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Abstract

The reliability-vulnerability- and resilience-yield relationships are an
important in resolving reservoir operation problems which are complicated
because of inflow and yield vary from month to month. The decision maker
needs to know these relationships to determine optimum operation rules. The
present study examines this problem and developes the relationship between risk
measurements and yield for Haditha reservoir.

Behaviour analysis is used for evaluating The reliability,vulnerability and
resilience for Haditha reservoir, where Gould’s procedure is used for evaluating
reliability.

Data generation techniques are also used for estimating the above three
measures of risk. The synthetic data is generated by using five approaches,
namely, Thomas-Fiering model with log-transformation, Thomas-Fiering model
with Box-Cox transformations,two-tier model,modified two-tier model and
modified fragment model. These approaches are tested. The modified two-tier
model and the two-tier model are found to be the best for representing the
Haditha dam inflow. Then, a comparison between the results obtained by
historical and generated data is made.

Depending on the results of historical and generated data, imperical
equations are suggested for The reliability,vulnerability and resilience-yield
relationship for using in the preliminary estimation.

The results of this study indicate that for obtaining 27 reliability the
reservoir must be operated with a release of VY7 of the mean monthly flow
which corresponds to a vulnerability of Y.Y*)+" m" and a resilience of () +-)Y)
months. These vulnerability and resilience values are too high so that release
must be decreased if lower values are prefered.
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CHAPTER

Ir{troduction ‘

.\ General

As water resources are limited, there is a continuous construct
reservoirs. Reservoirs are considered to be important water resources

especially for drought regions.

However, reservoirs can fail structuraly or operationaly.The present
study concerns with the operational failure which takes place when the

reservoir can not supply a specified demand .

There is no adoubt that chance has a major effect on the selection of
reservoir size as well as on the reservoir operation because of the
stochastic nature of inflow. This is the problem that worried the decision
makers and water resources engineers. The reliability of reservoir,which
Is the probability that reservoir will not fail,gives an indication about the
future behaviour of the reservoir and how much the decision maker can
depend on his reservoir to supply the sufficient water for the served

regions.

The engineers have aimed at reducing the probability of failure (i.e.
increasing reliability) to the lowest value but this needs an increase of the
dam height which will increase exponentially the cost of building the
reservoir (Ragab et .al, ¥« + V). There is no limitation on the probability of
failure but many researchers considered the (©7%) probability of failure to

be an acceptable limitation (Harris,Y41%¢) and (McMahon et .al,Y4VY),
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() CHAPTER ONE: INTRODUCTION [

Although reliability is a central concern in the sense of achieving the
long-term safe yield, reliability has at least two unacceptable assumptions
(Moy et .al,Y4A%):

Y. All failures are seemingly counted as the same; there is no
differentiation  between failures by magnitude and
consequence.

Y. Failures are treated as though their effect are independent of
one another when infact back to back shortages may be of
greater consequence than are shortage periods separated by
periods of adequate supply.

For covering the reservoir risk, two additional measures of risk
introduced, namely, vulnerability and resilience which are the maximum
shortage during the analysis of the reservoir and the maximum
consecutive periods of shortage during a record, respectively.

In the present study, two reservoir capacity-yield procedures are
used for estimation the reliability of Haditha reservoir in lIrag. These
procedures are the behaviour procedure and Gould’s procedure. These
two procedures are applied because they resulted in the lowest bias and
standard error of results and therefore they are more accurate (Carty and
Cunnane,Y44+) [quoted from Rugumayo,¥Y:+Y]. The behaviour
procedure is also used for estimation of the vulnerability and resilience
for the reservoir . The results of the above two procedures are compared
and then tested by using the generated data from five approaches of data
generation . The adequency of these approaches are examined from the

view point of the ability to represent the historical properties of the inflow
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() CHAPTER ONE: INTRODUCTION [

and the ability to give an accurate estimation for reliability, vulnerability

and resilience of the reservoir.

V.Y Objectives of the research

The main objectives of the research are :

V. Evaluation the reliability, vulnerability and resilience of
Haditha reservoir by using both historical and generated data
and examining a suitable data generation model for Haditha
reservoir, the examination takes into account the
reliability,vulnerability and resilience estimate depending on
the same model .

Y. Suggestion a preliminary empirical equation for reliability,
vulnerability, resilience-yield realationships depending on the

results of the objective no.) .

)Y Presentation of the thesis

To meet the above mentioned objectives, the present research is
divided into the following tasks:

V. General introduction to the estimation of reliability,
vulnerability and resilience is presented in chapter one .

Y. A review of literature concerning the subjects involved is
presented in chapter two .

Y. Chapter three deals with the methods used for estimation
the reliability, vulnerability and resilience of the reservoir.

¢. Chapter four describes the data generation techniques used
in this research.

©. Chapter five explains the general charecteristics for
Haditha dam as well as the application of reservoir
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() CHAPTER ONE: INTRODUCTION [

capacity yield procedures to the reservoir, this chapter also
explains the application of data generation models and the
verification of each model.

1. Conclusions abstracted from the research and recommendations
suggested for further work are included in chapter six .



e

|CHAPTER

el 2%

lew of Literature

Y.\ Reliability,Vulnerability and Resilience

Increasing competition for a water among urban, agricultural and
environmental water users and the relative absence of inxpensive water
resources,has led to the need to reliability and reduce the cost of water supllies
.Hence reservoirs operation, drought,and probability of failure have been

discussed by several researchers around the world.

Storage probability theory and related methods have been introduced
by Moran(Y4¢4) and Gould (Y41Y)[quoted from Al-Shareef,'44%].Gould’s
method is a modified Moran model which takes in its account seasonality and
serial correlation by computing the transition matrix for an annual time period
which will be more detailed in chapter(Y) ,however, this procedure does not

overcome Moran’s assumptions of serially independent annual inflow.

Harris(Y41¢) applied both Moran’s steady state probability method and
Gould’s probability routing method for determining the probability of failure for
Alwen reservoir in Wales.The historical inflow to Alwen reservoir was assumed
to be approximatly normal, a longer length of data was recommended for

overcoming the variability of reservoir inflow.

McMohan et al.(Y4VY) applied the behaviour and Gould approaches to
six Australian rivers. A representative sequences of monthly flows where
generated by Thomas-Fiering model and used for examing the two

approaches.Large variation were exhibited in storage estimate by both methods,
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Q CHAPTER TWO: REVIEW OF LITERATURE \l:/

also the behaviour estimates were found to be affected by the initial storage

conditions and inadequaties in Thomas-Fiering model were noted.

Phatarfod(Y4V®) examined the problem of the reservoir-size-
reliability-draft relationship. Two main problems in reservoir theory were
considered where statistics and probability were involved one is the problem of
formulating a model for inflows from historical data,the other was the storage
size.An analytical method of storage problem was presented by considering only
non-seasonable model,which means that the inflows and releases are made on an
annual basis.This assumption is a non-realastic one because of that the inflows

and releases are made monthly.

Doran(Y4Ve) chose the Y-parameter lognormal distribution to test the
efficiency of the divided interval techneque and justified his choise that the
transformed variation distributions are commonly used in hydrology.Then ten
states were proposed to be sufficient to obtain an accurate estimate of reservoir

capacity.

Teoh(Y4YVY)[quoted from Madhloom,¥ .+ +] analyzed ten streams with
coefficient of variation between +.¥% and ‘.V8. The following general

rule, Table(¥."), was suggested for the selection of states for analyses:

Table(¥.V):Teoh'’s suggestion for the number of states depend on coefficient of

Coefficient of variation Number of states
(cv)

Ccv<:.°

v.o<ev<) ..

\.o<cv<) .0

cv>).°
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Mitchel(Y 4 VA) suggested a method of estimating the approximate yield of
multiple dams using Moran model. The concept of hydrologically similar was
considered for catchment areas, simple rules were derived for the computation
of the approximate combined yield of two or more dams in series on a river
system. These rules involve the transformation of the variable rates of inflow
and draw off that are found in practice into there constant equivalents which can

easily analysed with the basic Moran dam model.

Simonovic and Mariano()4A+) presented the application of reliability
programming techniques to a multipurpose reservoir. This approach, in allowing
reliabilities to be considered as decision variables, explicity considered the
tradeoff between benefits and risk.The solution was obtained for a reservoir with
few purposes and random inflow and demands.Their procedure was illustrated
with an example of a reservoir management problem with constraints on the
probabilities of not exceeding the specified maximum and minimum volume of
the reservoir and gave the optimal values of reservoir releases and the optimum

risk levels (flood risk and draught risk).

Hashimoto et .al(Y4AY) discussed three criteria for evaluating the
possible performance of water resource system,namely,reliability, vulnerability
and resilience.Their work explained the using of these criteria to assist in the
evaluation and selection of the alternative design and operating policies for a
wide variety of water resources projects. The research also reffered to that one
can not have both the maximum possible reliability and minimum possible

vulnerability.

Phaterfod(Y4A¢) made a comparison between three probability matrix
procedures and two behaviour procedures.Yarra river in Australia was taken as a
case study.The comparison was made from the point of view of the ease of the
procedures application,there flexibility and the amount of effort required. From
this point of view, the behaviour procedure was concluded to be the best.
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Srinkanthan and McMahon(Y4A¢) made two separable studies based
on an analysis of historical streamflows of nine Australian rivers. These two
studies examined the effect of the starting month and lag-one annual
autocorrelation on storage size obtained from Gouldd’s probability matrix
procedure. It was concluded that for annual routes should coincide with the
minimum mean monthly flow, this is the conclusion of the first paper. The
second concluded that the correlation factor to take into account the annual
autocorrelation coefficient is usually less than Y.® and it was also concluded that
Gould’s method is not a suitable one for rivers with significant annual

autocorrelation coefficients.

Phatarfod(Y4A%) investigated the effect of the serial correlation
coefficient of the inflows on the reservoir size, when large reservoirs were
involved. Specifically,it was worked out reservoir size ratios, i.e, the ratio of the
reservoir size when the serial correlations are presented to the size when they are
neglected, assuming the reliability and draft to be the same. When the reservoir
was operated on an annual basis, it was shown that for low drafts the ratio is
dependent on the inflow model, where as for limiting case when the draft ratio
approaches the value V.-, the ratio was approximately (Y+p)/(Y-p),irrespective
of the inflow model, where p is the annual serial coefficient.Where the reservoir
was operated on a seasonal basis, the ratio considered was that of the reservoir
size when all the serial correlations were present to the size when year-end
seasonal correlation was neglected. He showed that for large reservoirs this ratio
was mainly dependent on the annual flow parameters irrespective of the within-

year pattern of inflows.

Moy et .al(Y4A1) explored two proposed discriptions of reservoir
performance in addition to the probability of failing, these were the maximum
shartfall from the target (system vulnerability) and maximum number of

consecutive period of deficit during arecord (system resilience). The shorter the
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maximum length of deficit, was considered the more resilient system. The larger
the maximum shortfall,was considered the more vulnerability system. A
multiobjective mixed-integer,linear programming was used, the trade-off
between reliability,vulnerability and resilience were examined. It was found that
as reliability was increased or as resilience increased, the vulnerability of water

system to larger deficit increased.

Vaugh and Maidment()4AV) used both of Gould’s probability matrix
method and the behaviour method for estimating the probability distribution of
future storage of a reservoir. Both methods were applied to the six reservoirs
located on the Lower Colorado River. The mean projected level of storage
determined from both methods was found approximately AV7Z of the system
storage capacity , while the behaviour analysis using the data preserved in their
historical order had a mean future level of storage converging a value

approximately A Y7 of the storage system capacity.

Wurbs and Bergman(Y44+) indicated an estimates of yield versus
reliability relationship. They considered that the firm and estimate of yield
versus reliability relationship are fundemental to water supply planning and
management. The scope of their studies was limited to estimate firm yield and
yield versus reliability relationship using simiulation models. They deduced that
there are various factors affecting reservoir yield estimates and they can be
classified as follows:

Y. Compilation and development of the basic data representing basin
hydrology.

Y. simiulation of physical characteristic and operating policies of the
reservoir system.

Y. modelling the impacts of the basin wide water management and use

other related activities on the reservoir system of concern.
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Al-Shareef(Y441) applied the Moran model to Al-Adhaim reservoir for
determining the probability of failure. It was found that the probability of failure
were (Y.4-1.¥)% for this reservoir depending on the hypothesis of the normal
and lognormal distribution for the observed values of inflow respectively. In the
present study another methods which can be considered more accurate than this
used by Al-Shareef,namely ,Gould’s method and behaviour analysis. These two
methods resulted in the Ilowest bias and standard error of

results(Rugumayo, ¥ » + V) and therefore are more accurate.

Jenkis and Lund(Y+«++) used an economic engineering modeling
approach for integrating urban water supply reliability analysis with shortage
management options as dry year, option and spot market water transfers,water

resue and long-term and short-term water conservation.

Madhloom(Y « + +) applied both of behaviour procedure and probability
matrix procedure for estimating the probability of failure for Al-Adhaim
reservoir.This study concluded that Gould’s procedure could estimate reliability
accurately based only on historical data,while the behaviour procedure need
synthetic data. It is an important to say here that the present study differs from
Madhloom in four points which make it to be more accurate and more covered
the risk analysis of reservoirs:

V. Reliability, vulnerability and resilience are evaluated for Haditha
reservoir while Madhloom evaluated the reliability of Al-Adhaim
reservoir only.

Y. In the present study, the distribution that followed by annual and
monthly inflows are tested by Kolomgrov-Simirnov test and Chi-
square test where Madhloom exprimented three distributions and then
tested the model used in generation of synthetic data which is not the

best idea (because of that it is a condition to ensure that the distribution
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Q CHAPTER TWO: REVIEW OF LITERATURE \l:/

represents the inflow data before entering it in the model of generation
(Sharma et .al,Y44V) and (Stedinger, ,et .al, 4 AY).

Y. The present study suggested an empirical formula for firm yield-
reliability, vulnerability and resilience relationships can be used for
preliminary estimatation.

¢, Madhloom used Thomas-Fiering model only for generation where the
present study uses five models and then their results are
compared,namely, Thomas-Fiering model, Thomas-Fiering model
with Box-Cox transformations,two-tier model,modified two-tier model

and modified fragment model.

Rugumayo(Y -+ +Y) used the behaviour procedure and the mass curve
technique to two selected catchment in Uganda in order to study their response
within year storage and related it to reliability of yield. He concluded that the
mass curve approach can be used to obtain an initial estimate for the capacity of
reservoir to meet a specified demand and can be used for preliminary designs.
Also,he concluded that the behaviour analysis gives a more specified estimate
with a known reliability which can be used in final design. An empirical
relationship between the capacity of the reservoir of any reliability and mean

annual flow can be obtained .

Finally, Ragab et .al (YY) applied modified Gould probability matrix
procedure on El-Qouazine catchment in Tunis. The probability of failure is
calculated on a monthly basis by using the HYDROMED model. They
concluded that the HYDROMED model has successfully implemented a
modified Gould probability matrix method

Y.Y Data Generation Techniques

Fundamentally,sampling errors resulted from measurement errors in the
data generation from the shortness of the historical sample and from inadequacy
of the record to satisfactorily represent the population of flows. On the other
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hand, variability of streamflow data to the shape of the population and its time
dependence are all an important factors led to the use of data generation
techniques. The basis of this approach is the extension of the historical
streamflow record using a data generation model which results an indication of
future streamflow variability.

Conder and McMahon(Y4VY) examined some aspects of lognormal
streamflow generation,including the variation between the two-parameter
lognormal and three-parameter lognormal seasonal models, the number of length
of traces required to adquately specify storage size, and the technique to
determine the size of a single reservoir. Application of these models to several
Australian rivers showed that no one model satisfactorily produced both storage
and flow parameter estimates.

Mejia and Rouselle(Y4Y1) proposed a modification in Schaake’s
disaggregation model and applied their results on Y¢ years of hydrologic
information for two stations in watershed of the North River.

Hoshi and Burges(Y4V4) developed a method differs from Valencia-
Schaake(VS) and Mejia-Rouselle(MR) models and showed to be useful for
disaggregating annual to seasonal flow volumes where the distributions of
seasonal flows can be approximated with three-parameter lognormal
distribution.Hoshi-Burges model showed to be successfully maintained
correlations between seasons that join successive water year as well as those
moments and correlations preserved in the (VS) and (MR) models.

Panu and Unny(Y4A.) tested the synthetic realizations of monthly
streamflows obtained by utilizing a feature synthesis model,the test was from the
statistical and hydrological view points. The model results suggested that the
synthesis of streamflows based on concept of pattern recognition is a potentially
viable approach and warranted further investigation.

Klemes et .al(Y4A)Y) analyzed the problem of whether the using of long
memory flow models can be translated into better design of storage reservoirs. It
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was appeared that the differences in reliability resulted from the replacement of
one model by other were small compared both to:

V.Accuracy of measurement of the socioeconomic impact of reliability change .
Y. The accuracy of estimating the reliability itself is depending on the available
streamflow records and for economically relevant length of reservoir operation
period.

Abdul-Rasoul(Y4AY) applied Thomas-Fiering model for monthly flow
data to the two lIraqi rivirs (Tigris and Euphrates) and concluded that this model
has a good agreement if the skewness of data is treated by Wilson-Hilferty
method.

Stedinger and Taylor (Y4AY) drew a distinction between streamflow

model verfication and streamflow model validation. Model verificatioin was
considered to be a demanstration that a streamflow produced flows with
specified characteritics of selected distribution for the river flows. The model
validation was taken to be a process of demonstrating that a flow model
generated flow sequences which produced the reservoir system performance
consistent with that using the historical flow record. This study illustrated the
use of both the storage capacity required to meet a prespicified demand and the
maximum extracting rate or yield obtained with a given size resorvoir .

This study showed that only modest differences in reservoir system
performance distribution resulted from the use of a broad range of streamflow
models. The using of reservoir storage capacity was preferred for model
validation because it is calculated easily and should provide a better test for
model validity for system with large storage capacities. The rescaled value of
the reservoir storage capacity required to meet an adjusted demand was
developed as another streamflow model validation system statistic.

Stedinger and Taylor(Y4AY) examined the impact of incorporating the

uncertainty in the statistics describing the distribution of annual flows into

8
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streamflow generation process. They concluded that the uncertainty in just the
mean, variance, and correlation had a major effect on estimate of the reliability.

Srikanthan and McMahon(Y 4 AY) used two generation monthly flows for
Australian streams. In one model, seasonalities and periodicities in the monthly
flow were removed and the resulting weekly stationary series was modelled. The
second approach used the Thomas-Fiering monthly model. The results of these
models were compared. They recommended a modified two-tier model for less
variable streams and the method of fragments was recommended for highly
variable streams.

Vogel(Y 4 A1) developed a new probability plot correlation coefficient tests
for the normal, log-normal and Gumbel distributional hypothesis. Flliben’s test
was extended for a sample of length between Y++ to Y:+++ because of that
many water resources applications required a test for samples of length greater

than Y+« .

Vogel and stedinger (Y4AA) illustrated the variability of required
reservoir storage capacity estimates based on Y +-A+ years streamflow records, in
their expriments an AR()) lognormal was fit to historical flow sequences
generated with four different stochastic models: AR()) lognormal,AR(})
Gamma,AR(Y) normal and ARMA (1,)) lognormal model. They showed that
the use of stochastic steamflow models can lead to improvement in the precision

of the reservoir design capacity estimates.

Khedar (Y44 +) applied Thomas-Fiering model for monthly rainfalls in an
arid region. The model was used to generate hydrological data for Y-+ years.
The comparison of the monthly flow parameters of the historical and synthetic

data indicated a good agreement between the two series.

Sharma, et .al (Y43V) used kernel estimates of the joint probability

density functions to generate synthetic streamflow sequences. Streamflow was

8
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assumed to be Markov process with time dependence chracterized by a
multivariate probability density function. Simulation proceeded by sequentially
resampling from the conditional density function derived from the Kernel
estimate of the underlying multivariate probability density function. They
showed that the nonparametric method was more flexible than the conventional
models in stochastic hydrology and it was capable of reproducing both linear

and nonlinear dependence.

Bojilova (Y« +) applied the model of Mejia and Rouselle and the corrected
Lin model (a technique was developed by Lin (Y44 +) to derive the corrected
parameter estimation equations),these two models were applied into two forms
one and two disaggregation to the sreamflow data of chosen river in Bulgaria.
The new approach succeeded in the preservation of the additivity as well as the
moment but applying the Lin model in one and two-stage disaggregation

resulted in consistent parameter estimates.



CHAPTER

Generation Techniques

¢, General

The third grouping of storage estimation methods is based on the use
of generated or synthetic data. In essence, however, the methods are the
same as described previously; the difference is that the input streamflows
are changed. The technique involves using a stochastic generation model
to produce streamflow sequences with the same statistical properties as
the historical record.

Over the past three decades or so, a number of models have been
developed to generate monthly flows for use in the design and operation
of water resources system. These models can be broadly classified under
two categories, namely, monthly flow model and disaggregation
processes. A monthly flow model, as its name implies, generates monthly
flows usually using an autoregressive model. In this model application, it
does not preserve the annual parameter (Srikanthan and McMahon,
14aY). The disaggregation models distribute the annual flows generated by
an annual model into monthly flows.

These models are applied to produce streamflow sequences used for
the evaluation of reliability, vulnerability and resilience.

¢.Y Inflow Data

It is not possible to determine the future sequence of flows of a
natural stream. All methods ,therefore, use a historical flow data or
parameters derived from it, and thus implicitly assume that these data are

FEIE
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representative of the true streamflow characteristics. Hence, any value of
risk measures (reliability, vulnerability and resilience) estimated using
historical data has a sampling error.

The inflow data can be represented as a frequency distribution of

flows. Often these distributions can be approximated by standard
theoretical distributions such as the normal, lognormal, Gamma, Weibull,
Extreme Value Type I, and log Pearson Type Ill. These distributions are
defined by parameters of the flows, for example, mean, standard
deviation, and coefficient of skewness. Another important flow parameter
IS the lag — one serial correlation which describes flow persistence.

If the flow volume in successive time intervals is designated as X,,

X, ====--- , Xj,====----- , X n, the parameters are defined as follows:

¢.Y.\ Location Parameters (Measures of Central
Tendency)

The parameters, generally representing measure of the central
tendency of a statistical distribution are the averages, including mean,
median and mode.

The Mean

There are three kinds of mean: arithmetic, geometric, and
harmonic. The familiar arithmetic mean is usually referred to simply as
the mean and designated by (Chow, v41¢) :

X=" Xi/N e ()

Where: X;: is the variant.
n: is the total number of observations
The above equation gives the sample mean, while the population
mean is usually denoted by x. It may be noted that an unbiased estimate

of the population mean is equal to the sample mean.

A5
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The geometric mean is the Nth root of the product of N terms or
can be designated by (Chow, yax¢) :

X g =(X1* Xg* X3 e ) S —— ()
The logarithm of the geometric mean is obviously the mean of the
logarithms of the individual values. In a lognormal distribution, the
geometric mean has the properties analogous to those of the arithmetic
mean of a normal distribution.

The harmonic mean is the reciprocal of the mean value of the

reciprocals of individual values. It can be expressed as (Chow, 141¢):

> n

Xh=w———=
D Wx;)

The Median

It is the middle value or the variant which divides the frequencies
in a distribution into two equal portions.

The Mode

In a distribution of a discrete variables, the mode is the variant
which occurs most frequently. In a distribution of continuous variables,
this is the variant which has a maximum probability density, i.e.

df /dx=0 and d 2 /dx? <0.
¢.Y.Y Dispersion Parameters (Measure of Variability)

The important parameter representing variability or dispersion of a
distribution are mean deviation, standard deviation, variance, range, and
coefficient of variation.

FEAR )
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The Standard Deviation

This parameter as a measure of variability is most adaptable to
statistical analysis. It is the square root of the mean, squared deviation of
the individual measurements from their mean and is designated by:

Gz\/Z(Xi —p)’° (-9

n

This equation represents the standard deviation of the population. An
unbiased estimate of this parameter from the sample is denoted by S and

computed by:

The Variance
the square of the standard deviation is called variance which is

denoted by a2 for the population. The unbiased estimate of the

population variance is S'.

The Mean Deviation

The mean of the absolute deviations of values from their mean is

called mean deviation, or

M_Dzw -------------------------------------------------- (t =)

The Range

The difference between the largest and the smallest values is the

range.

FEAR
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The Coefficient of Variation

The standard deviation divided by the mean is called the coefficient

of variation(Chow, 14+¢):

Cy=

~

T la
|| »

£, Y.Y Skewness Parameter (Measure of Skewness)

The lack in symmetry of distribution is called skewness. The
statistical parameter used to measure this property is the skewness
defined as (Chow, 141¢)

o= 1
nZ(Xi -X)®

This equation represents the skewness of the population. An unbiased

estimate of this parameter from the sample is

=g B )T e (=)

The Coefficient of Skewness

One commonly used measure of skewness is the coefficient of
skewness represented by (Chow, 141¢)

CS =i~ A (i—\~)

0'3 83
For symmetrical distribution, C, = .. A distribution with C; > - is

said to be skewed to the right and vise versa.

4R
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£.Y Probability Density Functions

£.Y.) Normal Distribution

The normal distribution is a symmetric and commonly used
distribution in many practical applications .The mean limitations of the
normal distribution for describing hydrologic variables are that it varies

over a continuous range (—o %), while most hydrologic variables are

non negative and tend to be skewed. The probability density function is:

f(x)= “(X-p)?l2e® ()

o 27[
Where: X: is the variant.
M is the mean value of the variant.
o . is the standard deviation.
In this distribution, the mean, mode, and median are the same. The
total area under the distribution is equal to ». The cumulative probability

of a value being equal to or less than X is (Chow, y444)

F (%)=

J' -(X-p) /20’ b G (¢ —1v)

c\/Tn

This represents the area under the curve between the variant of

—oo and X.Values of the variant X are standardized to give a series of

values as follows:

The standardized variant has a mean, u, =0 and a variance and

standard deviation, 022 and o, =1. A standardized variant, Z, normally

distributed, is denoted by N(- , 1), and the normally distributed original

’m
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variant by N (u o2 ) Areas for various values of X have been calculated

by statisticians, and tables for such areas are available in many textbooks
and handbooks on statistic.Tables of the standardized cumulative

distribution function of the Normal distribution are given in table (A.r).

£.Y.Y Log - Normal Distribution

If the random variable y=Ilog xis normally distributed, then x is

said to be log — normally distributed. Chow (v4v¢) reasoned that this
distribution is applicable to hydrologic variables formed as the products

of  other  wvariables since if X=X1%*Xo* X3 ... Xp, then

n n
y=log x= Y log xj = X y; , which tends to the normal distribution for
=1 =1

large n provided that x ; are independent and identically distributed. The
log — normal distributed has the advantages over the normal distribution
that is bounded (x > ) and that the log transformation tends to reduced
the positive skewness commonly found in hydrologic data, because
taking logarithms reduces large numbers proportionately more than does
small numbers. Some limitation of the log normal distribution are that it
has only two parameters and that it requires the logarithms of the data to
be symmetric about their mean. The probability density function of the

log — normal distribution is given by (Chow, 141%):

_ 1 e[y-av)eyl o s
f (x) o Jo (:—e)

Where: y=log X.

X: IS the variant.

My is the mean of y.

FERE
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o y: is the standard deviation of y.

The cumulative probability of a value being equal to or less than x
IS (Chow, 14an):

X
_ 1 =1/2[(y=prY) oV gy e o
F(x) X-c-m;‘;e dx (£ o)

If y=1log x, then the new values, y, are normally distributed. The

variant is denoted by N(py Gy )

¢.Y.Y Gamma Distribution

The probability density of this distribution is (Chow, yaar):
100 P GTIRALE [ VAl o CUE) | I — (=)
Withb> ., a>- for X ="
f(X)=0for X< 0
Where: a and b are constant.
T'(a+1)=al: is a gamma function.

The cumulative probability being equal to or less than X is known
as the incomplete gamma function. Statistical parameters of the gamma
distribution defined as
Mean =b(a+1)

Variance =b 2 (a+1)

The cumulative probability function is

F(x)=_>j< (Xae‘x/b)/(ba”l“(aﬂ))dx -------------------- (¢ =)
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¢.¢ The Estimation of Parameters

To use probability distribution to estimate probabilities, values for
the parameters must be available. This section discussed methods for
estimating the parameter values for probability distributions. The usual
procedure for estimating a parameter is to obtain a random sample

X1 s X2y v , Xpn from the population x. This random sample is then used
to estimate the parameters. Thus, ¢ i ,which is an estimate for the

parameter ¢;, is a function of the observations or random variables.

Since ¢ ;is a function of random variables, ¢iis itself a random variables

possessing a mean, Variance and probability distribution.
£.¢£,) Method of Moments

One of the two most commonly used methods for estimating the
parameters of a probability distribution is the method of moments. This
method was first developed by Kari pearson in ya.v. He considered that
good estimates of the parameters of a probability distribution are those
for which moments of the probability density function about the origin
are equal to the corresponding moments of the sample data (Chow, ys44),
For a distribution with (m) parameters, the procedure is to equate the first
moments of the distribution to the first (m) sample moments. These
results in (m) equations which can be solved for the unknown parameters.
Moments about the origin, the mean, or any other point can be used

(Chow, 14ar). For example, to estimate the parameter A of the distribution

F(X)=1e 4% for X > . by the method of moments, the first moment

about the origin of F(X) is
u=4Xe *Xdx

—11/2%2=1/4
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Thus the mean of F(X) is 1/4 so that A can be estimated by
A=1/X
Likewise, the second and third moments of the probability distribution

can be set equal to their sample values to determine the values of

parameters of the probability distribution.

¢.¢.Y The Maximum Likelihood Method

The second method for estimating parameters of a probability
distribution is the maximum likelihood method. This method was
developed by R.A.Fisher (1svv). He reasoned that the best value of a
parameter of a probability distribution should be that value which
maximizes the likelihood or joint probability of occurrence of the
observed sample. Suppose that the sample space is divided into intervals
of length d and a sample of independent and identically distributed

observations Xjp,Xo ...... X 1S taken. The value of the probability density
for x=x; f(x;), and the probability that the random variable will occur

in the interval including x; is f(x;)dx. Since the observations are

independent, their joint probability of occurrence is given as the product

interval size is fixed, maximizing the joint probability of the observed

sample is equivalent to maximizing the likelihood function

n
T o 1 T I —— (=)
i=1
Because many probability density functions are exponential, it is

sometimes more convenient to work with the log — likelihood function.

m
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'”'—?é'”[f(xi)] --------------------------------------------- (¢ —9)

¢.2 The Goodness of Fit

The goodness of fit of a probability distribution can be tested by
comparing the theoretical and sample values of the relative frequency or
cumulative frequency function. There are two methods for this case. The

first is the chi — square test, the other is the Kolomogorov — Smirnov test.

¢.0.) Chi- Square Test

One of the most commonly used tests for goodness of fit of
empirical data to specified theoretical distributions is the chi — square test.
This test makes a comparison between the actual number of observations
and the expected number of observations that fall in the class intervals.
The expected numbers are calculated by multiplying the expected relative
frequency by the total number of observations. The test statistic is

calculated from the relationship(Chow, 1444):

L
Xc=_Zl(Oi—Ei)2/Ei """"""""""""""""""""" (e=7)
| =

Where: L: is the number of class intervals.

O;: is the observed number of observations in the ith class interval.

Ei: the expected number of observations in the ith class interval.
The distribution y ., table (A.»), is a chi — square distribution with L-p-»
degrees of freedom where (p) is the number of parameters estimated from
the data. The hypothesis that the data are from the specified distribution is

accepted if

2 2
X ¢>X L-p-1
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¢.0.Y Kolomogrov — Smirnov Test

An alternative to the chi — square goodness of fit test is the
Kolomogrov — Smirnov test. This test is conducted as follows:

Let F(X) be the completely specified theoretical cumulative
distribution function.

Let Sn (X) be the sample cumulative density function based on n
observations. For any observed X. Sn(X)=R/nwhere R is the
number of observations less than or equal to X.

Determine the maximum deviation, D, defined by

D=maX‘F(X)—Sn(X)‘ ------------------------------------ (¢—")

If the observed value of D is greater than or equal to the critical
tabulated value of the Kolomogrov — Smirnov statistic, table (A.v), the
hypothesis is rejected for the chosen significance level(Al-Shareef,

1441),
¢.7 Stochastic Hydrology

Hydrologic data of sufficiently long duration is essential for better
decision criteria in design planning and operation of water resources
projects of optimum development and to avoid risks of under — designing
or uneconomic costs of over — designing. However these objectives
cannot be fulfilled with the generally available hydrologic data such as
streamflow which is rarely available for a sufficiently long period at
project sites. To help for overcoming this deficiency and because of
inadequacy of traditional deterministic methods of hydrologic analysis,
research investigators have drawn upon development in the field of
mathematical statistics and probability theory to evolve a field of
specialization called ‘stochastic hydrology’. The modeling technique

developed in this field provides methods to generate a number of

40K



) )
Q CHAPTER FOUR: DATA GENERATION TECHNIQUES

streamflow sequences for a longer period by using the statistical
information of observed short term data. All hydrologic processes are
phenomena that change with time and are more or less stochastic in
nature. If the available data record is of sufficient length for it to be
considered as representative sample, the statistical parameters derived
from it will enable the formulation of reliable stochastic model. The data
generated by this model will qualitatively be no way better than the
historical observed data. But the major advantage, of data generation
techniques of stochastic hydrology is that many combinations of different
patterns of data sequences can be synthetically generated for length
longer than the observe data. Chow, v+1¢ has rightly pointed out that
these techniques provide the possibility of examining a specific design in
a more rational manner.

The sequence of values of any hydrologic phenomenon, such as
streamflow, arranged in order of their time of occurrence constitute a
hydrologic time series. Example of hydrologic time series are sequences
of annual or monthly or daily values of streamflow which represent the
discrete form of time series obtained by transforming the continuous form
represented by hydrograph. In comparison with annual streamflow, the
monthly streamflow series is twelve times longer. Moreover, a series of
monthly streamflow values display a cycle of twelve months and its
subharmonic, which are masked in annual discrete series. Though
continuous series or daily flow values give more statistical information,
the information provided by monthly flow values are generally sufficient
and are used in water resources planning of projects where flow

regulation with in the year is involved.

LR
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¢.V Time Series Components

From a stochastic point of view, streamflow data can be regarded
as consisting of four components (Mein and McMahon, 1sva); periodic
or seasonal (S ), trend (T ), correlation (K ;), and random (&)
components which can be explained simply as:

Xt=Tt+St+Kt+8t """""""""""""""""""" (i—”)

These component are represented pictorially in figure (:.»)

Figure (:.1): Time series components of the streamflow process.

The hydrologic time process and the time series are termed as
stationary if their probability distribution does not change with time,
otherwise the time series is not stationary. All hydrologic time series have
some degree of non — stationarity which may be due to natural or man
made change in basins or in consistency of data. The sequences of natural
annual runoff from river basins may be regarded as approximately
stationary time series (Seth and Chandra, 14v4) where the monthly
streamflows is a non — stationary time series because it composed from

twelve different populations.

R
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¢ A Random Numbers

The hydrologic time series generation requires a generation of
random numbers to insure that the generating sequences obey a
probability law governing a particular component of the random
behaviour of the time series. In the present study, three types of random

numbers are used:

Y. Uniform random numbers:

Lehmer (vsev) [quoted from Kottegada, ‘144.] suggested a
procedure to generate a uniform random variation numbers. He proposed
the following relationship.

Z,=(@z,,+C)(modulo m) e =D

m=2W

or m=10"
Z i . uniform random number (represents the remainder of the division of
(azi_1+C)on (m).
a, C, Z;_. : constants between zero and m — .
W: largest integer number can be used (depending on the computer
memory).
Kottegada (1++-) gave a FORTRAN subroutine for generating
uniform random number. Furthermore, many of computers have a library
function which enables the user to generate a series of uniform random

numbers.

Y. Normal random numbers with zero mean and unit

variance:
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Kottegada (vs+4+.) generated normal random numbers by
transforming uniform random number Z, and Z. to normal random variate

t, and t. by using the following equations

t1=cos(2n22)m -------------------------------------- (= 9)

The values of t, and t. are normally distributed with zero mean

and unit variance.

Y. Normal random numbers with any mean and standard
deviation:
The normal random variate t, and t. can be transformed into
normal random numbers with any mean (Y) and any standard deviation

(S) by using the following equations (Khedar, 1+4.) and (Madhloom,

Yoo
D T - R — (<= v)
- (s — )

V., and V. represent normal random numbers with any mean and standard

deviation.

¢.4 Stochastic Streamflow Models
Stochastic streamflow models are often used in simulation studies

to evaluate the likely future performance of water resource systems.
These models can be broadly classified under two categories, namely,
monthly flow models and disaggregation processes (Srikanthan and
McMahon, 1say). The present study used the following streamflow

models:

£.4.Y Thomas - Fiering Monthly Model

m
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The Thomas — Fiering model is a model of monthly flows which
has often been used in reservoir planning studies (Stedinger and Taylor,
1v4aY). This model automatically takes into account in the generation
equation the seasonal variation in the monthly means, standard deviation
and lag — one autocorrelation coefficient. This model is a non — stationary
one (Seth and Chandra, 1avs).

For the Thomas — Fiering model, synthetic X ; i series were
generated with the recursive relationship:

_ 2\L/2

X j+1,i =X j+1+Bj(Xj,i —Xj)+ti Sj+1 1—Rj -—-- (¢ —YA)
Where:

Xj+v,i, X, it flow during (j +)th and (j)th months respectively.

X j+1,X j: mean monthly flow during the (j + »)th and (j)th months

respectively.
Sj+.: standard deviation of flow during (j + »)th month.
R;: correlation coefficient between flows in (j)th and (j + »)th months

which can be obtained by:

N-1 B )
Z (Xji =X ) (Xjeri — X j+1)
i=1
Rj= - - (4-29)
N-1

N-1 N-1
Z (Xji=Xj Y Z (Xji—Xj )’ Z (X 41, ~ Xjs1)?
i=1 i=1

i=1

Bj: regression coefficient between flows in (j)th and (j — »)th months
which obtained by (Mein and McMahon, 14v4):
R . x S .
] J+1
B P e e ———— £=Ye
i s (¢-1)

t;: random normal deviate with zero mean and unit variance.

FERE
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The application of Thomas — Fiering model is restricted to
normally distributed flows because the (t ;) in equation (¢ — vA) is
considered to be a normal random variate. However, the monthly flow
data is not always normally distributed. Hence, modifications are required

to overcome this difficulty. These modifications are:

). Normalize the original records of monthly flow by one of the
following:

(i) Taking logs of the data which will tend to normalize them (Codner
and McMahon, ssvr) and (Seth and Chandra, 'svs). The desired
series then will be found by applying inverse transformation.

(i) By applying Box — Cox transformation. This transformation is
suggested by (Box and Cox, 14%¢) [quoted from Kottegada, 1++-]. To
transform an observed value X to the normal distribution, the following

equation is used:

(Vv _
X L if y#0
Z = v o (¢ —v)

| Ln(X) ify=0]
Where:
X: observed values (value of inflow).

v : transformation power.

The parameter y could be chosen so that the skewness of the
transformed series will be reduced to the minimum. Hinkly (vavv) [
qguoted from Muhsun, r..v] suggested a simple procedure to provide
that. For each of different values of y=0,+0.5, ), ------ommm-- the
simple mean (Z) the standard deviation (o, ) and the median (Z ,) are

calculated from the transformed values. Then, the statistical variable

45
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(d'¥) of equation (:.r-) is compared to find the value of (¥) for which

the variable (d ¥) is at its minimum value.

Where all the variables as were already defined above.
Figure (:.v) showes the application of Box-Cox transformations to
evaluate the value of ¥ which is found to be equal to (--.vr°), at this

value of ¥, dy is approaching to zero (dy = *).7).

Figure (¢-Y): Box-Cox transformations results for Haditha reservoir.

Y Transform the normal random variable (t1) to a skewed variate (t, )

which has zero mean, unit standard deviation and skewness coefficient

(yt, j). This transformation is called (Like Gamma) transformation

Y
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and is done by using the Wilson — Hilferty transformation as following

(Madhloom, r...):

Uiy s 72
t :L : t’J_ L) _L .................... (g_vv)
¥ 6 36
Where:

t ., : a random variate with zero mean, unit variance

Y

Yt :skewness coefficient
1)

The skewness (¢ j) is computed by the following equation:

Cs(j)-Cs(j)R:
thj= : i S — (2—\“1)

(1-r3)

Where:
C, (j): coefficient of skewness of month (j).

R;: correlation coefficient between month (j) and month (j —»).

£.9.Y Two - Tier Model

Monthly models do not necessarily preserve the annual flow
characteristics. To overcome this deficiency, Harms and Camobell
(++1v) [quoted from Mein and McMahon, 1sva] extended the Thomas —
Fiering model to constrain the annual and monthly flows separately, and
also to preserve the annual serial correlation. Annual flows were

generated by annual normal Markov model as follows:

’m
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_ _ 1/2
X py1=X+r1 (X =Xty s(l—rf) ----------------- (c - vo)

Where:

Xix , Xi: annual runoffs for (i+1)th and (i)th years.

X : mean annual historical flow.
S: standard deviation of annual flows.
r.: annual lag one serial correlation coefficient.

Thomas — Fiering model was used for monthly generation, but the values
were adjusted to sum to the appropriate annual values by the following
equation:

Xij ) T (z_v-x)
12 !

2 Xij
i—1

X'ij=

Where:
X'jj: adjusted monthly generated flow volumes.
X ij: unadjusted monthly generated flow volumes.
X annual generated flow volumes.
I year.
J: month.

£.4.Y Modified Two - Tier Model

m
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It was found that the two — tier model greatly distored the
seasonal monthly parameters for highly variable streams. To improve the
seasonal monthly parameter, the two — tier model was modified as

follows (Srikanthan and McMahan, 144¥):

The annual series obtained from an annual model and the series
obtained by summing the monthly flows from the Thomas — Fiering
model were ranked separately. The monthly flows for each twelve month
period were then adjusted using equation (¢ — rr) against the annual flows
having the same as the summed monthly flows. The adjusted monthly
flows were then rearranged according to the original sequencing of the

annual series.

¢.4.¢ Disaggregation Processes

Disaggregation modeling is a process by which time series are
generated dependent on a time series already available. Typically, the
independent series have been previously generated, by any stochastic
model desired (Bojilova, v-..). Disaggregation models distribute the
annual flows generated by an annual model into monthly flows or any

other season.

Generally, two different methods are available to disaggregate the
annual flows: one uses the distribution of the observed monthly flow
within a year (fragment model) where as the other uses a set of
coefficients usually in the form of two matrices obtained from the
historical monthly flows (Mejia and Rousselle, 1av+) which is out of the

scope of this study.

In the fragment model, the observed monthly flows are first
standardized year by year by dividing the monthly flows in a year by the

m
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corresponding annual flow model. The resulting set of standardized

monthly flows in each year is referred to as a fragment.

The annual flows is generated by the Markov annual model or any
of the other annual models. Then, the annual flows from the historic
record (say N years long) were ranked according to increasing magnitude,
and N classes were formed. Class (1) had a lower limit of zero, while
class N had no upper limit. The intermediate class limits were obtained
by averaging two successive flows in the ranked series. The
corresponding fragments were assigned to each class as follows. The
fragment obtained from the monthly flows corresponding to the smallest
annual flow was assigned to class (1), the fragment obtained from the
monthly flows corresponding to the second smallest annual flow was
assigned the class () and so on. The generated annual flows were then
checked one by one for the class to which they belong and disaggregated

using the corresponding fragments (Srikanthan and McMahon, 144¥).
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s.) Description of Haditha Dam Project

¢.\.\ General

Haditha dam is a high dam that has been constructed on the
Euphrates river Valley at Abu — Shabur settlement, (v km) to the north of

Haditha town in the middle west of Iraq, figure (¢.))

The project generates (x+- Mw) of electrical power a side from
performing its Head control function. Central and southern parts of Iraq

are mainly depending on the water from its reservoir for irrigation.

The Euphrates river at the project area flows in a south — east
direction. The river depth does not exceed (v — r) m when the water level

in the riveris (O-vx) m. a. s. |.

¢.1.Y General characteristics of Haditha dam

In vara, the project of Haditha dam was completed. The project
comprises mainly of an dallomite dam, (s.- km) long. The general features

of the dam are outlined in table (s.).

m



N
Q CHAPTER FIVE: APPLICATIONS AND RESULTS A

6/
o7 MOS Greater a
7" Dam

b 's
;' Mosil / Dokan(\f

]
/
N Lessef Zab
; { )ef a
: Makhoo D A
endi

Dam =
‘\ AI-Aéheem

Dam
Samarra q_l Harg{nrr‘

sBarra [T am )
/

Ramadi Barrag
Habbaniya Lake}

Razzazza Lake “ Baﬁ@ge

Figure (°-1): Map of Iraq showing Haditha Dam location.
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Table (s.1): Design values of the parameters of interest of Haditha dam
(Kadhum, v -.).

Body of the dam

Maximum height

Length of the right bank

Length of the river section
Length of the left bank

The water level in the reservoir

Normal water level vév m.a.s.l.

Maximum water level ve..¥ m.a.s.l.

Minimum water level vvae m.a.s.l.

o, ., ¥ The Inflow Data

The Euphrates river mainly provides the water supply to the
reservoir. Flow records of the Euphrates river from yary to vasa is used in

the present study which is shown in table (.v).

Table (°.Y): Monthly inflow for Haditha reservoir (Cumecs).
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.\, ¥ Haditha Dam Climate

In general, the climate in the study area is characterized by two
well defined seasons: a dry and hot summer and a mild winter with small
precipitation and evaporation in the project region. The values of
precipitation and evaporation of the study area are shown in table (-.v)

m
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Table (°.¥): The average values of precipitation and evaporation from Haditha
reservoir (Kadhum, Y+« +).

=
y—
=
©
o

Evaporaton

s, V. ¢ Elevation, Area — Storage Relationships

Table (-.¢) illustrates the natural topography of the reservoir under
the study. They are used to find the relationships between the storage,
surface area and the elevation of water for the reservoir, which are
required to estimate the quantity of water that is added or subtracted from
the storage due to precipitation and evaporation, respectively.

Many relationships were derived between the elevation, area and
storage of Iraqi reservoirs system by several past or present researchers ,
in order to estimate the volume of the precipitation and evaporation.
Some of these studies are, MUHSUN, . .v. The researcher suggested the
following model to represent the relationship between the elevation (or
the area) and the storage of all the reservoirs in Iraq, with excellent value

of correlation coefficient, which is:

EA=a+bxS+cxSY e (o)
Where:
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EA = either the surface area of the reservoir in (sq. Km) or the water level
in(m.a.s. l.)
S = the reservoir storage in milliared cubic meters a, b, ¢, d = coefficients,
these values could be produced by using nonlinear optimization methods.
In this work, (STATISTICA PACKAGE) was used to estimate these
values.

Figure (=.v) and Figure (.r) show the relationships of the elevation,
area — storage of the reservoirs.

Now, the effect of monthly (gain or loss) from the reservoir area

could be given by:
ETj=AVR*(P; —EV;) e (%)
Where:
ET, =The net monthly water (gain or loss) from the surface area during
the Jth month, in million cubic meter.
AVR = the average area of the reservoir in sg. Km at the beginning and
end of each Jth month of the corresponding storage.
P; and EV; = the average precipitation and evaporation over the surface

area during the Jth month in meter, respectively.

Table(®.¢): Topographic features of Haditha reservoir.

Elevation Volume
(m.a.s.l.) (milliared cu. m)

Yoo .
YYe ~.\~/\
‘Y. « AYo
YYo y.ov.

AR Y. oo
Yo Y 1A
Ve 5 XYY
€0 VXYY
Y ey ANAY
Yo, ALY
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E=(100.0754)+(0.0945174)*S+(21.487216)*S" (0.3632326)

R=+.4444Y

Elevation (M.s.I.m.)

4 5 6
Storage (Milliared Cu. M)

Figure(®.Y): Storage-elevation relationship of Haditha reservoir.

A=(-1.281956)+(36.6326)*S+(86.56039)*S" (0.3970315)

R=".994AY

£
v
o
23
©
o
<

Figure(©.Y):Storage —area relationship of Haditha reservoir.
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o.¥ Statistical Analysis of historical data
s.v.» Estimation of Statistical Parameters

Statistical parameters influence the sequences of generated data
and so that on the estimated value of risk. Hence, it is important to
specify the statistical parameters of river inflows to the reservoir. Table (-
— ©) gives the annual and monthly streamflow parameters for Haditha
reservoir. These parameters are calculated by using the equations
mentioned in chapter three.

This table indicates that the mean monthly flow for one month can
not be regarded as equal to another, high correlation was observed
between all month (-.xva — ..aav). Also, it is shown that the mean monthly
flow has a minimum value of (vA..¥1) cumecs in September and a
maximum value of (hav) cumecs in May. The coefficients of skewness
for monthly as well as annual inflows are all positive, i.e., the
hypothetical distributions which represent the monthly and annual
inflows are skewed to the right.

Table (°.¢):Annual and monthly statistical parameter of Haditha reservoir.
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o, Y. ¥ Testing The Goodness of Fit

The chi — square and Kolomogrov — Smirnov indices are
calculated for Haditha reservoir inflow (monthly and annual inflow) and
the results are presented on the hypothesis of the normal, lognormal and
gamma distributions [Figures (e. ¢) to (. 9)].

o, Y. Y.\ Chi-square index

There are no theoretical rules to guide the choice of class
intervals for the purpose of computing the chi — square index. A rule
commonly used by many statisticians states that the number of class
interval is at least three (Kottegada, 1¢++). The STATISTICA PACKAGE
has been used to compute the chi — square value on the hypothesis of the
normal, lognormal and gamma distributions (for both monthly and annual
inflow). The chi — square test accepted the normal distribution for annual
inflow and lognormal distribution for monthly inflow for Haditha
reservoir. The details of computations are shown in tables [(-. 1) to (.

"]
o, Y. Y. Y Kolomogrov — Smirnov index

The STATISTICA PACKAGE has been used to compute the
Kolomograv — Smirnov index of each of the hypothesis of normal,
lognormal and gamma distributions. The details of the computations are
shown in tables [(e. 1) to (e. 11)]. These results show that, on the basis of
this test, all distribution tested are accepted for annual inflow and all of
them are rejected for monthly inflow, respecticely.

Lastly,table (-.) shows the summary of the above two test
computation.
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distribution: Normal
Kolmogorov-Smirnovd = .Ye.43Y.
Chi-Square: \¥i.¥1 df =

upper observed |cumulatv| percent |[cumul. %|expected |cumulatv| percent |cumul. %|observd-
boundary freg-cy observed|observed|observed| freq-cy |expected|expected|expected expected
<=41¢. Y4 ene one N4,Y¢ N4,Y¢ TARIANEEZIANY ot V¢ ot V¢ VYT A
VAYA OV VA Véo YY..0 ayy Yoo Ao | VeV AR TV EA 41.0Y | SvYe Al
YVEY AT €9 vat e av.v. AR MY VY V.4 44 1. A
riev .yt Ve Avd VLAY 44,1 ¢ YA AYe 4 .Y 44,49 1YL AN
tovy ¢y ¢ MY .t (XY vt AR voevt [44.949449 | v 44
XYY RA) Y Mo T 94 AV [V.VYE-.o A 4, EAE-+ 1 Vo 1.4444
Infinity \ A Y Yoo A . Vo \

Table(¢.%): Chi-square test and Kolomogrov-Smirnov test results with the
hypothesis of normal distribution for monthly inflow.

distribution: Gamma

Kolmogorov-Smirnov d = .+ YY1 YA

Chi-Square: ¥e.etdve df =

upper Observed |cumulatv | percent | cumul. % [expected|cumulatv| percent | cumul.% | observd-
boundaryjfreqg-cy |observed [observed| observed | freq-cy |expected| expected | expected | expected
<=41¢ Y4 o%o o%o 14,Y¢ N4.Y¢ oYY ¥Y | ey ¥y e s e s £Y A
YAYA OV VAL vee YY..o 41,7449 Y¥VY. Ao | ved ¢n Y41 ar..v _ev. e
YVEY AR 9 vt N av.v. £V ¢ Y AUAA o.M AAAA (W
(LAY Ve Al VLAY 44,1 ¢ V.V ISEAYL .40 44 AV v.YY
LoV £V ¢ MY N (XY 1.0 0A Ao AY Y 44,4y \RY:
XYY RA) Y Ao T 44 AV LAY’ Aoy Y 44,44 VLAY
Infinity \ A Y Yoo A A NN Vo cAY
Table(¢.V): Chi-square test and Kolomogrov-Smirnov test results with the
hypothesis of Gamma distribution for monthly inflow.
Distribution: Lognormal
Kolmogorov-Smirnov d = .+ ¢1¥YY
Chi-Square: ¥.AYa¥\Y df =¥
upper |observed|cumulatv| percent | cumul. % |expected| cumulatv | percent [cumul. %| observd-
boundary| freq-cy |observed|observed| observed | freq-cy | expected |expected|expected| expected
<=4)¢ Y4 o%o o%o 14,Y¢ n4,v¢ oY oY 14,09 14,09 VLAY
YAYA 0N VAW Véo YY..0 a4, ¥4 R AR ZARY YY.Ve ¥,V SV
YVEY AT 9 vat e av.r. ARE VAAYE Y v AY v_od
riev Ve Vo Avd VLAY a4.1¢ VYT Avd oy 1.PA 94, YY vy
govy ¢y ¢ MY NEE) aq YVE MY Y ..£0 44 1A LYo
otAo VY Y Mo Y a9.AY V.6 A EAY Y 34 Ao oA
Infinity \ A Y Yoo AR A Y Yo e

Table (¢.A): Chi-square test and Kolomogrov-Smirnov test results with the
hypothesis of lognormal distribution for monthly inflow.
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distribution: Normal
Kolmogorov-Smirnov d = .+ ¢01141,
Chi-Square: V.¢AYEVA df =
Upper |observed|cumulatv| percent [cumul. % |expected |cumulatv| percent |[cumul.%| observd-
boundar| freq-cy |observed|observed|observed| freg-cy |expected |expected |expected| expected
<=Yo.. . ¥ \ v.at YAt Y.y Y.y I £y vy
Veuu o Ve " Y..0A Yy o YTy Ve, 0 yne Yoy Y.y
J 006 0ns Yy *A AR 00 AA YY.4A ARy EA ot tV S0 4A
VEaaa, e Yy g rYAY A4V Y..Ae oV.A4 Yo Ao IRY
Ve uu . ° 1 v.roy v, e At 1Lve VY. £V qv eV v.to
Ve s \ nv 1.6V aA,0¥ y.0¥ VLAY \RE’ 44.A) - 0¥
Yeo 4 s \ TA 1.6V Voo Y 1v.44 Y 44,44 LAY
Infinity . 1A . Voo ERE 1A R Voo mened
Table(®.4): Chi-square test and Kolomogrov-Smirnov test results with the
hypothesis of normal distribution for annual inflow.
distribution: Gamma
Kolmogorov-Smirnovd = .+ V.. 73
Chi-Square: Y.Y1AVY df =
Upper |observed|cumulatv| percent |cumul. %|expected| cumulatv | percent [cumul.%| observd-
boundary | freg-cy |observed|observed|observed| freq-cy | expected | expected |expected| expected
<=Fo..u . ¥ \ YAt Y.4¢) AN AN R R RN
Veru, o V¢ R Y..0A Yy o TAD 16,49 Y.Vt YY..0 SN
00006 6.6 Yy *A FY.ve 00 AA Yo ry TRAs LA 04, ¥y vy
YEoua o Yy 0 rYAY AV 'V e OV A Yo NA YR o0V
Ve uu o ° 1 v.re av..e V.Yl LY YA 30,14 Y.
AR \ ny V.8V aA0Y Y.YY AL roYv 44,47 ALY
Y04 s \ 1A VeV Yoo .00 1V.Ae CAVY LXHN X
Infinity . 1A . Yoo CYEA 1A NS Vo SN
Table(®." +): Chi-square test and Kolomogrov-Smirnov test results with the
hypothesis of Gamma distribution for annual inflow.
distribution: Lognormal
Kolmogorov-Smirnov d = . 8VeAdY
Chi-Square: ¢.e¥Y.10 df =
upper |observed| cumulatv | percent [cumul. %| expected | cumulatv | percent |cumul. %| observd-
boundary| freg-cy | observed |[observed|observed| freq-cy | expected |expected|expected| expected
<=Fo.. . Y Y YAt v.a¢ Y] .oY vy vy 1.8V
Voo o Ve " YoM Yy o Yo v (R R Yv.44 YY.VY Sy
RS \R ¥ A rY.ve 00 AA Yo bt €Y% V£ YA Ry
VEoua o Yy 0 rYAY ALY Yo ¢V oV, A YY.Vo ALY’ VoY
Ve uu o ° 1 v.r¥e av..e Al A 4.A4 Y SyLvY
Voo e \ 1y V.8V A 0¥ (AN N8 roAY vy A
Yeou. s \ 1A V.8V Voo CAY LAY (WA LX I Y
Infinity 1A Yoo e 1A A8 Vo AL

Table(®.Y V): Chi-square test and Kolomogrov-Smirnov test results with the
hypothesis of lognormal distribution for annual inflow.

4 F




N
Q CHAPTER FIVE: APPLICATIONS AND RESULTS A

1829 2743 3657 4571 5486 6400 —— Expected

Category (upper limits)

Figure(e.¢):Monthly inflow histogram with the hypothesis of normal distribution
for Haditha reservoir.

A = ==

914 1829 2743 3657 4571 5486 6400 —— Expected

Category (upper limits)

Figure(e.¢): Monthly inflow histogram with the hypothesis of gamma distribution
for Haditha reservoir.

6400 —— Expected

Category (upper limits)

Figure(e.%): Monthly inflow histogram with the hypothesis of lognormal
distribution for Haditha reservoir.
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3500 7000 10500 14000 17500 21000 24500 28000 —— Expected
Category (upper limits)

Figure (¢.v): Annual inflow histogram with the hypothesis of normal distribution
for Haditha reservoir.

Figure (¢.A):Annual inflow histogram with the hypothesis of gamma distribution
for Haditha reservoir.

Pz : Tl i—
3500 7000 10500 14000 17500 21000 24500 28000 —— Expected

Category (upper limits)

Figure (0.9): Annual inflow histogram with the hypothesis of lognormal
distribution for Haditha reservoir.
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Table (=-1¥): Summary of Chi-Square test and Kolomogrov-Smirnov test results.

I Chi- square test result I

Monthly inflow

distribution

Chi- Square
index

Critical Chi-
Square index

Result

normal

AR

Not
acceptable

lognormal

y.ue

°.44

acceptable

gamma

Yoot

Y EA

Not
acceptable

Annual inflow

normal

Y EAY

Y EA

acceptable

lognormal

oY)

Y EA

Not
acceptable

gamma

[RER

YEA

acceptable

Monthly inflow

Kolomogrov-Smirnov test resul

distribution

Kolomogrov
-Smirnov
index

Critical
Kolomogrov
-Smirnov
index

Result

normal

~.\°\

g

Not
acceptable

lognormal

€

A

Not
acceptable

gamma

oY

A

Not
acceptable

normal

g

DARY

acceptable

Annual inflow
lognormal vooA o acceptable
gamma gy AR acceptable
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©.Y Computer Program

A QUICK BASIC program is constructed (Appendix-B) for
evaluating the risk performance measures. The figure in below shows the
flow chart of the logical steps of computations. In this figure, REF is an
index used to turn the program to one of the data generation techniques
which are used in this study where BG is an index to tell the program
either uses behaviour analysis (BG=") or Gould’s procedure (BG=Y).

Input the data

v

Input REF,BG

=

v v
|_REF_-1_I I_REJi_a_l

| Output data generated series |
i<

! v

Use behaviour method for estimation Use Gould’s method for estimation
reliability,vulnerability and resilience reliability

v v
v

Output the results

v

ToF
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..« Estimation of Risk Performance Measures By The Behaviour
Procedure

The behavior procedure is used to estimate the reliability,
vulnerability and resilience of the reservoir. Equation (v — +) is applied
month by month for the whole (historical and generated) inflow data. The
release from the reservoir is assumed as a percentage of the mean flow
(o7, ver, ver, vz, 9.7 and -+ 7). The evaporation and precipitation loss and
gain are evaluated as mentioned in section (c..¢), other losses are
comparatively small so that they assumed to be zero. The initial storage is
assumed full, the error in the estimation of risk performance of the
reservoir results from this assumption can be overcomed by using the
generated data techniques (Srikanthan and McMahon, 1sae). The
volume balance index (S \) represents the volume of water storage at
the ending of the current month (or storage at the beginning of the next
month). If (S, ) is greater than the capacity of the reservoir (C), the
water storage at the beginning of the next month will be equal to (C). On

the other hand, if (S . .) is equal or less than zero (S {41 <Smin), the

reservoir is considered to be empty. The probability of failure and the
reliability of reservoir is computed by using equations (v — v) and (v — ),
respectively.

The vulnerability is found by choosing the maximum storage
during the analysis (the minimum negative value of (S, \)), where the
resilience is computed as the maximum number of consequtive failing
months.

A QUICK BASIC computer program (Appendix B) is applied for
achieving the above computations.

Figure (- — 1) shows the behavior diagram for Haditha reservoir

with a release of v.z from the mean flow using the historical data.

m
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Fig.(®.) +): Behaviour diagram for Haditha
reservoir

From this figure, it can be noted that the system may be operated
for the first approximately (:-) years without failing. The figure also
indicates that the system may suffer from () failures during the (1)

months used in the analysis.
.. Estimation of Reservoir Reliability By Gould’s Procedure

To illustrate the reliability computations steps for Haditha

reservoir, this section will be subdivided into the following subsections:
...,y The Reservoir States

As mentioned in chapter two, Teoh, ysvv stated that the number of
required states depends on the annual flow coefficient of variation.
Ragab, v..v recommended the using of (v.) zones or more to be
sufficient. However, the present study found that the reliability estimate
for Haditha reservoir is slightly affected by the number of states as shown
in figure (¢ — ). However, the present study used (v-) zones for
reliability computation.

4v-F
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10 zones
15 zones

20 zones

<
S
>
=
=
8
fo)
@

25 zones
30 zones
35 zones

40 zones

80
Demand (% mean flow)

Figure (. Y):Effect of number of zone on the estimation of the
reliability by Gould’s procedure.

Figure (= — 1v) shows a schematic representation of the finite
reservoir. The lift side represents the initial state while the right side
represents the final state, each state has a volume of (W), where
W = C/( K -2) and k is the state number.

c
— 18 W
=17 W
— 16 W
Contents W
. =14 W
In m — 13 W
— 12W
= 11W
— 10 W
=9 W
—8 W
=—7W
—6W
—5W
—4W
—3W
—2W
LW
0 0
Initial State Final State

5W/2
3wW/2

AN N NN

Figure (°.) ¥): Haditha reservoir divided into Y + zones.
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The empty and full condition states signify that the reservoir exactly at
the minimum pool elevation and at capacity, respectively. The initial state
begins at the center of each zone and the reservoir considered to be at any
final state if the storage of the reservoir, at the end of the routing during

one year, lies between the two boundaries enclosed this state.
».o.x Construction of The Transition Matrix

Section (r.t.) described the construction of the transition matrix.
The mass storage equation is applied on a monthly basis for every year of
data separately starting in each zone, then the reservoir content at the end
of each year will lie in one of the ending zone. This is done for all starting
zones (-, W/, yW/x, eW/x, ------ , C).

Table (c.)r) shows the transition matrix of (v X v.) zones for the
historical data and v-z mean flow used as a demand from the reservoir.
This table shows that if the reservoir was at the zone (+) at the beginning
of the year, this reservoir has a probability of (...4+) for being in zone (1)
at the end of this year, also the reservoir has a probability of (-.11v) for
being in zone (¢) of the end of the year if the reservoir was at zone (1) at

the beginning of this year, and so on.
..o, Construction of The Steady - State Probability Matrix

The steady — state probability is the probability of the certain state
after a long period. As mentioned in chapter three, there are three
methods used for computing the steady — state probability. The present
study adopted the method which finds these probabilities by solving a
system of simultaneous equations.

The resulting matrix (table (.1¢)) represents the probabilities of

the initial and final states if (t—o).

4VF



Table (°.) ¥): The transition matrix for Haditha reservoir (¥ * 2 mean flow,Y + zones).

Zone
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Table (°. £): The steady-state matrix for Haditha reservoir (¥ « 72 mean flow,Y + zones).

Zone
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...« Construction of Conditional Probability of Reservoir Failure

Matrix

This matrix represents the probability that the reservoir content
(S¢+) iIs equal to or less than zero. The matrix computed by routing, for
each state, the inflows and outflows through the reservoir and accounting
the number of times in which the reservoir content will be equal or less
than zero. This routing made for each year of Haditha reservoir records.
Then, the number of times that the reservoir lies in the failure region is
divided into (¥ * N) to convert this numbers to probabilities.

Table (s-1¢) shows the conditional probability of the reservoir

failure matrix.
..o, Estimating The Reservoir Reliability

The test steps of estimation the reliability are the computation of
the probability of failure by using equation (v — »¢), then the reliability of
the reservoir is found by using equation (v — v). Table (o — 1¢) shows the
computation of Haditha reservoir reliability with a release of v.7 from the

mean flow.
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Table (°.) ¢): The computation of probability of failure by Gould’s
probability matrix method(V + % mean flow demand).

Steady state
probability of
failure(%o)

Conditional
probability of
failure(%o)

Over all
probability of
failure(%)
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..« Verification of Data Generation Techniques

The models which are used in this study are designated by the
following: TFM = Thomas — Fiering monthly model with hypothesis of
log — transformation; TTM = two — tier model using Markovian annual
flows; MTTM = modified two — tier model; MFM = modified fragment
model; and BCM = Thomas — Fiering monthly model with Box — Cox

transformations.
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The verification of data generation techniques is based on two
approaches: the first depends on the comparison of the cumulative
probability function for the two series from historical and generated data
(Abdul — Rasoul, 1+av), the second depends on the comparison of
statistical parameters calculated from the historical data and generated
sequences.

In the second approach, for the purpose of simplicity in
comparison of seasonal parameters, the relative error (as a percentage)
was calculated (Bajilvia, ¥--+) and (Srikanthan and McMahon, 14ar).
The relative error was obtained from:

) Generatedvalue — Historicvalue
Relative error= *100%

Historicvalue

Figure (= v) shows the cumulative probability function curves for
Haditha reservoir inflows based on historical and generated data. This
figure indicates that the MTTM is the closest to historical curve. Also, it
can be noticed that only the modified fragment model curve is
significantly differs from that produced from historical data, while the
TFM, TTM and BCM could be considered an acceptable from the point
of view of this comparison.

Figures (.vv) to (e 4) show the relative error of mean, standard
deviation, coefficient of variation, coefficient of skewness, correlation
coefficient and regression coefficient, respectively. It can be seen that the
TFM, TTM and MTTM models preserved the seasonal monthly
parameters better than the BCM and MFM models except of the
coefficient of skewness which preserved by MFM is better than the TFM
and MTTM. However, there was only a small differences between the
TFM and MTTM results, especially for coefficient of skewness,
coefficient of variation, correlation coefficient and regression coefficient.

There is a worthness to say here that it is not a condition that the
model preserved the statistical parameters to be the best model for the
reliability, vulnerability and resilience estimation but this will give more
trust for this estimation.
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Figure (.1 ¥): Cumulative probability function for Haditha reservoir
inflow by using both of historical and generated data.
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Figure(®.\ ¢): Relative error of the standard deviation of generated data with
respect to historical data.
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Figure (.1 °): Relative error of the coefficient of variation of generated data with
respect to historical data.
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Figure (©.11): Relative error of the coefficient of skewness of generated data
with respect to historical data.
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Figure (°.VV): Relative error of the correlation coefficient of generated data with
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-.v Analysis of The Results

Figure (.0 4) explains the effect of the number of years used in the
analysis on the estimation of reliability by behavior procedure for the five
approaches of generation used in this study. It could be seen that the (=)
year estimation series of reliability diverges a way from this comes from
longest series. Furthermore, the using of the longest and longest series
will converge the results one to another.

Figure (o.v-) shows the same effect of figure (=.1¢) but by using the
Gould’s procedure. This figure indicates that the sensitivity of results by
using Gould’s procedure will be less than this of behavior procedure.
Also, it could be seen that Gould’s estimation of reliability almost less
than the behavior estimation.

Figure (=.v1) and figure (o.vv) show the effect of the length of time
series used in the reservoir analysis for the vulnerability and reslience,
respectively. Figure (-.x») shows that the estimated vulnerability tends to
move on approximately straight line and converge from one model of
generation to another under the effect of time series length with
increasing the monthly release from the reservoir. Figure (.vv) shows that
there is a high variation in the estimated value of resilience under the
effect of number of years used in the analysis and, as in reliability, the
longest and longest series will converge the results.

As a result, the using of longest series in the behavior analysis to
estimate the reliability, vulnerability and resilience of reservoir will make
the results more accuracy because of the starting month problem and the
assumption of initially full reservoir will be overcomed by using such

series.
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Fig. (.Y 4): Effect of number of years used in generation on the estimation of
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Figures (e.vr) and (o.v¢) show the reliability — yield relationship by
using Gould and Behaviour procedures, respectively. Figure (e.xv)
indicates that the BCM and TFM give a smaller reliability estimate than
the other models where MTTM and TTM results converges to the results
based on the historical data which considered to be a reasonable one by
many researcher in literature. This means that the MTTM and TTM could
be considered the best to represent the inflow of Haditha reservoir.
Behaviour estimation of reliability is almost more than the case of using
Gould’s procedure for Haditha reservoir. The <2z reliability, which is
considered to be an acceptable limit of reliability (Harris, +%¢) and
(McMahon et .al,ysvy), could be obtained with a release of (v-7- vi %)
and (v - ve %) from the mean flow depending on Behaviour analysis and

Gould’s procedure, respectively.

Figure (e.ve) shows the vulnerability — yield relationship and
indicates that the vulnerability of reservoir increasing and tends to be a
straight line with the increasing of the release (decreasing the reliability)

by using the historical and generated data.

Figure (=.v1) shows the resilience yield relationships and indicates
that there is a high difference between the historical and generated data
estimate. It is also obvious that reservoir resilience increases with the

increasing of the release from the reservoir.

Figure (o.vv) shows the reliability — resilience relationship. The
high difference in results by using the historical data and the data
generated by MFM is obvious which ensures that both approaches are not
suitable for using in the evaluation of reservoir risk measures. This figure

also indicates that the resilience of reservoir decreasing with the
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increasing of reliability. Also it is shown that the (s.7) reliability of
reservoir found with a resilience of (- —v) months and to decreasing this
value to another desirable one, if need, it must increase the reliability, i.e.,

decreasing the release.

Figure (e.v») shows the reliability — vulnerability relationship. This
figure indicates that the vulnerability of reservoir decreased with the
increasing of reliability. The (sc %) reliability is found with a

vulnerability of (. —».¢) milliared m".
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».» Reliability, vulnerability and resilience-yield relationships

This section deals with reliability-vulnerability-resilience-yield
relationships(yield taken as percentage from the mean flow,PM) which
are important relationships for examining the policy of reservoir
operation. These relationships give preliminary estimations of reliability,
vulnerability and resilience for various demands downstream of the dam.

The STATISTICA PACKAGE is used for the estimation of these
relationships, the reliability-yield relationship depended on the average of
Gould’s method using historical data results and the behaviour method
results using both MTTM and TTM, where vulnerability and resilience-
yield relationships depended on the average of behaviour method results
using MTTM and TTM.

Figures (s-v4), (e-v.), and (=-v1) show these relationships and the
imperical equation suggested. These relationships have a correlation factor
of ..aawv, 231y, and ..ssa for reliability, vulnerability and resilience,
respectively.

Re =-5.31181367* 10" -8* PM”4.332923+ 1014691

3
S
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Figure(®-¥ +): Reliability-yield relationship
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v =0.0017358 PM"1.5151756+ 0.0190973)
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Figure(®-YY): Vulnerability-yield relationship
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SIX g

( {onclusions and Recommendations

1.Y Conclusions

Based on the results of this research, the following conclusions can
be drawn:

V. The reliable yield which can be released from Haditha reservoir is
(YY%) of the mean monthly flow. The vulnerability corresponding to
this release is very high ,i.e., Y.Y*)+" m’, the resilience is also high,
I.e., (Y +-YY) month. Therefore release must be reduced for being in
acceptable policy.

Y. Comparisons of sequences generated by TFM, TTM, MTTM, MFM
and BCM with the historical results indicate that the MTTM and
TTM are the best for generating monthly inflows of Haditha
reservoir.

Y. Basing on the chi-square test and Kolomogrov-Smirnov test, it is
found that the lognormal and normal distributions are the best for
representing the monthly and annual inflow for Haditha reservoir,
respectively.

¢. Both resilience and vulnerability are decreased with increasing the

reliability of reservoir.
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©. The behaviour procedure using data generation techniques is
satisfactory for estimating the reservoir reliability, vulnerability and
resilience while Gould’s procedure using historical data is
satisfactory for estimating the reservoir reliability.

1. Gould’s procedure results are almost less than those of behaviour
procedure basing on both historical and generated data.

Y. The estimation of reliability, vulnerability and resilience is
significantly affected by the length of sequences used in the analysis.

A. In Gould’s procedure, the estimation of Haditha reservoir reliability
Is slightly affected by the number of zones that the reservoir capacity

will divide into.

1.Y Recommendations for future works

For making this work as the best and for arriving to the best results
that serve science and mankind , great efforts have been made , and
perfection is a speciality of God only , therefore ; this research may be
followed by further works and achievements in this field in the future

considering the following recommendations :

Y. Using a multi-objective, mixed-integer linear programming model
with an objective function takes into account the reliability,
vulnerability and resilience.

Y. Estimating reservoir risk measures based on short time period such

as (Yo days, ) days,...... )
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. Applying other capacity-yield procedures and other generation
models to other Iraqi reservoir.

¢. Using avariable monthly demand for estimating reservoir reliability,
vulnerability and resilience.
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Table (A-1): The normal distribution (Normal Table)
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Table (A-2): Critical statistics for the Kolmogorov-Smirnov test
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Table (A-3): Critical statistics for the Chi-square test
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Computer Program

'SDYNAMIC
"THIS PROGRAM FOR ESTIMATING THE RELIABILITY,VULNERABILTY AND
RESILIENCE

DIM Q(Y+++, YY), R(VY), CV( YY), OY( Y:++), CS(VY), MO(\Y),
REV(YY), S(V++), ZY(\Y+++), OY( ¥), ST(VY), B(\Y), YR(V+++),
Z(Ve++, V¥), DLIM(Y++), FE(Y++), A(d+, 9+), Qs ( Y+ )

CLS

INPUT K, C, DT, N, X, BG, REF, N\

NMY = N\

NM = N

INPUT "input file name for input data"; AS
INPUT "input file name for output data"; BS
INPUT "INPUT FILE NAME FOR OUTPUT DATA"; CS
INPUT "INPUT FILE NAME FOR OUTPUT DATA"; DS
INPUT "input file name for input data"; ES$
INPUT "input file name for input data"; F$
R$ = "D:\TH\"

OPEN RS + AS$S + ".Dat" FOR INPUT AS #)\

OPEN RS + BS + ".Dat" FOR OUTPUT AS #¥Y
OPEN RS$ + CS$ + ".DAT" FOR OUTPUT AS #Y
OPEN RS$ + D$ + ".Dat" FOR OUTPUT AS #3
OPEN RS + ES$ + ".Dat"™ FOR INPUT AS #o¢

OPEN RS + F$ + ".Dat"™ FOR INPUT AS #1

FOR I = Y TO N

FOR J = Y TO VY

INPUT #), Q(I, J)

NEXT

PRINT

NEXT

FOR J = Y TO VY
INPUT #o0, REV(J)

NEXT

FOR J = Y TO VY

INPUT #1, MO (J)

NEXT

IF REF = Y OR REF = Y OR REF = Y THEN 1 ELSE YV
1 FOR I y TO N

FOR J = TO Y

(I, J) LOG(Q(I, J) + .+*)V)

NEXT

NEXT

CLS

Y FOR
FOR J
V =V
QY (V)
NEXT

PRINT
PRINT #YVY,
NEXT
FOR
SUM
FOR I = Y TO N

SUM = SUM + Q(I, J)

I =

—
Il

Y TO N
TO VY

o+
0O - —
H
[

I
Il

Y TO VY

m
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]

NEXT I
QY (J) = SUM / N
NEXT J
FOR J = Y TO Y
SUM = -
FOR I = Y TO N
SUM = SUM + (Q(I, J) - QY (J)) "~ ¥
NEXT I
ST(J) = (SUM / (N - Y)) ~ .o
NEXT J
FOR J = Y TO VY
CV(J) = ST(J) / QY (J)
NEXT J
FOR J = Y TO VY
SM = -
SMY =
SMY = -
FOR I = Y TO N -
Q(I, YY) = Q(I + Y, V)
(\vy) QY (V)
SM = SM + (Q(I, J) - OY(J)) * (Q(I, J + Y) - QY (J +
SM) SMY + (Q(I, J) - QY (J)) ~ ¢
SMY SMY + (Q(I, T+ Y) — QY (J + V)) ™~ ¥
NEXT I
R(J) = SM / (SMY * SMY) "~ .o
NEXT J
FOR J = Y TO Y\
B(J) = (R(J) * ST(J + ) / ST(J))
NEXT J
B(YY) = R(YY) * ST(Y) / ST()Y)
FOR J = Y TO VY
SUM = -
FOR I = Y TO N
SUM = SUM + (Q(I, J) - QY (J)) "~ ¥
NEXT I
A =N* SUM / ((N Y) * (N - V))
CS(J) = A / (ST(J) ~Y)
NEXT J

FOR J = Y TO VY

PRINT #¢, QY (J); ST(J); CV(J); CS(J); R(J); B(J)
PRINT #¢,

NEXT

IF REF = ¥ OR REF = ¥ THEN A ELSE 1

A FOR I y TO N

FOR J = TO Y

Q(I, J) EXP(Q(I, J)) - .+

NEXT

NEXT

3 FOR =) TO N

FOR J = Y TO \Y

YR(I) = YR(I) + Q(I, J)

NEXT
NEXT
SUM
FOR
SUM
NEXT J

QY = SUM / N

(|

H

.

=) TO N
SUM + YR (J)

([
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SUM = -
FOR I = Y TO N

SUM = SUM + (YR(I) - QY) ~ Y
NEXT I

ST (SUM / (N = Y)) ~ .o

cv ST / QY

SM = -

SMY = -

SMY = -

FOR I =Y TO (N - V)

SM = SM + (YR(I) - QY) * (YR(I +
SMY = SMY + (YR(I) - QY) ~ ¥

SMY = SMY + (YR(I) - QY) ~ ¥
NEXT I

R = SM / (SMY * SMY) " .o
SUM

.

FOR I =) TO N
SUM = SUM + (YR(I) - Qy) ~ ¥
NEXT I

A =N%*SUM / ((N - YY) * (N - 1))
CS =A/ (ST ~ ¥)
PRINT #¢, QY; ST; CV; CS; R

PRINT #¢,

IF REF = \ THEN GOTO -
IF REF = Y THEN GOTO Y-
IF REF = ¥ THEN GOTO Y-
IF REF = ¢ THEN GOTO ¢-
IF REF = o THEN GOTO o-
IF REF = Y THEN GOTO 14
Y+ GOSUB ¢+ -

N = N\

V_~

FOR I Yy TO N

FOR J = Y TO VY

Vo=V 4+ )

oY (V) = o(I, J)

NEXT

NEXT

GOTO 14

Y+ GOSUB o+++

N = N\

V_~

FOR I Yy TO N

FOR J = Y TO VY

Vo=V + )

oY (V) = o(I, J)

NEXT

NEXT

GOTO 14

Y+ GOSUB T+:-

N = N\

V—.

FOR I Yy TO N

FOR J = Y TO VY

Vo=V + )

QY (V) = Qo(I, J)

NEXT

NEXT
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+ AT.oTeYq *

LR

GOTO 14
$+ GOSUB VYV«
N = N)
V: .
FOR I = ) TO N
FOR J = Y TO Y
Vo=V + )
QY (V) = Q(I, J)
NEXT
NEXT
GOTO 14
o+ GOSUB A« -
N = N)
V: .
FOR I = ) TO N
FOR J = Y TO Y
Vo=V + )
oY (V) = Q(I, J)
NEXT
NEXT
19 IF BG = ) THEN 1+ ELSE V-
1+ ERASE 7
DIM DD ()Y ++)
Y. FDF = FDF + )
FOR I = ) TO YY * NM
RED = NM) / NM
NY = N
OY(I) = QY ((FDF - Y) * \Y * NM + I)
NEXT
FOR I = Y TO NM
FOR J = Y TO Y
Q(I, J) = Q(NM * (FDF - Y) + I, J)
NEXT
NEXT
IF BG = ) THEN GOTO Vo
IF BG = Y THEN GOTO 414
Yo REM THIS PROGRAM FOR EVALUATION P.O.F BY BEHAVIOR METHOD
S =
KY = )Y * NM
FOR I = ) TO K)
PRINT Q) (I)
NEXT
Zy (V) = C
M= K) - )
FOR I =) TO M
J =1+
GD = (J / VY — INT(J / YY)) * \Y
ET = REV(GD) * (=)Y.YAYd01 4 YI1.1¥YT1 * ZY(I) / Yo+«
(ZY(I) / Yeew) A U¥AYe¥Yo) * )
ZV(J) = ZVY(I) + OY(I) * MO(GD) * ¥i:+ * Y¢ — DT * MO (GD)
Y¢ — ET
IF 7\ (J) <= C AND Z)(J) > + THEN GOTO Ao
IF 7\ (J) > C THEN GOTO A-
S =S + )
DD(S) = =) * 2) (J)
ZY (J) = =
GOTO Ao
A ZY(J) = C

w

*
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Ao NEXT

FOR I = )Y TO S

FOR J = I TO S

IF DD(I) >= DD(J) THEN A1 ELSE AY
AT NEXT J

XX = DD(I)

GOTO AA

AY NEXT I

AN VUR = XX

ERASE DD

REDIM DD(YY:+++)

PP =)

FOR I = )Y TO K\

IF ZY(I) = +« THEN A4 ELSE 94Y
A4 DD(PP) = DD(PP) + )

GOTO 19¢

1Yy PP = PP + )

19¢ NEXT

FOR I = Y TO PP

FOR J = I TO PP

IF DD(I) >= DD(J) THEN 41 ELSE 4V

97 NEXT J

XXR = DD(I)

GOTO 4A

9y NEXT I

9A RESIL = XXR

PRINT "THE STORAGE AT THE END OF T-TH PERIOD IS THE FOLLOW:"

FOR I = Y TO K\

PRINT I; Z)(I),

NEXT

P.O.F. = S / K)

SMM = P.O.F. + SMM

RTR = RTR + VUR

TRT = TRT + RESIL

IF FDF < RED THEN V-

P.O.F. = SMM / RED

VUR = RTR / RED

RESIL = INT(TRT / RED)

PRINT "PROBABILITY OF FAILURE=", P.O.F.

RE =Y - P.O.F.

PRINT "RELIABILITY OF RESERVIOR=", RE

PRINT "VULNERABILITY OF RESERVIOR=", VUR

PRINT "RESILIENCE OF RESERVIOR=", RESIL

ERASE Z)

GOTO Yo«

99 'THIS PROGRAM FOR EVALUATION P.O.F BY GOULD METHOD

REDIM DV (Y++), V(Y++), Y()++)

ERASE Z)

PRINT

P.O

S:.

FOR M

FOR I =
) =

Il
—

TO K
TO K

—

> << g
Tz
HoH -~
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S(M) = -
NEXT
NEXT
REDIM Z(Y+*+*+, YY)
W=¢C/ (K-Y)
ERASE Q¢
FOR M = Y TO K
FOR I = Y TO NM
IF M K THEN GOTO Y-+
IF M = Y THEN GOTO \Yo-
CS = (v *M - ¥) * (W / V)
GOTO Y«
Y++ CS = (K -%Y) *W
GOTO Y-
Yo+ CS = »
Y« Z(I, YY) = CS
FOR J = Y TO VY
ET = REV(J) * (=Y.YAY4o01 + Y1.1YyY1 * Z2(I, J) / Yerr o+ Al.olsva ¥
(Z(I, J) / Yree) 7~ 0¥AYYYo) * o)
2(r, J +1Y) = 2(1, J) + Q(I, J) * MO(J) * Y1++» * Y¢ — DT * MO(J) *
Ylee * Y8 - ET
IF z2(I, J + YY) <= +« THEN GOTO Y: -
IF z2(I, J + YY) >= C THEN GOTO ¢+ -
GOTO o+
Yoo 2(I, T4 V) =
S(M) = S(M) + )
GOTO o+
S Z(I, T+ YY)
o+ NEXT J
IF 72 (I, ) <= + THEN GOTO T-:
IF 72 (I, ) >= C THEN GOTO VY«:
F = INT(Z(I, YY) / W) + ¥
GOTO A«
Ter F =)
GOTO A«
Yy« F =K
Ave BA(F, M) = A(F, M) + )
NEXT T
NEXT M
ERASE 7
REDIM G(4+, 4+), Y(V++), XV (VY++), P(3+, 4+), L(3+), T(a+, 4+)
PRINT #Y, "transition matrix is:"

C

VY
VY

FOR F = Y TO K

FOR M = Y TO K

P(F, M) = A(F, M) / NM

P(F, M) = INT()++++ * P(F, M)) / Ye++r=
PRINT #Y, P(F, M);

NEXT

PRINT #¥VY,

NEXT

PRINT #Y, "the conditional probability of failure is:"
FOR M = Y TO K

L(M) = S(M) / (VY * NM)
PRINT #Y, M; L (M)

PRINT #¥Y,

NEXT

PRINT #Y, "number of failures matrix is:"

FOR F = )Y TO K
e )
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FOR M = Y TO K

S =S + A(F, M)

PRINT #Y, A(F, M);

NEXT

PRINT #vY,

NEXT

PRINT #Y, "the sumation of failures is:"; S
FOR F = Y TO K

G(F, X) =)

NEXT

FOR F = Y TO K

FOR M = Y TO K

G(F, M) = P(F, M)

NEXT

NEXT

FOR F = Y TO K

G(F, F) = P(F, F) -

NEXT

FOR M = Y TO K

G(X, M) =)

NEXT

FOR I = Y TO K

Y(I) =

NEXT

Y (X) =\

FOR I = Y TO K

FOR J = Y TO K

PRINT #Y, G(I, J);

NEXT: PRINT #Y, NEXT

YYAo REM **SOLVER SUBROUTINE BY GAUSS EIEMINATION AND DETERMIND
THE DETERMINENT**

YY4+« REM *DETERMINED THE UPPER TRIANGULAR*
Yy¢+ FOR I = Y TO K

YYor FOR J = I TO K

YY1+ R=G(J, I -1) / G(I -1, I -))
YYY Y(J) = Y(J) - R * Y(I - )

YYA* FOR M = I TO K

YyyYa» G(J, M) = G(J, M) - R * G(I -, M)
YY.«+ NEXT M, J, I

YYY+« REM *DETERMINED THE GLOBAL RELATIVE DISPLACEMENT*
YYA+ DV(K) = Y(K) / G(K, K)

Yvya+ FOR I = K - Y TO Y STEP -)

Yéeo DV(I) = Y (I)

Y¢ys FOR Jd =1 + Y TO K

Yéye DV(I) = DV(I) - G(I, J) * DV (J)
Yé¢y o NEXT J

Y¢se DV(I) = DV(I) / G(I, I)

Yé¢o+ NEXT T

Y¢i+ FOR I = Y TO K

Yé¢Ye V(I) = DV(I) + V(I)

Y¢A NEXT T

PRINT #Y, "STEADY STATE PROBABILITY OF B. IN Z. IS:"
FOR I = Y TO K

PRINT #Y, V(I);

NEXT

FOR I = Y TO K

XN (I) = V(I) * L(I)

NEXT

m
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PRINT #Y,

PRINT #v,

PRINT #y, "OVER ALL P.O.F IS:"

FOR I = Y TO K

PRINT #v, X\ (I);

NEXT

FOR I = Y TO K

P.O = P.O + X\ (I)

NEXT

SMM = P.O + SMM

IF FDF < RED THEN V-

P.O.F. = SMM / RED

PRINT "PROBABILITY OF FAILURE=", P.O.F.
RE = ) - P.O.F.

PRINT "RELIABILITY OF RESERVIOR=", RE

PRINT #Y,

Yo++ PRINT #Y, "P.O.F. IS: "; P.O.F.

PRINT #Y, "RELIABILITY IS:"; RE

END

' 5555555555555 %5%55%5%5%5%5%5%5%5%5%5%5%5%5%55%5%5%5%5%5%5%5%5%55%5%5%55%5%5%%5%5%5%5%5%5%5%%%%5%%%
¢ 'TH LLOWING FOR GENERATE DATA IN N)Y YEARS BY T.F.M WITH LN%
5555555555555 5%55%55%55%55%5555%555555%55%55%5555%55%5%5%55%5%55%5%5%5%5%5%5%5%5%%
KA = o " o

KB =Y * o

NA Y ~ Yo = Y

NB Y MY =)

XA =Y / (Y * NA)

XB =Y/ (Y * NB)

LA = Yrrro0Y

LB = YYoVYYYY

LA = (KA * LA)

FOR I = Y TO YY * NY STEP VY

LA = ((KA * LA) / NA - FIX(KA * LA / NA)) * NA
OY(I) = (LA / NA) + XA

IB = ((KB * LB) / NB - FIX(KB * LB / NB)) * NB

OV(I + V) = LB / NB + XB

NEXT

NYY = yY * NY - )

AN = A * ATN())

FOR I = y TO NYY STEP VY

AA = (=Y * LOG(QY(I))) ~ .o
SOI = OV (I + )

OY(I) = AA * COS(AN * SQI)
OY(I + 1Y) = AA * SIN(AN * SQT)
NEXT

FOR I = Y TO YY * N)
PRINT Q) (I)

NEXT

SM =

FOR I = Y TO YY * N)
SM = SM + Q) (I)

NEXT

MU = SM / (VY * NV)

SM = -

FOR I =Y TO YY * N)

SM = SM + (MU - QY (I)) ™ ¥
NEXT

VAR = (SM / (VY * NY - )

m
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PRINT #¢, " VAR OF UN. RND IS:"; VAR; " MEAN OF RND IS:"; MU

Qe(y) = Qv(y) + STO) * Qv ()
FOR I = Y TO )Y * N) - )
J = (I /Y = FIX(I / YY)) * V¥

IF Q¢(I) > + THEN ¢1A+ ELSE ¢Ao-
¢TA IF J = Y THEN ¢A--

EYer Q¢(I + V) = 0QOY(J + 1Y) + B(J) * (Q¢(I) — QY (J)) + OV (I) * ST(J
+ 3Y) * () = R(J) ~ YY) © .o
GOTO €49+

EA QE(I 4+ Y) =0Y()Y) + B(OYY) * (Q¢(I) — QY (Y Y)) + OY(I) * ST(H)
* (Y = R(OYY) ~ YY) ~ Lo

GOTO €49+

¢Aor Qe (I) = -

IF J = YY GOTO ¢AVYo

Q¢(I + V) = QY (J + V) + ST(J + 1Y) * QY (I)
GOTO ¢9++

EAYo Q¢ (I + V) = QY (Y) + ST(Y) * QY(I)
¢q9++ NEXT I
FOR I = )Y TO N)

FOR J = ) TO Vv

ITIT = IIT + O

Q(I, J) = EXP(Q¢(III)) - .+

NEXT J

NEXT T

ERASE Q¢

RETURN

5 %55%5%55%5%5%5%5%5%5%5%55%5%5%5%55%5%%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%%5%5%5%5%5%%5%5%5%5%%
o+ '"TWO-TIER MODEL WITH (MONTHLY LN DISTR,ANNUAL NOR DISTR%%%%%%%
' 5%55%%55%5%5%5%5%5%5%5%5%5%5%5%55%5%%5%5%55%5%%5%5%5%5%5%5%5%%5%5%%5%5%%5%5%%5%5%%5%5%%5%%%%%
$%%%

DIM QY)Y (YY:**)

KA = o0 ©~ o

KB =Y " o

NA = Y ~ Yo — Y)

NB =Y ~ ¥)Y =

XA =Y / (Y * NA)

XB =Y / (Y * NB)

LA = Y++rr0Y

LB = YYoVYYY

LA = (KA * LA)

FOR I = )Y TO Ny STEP Y

LA = ((KA * LA) / NA - FIX(KA * LA / NA)) * NA
oYY (I) = (LA / NA) + XA

1B = ((KB * 1LB) / NB - FIX(KB * LB / NB)) * NB

OVW (I + 1Y) =1LB / NB + XB

NEXT

NYY = NY - )

AN = A * ATN())

FOR I = Y TO NYY STEP VY

AA = (=Y * LOG(OYY(I))) ~ .o

SOT = QY)Y (I + )

oYY (I) = AA * COS(AN * SQI)

oW (I + 1Y) = AA * SIN(AN * SQI)

NEXT

YR(Y) = Qv

FOR I =Y TO NY - )

YR(I + YY) = QY + R * (YR(I) - QYY) + OW(I) * ST * (Y = R~ YY) ~ .o
IF YR(I + ) <= +« THEN YR(I + YY) = QY

m
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]

NEXT

FOR I = ) TO N\
PRINT YR(I)

NEXT

KA = o ©~ o

KB =Y " o

NA =Y ~ Yo — Y
NB =Y *~ ¥Y =
XA =YY / (Y * NA)
XB =Y/ (Y * NB)
LA = Y++rr0Y

LB = YYoVYYY

LA = (KA * LA)

FOR I = Y TO YY * NY STEP VY

LA = ((KA * LA) / NA - FIX(KA * LA / NA)) * NA
QY (I) = (LA / NA) + XA

IB = ((KB * LB) / NB - FIX(KB * LB / NB)) * NB

OY(I + Y) = 1B / NB + XB

NEXT

NYY = Yy * NY - )
AN = A * ATN())
FOR I = Yy TO NYY STEP VY

AA = (=Y * LOG(QY(I))) ~ .o
SOT = OV (I + )

QY (I) = AA * COS(AN * SQI)
OY(I + 1Y) = AA * SIN(AN * SQT)
NEXT

SM = -

FOR I = Y TO YY * N)

SM = SM + Q) (I)

NEXT

MU = SM / (VY * NVY)

SM = -

FOR I = Y TO YY * N)

SM = SM + (MU - Q) (I)) ~ ¥

NEXT

VAR = (SM / (VY * NY - 1))

Qe (Y) = Qv (V) + ST(O) * QY ()

FOR I = Y TO YY * NY - )

J = (I / Yy — FIX(I / YY)) * V¥

IF Q¢ (I) > + THEN oi1A+ ELSE oAo-

olA+ IF J = Y THEN oA--

oYer Q¢(I 4+ V) = QY (J + V) + B(J) * (Q¢(I) - QY (J))
+ V) * (Y = R(J) ~ YY) ~ .o

GOTO o4+

oA Q¢(I 4+ V) = QY (Y) + B(OYY) * (Q¢(I) - Qv (YY))
(Y = R(OYY) N X)) © Lo

GOTO o9+

oAho+ Q¢ (I) =

Q¢ (I + V) = QY (J + V) + ST(J + YY) * Q) (I)
oq++« NEXT I

I11 = *

FOR I = Y TO N)

FOR J = Y TO V¥

ITITI = IIT + O

Q(I, J) = EXP(Q¢(III)) - .+

NEXT J

NEXT T

+ 0) (1)

+ OY(I) * ST(J

* ST(Y)
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FOR I = )Y TO N\

Qe (I) = -

FOR J = ) TO Yv

Q¢ (I) = Q¢(I) + O(I, J)

NEXT

NEXT

FOR I = ) TO N\

FOR J = Y TO VY

Q(I, J) = Q(I, J) * YR(I) / Q¢(I)

NEXT

NEXT

ERASE QY)

RETURN

5555555555355 %55%55555%%%555%535%555%5%5%555%535%5%%5%9%5%5%5%%%5%%%%%
1+++ '"MODIFIED TWO-TIER MODEL WITH (MONTHLY LN DISTR,ANNUAL NOR D%%
55555555555 %%5%555%555%555%5%55%55%5%555%555%55%5%5%%5%55%5%5%%5%55%5%5%%5%55%5%5%%5%%%5%%
DIM QY)Y (YY**)

KA = o0 ©~ o

KB =Y " o

NA =Y ~ Yo — Y

NB =Y ~ ¥Y =

XA =YY / (Y * NA)

XB =YY / (Y * NB)

LA = Yrrroy

LB = YYoVYYY

LA = (KA * LA)

FOR I = )Y TO Ny STEP Y

LA = ((KA * LA) / NA - FIX(KA * LA / NA)) * NA
oYY (I) = (LA / NA) + XA

LB = ((KB * LB) / NB - FIX(KB * LB / NB)) * NB

OVW (I + 1Y) =1LB / NB + XB

NEXT

NYY = NY - )

AN = A * ATN())

FOR I = Y TO NYY STEP VY

AA = (=Y * LOG(OYY(I))) ©~ .o

SOT = OYY (I + 1Y)

OYY(I) = AA * COS(AN * SQI)

oYY (I + YY) = AA * SIN(AN * SQI)

NEXT

YR(Y) = QY

FOR I = Y TO NY - )

YR(I + YY) = QY + R * (YR(I) - QY) + O (I) * ST * (» — R ~ YY) ~ .o
IF YR(I + YY) <= + THEN YR(I + YY) = QY
NEXT

KA = o " o

KB =Y * o

NA = Y 7~ Yo — Y)

NB =Y ~ Y)Y =)

XA =Y / (Y * NA)

XB =)/ (Y * NB)

LA = Y++rrv0Y

LB = YVYoVYYY
LA = (KA * 1LA)
FOR I = Y TO YY * NY STEP VY

LA = ((KA * LA) / NA - FIX(KA * LA / NA)) * NA
Oy (I) = (LA / NA) + XA
IB = ((KB * LB) / NB - FIX(KB * LB / NB)) * NB

w
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OY(I + 1Y) = 1LB / NB + XB
NEXT

NYY = yY * NY - )

AN = A * ATN())

FOR I = Y TO NYY STEP Y

AA = (=Y * LOG(QY(I))) ~ .o
SOI = QY (I + V)

Q)Y (I) = AA * COS(AN * SQI)
OY(I + Y) = AA * SIN(AN * SQI)
NEXT

SM = -

FOR I =Y TO YY * N\

SM = SM + Q) (I)

NEXT

MU = SM / (VY * NY)

SM = -

FOR I = Y TO YY * N)

SM = SM + (MU - Q) (I)) ~ ¥
NEXT

VAR = (SM / (VY * NY - Y))

Qe (V) = QY (y) + ST(Y) * QY (V)

FOR I = Y TO YY * NY - )

J = (I / \Y — FIX(I / YY)) * VY

IF Q¢ (I) > + THEN 11A+ ELSE TAo:

TiAr IF J = ) THEN 1A~

TV QS(I 4+ V) = QY(J + V) + B(J) * (Qs(I) - QY(J)) + OY(I) * ST(J
+)) * (Y = R(J) N YY) N Lo

GOTO 14 - -

TA+ Q(I 4+ Y) = 0QY()) + B(O)Y) * (Q¢(I) - QY (\Y)) + OY(I) * ST())
* (Vv = R(YY) ~ Y) ~ Lo

GOTO 14 - -

TAo+ Qf(I) = -

Qs (I + V) = QOY(J + V) + ST(J + Y) * Q) (I)
19+« NEXT I

IIT =

FOR I = ) TO N)

FOR J = ) TO \Y

IIT = III + )

Q(I, J) = EXP(Q¢ (III)) — .+

NEXT J

NEXT I

FOR I = Y TO N)

Qe (I) =

FOR J = ) TO \Y

Qe (I) = Q¢(I) + Q(I, J)

NEXT: NEXT

ERASE Q))

DIM YRD(YY:*)
FOR I = )Y TO N\

YRD(I) = YR(I)

NEXT T

FOR J = Y TO NY - )
XX = YRD())

FOR I = )Y TO NY - )

IF XX >= YRD(I + Y) THEN 14y« ELSE 14Yo

w

14y XX = YRD(I + )
YRD(I + Y) = YRD(I)
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YRD(I) = XX

T4Yo XX = YRD(I + V)
NEXT I: NEXT J
FOR J = Y TO N)
XX = Q% (V)

FOR I = ) TO NY - )

IF XX >= Q¢ (I + )) THEN 149¢+ ELSE 14%o
198 XX = Q¢ (I + V)
Qe(I + V) = Q¢ (I)
Q¢ (I) = XX

1980 XX = Q¢ (I + V)
NEXT I: NEXT J

FOR I = Y TO N)

FOR J = ) TO \Y

|
_

Q(I, J) Q(I, J) * YRD(I) / Q¢(I)
NEXT J

NEXT T

FOR I = Y TO N)

FOR S = Y TO NV

IF YRD(I) = YR(S) THEN 1471+ ELSE 14V:
1917« FOR J = Y TO VY

Q(s, J) = 0(1I, J)

NEXT J

GOTO 144+

14Y+ NEXT S
199+ YRD(I) = -

NEXT I

RETURN

5555 5%55%555%55%55555%55%55%5556606555050000000005%%%%%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%%
Y+++ 'FRAGMENT MODEL WITH MARCOV MODEL FOR ANNUAL INFLOW$%%%%%%%%
' 5555 5%55%5%5%5%5%5%5%5%5%55%55%55%5500666550505000000038%%%%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%%
ERASE Z, Z)

DIM YRD(YY+), QF(Y+++, VYY), NUM(V++), FRG()*")

FOR I = Y TO N

YRD(I) = YR(I)

NEXT T

5|
O
o)
H
Il
=
O
2

NEXT J

NEXT I

FOR J =Y TON -
XX = YRD())

FOR I =Y TO -

N
IF XX >= YRD(I + Y) THEN vY4aYy+« ELSE VYAaYo
Yay: XX = YRD(

Y

YRD(I + Y) = YRD(I)
YRD (I) = XX

YaYo XX = YRD(I + V)
NEXT

NEXT

FOR I =) TO N
PRINT YRD(I)

NEXT

FOR I =Y TO N

FOR Y =Y TO N

IF YRD(I) = YR(Y) THEN VYa¢+ ELSE VYad¢o
yae+ FOR J = Y TO V¥

:!!!II;
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QF (I, J) = QF (Y, J)

NEXT J

YR(Y) = -

Yaso NEXT Y

NEXT I

FRG()) = -

NUM()) = )

NUM(N) = N

FOR I = Y TO N -

NUM(I) = I

FRG(I) = (YRD(I) + YRD(I - \)) / ¥

NEXT I

DIM QY)Y (YY++)

KA = o © o

KB =V 0

NA =Y ~ Yo Y

NB = Y ~ ¥Y - )
)
)

A

*

XA = /(Y NA)

XB = /(Y NB)

LA = Y++r01Y

LB = YYoVYYY

LA = (KA * LA)

FOR I = ) TO NY STEP Y

LA = ((KA * LA) / NA - FIX(KA * LA / NA)) * NA

OYY(I) = (LA / NA) + XA

IB = ((KB * ILB) / NB - FIX(KB * LB / NB)) * NB

OVY(I + V) = 1LB / NB + XB

NEXT

NYY = NY - )

AN = A * ATN())

FOR I = Y TO NYY STEP Y

AA = (=Y * LOG(OYY(I))) ~ .o

SQI = OVY (I + )

QY)Y (I) = AA * COS(AN * SQI)

OYY(I + V) = AA * SIN(AN * SQI)

NEXT

YR (V) o)

FOR I = ) TO NY - )

YR(I + Y) = QY + R * (YR(I) - QYY) + O (I) * ST * () - R ~ y) ~

IF YR(I + Y) <= +« THEN YR(I + Y) = QY

NEXT

FOR I = Y TO N\

PRINT YR (I)

NEXT

FOR I

FOR JT

IF YR (

IF YR (

IF YR (

Yqo0+ F
J
J

*

y TO N)
=Y TO N

) = FRG()) THEN VYaio

) >= FRG(N) THEN VYa1v

) <= FRG(JT) AND YR(I) >= FRG(JT - )) THEN Ydo+ ELSE VY41-:
RJ =) TO VY

0(I, = YR(I) * QF(JT - \, J)
NEXT

Y41+ NEXT JT

Yalo FOR J = ) TO \Y

Q(I, J) = YR(I) * QF (Y, J)

NEXT J

GOTO VA4V -

Y41y FOR J = ) TO \Y
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Q(I, J) = YR(I)
NEXT J
Yav: NEXT I

* QF(N, J)

ERASE QF, FRG, NUM

REDIM Z(Y+++, Y
Y444 RETURN

'9%%%%35%%%%%%%%
Av++ 'T.F MODEL
'922%%35%2%%%9%%
ERASE Z, Z)

DIM YT ()+:++)

1i = =).1

Aoy lio= 14 +
1i = INT(1li * -
L =1+ )

FF(L) = 1i

FOR I = ) TO \Y
IF 1i = + THEN A
AV YT(I) = LOG
GOTO A+ Y)

AcXe YT (I) = (((

A+Y)Y NEXT T

FOR J = Y TO V¥
XX = YT ())

FOR I = )Y TO V¥
IF XX >= YT (I +

AvYy XX = YT(I +
YT(I + V) = YT (I
YT(I) = XX

AvYo XX = YT (I +
NEXT I

NEXT J

YYY = YY * N / Y
IF YYY = .o THEN
A+1+ MED = YT ()Y
GOTO A+ A

A+Y+ MED = (YT ((
A+A+ SUM = -

FOR R = Y TO V¥
SUM = SUM + YT (R
NEXT R

MEAN = SUM / (VY
SUM = -

FOR R = Y TO V¥
SUM = SUM + (MEA
NEXT R

STY = (SUM / (VY
IF STY = + THEN
DLIM (L) = (MEAN
GOTO A+A¢

A«AY DLIM(L) = )
A+A¢ PRINT

PRINT FF (L), DLI
IF 1i < Y.1 THEN
FOR I = )Y TO VY
FOR J = I TO Y
IF ABS (DLIM(I))

), ZY (VYY)

9290000900900 0000000000080000 0

* N
Y+ ELSE A-+Y:
(QV(I) + .oveee)

OV(I) + .++ree)) 7~ 1i) -

£ N =)

£ N =)

V) THEN A:YY ELSE A:Yo
V)

)

V)

INT (VY * N / ¥)

A+« ELSE A+VY:

*N /Y + .o)

VY * N/ Y) + V) 4+ YT(VY

* N
)

* N)

* N
N - YT(R)) ~ ¥

*N - V) " .o
A+ AY
- MED) / STY
M (L)

Avrx

<= ABS(DLIM(J)) THEN A+Ao

w

22222995

22022205

V) /11

*N /oY)

ELSE A-+9q:

/

Y
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A+Ao NEXT J
XX = ABS (DLIM(I))

GOTO AN«
A+«qa+« NEXT I
AY++ FOR I Y TO YV

IF XX = ABS(
AYY+ MY = FF
PRINT MY
AYY+ NEXT T
'THE VALUE OF MY DOWN IS COMING FROM INTERPOLATION OF
FF(I),DLIM(I) TO FIND

'THE VALUE OF DLIM APPEROACHES TO ZERO (OUTSIDE THE PROGRAM) ; THE
USER CAN

'EITHER USES THE SAME PROCEDURE OR DELETES THE LINE AYY: AND
DEPENDS ON THE VALUE

'OF MY WHICH RESULTS FROM THE PROGRAM IN LINE AY):

AYY+s MY = —.YY1o

IF My = « THEN AY¢+ ELSE AYor

AY¢+ PRINT "SOORY"

END

Ayo+ FOR I =Y TO N

FOR J = Y TO V¥

Q(I, J) = (((Q(I, J) + .rrrerd) ~ MY - V)) / MY

NEXT J

NEXT T

PRINT MY

FOR =) TO Vv

SUM
FOR
SUM
NEXT I

QY (J) = SUM / N
NEXT J

DLIM(I)) THEN A)): ELSE AYY:
(I)

=) TO N
SUM + Q(I, J)

=14

FOR
SUM
FOR
SUM
NEXT I

ST(J) = (SUM / (N - Y)) ~ .o
NEXT J

Y TO VY

H oIl g
Il

=\ TO N
SUM + (Q(I, J) — QY (J)) ~ ¥

FOR J = ) TO Y
CV(J) = ST(J) / Qv (J)
NEXT J

Il
_

FOR J TO VY
SM = .

SM)
SMY .
FOR I = ) TO N - )
Q(I, YY) = QO(I + ), )
Qv (hy) = Qv ()

SM = SM + (Q(I, J) - QY(J)) * (Q(I, J + ) - QY(J + V))

SMY = SMY + (Q(I, J) - QY (J
SMY = SMY + (Q(I, J + \) -
NEXT I
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]

R(J) = SM / (SMY * SMY) "~ .o

NEXT J

FOR J = Y TO Y\

B(J) = (R(J) * ST(J + V) / ST(J))
NEXT J

B(YY) = R(YY) * ST(Y) / ST(\Y)
FOR J = )Y TO \Y

SUM = -

FOR I =) TO N

SUM = SUM + (Q(I, J) - QY (J)) "~ ¥
NEXT I

A =N*SUM/ (N - YY) * (N - )
CS(J) = A/ (ST(J) ~ Y)

NEXT J

FOR J = Y TO Y

PRINT #¢, QY (J); ST(J); CV(J); CS(J); R(J); B(J)
PRINT #¢,

NEXT

KA = o ~ o

KB =Y * o

NA = Y ~ Yo — Y)

NB = Y ~ ¥) \

XA =\ / (Y * NA)

XB =\ / (Y * NB)

LA = Y++so0Y

IB = YYoVYYY

LA = (KA * LA)

FOR I =Y TO YY * NY STEP Y

LA = ((KA * LA) / NA - FIX(KA * LA / NA)) * NA
0y (I) = (LA / NA) + XA

IB = ((KB * ILB) / NB - FIX(KB * LB / NB)) * NB
OV(I + YY) = 1B / NB + XB

NEXT

NYY = Yy * NY - )

AN = A * ATN())

FOR I = Y TO NYY STEP Y

AA = (=Y * LOG(QY(I))) ~ .o

SOI = OV (I + )

OY(I) = AA * COS(AN * SQI)

OY(I + YY) = AA * SIN(AN * SQI)
NEXT

SM = -

FOR I =Y TO YY * N)

SM = SM + Q) (I)

NEXT

MU = SM / ()Y * N)Y)

SM = -

FOR I =Y TO YY * N\

SM = SM + (MU - Q) (I)) ~ ¥

NEXT

VAR = (SM / ()Y * NY - 1))

PRINT #¢, " VAR OF UN. RND IS:"; VAR; " MEAN OF RND IS:"; MU
Qe (Y) = QY (Y) + ST(Y) * OY ()
FOR I =Y TO YY * NY - )

J = (I / YY - FIX(I / YY)) * VY
IF Q$(I) > + THEN A1A+ ELSE AAo:

w
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ATA IF J = Y THEN AA-«:
AV Q¢(I + V) = QY(J + V) 4+ B(J) * (Q¢(I) — Qv (J)) + OV (I) * ST(J
+ 1Y) * (Y — R(J) ©~ ¥v) ~©

GOTO AQ -«

AN Qe (I + V) = QY (Y) + B(OYY) * (Q¢(I) — QY (YY)) + OY(I) * ST(V)
* (Y = R(OYWY) ~ X))~ Lo

GOTO AQ -«

ANho+ Q¢ (I) = -~

IF J = YY GOTO AAYo

Q¢(I + V) = QY(J + V) + ST(J + V) * Q) (I)
GOTO Aq -«

ANYo Q¢ (I + V) = QY (Y) + ST(Y) * QY (I)
Ad++ NEXT T

FOR I = )Y TO N\

FOR J = Y TO VY

ITIT = IIT + O

HHH = Q¢ (III) * MY + )

IF HHH <= + THEN Advo

AdY+ Q(I, J) = (HHH) ~ () / MY)
GOTO AA4Y:

AdYo Q(I, J) = -

AdY+ NEXT J

NEXT I

ERASE Q¢

ERASE YT

REDIM Z(Vr++, YY), ZY(VY+++)
PRINT #¢, "My="; MY

A444 RETURN
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