(first%2==0)
Xover(one,mem,population);
else
one=mem,;

H

/****************************************************************/

/* Two point crossover scheme */
[ s s ks s sk Rk s kR Rk R s sk s R s R sk sk R R sk R sk Rk R sk Rk s R sk Rk ok ok /

void TwoPointCrossover(genotype population[],float PXOVER)
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int mem,one;
int first=0; /* count of the number of members chosen */
double x;

for(mem=0;mem<POPSIZE;++mem){
x=rand()%1000/1000.0;
if(x<PXOVER){
++first;
if(first%2==0)
TPXover(one,mem,population);

else
one=mem;

H
/****************************************************************/
/* Uniform Crossover: selects two parents that take part in &

/* the crossover. Implements uniform crossover. N

[ sk ok stk ot ok stk el ok ok sk ko ok ok st ok ok ok ko ol ok kb ok ok ok sk ok ok ok ok sk ok

void UniformCrossover(genotype population[],float PXOVER)

{
int mem,one;
int first=0; /* count of the number of members chosen */
double x;
for(mem=0;mem<POPSIZE;++mem){
x=rand()%1000/1000.0;
if(x<PXOVER){
++first;
if(first%2==0)
MUNXover(one,mem,population);
else
one=mem;
§
H
H
/****************************************************************/
/* Modified Uniform Mutation. A gene selected for mutation is */
/* modified by a predefined small amount which may be positive */
/* or negative with equal probability. */

R e L e
void ModUniMutate(genotype population[],float PMUTATION)
{ . .« .

nt 1,);

float Ibound,hbound;

double x;

int mutant,change;

change=1;
for(i=0;i<POPSIZE;i++){
for(j=0;j<NVARS;j++){
x=rand()%1000/1000.0;
if(x<PMUTATION){

/* find the bounds on the variable to be mutated*/
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Ibound=population[i].lower][j];
hbound=population[i].upper[j];
mutant=rand()&01;
if(mutant==1){
population[i].gene[j]=population[i].gene[j]
+change;
if(population[i].gene[j]>hbound)
population[i].gene[j]=
population[i].gene[j]-2*change;

H
else{
population[i].gene[j]=population[i].gene[j]
-change;
if(population[i].gene[j]<lbound)
population[i].gene[j]=
population[i].gene[j]+2*change;
¥

}

} /* end of routine */
/****************************************************************/

/* UNIFORM MUTATION: Random uniform mutation. A gene selected*/
/* for mutation is replaced by a random value between lower Y
/* and upper bounds of this gene. Y
/****************************************************************/
void UniMutate(genotype population[],float PMUTATION)
{ . ..

nt 1,];

float Ibound,hbound;

double x;

for(i=0;i<POPSIZE;i++){
for(j=0;j<NVARS;j++){
x=rand()%1000/1000.0;
if(x<PMUTATION){

/* find the bounds on the variable to be mutated™®/
Ibound=population[i].lower[j];
hbound=population[i].upper(j];
population[i].gene[j]=randval(lbound,hbound);

}

st sk stk ot ok stk ol ol kol ol ok ok stk ol kot ol ol ikl ol kol ol kol ol o/

/* Report function: Reports progress of the simulation. */
/****************************************************************/

void report(genotype population[],int generation)

inti;

double best_val; /* best population fitness */
double avg; /* avg population fitness */
double sum_square; /* sum of square for std. calc. */
double square_sum; /* square of sum for std. calc. */

double sum; /* total population fitness */
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/!

1

sum=0.0;
sum_square=0.0;

for(i=0;i<POPSIZE;i++){
sum+=population[i].fitness;
sum_square+=population[i].fitness*population[i].fitness;

H

avg=sum/(double)POPSIZE;

square_sum=avg*avg*POPSIZE;

stddev=sqrt((sum_square-square sum)/(POPSIZE-1));

best_val=population[POPSIZE].fitness;

fprintf(garun,"%4d\t%5.31\t%5.3f\t%5.2f\n" ,generation,
best val,avg);

printf("%4d %4.3f %4.3f\n",generation,best val,avg);

s
/****************************************************************/

/* Main function: The GA procedure is repeated for the %(

/* required number of generations. R
[ R Rk R kR sk R SRR SRRk Rk Rk SRR sk sk sk sk sk sk Rk Rk Rk sk sk sk Rk Rk sk R sk ok Rk Rk /

void main(void)

{

/l
/!
/l
1/l
/
/

int generation;

float Increase,oldfitness,newfitness;

char title[80];

char garunfile[20],datafile[20],resultfile[20];

struct genotype population[POPSIZE+1]; /* population */

struct genotype newpopulation[POPSIZE+1]; /* new population */
struct nodechar node[num_nodes];

int nodesn[num_nodes]; /* node number */

int reservoirn[num_reservoir|; /* reservoir number */

int conflnecn[num_conflnc]; /* confluence node number */

int MAXGENS; /* maximum number of generations */
float PXOVER; /* probability of crossover */

float PMUTATION; /* probability of mutation */

int NofMU; /* number of mutation per chromosome */
float pfactor; /* penalty factor for final target storage */
float pfactor _irri; /* penalty factor for irrigation */

float pfactor_sali; /* penalty factor for salinity control */
float minfactor; /* penalty for minimum storage */

float maxfactor; /* penalty for maximum storage */

ben=vector(0,num_stages-1);
index=imatrix(0,num_nodes-1,0,num_nodes-1);

/* Input the file names */
printf("Enter the input file name: ");
gets(datafile);

printf("Enter the run file name: ");
gets(garunfile);

printf("Enter the output file name: ");
gets(resultfile);

strepy(datafile,"mk data.txt");
strepy(garunfile,"mk_run.txt");
strepy(resultfile,"mk _out.txt");
readdata(node,title,nodesn,reservoirn,conflncn,datafile);
puts(title);
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/* Open an output file */

if((garun=fopen(garunfile,"w"))==NULL){
exit(1);

H

printf("Enter the crossover probability: ");
scanf("%f",&PXOVER);

printf("Enter the mutation probability: ");
scanf("%f",&PMUTATION);
printf("Enter the number of generations: ");
scanf("%d",&MAXGENS);

pfactor=31;

pfactor_irri=13;

pfactor_sali=6;

minfactor=_89;

maxfactor=100;

/****************************************************************/

I
\n");

/
/
/1
1
1
1
1
/
1
/!
/!
/!
/1
/1
1

/

//
/

1
1

/!

/* start the generation loop */
fprintf(garun,"final\tsali\tirri\tmin\tmax\tPXOVER\tNofMUWPMUTATE\tnewfitness\tIncrease

NofMU=(int)PMUTATION*NVARS;
pfactor=1;
do{ /* sensitivity to pfactor */
pfactor_sali=2;
do{ /* sensitivity to pfactor sali */
pfactor_irri=3;
do{ /* sensitivity to pfactor irri */
minfactor=200;
do{ /* sensitivity to minfactor */
maxfactor=200;
do{ /* sensitivity to maxfactor */
PXOVER=0.5;
do{ /* sensitivity to PXOVER */
NofMU=1;
do{ /* sensitivity to NofMU */

PMUTATION=((float)NofMU)/((float)NVARS);
generation=0;
initialize1(population,node,reservoirn); /* initialise the population randomly */
initialize2(population,node,reservoirn);
evaluate(population,node,reservoirn,conflncn,pfactor,pfactor irri,pfactor sali,
minfactor,maxfactor); /* evaluate the fitness of chromosomes */
keep the best(population);
Increase=10.0F;
oldfitness=0.0F;
while((Increase>=0.1F)&&(generation<MAXGENS)){
generation++;
report(population,generation);
rank_select();
ModTourSelect(population,newpopulation);
ProportionSelect();
UniformCrossover(population,PXOVER); /* Uniform */
OnePointCrossover();
TwoPointCrossover();
ModUniMutate(population,PMUTATION);
UniMutate(population, PMUTATION);
evaluate(population,node,reservoirn,conflnen,pfactor,pfactor _irri,pfactor sali,
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minfactor,maxfactor);
elitist(population);
if((generation)%100==0){
newfitness=(float)population[POPSIZE] fitness;
printf("oldfitness=%3.3f\n",oldfitness);
printf("newfitness=%3.3f\n" ,newfitness);
Increase=newfitness-oldfitness;
printf("Increase=%3.3f\n",Increase);
oldfitness=newfitness;
\ H
fprintf(garun,"%3.31\t%3.31\t%3.3\t%3.31\t%3.31\t%3.3\t%d\t%3.3f\t%3.3f\t%3.3f\n",pfactor
,pfactor_sali,pfactor_irri,minfactor,maxfactor,P XOVER,NofMU,PMUTATION,newfitness,Increase);

/! NofMU+=1;

/! }while(NofMU<=10);

// PXOVER=(float)(PXOVER-+0.05F);
// }while(PXOVER<=1.0F);

/! maxfactor=(float)(maxfactor+1.0f);
/! } while(maxfactor<=230);

/! minfactor=(float)(minfactor+1.0f);

/! $ while(minfactor<=230);

/! pfactor irri=(float)(pfactor_irri+1.0f);

/! }while(pfactor irri<=30);

/! pfactor_sali=(float)(pfactor_sali+1.0f);

/! +while(pfactor_sali<=20);

/! pfactor=(float)(pfactor+1.0f);

/! }while(pfactor<=10);

/* print the results */

result(population,node,reservoirn,conflncn, MAXGENS,PXOVER,PMUTATION,pfactor,pfact
or_irri,pfactor_sali,resultfile);

fclose(garun);

printf("Run Complete\n");
} /* end of main */
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/****************************************************************/

/* File MRR_HEAD.H: Header file */
/****************************************************************/
#define POPSIZE 160

#define num_nodes 4

#define num_stages 12

#define num_reservoir 3

#define num_conflnc 1

#define NVARS num_reservoir*num_stages
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/****************************************************************/

/* FILE MRR_DATA.H: Reads data from the supplied files */
s ks sk sk ok sk sk Rk ks Rk sk R R sk R R sk R sk Rk sk ks Rk ko o /
void readdata(nodechar node[],char title[],int nodesn[],int reservoirn[],

int conflncn[],char fnamel[])
{

FILE *f3;
int ii,nn,dummy;

/* Input the benefit data */
if(1(f3=fopen(fname,"r"))){
printf("Cannot open the input file on f3\n");
exit(1);
}
fgets(title,80,13);
fscanf(f3,"%d\n",&dummy);
if(num_stages!=dummy){
printf("check num_stages\n");
exit(1);

§

fscanf(f3,"%d\n",&dummy);

if(num_nodes!=dummy){
printf("check num_nodes\n");
exit(1);

i

for(nn=0;nn<num_nodes;nn++){
fscanf(f3,"%d",&nodesn[nn]);

§

fscanf(f3,"\n");
/***************************************************************/
fscanf(f3,"%d\n",&dummy);
if(num_reservoir!=dummy){
printf("check num_reservoir\n");
exit(1);
}
for(nn=0;nn<num_reservoir;nn++){
fscanf(f3,"%d",&reservoirn[nn]);
}
fscanf(f3,"\n");
/***************************************************************/
fscanf(f3,"%d\n",&dummy);
if(num_conflnc!=dummy){
printf("check num_conflnc\n");
exit(1);
}
for(nn=0;nn<num_conflnc;nn++){
fscanf(f3,"%d",&conflncn[nn]);
}
fscanf(f3,"\n");
/***************************************************************/
/* Input the benefit data */
for(ii=0;ii<num_stages;ii++){
fscanf(f3,"%f",&ben[ii]);
v
s
fscanf(f3,"\n");

J i e LR e L e S L e LYl
/* Input the inflow/sideflow data */
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for(nn=0;nn<num_nodes;nn++){
for(ii=0;ii<num_stages;ii++){
fscanf(f3,"%f",&node[nn].inflow][ii]);

}
fscanf(f3,"\n");

[t sk sttt ok sk btk ol ok ok ol ol okttt ol kil ol skl skt ol okt ol ol ok ko /

/* Input the storage max/min data */
for(nn=0;nn<num_reservoir;nn++){

fscanf(f3,"%f",&node[reservoirn[nn]-1].stormin);
fscanf(f3,"%f",&node[reservoirn[nn]-1].stormax);
fscanf(f3,"%f",&node[reservoirn[nn]-1].storfinal);
fscanf(f3,"%f",&node[reservoirn[nn]-1].storinitial);

fscanf(f3,"\n");

v

s

for(nn=0;nn<num_reservoir;nn++){
node[reservoirn[nn]-1].storage[0]=node[reservoirn[nn]-1].storinitial;

[ sk ok stk ot ok stk el ok ok sk ko ok ok st ok ok ok ke ol ok kb ok ok ok sk ko ok ok ok sk ok /

/* Input the release max/min data */

for(nn=0;nn<num_reservoir;nn++){
fscanf(f3,"%f",&node[reservoirn[nn]-1].relmin);
fscanf(f3,"%f",&node[reservoirn[nn]-1].relmax);
fscanf(f3,"\n");

H

/****************************************************************/

/* Input the connection data */
for(nn=0;nn<num_nodes;nn++){
index[nn][nn]=-1;
for(ii=0;ii<num_nodes;ii++){
fscanf(f3,"%2d",&index[nn][ii]);
i

fscanf(f3,"\n");
H

SRR R R SRR R R R SRR SRR R SRR SRR R SRR SRR SRR R R SR SRR Rk Rk Rk Rk Rk
/* Input the area-storage coefficient data */
for(nn=0;nn<num_reservoir;nn++){

for(ii=0;11<4;ii++){
fscanf(f3,"%f",&node[reservoirn[nn]-1].areak]ii]);

fscanf(f3,"\n");

s s ks R sk R sk sk R sk ks sk ks R R sk sk Rk s R sk R sk Rk sk ks Rk koo /
/* Input the power-flow coefficient data */
for(nn=0;nn<num_reservoir;nn++){

for(ii=0;ii<3;ii++) {
fscanf(f3,"%f",&node[reservoirn[nn]-1].powk[ii]);

H
fscanf(f3,"\n");

/****************************************************************/
/* Input the irrigation demand data */
for(nn=0;nn<num_nodes;nn++){
for(ii=0;ii<num_stages;ii++){
fscanf(f3,"%f",&node[nn].irri[ii]);

§
fscanf(f3,"\n");
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s sk ks sk R sk sk R sk ks sk sk ks R sk Rk s R sk sk sk sk Rk Rk ko ok /

/* Input the salinity control demand data */
for(nn=0;nn<num_nodes;nn++){
for(ii=0;ii<num_stages;ii++){
fscanf(f3,"%f",&node[nn].sali[ii]);

}
fscanf(f3,"\n");

J e L e e e L e P L LY

/* Input the potable water demand data */
for(nn=0;nn<num_nodes;nn++){
for(ii=0;ii<num_stages;ii++){
fscanf(f3,"%f",&node[nn].potwl[ii]);
!

s
fscanf(f3,"\n");

/****************************************************************/

/* Input the evaporation data */
for(nn=0;nn<num_nodes;nn++){
for(ii=0;ii<num_stages;ii++){
fscanf(f3,"%f",&node[nn].evap[ii]);
}
fscanf(f3,"\n");
H

/****************************************************************/

(void)fclose(f3);

Appendix / 116



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Technology of Environmental Management) / 117

/****************************************************************/

/* MRR_EVAL.H: contains evaluation function of the problem */
/****************************************************************/
/* Evaluation function: This computes the fitness of each */
/* chromosome in the population */
/****************************************************************/
void evaluate(genotype population[],nodechar node[],

int reservoirn[],int conflnen[],float pfactor,

float pfactor _irri,float pfactor_sali,float minfactor,

float maxfactor)

int mem;

int 1;

int ii,jj,nn;

float pen,sum_benefit;

float sumpenalty,sumpenalty irri,sumpenalty sali;

float penalty,penalty irri,penalty sali;

double nfactor=1.0;

float *benefit;
/****************************************************************/

benefit=vector(0,num_stages-1);

/* start the population loop */
for(mem=0;mem<POPSIZE;mem-++){
pen=0;
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_reservoir;nn++){
i=ii*num_reservoir+nn;
node[reservoirn[nn]-1].release[ii]=population[mem].gene[i];
¥
}
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_nodes;nn++){
node[nn].totalinf[ii]=node[nn].inflow[ii];
for(jj=0;jj<num_nodes;jj++){
switch(index[nn][jj]){
case 0 : break;
case 1 : node[nn].totalinfii]+=node[jj].
release[ii];break;
case -1 : break;

H
}
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_conflnc;nn++){
node[conflncn[nn]-1].release[ii]=node[conflncn[nn]-1].totalinfii];
H
H
for(ii=0;ii<num_stages;ii++){
benefit[ii]=0;
for(nn=0;nn<num_reservoir;nn++){
node[reservoirn[nn]-1].area[ii]=node[reservoirn[nn]-1].areak[0]
+(node[reservoirn[nn]-1].areak[1]*node[reservoirn[nn]-
1].storage[ii])+(node[reservoirn[nn]-1].arecak[2]*node
[reservoirn[nn]-1].storage[ii]*node[reservoirn[nn]-1].
storage[ii])+(node[reservoirn[nn]-1].areak[3]*node
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[reservoirn[nn]-1].storage[ii]*node[reservoirn[nn]-
1].storage[ii]*node[reservoirn[nn]-1].storage[ii]);
node[reservoirn[nn]-1].storage[ii+1]=node[reservoirn[nn]-
1].storage[ii][+node[reservoirn[nn]-1].totalinfii]-node
[reservoirn[nn]-1].release[ii]-(node[reservoirn[nn]-
1].evap[ii]*node[reservoirn[nn]-1].area[ii]*0.001F);
if(node[reservoirn[nn]-1].storage[ii+1]<=node[reservoirn[nn]-
1].stormin){
pent+=(node[reservoirn[nn]-1].stormin-node
[reservoirn[nn]-1].storage[ii+1])*minfactor;

if(node[reservoirn[nn]-1].storage[ii+1]>=node[reservoirn[nn]-
1].stormax){
pent+=(node[reservoirn[nn]-1].storage[ii+1]-node
[reservoirn[nn]-1].stormax)*maxfactor;

node[reservoirn[nn]-1].power[ii[=node[reservoirn[nn]-1].powk[0]
+(node[reservoirn[nn]-1].powk[ 1 ]*(node[reservoirn[nn]-
1].release[ii]*1000/2592))+(node[reservoirn[nn]-1].
powk[2]*(node[reservoirn[nn]-1].release[ii]*1000/2592)*
(node[reservoirn[nn]-1].release[ii]*1000/2592));
benefit[ii]+=(ben[ii]*node[reservoirn[nn]-1].powerfii]);
}
sum_benefit=findsum(benefit,num_stages);
/****************************************************************/
sumpenalty_irri=0.0F;
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_nodes;nn++){
if(node[nn].release[ii]-node[nn].potw[ii]<node[nn].irri[ii]){
penalty irri=(node[nn].irri[ii]-node[nn].release[ii]-
node[nn].potwl[ii])*(-1.0F*pfactor _irri);
H
else penalty irri=0.0;
sumpenalty irri+=penalty _irri;
Y
H

sumpenalty sali=0.0F;
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_nodes;nn++){
if(node[nn].release[ii]-node[nn].potw][ii]-node[nn].irri[ii]
<node[nn].sali[ii]){
penalty _irri=(node[nn].sali[ii]-node[nn].release[ii]-
node[nn].potwl[ii]-node[nn].irri[ii])*(-1.0F*
pfactor_sali);
H
else penalty sali=0.0;
sumpenalty sali+=penalty_sali;

H

H
sumpenalty=0.0F;

for(nn=0;nn<num_reservoir;nn++){
if(node[reservoirn[nn]-1].storage[num_stages]<node[reservoirn[nn]-
1].storfinal){
penalty=(node[reservoirn[nn]-1].storfinal-node[reservoirn[nn]-1]
.storage[num_stages])*(-1.0F*pfactor);
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H
else penalty=0.0;

sumpenalty+=penalty;

population[mem].fitness=(sum_benefit-pen+sumpenalty irri+sumpenalty sali
+sumpenalty)/nfactor;

if(population[mem].fitness<0.0)population[mem].fitness=0.0;

/****************************************************************/
} /* population loop */

} /* end of function "evaluate" */
/****************************************************************/
void result(genotype population[],nodechar node[],int reservoirn[],

int conflncn[],int MAXGENS, float PXOVER,float PMUTATION,

float pfactor,float pfactor_irri,float pfactor_sali,char fname[])

int mem;

int i;

int ii,jj,nn;

float sum_benefit;

float sumpenalty,sumpenalty irri,sumpenalty_sali;
float penalty,penalty irri,penalty sali;

float *benefit;

FILE *f4;

benefit=vector(0,num_stages-1);
/****************************************************************/
/* open an output file */
if(!(f4=fopen(fname,"w"))) {
nrerror("Can't open output file on f1\n");
exit(1);
}
fprintf(f4,"POPSIZE:%4d\n",POPSIZE);
fprintf(f4,"MAXGENS:%4d\n",MAXGENS);
fprintf(f4,"PXOVER:%1.3f\n",PXOVER);
fprintf(f4,"PMUTATE:%1.3f\n",PMUTATION);
/****************************************************************/
mem=POPSIZE;
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_reservoir;nn++){
i=ii*num_reservoir+nn;
node[reservoirn[nn]-1].release[ii]=population[mem].gene[i];
b
i
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_nodes;nn++){
node[nn].totalinf]ii]=node[nn].inflow[ii];
for(jj=0;jj<num_nodes;jj++){
switch(index[nn][jj]){
case 0 : break;
case 1 : node[nn].totalinf[ii]+=node[jj].release[ii];break;
case -1 : break;

H

i

for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_conflnc;nn++){
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node[conflncn[nn]-1].release[ii]=node[conflncn[nn]-1].totalinfTii];
H
}
for(ii=0;ii<num_stages;ii++){
benefit[ii]=0;
for(nn=0;nn<num_reservoir;nn++){
node[reservoirn[nn]-1].area[ii]=node[reservoirn[nn]-1].areak[0]
+(node[reservoirn[nn]-1].areak[1]*node[reservoirn[nn]-
1].storage[ii])+(node[reservoirn[nn]-1].areak[2]*node
[reservoirn[nn]-1].storage[ii]*node[reservoirn[nn]-1].
storage[ii])+(node[reservoirn[nn]-1].areak[3]*node[reservoirn[nn]-
1].storage[ii]*node[reservoirn[nn]-1].storage[ii]
*node[reservoirn[nn]-1].storagel[ii]);
node[reservoirn[nn]-1].storage[ii+1]=node[reservoirn[nn]-1].storage[ii]
+node[reservoirn[nn]-1].totalinf[ii]-node[reservoirn[nn]-
1].release[ii]-(node[reservoirn[nn]-1].evap[ii]*node[reservoirn[nn]-
1].area[ii]*0.001F);
node[reservoirn[nn]-1].power[ii[=node[reservoirn[nn]-1].powk[0]
+(node[reservoirn[nn]-1].powk[ 1 [*(node[reservoirn[nn]-
1].release[ii]*1000/2592))+(node[reservoirn[nn]-1].powk[2]*
(node[reservoirn[nn]-1].release[ii]*1000/2592)*(node
[reservoirn[nn]-1].release[ii]*1000/2592));
benefit[ii]+=(ben[ii]*node[reservoirn[nn]-1].power]ii]);
} /* reservoir loop */
} /* stage loop */
/****************************************************************/
sum_benefit=findsum(benefit,num_stages);
sumpenalty irri=0.0F;
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_nodes;nn++){
if(node[nn].release[ii]-node[nn].potw][ii]<node[nn].irri[ii]){
penalty irri=(node[nn].irri[ii]-node[nn].release[ii]-
node[nn].potwl[ii])*(-1.0F*pfactor _irri);
H
else penalty _irri=0.0;
sumpenalty irri+=penalty _irri;
H
H

sumpenalty sali=0.0F;
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_nodes;nn++){
if(node[nn].release[ii]-node[nn].potw][ii]-node[nn].irri[ii]
<node[nn].sali[ii]){
penalty _irri=(node[nn].sali[ii]-node[nn].release[ii]-
node[nn].potwl[ii] -node[nn].irri[ii])*(-1.0F*pfactor_sali);
H
else penalty sali=0.0;
sumpenalty sali+=penalty_sali;

H
H
sumpenalty=0.0F;
for(nn=0;nn<num_reservoir;nn++){
if(node[reservoirn[nn]-1].storage[num_stages]<node[reservoirn[nn]-1].storfinal){
penalty=(node[reservoirn[nn]-1].storfinal-node[reservoirn[nn]-1]
.storage[num_stages])*(-1.0F*pfactor);

else penalty=0.0;
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sumpenalty+=penalty;
H
population[mem].fitness=sum_benefit+sumpenalty irri+sumpenalty sali+sumpenalty;
if(population[mem].fitness<0.0)population[mem].fitness=0.0;

/****************************************************************/

printf("FITNESS=%3.2f\n",population[mem].fitness);
for(nn=0;nn<num_reservoir;nn++){

fprintf(f4,"\tReservoir%d",nn+1);

H
fprintf(f4,"\n");
for(nn=0;nn<num_reservoir;nn++){
fprintf(f4," STOR INFL RELE ");
!
s
fprintf(f4,"\n");
for(ii=0;ii<num_stages;ii++){
for(nn=0;nn<num_reservoir;nn++){
fprintf(f4,"%5.21\t%5.2£\t%6.2f\t" ,node[reservoirn[nn]-1].storagef[ii],
node[reservoirn[nn]-1].inflow[ii],node[reservoirn[nn]-
1].releaselii]);

H
fprintf(f4,"\n");
H
fprintf(f4,"Maximum Benefit=%3.2f\n",population[mem].fitness);
(void)fclose(f4);
} /* end of routine "result" */
/****************************************************************/
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/****************************************************************/

/* Utilities.h: contains miscellenous routines */
/****************************************************************/
int **imatrix(int nrl,int nrh,int ncl,int nch);

float **matrix(int nrl,int nrh,int ncl,int nch);

int *ivector(int nl,int nh);

float *vector(int nl,int nh);

void nrerror(char *messg); /* function prototype for error routine */
void get f(char name[]);

int irandval(int,int);

float randval(float,float);

float findsum(float [],int); /* function prototype for summing n elements */
/****************************************************************/

/* Swap: Used for swapping 2 variables */

/****************************************************************/

void iswap(int *x,int *y)

{

int temp;

temp==*x;
*X=ry;
*y=temp;

h

/3 e st s e s ke st s st s ke st se st s s e st se s s ke st ke st s she s ke st ke st s st s she st s st s st e st seste s ke st s st sk ke ke stk steskeoskok sk /

void swap(float *x,float *y)

{

float temp;

temp="*x;

Y/

*y=temp;
H

sk sk ks ok ok ok sk ok ok ok stk ol ok ok kol ok ok sk stk ok ok sk ok ok ok ok ok ok ook ook o/

/* Random value generator: Generates a value within bounds ~— */
Rk sk sk el sl et ksl R skl Rl sl Rl Rkl sklR sk kR sl sk Rl Rtk RSk ok ok

int irandval(int low,int high)

{
int val;
int nb=high-low;

val=(rand()%nb-+low);

return(val);

st sk stk ol ok stk ol ol ok ok ol ok ok s ol ol kol ol ok ikl ol kol ol kol kol o/
float randval(float low,float high)

float val;
float nb=high-low;

val=(float)(rand()%1000/1000.0*nb+low);

return((float)val);

/****************************************************************/

/* routine to find sum of value */
SRl ok sl ksl R Rl R sl ok skl Rl Rl ksl R sl R skl Rk /
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float findsum(float vals[],int num_els)

{

float summation=0.0;

for(int i=0;i<num_els;i++){
summation=summation+vals[i];

}

return summation;

SRR R R R R R R RSk SRR R SRR R R SRS R s sk

void get f(char name[])

{
int ¢_count,flag;
flag=1;
while(flag) {
gets(name);
¢_count=strlen(name);
if(c_count>80)puts("File name too long\n");
else flag=0;
H
H

/3 e st s e s e st s st s ke st ke st s e ke st se s s ke st ke st s she s ke st s st s st s ke st s st s ek e st seste s ke st s st sk ke ke stk skeskeokok sk /

/* Allocation of vectors and matrices starts here &
/****************************************************************/

int *ivector(int nl,int nh) /* allocates an int vector with range [nl...nh] */

{
int *v;
v=(int*)malloc((unsigned)(nh-nl+1)*sizeof(int));
if(!v)nrerror("allocation failure in ivector()");
return v-nl;

H

s sk stk ol ok kb ol ok ok ok ol ok ok s Rl ok kol Rl ok ol skl ol ok ok ol ko sk ok o/

float *vector(int nl,int nh) /* allocates a vector with range [nl...nh] */

{

float *v;

v=(float*)malloc((unsigned)(nh-nl+1)*sizeof(float));
if(!v)nrerror("allocation failure in vector()");
return v-nl;

s sk sk sk ok sk sk sk R sk ks Rk sk R Rk sk Rk R sk R sk sk sk sk Rk ko ok /

char *cvector(int nl,int nh)/* allocates a vector with range [nl...nh] */

{

char *v;

v=(char*)malloc((unsigned)(nh-nl+1)*sizeof(char));
if(!v)nrerror("allocation failure in cvector()");
return v-nl;

/****************************************************************/

void free vector(float *v,int nl,int nh) /* Frees a float vector allocated by vector */

free((char®)(v-+nl));
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/****************************************************************/

void free_ivector(float *v,int nl,int nh) /* Frees a float vector allocated by ivector */

free((char*)(v+nl));

sk sk stk ol ok stk ot ol ok ol ol ok ok sl ol kot ol ol ikl ol ol ok ol kol ol o/

float **matrix(int nrl,int nrh,int ncLint nch)
{

int 1;

float **m;

m=(float**)malloc((unsigned)(nrh-nrl+1)*sizeof(float*));
if(!m)nrerror("allocation failure 1 in matrix()");
m-=nrl;

for(i=nrl;i<=nrh;i++){
m[i]=(float*)malloc((unsigned)(nch-ncl+1)*sizeof(float));
if(!m[i])nrerror("allocation failure 2 in matrix()");
m[i]-=ncl;

i

return m;

b

/****************************************************************/

int **imatrix(int nrl,int nrh,int ncl,int nch)
{

inti;

int **m;

m=(int**)malloc((unsigned)(nrh-nrl+1)*sizeof(int*));
if(!m)nrerror("allocation failure 1 in matrix()");
m-=nrl;

for(i=nrl;i<=nrh;i++){
m[i]=(int*)malloc((unsigned)(nch-ncl+1)*sizeof(int));
if(!m[i])nrerror("allocation failure 2 in matrix()");
m[i]-=ncl;

H

return m;

/****************************************************************/

/* Routine to print error message */
[ s sk s ks sk Rk R sk R Rk R SR sk R RSk R sk sk Rk R sk KRR Rk R SRRk sk sk Rk Rk ok /

void nrerror(char *messg)

{

puts(messg);
getchar();
exit(1);

/****************************************************************/
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