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1 INTRODUCTION

1.1 Objectives and Organization of the Report

This report provides a detailed description of the Risk Assessment Support System
(RASS) for use in municipal water supply. The report explores the utility of the
developed support system for evaluating the performance of a complex water supply
system. A regional water supply system for the city of London is used as the case study.
The theoretical foundations and computational requirements for the implementation of

the RASS are provided in the report.

This chapter introduces fuzzy and probabilistic approaches that are used to handle
different aspects of uncertainty. Calculation of different risk measures, simulation,
optimization and multi-objective analysis using both approaches are explained in details

focusing on their application to water supply infrastructure systems.

Chapter 2 provides a detailed description of RASS and its tool boxes. Chapter 3 explores
the utility of the quantitative risk assessment component (QNRA) of RASS for evaluating
the performance of a complex water supply system. In this chapter, the sensitivity of
fuzzy risk measures to the different shapes of fuzzy membership functions is explored
first. The utility of the fuzzy simulation, optimization, and multi-objective analysis
toolboxes is demonstrated afterwards. Finally, the conclusions of the analysis performed

in Chapter 3 are presented in Chapter 4.



1.2 Introduction

The improvement in performance and service quality of engineering systems are widely
recognized targets for meeting, both public needs and expectations. Special attention is
given to systems providing essential services that directly affect the health and wellbeing
of the human population. Organizational and management procedures are the core of the

targeted performance improvement so, (Alegre, 2004).

Most of the engineering systems that provide essential services, such as water supply,
have been growing in size and complexity due to the rapid population growth. As a
result, those large and complex engineering systems will be exposed to wide range of
possible future conditions. Risks of systems failure are often unavoidable, (Ang and
Tang, 1984). Uncertainties associated with the quantification of potential failure
conditions are imposing a great challenge to systems* design, planning and management.
Therefore, the assurance of satisfactory and reliable system performance cannot be
simply achieved. Quantification of risk due to these uncertainties is a pivotal step in the

engineering risk and reliability analysis.

Uncertainty is measured using different system performance measures and figures of
merit to evaluate its consequences for the safety of engineering systems. Performance
measures are the main components of many standardized performance assessment

procedures (Alegre, 2004).



The probabilistic (stochastic) reliability analysis has been extensively used to deal with
the problem of uncertainty in many engineering systems (Modarres et al., 1999). In the
probabilistic approach, the analysis involves describing systems’ resistance and load as
belonging to respective possible probability distributions. Probabilistic approach depends
on non-deterministic models that incorporate a measure of randomness as a way to
express uncertainty, (Klir and Yuan, 1995). Therefore, system reliability may be
realistically measured in terms of probability. The principle objective of the probabilistic
reliability analysis is to insure that the load does not exceed the resistance throughout a
specified time horizon in terms of probability. Prior knowledge of the probability density
functions of both, resistance and load, and/or their joint probability distribution function
is a prerequisite. However, the characteristics of resistance and/or load cannot always be
measured precisely or formulated using a proper probabilistic conceptualization,
especially in the absence of necessary data. Therefore, the probabilistic approach fails to
address the problems of human error, subjectivity, and the lack of system performance

history and records.

The concept of fuzzy sets is a conceptual and mathematical framework within which
imprecise and vague phenomena can be studied, (Zimmermann, 1996). Fuzzy set theory
and fuzzy logic are used to overcome ambiguity or lack of knowledge in human
conception of real life phenomena as a source of uncertainty. The basic definition of a
fuzzy set is that it is characterized by a membership function mapping the elements of a
domain, space, or universe of discourse G to the unit interval [0,1], (Pedrycz and

Gomide, 1998) that is



A:G[0,1] e, 1)

where:
A is the fuzzy set in universe of discourse G; and

G is the domain, or the universe of discourse.

The characteristics of resistance and/or load in engineering systems cannot always be
measured precisely or treated as random variables. Moreover, application of probabilistic
reliability analysis is invariably related to the availability of data that can be used to
determine probability distribution functions to be used, objectively or subjectively. Data
insufficiency is a well-known problem in almost all engineering problems and is dealt
within the probabilistic approach by using the Bayesian approach or the subjective

probability estimation.

Bayesian method is one of the rigorous ways of dealing with uncertainty, especially when
combined with multi-attribute utility theory to incorporate the variability in system
performance and uncertainty in system parameters. The difficulty in the development of
the utility function and its ability to capture the priorities of all interest groups in

decision-making process are the main drawbacks of this method, (Hashimoto et al, 1982).

Subjective probability, on the other hand, is a description of state of information (or state
of uncertainty) where the degree of information is interpreted as a degree of belief,

related to the personal state of information, (Spizzichino, 2001). To be valid, the



subjective probability approach (i) should reflect the belief of the assessor of the

uncertainty, and (ii) should be consistent with the basic probability axioms.

Decision-making processes involve multi-disciplinary teams from all fields and decision-
makers might not be able to match these requirements. People’s judgment and believes
are rarely expressed using mathematical tools. They prefer to use what is known as
heuristic, or simple mental strategies, to express uncertainty. These heuristic strategies
are usually successful tools for dealing with the uncertainty. However, they may
introduce bias or inconsistencies with the mathematical probability principles, (Vick,

2002).

Fuzzy set theory was intentionally developed to try to capture people judgmental
believes, or as mentioned before, the uncertainty that is caused by the lack of knowledge.
Relative to the probability theory, it has some degree of freedom with respect to
aggregation operators, types of fuzzy sets (membership functions), etc, which enables the
adaptability to different contexts. During the last twenty years, fuzzy set theory and
fuzzy logic contributed successfully to the technological development in different
application areas such as mathematics, algorithms, standard models, and real-world

problems of different kinds, (Zimmermann, 1996).

Probabilistic and fuzzy set approaches provide complementary conceptual and
computational frameworks for representing and addressing the uncertainties in the real-

world engineering systems, (Pedrycz and Gomide, 1998). The developed risk assessment



support system incorporates both approaches for engineering risk and reliability analysis.
It also provides support for engineering systems simulation, optimization and multi-
objective analysis. Therefore, the decision support system can be used for integrated risk

management.

1.3 RASS Purpose and Architecture

The complexity of water supply systems due to a large number of interdependent
physical constituents and subsystems, together with multi-level decision making process,
present a great challenge to the efforts in disaster risk management. The present work
aims at the development of a decision support system for (a) qualitative framing of the
disaster risk to water supply systems; (b) quantitative disaster risk assessment; and (c)
integrated disaster risk management. The main objective of RASS is to identify potential
hazards, estimate the impacts of each hazard and propose possible improvements and
management actions which will significantly reduce the risk. The support system
consists of two main components; (i) qualitative risk assessment component (QLRA), and

(i1) quantitative risk assessment component (QNRA).

1.3.1 Qualitative Risk Assessment Component (QLRA)

The QLRA component examines and evaluates the user’s information on the risks
associated with the water supply system under consideration. It, also, assists the user in
experimenting with the available management toolboxes within QNRA component (such
as simulation, optimization, and multi-criteria analysis) to decide on the appropriate

action scenarios. The user is presented with ten questions for which a combination of



Yes/No and numerical answers is required to initiate the QNRA component and perform
the quantitative risk analysis. Appendix I contains a list of the ten questions together

with comments and directions to guide the user of RASS.

The QLRA consists of two main steps; (i) evaluation of risk knowledge, and (ii)
development of action scenario. The first step explores the user’s knowledge of risk, it
cause and possible impact. The result of this step is a list of causes and impacts together
with estimations of contribution of each cause to overall risk hazard. The second step
uses the results of the previous step to investigate the effects of possible action scenarios
on risk mitigation using the QNRA toolbox. The result of this step is a list of suggested
system improvements which can guide future management decisions, as shown in Figure

1.

1.3.2 Quantitative Risk Assessment Component (QNRA)

The QNRA incorporates a set of tools for system performance evolution, simulation of
system behavior and single and multi-objective optimization of system performance.
Both, probabilistic and fuzzy approaches are incorporated in the QNRA as illustrated in
Figure 1. The QNRA consists of two toolboxes; (i) Probabilistic Toolbox, and (ii) Fuzzy
Toolbox. The probabilistic toolbox provides access to (a) Performance evaluation tool
that calculates reliability, resiliency and vulnerability measures; (b) Simulation tool; and
(c) Optimization tool. The fuzzy toolbox contains: (a) Performance evaluation tool that
calculates combined fuzzy reliability-vulnerability, fuzzy robustness and fuzzy resiliency

measures; (b) Fuzzy Simulation tool; (c) Fuzzy Optimization tool; and (d) Fuzzy Multi-



Objective Analysis tool. A detailed description of RASS and its management toolboxes

follows in Chapter 2.
s
Risk Assessment Support System
(RASS)
b |
P v v
Qualitative Risk Assessment Quantitative Risk Assessment
(QLRA) (QNRA)
.
v |
[ Knowledge Evaluation ] v v
| f Fuzzy \ f Probabilistic \
v v Tool Box Tool Box
[ Risk Cause ] [ Risk Impact ] -Risk Measures -Risk Measures
P -Simulation -Simulation
| -Optimization -Optimization
] -Multi-objective
Analysis

[ Risk Hazard List ] \ / \ /

A 4

[ Suggestion of Preferable System Improvements }

Figure 1. Interaction between the two main components of the risk assessment

support system (RASS).



1.4 Basics of the Fuzzy Reliability Analysis

Engineering system risk and reliability analysis uses load and resistance as the
fundamental concepts to define the risk of system failure, (Simonovic, 1997). Load and
resistance are used in structural engineering to reflect the characteristic behavior of an
engineering system under external loading conditions. System load is defined as the
variable that reflects different loading conditions that may be imposed over the useful life
of the system, (Ang and Tang, 1984). System resistance, on the other hand, is defined as
the system characteristic variable which describes the capacity of the system to resist

potential loading conditions.

The fuzzy reliability analysis uses membership function concept (MF) to express
uncertainty in both - load and resistance - variables. The general representation of a

membership function is:

X = {xpx):xeRp(x) 0,11y el 2)

where:
X s the fuzzy membership function;
Ky (x) is the membership value of an element x to X ; and

R 1s the set of real numbers.



Membership functions are usually defined by their « -cuts. The « -cut is the ordinary set
of all the elements belonging to the fuzzy set whose value of membership is a or higher

(see Figure 2):

X(@)={x:pz(x)za;xeRyae0,1]}  eeeni 3)

where

X(a) is the ordinary set at the a-cut; and

a is the membership value.

Another characteristic property of the fuzzy membership function is its support. The
support of the fuzzy membership function can be defined as the ordinary set (see Figure

2):

SX)=X(0)={x:p () >0}  ereeenn. (4)

where

S(X) is the ordinary set at the a-cut=0.

The fuzzy membership function support is the 0-cut set and includes all the elements with
the membership value higher than 0, as shown in Figure 2. Construction of a membership

function is based on the system design data and choice of the suitable shape. There are

10



many shapes of membership functions. However, the application context dictates the
choice of the suitable shape. Triangular and trapezoidal shapes are the simplest MF

shapes that are widely used in the literature.

1
Q I
2 |
: =
|
= |
= |
& 1
L :
o L _____ Lo
(04
& !
= :
1
1
1
1
1
1

v

S(X)

Figure 2. Support and a-cut of the fuzzy membership function (after Ganoulis,

1994).

1.4.1 Fuzzy Performance Measures for Engineering Systems

Risk identification is the first step in the engineering risk analysis, where all sources of
uncertainty causing risk of failure are clearly detailed. Quantification of risk is the
second step through which uncertainties are measured using different system

performance measures and figures of merit.

El-Baroudy and Simonovic (2004) proposed three fuzzy measures for system

performance evaluation: (1) combined reliability-vulnerability measure, (ii) robustness

11



measure, and (iii) resiliency measure. The proposed fuzzy measures quantify the
reliability, vulnerability, robustness and resiliency of multi-component engineering
systems reflecting different systems’ configurations. These measures provide a tool to
assess system performance through the introduction of a wide variety of uncertain

conditions.

Fuzzy performance measures use membership functions to represent both uncertain load
and resistance of various system components. The load-resistance problems are usually
formulated in terms of the safety margin or the factor of safety. Therefore, the load and
resistance membership functions, for each system component, are aggregated into one
membership function representing the component-state membership function, defined as

follows

| >

S(0) ==

<

where:
X is the fuzzy supply;
Y is the fuzzy demand;

S(m) is the component-state membership function of the margin of safety; and

S(0) is the component-state membership function of the factor of safety.

12



The calculation of fuzzy performance measures depends on the definition of
unsatisfactory system performance. For most engineering systems it is challenging to
arrive at a precise definition of failure because of the uncertainties in determining system
resistance, load, and the acceptable unsatisfactory performance threshold. Therefore, a

fuzzy membership is used to represent the acceptable level of system performance:

0, if m<m,

M(m)={em),  if me[m,,m,]

1, if m>m,
or e (6)
0, if0<0,
O©)=1{9®©), if0e[0,,0,]
1, if6>0,

where:

M is the fuzzy membership function of margin of safety;

¢(m) and ¢(0) are functional relationships representing the subjective view of the
acceptable risk;

m,,m, are the lower and upper margin of safety bounds of the acceptable failure region
respectively;

® is the fuzzy membership function of factor of safety; and

0,,0, are the lower and upper safety factor bounds of the acceptable failure region,

respectively.

13



Figure 3 is a graphical representation of the definition presented in Equation 6. The

lower and upper bounds of the acceptable failure region are given in Equation 6 as m, (or
0,) and m, (or 0,). The value of the margin of safety (or factor of safety) below m, (or
0,) is definitely unacceptable. Therefore, the membership function value is zero. The
value of the margin of safety (or factor of safety) above m, (or 0,) is definitely

acceptable and therefore belongs to the acceptable failure region. Consequently, the
membership value is one. The membership of the in-between values varies with the
subjective assessment of a decision maker. Different functional forms may be used for

¢o(m) (or @(0)) to reflect the subjectivity of different decision makers’ assessments. The

freedom given by this definition of failure, through the choice of the lower bound, upper

bound, and the function ¢(m) (or ¢(0)) facilitates the introduction of the ambiguity of

risk acceptance exhibited by different decision-makers. This approach, also, provides an
easy and comprehensive tool for risk communication. That has been acknowledged as

the major problem in the application of probabilistic approach.

High system reliability is reflected through the use of high values of margin of safety (or

factor of safety), 1.e. high values for both m,andm, (or 6, and 0,). The difference
between m,andm, (or 0, and 0,) inversely affects the system reliability, i.e. the higher

the difference, the lower the reliability.

14



M(m) 1 Complete Failure  Acceptable Complete  Safety

or Region Failure Region Region
e@®) 1.07
(p(m)
or
o(0)
m or 6
m, or 6.1 m, or 0, ’

Figure 3. Fuzzy representation of an acceptable failure region.

Therefore, the reliability reflected by the definition of an acceptable level of performance

can be quantified in the following way:

LR = T
m, -m,
OF ieeeeeees (7
LR = 220
92 '91
where:

LR is the reliability measure of the acceptable level of performance.

15



Combined fuzzy reliability-vulnerability performance measure
The compatibility between the system-state and the acceptable level of performance
membership functions is the basis for the calculation of the combined fuzzy reliability-

vulnerability performance measure. It is illustrated in Figure 4 and calculated as follows:

s ight 1
Compatibility Measure (CM) = —— Weighted overlap area  eeeeeeens %)
Weighted area of system - state function

Therefore, the fuzzy combined reliability-vulnerability performance measure can be

expressed as follows:

max{CM,,CM, .......CM, }x LR ,,
RE - s e
f max{LR,LR,,.......LR |

where:

RE; is the combined fuzzy reliability-vulnerability measure;

LR is the reliability measure of the acceptable level of performance with which

the system-state has the maximum compatibility value(CM);

LR; is the reliability measure of the i-th acceptable level of performance;

CM,; is the compatibility measure for system-state with the i-th acceptable level
of performance; and

K is the total number of defined acceptable levels of performance.

16



Acceptable level of performance

»
>

System-state

Membership value <

Universe of discourse

v

Figure 4. Fuzzy combined reliability-vulnerability measure based on the

compatibility measure.

Fuzzy robustness performance measure

The fuzzy robustness performance measure describes the system’s ability to adapt to a
wide range of possible future load conditions (ElI-Baroudy and Simonovic, 2004). The
fuzzy form of change in future conditions is obtained through the definition of different
acceptable levels of performance, as shown in Figure 5. Therefore, the system’s fuzzy

robustness index is defined as the change in the compatibility measure:

1

RO, =—
CM, —CM,

where:
RO; is the fuzzy robustness index;

CM, is the compatibility measure before the change in conditions; and

17



CM, is the compatibility measure after the change in conditions.

Acceptable Level of performance (1)

4 System-state —_—— s . .

1.0 T
(O]
/
>
.E / Acceptable Level of performance (2)
5
O
=) /
§ o

B ////A' Universe of discourse

Figure 5. Fuzzy robustness measure based on the compatibility measure with

different acceptable levels of performance.

Fuzzy resiliency performance measure

The time required to recover from the failure state can be represented as a fuzzy set. The
reasons for failure may differ; therefore, the system recovery time will vary with the type
of failure. A series of fuzzy membership functions can be developed to allow for various
types of failure. The maximum recovery time is used to represent the system-failure

recovery time (Kaufmann and Gupta, 1985):

T(a) = me}x[t11 (o), t, (00),....... b, ()], ma}x[t21 (), t, (00),....... G @] e an

18



where:
o is the membership value or a-level;
T(0)is the system fuzzy maximum recovery time at « -level;
t, (o) is the lower bound of the j-th recovery time ate -level;
t, (a)is the upper bound of the j-th recovery time ater -level; and

J is total number of failure events.

The system-failure membership function is used to calculate the fuzzy resiliency

performance measure, as follows

- -1

j:z £ T(t) dt

T T(t) dt

where;

RS; is the fuzzy resiliency measure;

T(t)is the membership function of system maximum recovery time;
t, is the lower bound of the support of the system recovery time ; and

t, is the upper bound of the support of the system recovery time.
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1.4.2 Multi-Component Systems

Engineering systems are made up of a variety of interconnected subsystems. Each
subsystem has multiple components where the configuration of interconnections affects
the overall system performance. Multi-component systems have several system-state
membership functions representing the system-state of each component. Aggregation of
these membership functions results in a system-state membership function for the whole-

system.

Aggregation of System-State Membership Functions

The main configurations of multi-component systems are; (i) serial, (ii) parallel, and (iii)
combined. For each component, a fuzzy membership function, representing the
component’s state, can be determined based on the component’s load and resistance. The

overall system-state is then determined using the system configuration.

Let us assume that a serial system is composed of I components, as shown in Figure 6a.

The i-th component has a state membership function Si(m), defined on the universe of

discourse M. The weakest component, in terms of system-state, controls the whole

system-state. Therefore, the system-state can be calculated as follows:

S(m) = mlin(él,éz, ......... S (13)

where:
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é(m) is the system-state; and

(SI,SZ, ......... ,SI) are component system-states.

An example of a parallel system configuration composed of J components is shown in
Figure 6b. The j-th component has a state membership function S;(m), defined on the

universe of discourse M. All states of the components contribute to the system-state. A
system failure occurs if all the components fail. Hence, the system-state can be

calculated as follows:

~ J ~

S(m)=>Si(m) (14)
1

where:
S; (m) is the m-th component system-state; and

J is the total number of parallel components.
Combined systems are systems with parallel and serial subsystems. The system-state in

this case can be arrived at by calculating subsystems-states according to Equations 11

and 12.
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Figure 6. A serial (a) and a parallel (b) system configurations

Aggregation of recovery time membership functions

The aggregation of recovery time membership functions (required for calculation of
fuzzy resiliency) is achieved in a different way from the aggregation of system-state
membership functions. System-state membership function determines the performance
(or state) of the system that can be satisfactory or unsatisfactory. Therefore, aggregation
is based on the contribution of each component to the system state. Recovery time

function, on the other hand, is the characteristic of the system in failure state.

For a serial system configuration of I components, the i-th component has a maximum

recovery time membership function T,(t), defined on the universe of discourse T. The

component having the longest recovery time controls the system recovery time.

Therefore, the system recovery time can be calculated as follows:

TO=T.cH0 e 5)
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given

S(T,) = mIaX(S(Tl),S(Tz), ......... S(T)

and e (16)
T.(1)= mlax("fl(l),"fz(l), ......... )

where:

T(t)is the system recovery time;

TC (t) is the controlling recovery time;

S(TC) is the support of the controlling recovery time fuzzy membership functions;
(S(T1 ),S(Tz), ......... , S(TI)) are the support sets of N components;

Tc(l) is the controlling recovery time set at the a-cut level=1; and

(T, T,(Ds e .T,(1)) are the recovery time sets at credibility level=1 of the I

components.

In a parallel system of J components, the j-th component has a maximum recovery time

membership function T,(t), defined on the universe of discourse T.  The total failure

event equals the failure of every component in the system. As a result, the membership

function of system recovery time can be calculated as follows:
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where:

T(t)is the system recovery time; and

( T, Ty, , TJ> are component recovery times.

The combined system recovery time membership function can be determined by
calculating subsystems recovery time membership functions according to either Equation

150or 17.

1.4.3 Fuzzy Simulation

Engineering risk and reliability analysis is a general methodology for quantification of
uncertainty and evaluation of its consequences for the safety of engineering systems
(Ganoulis, 1994). Simulation and optimization techniques are the core of the risk
assessment and management process. They provide vital tools for system performance
analysis which guide decision-making process (Haimes, 2004). Computer simulation
model is a formal attempt to construct a computer model of a complex real engineering
system to make adequate predictions of its behavior under different initial and boundary
conditions, (Pedrycz and Gomide, 1998). Deterministic and stochastic simulation
models are commonly used to simulate performance of the engineering systems. Fuzzy
simulation can be an appropriate approach to include various inherent uncertainties of

engineering systems into the simulation process. Several commonly used classes of fuzzy
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simulation models are; (i) fuzzy-relational equations, (ii) fuzzy neural networks, and (iii)

fuzzy regression models.

The fuzzy simulation toolbox of the developed QNRA uses the fuzzy regression to
simulate the dependency of system output on its inputs. Fuzzy regression models are
simple tools capable of capturing system uncertainties using fuzzy system parameters.
The dependency of an output variable on input variables (Klir and Yuan, 1995) is

expressed as follows:

where:
F is the system fuzzy output variable,

C, are fuzzy coefficients; and

z, are the system real-valued input variables.

For example, for given m-set of crisp data observations of system input and output, i.e.
(a1,b1), (az,b),.... (am,bm), the fuzzy regression toolbox calculates the fuzzy parameters

of the assumed model that represent the best fit of these observations.

Using a symmetric triangular fuzzy membership function to represent the fuzzy

coefficients in the form (Klir and Yuan, 1995),
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lc-c| _
= lI-——, ifc,—v,<c<c +vV,
Ci(o)= v, T T 19)

1

0, elsewhere

where:

¢, is the value at which the parameter C,(c) membership value=1; and

v, is half of the support of Ci (©).

The output variable is also a symmetric triangular fuzzy membership number in the

following form (Klir and Yuan, 1995),

‘f - ZTC‘

T|Z

1- , ifz#0

v

E®={ 1, ifz=0,f#0 e (20)

0, ifz=0,f=0

for all feR
where:
Z] C] Vl |Zl|
z c v z
2 2 2 2
Z=| 7|, c= , v=| "1, |Z|— || ; and
ZIl cI'l VI'l Zn

T denotes the transposition operation.
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Therefore, the problem is converted into finding the ¢ and s vectors such that F(f) fits

the observations as good as possible. The two criteria of goodness of fit are: (i) for each

given input observation z;, the output observation, fj, should belong to the corresponding

fuzzy number 15J with a grade greater or equal than given h value, as shown in Figure 7,
where h € [0,1]; ie. Fj (f))=h for each je m; and (ii) The total non-specificity of the

fuzzy parameters must be minimized. Non-specificity of parameter C; is expressed by

the value v;.

Therefore, the problem of regression parameter selection can be formulated as simple

linear programming optimization problem:

n
minimize Z \7
i=1

subject to (1-h)v" ‘zj‘—‘fj —zJ.Tc‘ >0,jem

v, 20,1en

Chapter 2 explains in details the procedure of fuzzy simulation using the fuzzy simulation
toolbox of the QNRA. Chapter 3 provides an example of numerical application to clarify

this procedure.
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Figure 7. Typical example of fuzzy regression model: F=Cz (after Terano et al,

1991)

1.4.4 Fuzzy Optimization

Optimization is a mathematical process through which the optimum (maximum or
minimum) value of a given objective function is achieved that satisfies a set of
constraints (Onwubiko, 2000). In 1970 Bellman and Zadeh suggested an optimization
model for decision making in a fuzzy environment when the objective function and the
constraints are characterized by their fuzzy membership functions. Based on the analogy
to a non-fuzzy decision making, they suggested the use of the intersection of the fuzzy

objective function and fuzzy constraints to obtain the optimum fuzzy decision (elaborated
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by Zimmermann, 1996). Figure 8 depicts the fuzzy optimization process, which can be

formulated as follows:

Objective Function

A
107 Constraint
O
=
< / ..
> R Decision
o
= /
& L]
2 /
E o
§ /

Universe of discourse

Figure 8. A fuzzy decision by optimization.

D(d) = 0(0) AC(C) vevvvnnnn (22)

where

D(d) is the fuzzy membership function of the decision,

O(0) is the fuzzy membership function of the objective function,

C(c) is the fuzzy membership function of the constraint(s); and

A is the fuzzy intersection operator.

Replacing the fuzzy intersection operator by the minimum operator for N constraints, the

previous equation can be rewritten in the following form:
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D(d) = min{0.C.(©),C, (), C;(©)} errvernn (23)

jeN

where

C ;(©) is the fuzzy membership function of the j-th constraint; and

N is the total number of constraints.

Zimmermann (1996) states that minimum operator is not the appropriate operator to be
used in modeling the aggregation of fuzzy membership functions representing managerial
decisions , i.e. as in optimization. The fuzzy optimization toolbox of the QNRA uses the

fuzzy linear programming to model the optimization problem in a fuzzy environment.

The classical linear programming problem defines the decision probelm by a set of

constraints and objective function. This problem can be formulated as follows:

maximize f(x)=c'x
subjectto Ax<b ........24)
x>0

where

T . .
C is the coefficient vector;
x 1s the decision variable vector;
A is the constraints’ coefficient matrix; and

b is the constraint limiting value vector.
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Vagueness can be introduced to the classical Linear Programming (LP) problem in
different ways. For example, the objective function can be used to represent goals
(objectives) that can not be defined by a crisp value. All the coefficients in Equation 24
can, also, be represented by a fuzzy set to express vague perception. Fuzzy
representation of Equation 24 allows marginal valuation of the constraints which can not
be achieved using the classical LP problem, where any violation of constraints discards
the solution. In addition, different degrees of violation can be introduced thought the use
of the fuzzy formulation of the LP problem. It has to be noted that there is not a unique
fuzzy LP model that fits all optimization problems. A variety of models exist depending
on the context of the problem and the accompanying assumptions. The maximization
problem, expressed by Equation 24 can be converted into the fuzzy format, where the
decision maker can not precisely define both, the objective function and the constraints,

as follows (Zimmermann, 1996):

maximize c¢'x>z
subject to  Ax<b ........(25)
x>0

where = and < are the fuzzy forms of = and <, respectively. The desired level z is
introduced in the Equation 25 to express decision-makers’ uncertainty in the optimization

problem. The previous equation can be re-written as follows, (Zimmermann, 1996):
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find x such that Bx <b
ceeeeend(26)
x>0

—C 4
where B= and d =

The model represented by Equation 26 includes m +1 rows, where m is the number of the
constraints and 1 refers to the addition of the objective function. Each row of Equation

26 is a fuzzy set represented by a fuzzy membership function p.(x), that represents the
degree to which x fulfils the fuzzy inequality B,x <d, (Zimmermann, 1996). Using the

triangular shape of the membership function to represent p.(x) as follows:

1 if Bx<d,
n(x)=41- Bx-d, if d, <BX<d 4P, ceerens (27)
0 if Bx>d, +p,

where p; is the subjective tolerance which is used to express admissible violations of the

objective function and the constraints.

The resultant of the optimization problem in Equation 26 is an optimal fuzzy set. The
decision makers sometimes prefer the use of crisp optimal solution rather than optimal
fuzzy set. Therefore, the maximum of the Equation 26 gives the required crisp optimal

solution (Zimmermann, 1996)
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max Hs® =max min{t®);} -.......28)

x>0 x>0 je(m+1)

1.4.5 Fuzzy Multi-Objective Analysis

Water resources planning, designing and management problems are characterized by
multiple and conflicting objectives (Haimes, 1998). Therefore, an optimal solution for a
real problem under multiple objectives can not be attained. Solutions to those problems
are often reached through the analysis of trade-offs between multiple objectives (Akter

and Simonovic, 2002).

Decisions in water resources problems have to be made under conflicting objectives,
uncertain, imprecise and incomplete knowledge. To face those problems, the vagueness
and incompleteness of the available information has to be represented properly (Perny
and Roubens, 1998). The use of the fuzzy set theory in multi-objective analysis provides

a way for capturing and incorporating vagueness uncertainty into decision making.

A classical multi-objective problem consists of a vector Z(x) of n-objective functions to

be optimized (maximized or minimized) as follows:

Z(X)=[Z,(X), Z,(X),... L (X)] ceveeeee 29)

where:
x € X and;

x 1s the solution space.
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Different x values result in different values for each objective function of the vector

Z(x). Optimization of the vector of objective functions can not be achieved. The

decision maker preferences are required to obtain an optimal solution. Akter and
Simonovic (2002) state that without the decision maker preferences the objectives are

“incommensurable and incomparable”.

A variety of multi-objective analysis techniques exists that are used to identify the trade-
off solutions of a multi-objective problem. The compromise programming technique is
one of multi-objective techniques commonly used in water resources management,
(Akter and Simonovic, 2002). Therefore, the fuzzy version of this technique is used in
the RASS. The compromise programming uses a distance metric, i.e. a measure of
distance from the ideal solution, to identify the compromise subset (Prodanovic and
Simonovic, 2003). Figure 9 shows an example of a two-objective problem. The distance
metric L; exists for each alternative A; that determines its closeness to the ideal solution.

The distance metric is calculated as follows, (Prodanovic and Simonovic, 2003):

Where:
z represents objectives 1,2,3.....j;

i represents alternatives 1,2,.....n;
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L. is the distance metric of alternative 1;

W _ is the subjective weight of objective z;
p is a parameter p=(1,2,00);
f* and f, are the best and worst value of objective z; and

f  1is the actual value of objective z.

Distance L;

Obiective 2

Objective 1

Figure 9 Compromise programming method for a two-objective problem, (after

Akter and Somonovic, 2002)

Prodanovic and Simonovic (2003) state that “The parameter p corresponds to the weight
(importance) given to the maximal deviation from the ideal solution”. This parameter
assumes positive values ranging from 1 to co. As mentioned earlier, the decision-maker

preferences are important in order to obtain the best compromised solution. They are

introduced as the weights W _ in Equation 30. Subjective nature of water resources
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problems requires proper tool for addressing subjective uncertainties. Fuzzy set theory is
a better tool for addressing subjective uncertainties than the set theory. This is generally
true, especially when dealing with criteria weights, deviation parameter and positive and

negative ideals.

Fuzzy Compromise Programming is introduced by transforming all the crisp (single)
inputs of Equation 30 into fuzzy inputs using the extension principle. Therefore, the
distance between the ideal solution and any alternative can not assume crisp value as
several other distances have relative belonging (membership) (Bender and Simonovic,
2000). Therefore, fuzzy sets ranking methods have to be used to select the smallest fuzzy
distance metric. Several fuzzy sets ranking methods exist in the literature. Prodanovic
and Simonovic (2002) conducted a comparison of those methods and suggested the
method of Chang and Lee (1994). This report adopts the suggested method to be used in

the fuzzy multi-objective analysis in the QNRA fuzzy toolbox.

Change and Lee use an Overall Existence Ranking Index (OERI) Prodanovic and

Simonovic (2003):
1

OERI(j) = [ w(o) [ 2,145 (o) + Zohtjn (@) ] det vovenv (31)
0

Where:

j is a subscript for the j-th alternative,
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%, and 7y, are the subjective type weighting indicating neutral, optimistic or pessimistic
preferences of the decision maker, given that y, +y, =1;

w(a) is the parameter used to specify weights corresponding to certain degrees of
membership o (if any); and

uJ"Ll (o) and uj_é (o) are the inverse of the left and right parts of the membership function,

respectively.

OERI is defined as “a sum of the weighted areas between the membership axis and the

left and right inverses of a fuzzy number.” (Prodanovic and Simonovic, 2003).

1.5 Probabilistic Approach

Probabilistic analysis examines the reliability of the engineering system from different
perspective of potential improvements by taking into consideration risk and uncertainty
(Haimes, 1998). Several system performance measures can be used to quantify the
associated risks and consequently identify potential areas for system performance

improvement.

1.5.1 Probabilistic Performance Measures

Probabilistic reliability measure

Reliability index is used to provide a description of the system performance in case of
failure. It depends on the number of failures during the life time of the system (Smith,

2005):
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where,
Z.4 1s the failure or non-failure state that takes 0 or 1 value, respectively,
NT is the number of time periods; and

ND is the number of dimensions of failure, (i.e.3= quantity, quality, and pressure).

Failure or non-failure states are defined as the indicators of system state outside or inside
the bounds of a given criteria, respectively. It has to be noted that there can be maximum
and minimum criteria values. The system dimension, ND, refers to each step within the
system where failure can occur. For example, the treatment process can fail in several
locations (such as in Chlorination, filtration,...etc) that might result in an overall system
failure.

The NT value (number of time periods) refers to the length of the overall data record. It
is required that each dimension have a data record of identical length in order to facilitate

calculations.

Probabilistic resiliency measure

The resiliency is a measure of how quickly a system recovers from a failure state.
Failures can last for a single time step or can last for several consecutive time steps.
Failures that last for several consecutive time steps are considered to be part of the same
failure event. A new failure event is identified by a failure state following a non-failure

state. Resiliency is calculated as follows, (Smith, 2005)
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(MDj NE
NT
where

MD is the maximum duration of effective failure events; and

NF is the number of failure events.

An effective failure is the failure that affects the system output. The maximum duration
of an effective failure is the length of the longest recorded failure event. That is, the
longer the failure event the longer it takes to recover, therefore, the system is less
resilient. The number of failure events is the count of the number of time steps within
which the system is in the failure state. Failure events that occur in separate system

locations are counted as distinct failures.
Probabilistic vulnerability measure

Vulnerability measures the consequences of the failure event. It is calculated as follows,

(Smith, 2005)

ND
v= Minikmum H(1 “Pyy)eeeneenes (34)

where,
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Pyq4 is a standardized measure of the failure consequences (i.e. a complete failure
(maximum consequences)=1 and no failure=0); and

K is the failure event; and

The standardized measure of failure takes the highest value, 1, in case of complete failure
to indicate that the bad consequences are as great as possible. It takes the lowest value in
case of non-failure state where there are no bad consequences. In between values are
calculated based on the ratio between the system output and given criteria. For example,
if the system discharges 3 m®/sec and the failure criterion is set to be less than 5 m*/sec,

then the standardized measure takes the value of 0.67.

Measurements (system output) are examined across each dimension for each time step.
The composite measure for each failure event is then the product of the Py4 values for

each dimension. The overall vulnerability, Vv , is the smallest of the calculated k-product.

1.5.2 Probabilistic Simulation

The probabilistic simulation toolbox of the QNRA adopts the Markov model, as a
probabilistic (stochastic) model that incorporates uncertainty due to randomness. This
model provides the basis for Monte Carlo simulation used to create new data sets using
the historical mean, standard deviation, and correlation, in addition to the type of
distribution that the original data fit. The QNRA simulation toolbox accommodates
different distribution types; (i) normal, (i1) lognormal, (iii)) Gamma, and (iv) Gumbel

distribution.
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It is important to initially characterize the historical data based on distribution type prior to
the synthesis of a new series of similar distribution characteristics. The data is fitted to a
given cumulative distribution function. Its parameters, such as mean, standard deviation,
and correlation are estimated using method of moments or least square estimator
technique. Once the historical data are characterized, new data sets of varying record

lengths are synthesized using stochastic Markov chain Monte Carlo method:

Q =Q+r(Q,, —Q) +tSyVI-r" .. (35)

where

Q, is the new data point,

Q is the mean of the historical data set,
Q,_, is the previous data point,

r is the correlation of the historical data set,
t is a normal random deviation; and

S, 1s the standard deviation of the historical data set.

Q

It is also possible to simulate data sets that vary seasonally and have seasonally distinct
means, standard deviation, and correlation by using the appropriate seasonal statistical
parameters. Markov chain simulation uses normally distributed random variables.
Therefore, it is possible that negative values are generated. Whenever a negative value is

generated, it is corrected and assumed to be zero.
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1.5.3 Probabilistic Multi-Objective Analysis

The objective of the probabilistic multi-criteria analysis is to minimize the distance to an
ideal solution (which is always not feasible). The ideal for each probability measure will
be the point that provides maximum value of reliability, resiliency, and vulnerability. The

distance from the ideal point is calculated (Smith, 2005) as follows:

* s ¥ s * s
zZ,-2 | z,—z | z,—z
.. _ns 1 1 s 2 2 s 3 3
Minimum| L =f}| =—— | +B;| =—— | +B5| =——=| |---«(36)
AR/ z,—7Z z

Where,

z,, z, and z, are reliability, resiliency, and vulnerability, respectively;
z; is the optimal solution for i criterion;
z1 is the worst solution for i criterion; and

B,, B,, and B,are the weights and reflect the decision makers preferences for each risk

measure; and

s is the exponent that weights the deviation from the ideal solution.

The minimum distance from an ideal point is measured by Ls metric. The best and the
worst solution for each field are determined as the maximum and minimum value of the
reliability, resiliency, and vulnerability measures. Typical values for s are 1, 2, 3, and
infinity. The QNRA Probabilistic toolbox requires specification of s value to solve

Equation 36 and identify the best compromise set of solutions.
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2 RASS DESCRIPTION

2.1 Introduction

The Treasury Board of Canada Secretariat (2001) emphasizes the that “ the challenge for
the public service of Canada is to approach risk management in a more integrated and
systematic way that includes greater emphasis on consultation and communication with
stakeholders and the public at large”. This emphasis on “organization-wide” risk

management supports the call for new risk assessment and management.

It is difficult to precisely define Decision Support Systems (DSS), as they do not refer to
specific area of specialty. However, DSS(s) can be defined as interactive computer
programs that help decision makers to make use of data and the advanced computer
technology to effectively manage large and complex engineering systems, (Ejeta and
Mays, 2004). Therefore, it can be concluded that the main goal of all Decision Support
Systems (DSS) is the improvement of the decision making process in terms of “problem
identification and problem solving at all decision making levels” (Simonovic, 1996).
Using new theoretical approach, capable of capturing qualitative knowledge, such as
fuzzy set theory, together with other quantitative approaches provides the basis for new
generation of intelligent DSS(s). Simonovic (1996) refers to the intelligent decision
support concept as the suitable link between engineering expertise and decision- and

policy-makers.
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2.2 RASS Components

RASS consists of two main components; (i) quantitative risk assessment component
(QNRA), and (ii) qualitative risk assessment component (QLRA). The QNRA
incorporates a set of components for the assessment of system performance, simulation of
system behavior and optimization of system performance. As shown in Figure 10, the
QNRA component of RASS consists of two toolboxes; (i) probabilistic toolbox, and (ii)
fuzzy toolbox. The probabilistic toolbox provides access to (a) performance evaluation
tool that calculates reliability, resiliency and vulnerability measures; (b) simulation tool;
and (c¢) multi-objective analysis tool. The fuzzy toolbox contains: (a) performance
evaluation tool that calculates combined fuzzy reliability-vulnerability, fuzzy robustness
and fuzzy resiliency measures; (b) fuzzy simulation tool; (c) fuzzy optimization tool; and

(d) fuzzy multi-objective analysis tool.

RASS Interface

Haimes (1998) defines the risk assessment process as “a set of logical, systematic, and
well-defined activities that provide the decision maker with a sound identification,
measurement, quantification, and evaluation of the risk associated with certain natural
phenomena or man-made activities”. The previous definition emphasizes the importance
of “sound identification” of the risk, as the first step of the risk assessment process.
Therefore, RASS starts with an introductory screen providing two options for starting the
risk assessment process, as shown in Figure 11. If the user is starting a new risk

assessment process he/she is guided to start the QLRA and identify different risks
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associated with the system under consideration. This step assists the user to quantify

different qualitative elements of risk (which uses vague and ambiguous linguistic terms).

Quantitative Risk Assessment
QNRA

[ Probabilistic toolbox ] [ Fuzzy toolbox ]
| |

/ Risk Measures \ / Fuzzy Risk Measures \

-Reliability -Combined reliability-vulnerability
-Resiliency -Robustness
-Vulnerability -Resiliency

)

~

Simulation Simulation

- Monte Carlo simulations -Fuzzy linear regression

Multi-objective analysis Optimization

- Compromise programming -Fuzzy linear programming

) ) /
-

J
C )
Fuzzy multi-objective analysis
-Fuzzy compromise programming
J

Figure 10 Quantitative risk assessment component (QNRA) of RASS.
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Figure 11. RASS introductory screen.

2.2.1 Qualitative Risk Assessment (QLRA)

Qualitative assessment starts with the exploration of user’s risk knowledge, risk causes
and potential impacts. The result of this analysis is a list of causes and impacts together
with estimations of contribution of each cause to risk hazards. The user is introduced to
10 questions. A combination of Yes/No answers and numerical inputs is requested for
each question. Detailed presentation of all questions is provided in Appendix 1. Both,
answers and numerical inputs, are used to clearly identify different risks and provide
input for quantitative risk analysis using QNRA. As shown in Figure 12 the questions

introduced to the user are clarified with a guiding comment to help the user. The
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numerical inputs are requested after each “Yes” answer given by the user. If the user

answers “No” the QLRA moves to the next question.

Figure 12. A typical QLRA screen.

The calculation of fuzzy performance measures depends on the definition of
unsatisfactory system performance. Answering all the questions provided in the QLRA
provides a means for evaluation of the fuzzy membership function(s) representing the

acceptable level of system performance.

Generally, the evaluation of fuzzy membership function requires subjective judgment of
an expert decision maker. Despic and Simonovic (1997) provides a review of different

methods used to estimate fuzzy membership functions. This study uses the piecewise
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linear method to construct the acceptable level of performance using the information
supplied by the user to the QLRA. This method is chosen because the filter function F
with two parameters can be applied directly to evaluate membership function of the

acceptable level(s) of performance. This function is mathematically expressed as

follows:
0, forx € [—oo,b —X}
2
F) =4[ x-b+ Y] forxe| b= bs Y| . 37)
w 2 2 2
1, forxe[b+ﬁ,oo}
2
where:

b is the crossover point, b = inf{x: x € F((x) , =0.5}, and
w is the width of fuzziness (the smallest distance between zero membership and unity

membership).

The values of w and b are determined based on the values supplied by the user to the
QLRA. High significance values of risk concerns imply fewer acceptances to system
failure, as shown in Figure 13. For example, if the average significance value of risk
concerns (the total significance scores over their number) is 0.9, crossover point, b, will
be 0.9 (in margin of safety units) or 1.9 (in safety factor units). Crisp value (0) for
margin of safety and (1) for safety factor are considered the basic values above which

average significance value is added to estimate crossover point, b. The width, w, is
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considered to reflect the number of risk concerns. Fewer risk concerns reflects higher
confidence in the system and consequently smaller w value. The user can identify

different acceptable levels of performance by supplying different significance values in

each run of the QLRA.

Direction of increasing risk concerns

v

—
-
!
T

e
9

Membership Value

m or

vV o

b-w/2 b b+w/2

Figure 13. Filter function (after despic and Simonovic, 1997).

If the user used the QLRA before starting the fuzzy toolbox, the user can skip this step as
the acceptable levels of performance have already been identified by the data of the

QLRA.

2.2.2 Quantitative Risk Assessment (QNRA)
The QNRA incorporates a set of toolboxes for system performance evaluation, simulation
of system behavior and single and multi-objective optimization of system performance.

Both, probabilistic and fuzzy approaches are incorporated in the QNRA. QNRA starts
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with an introductory screen providing the user with two optional toolboxes as shown in

Figure 14.

The Fuzzy Toolbox

Choosing the fuzzy toolbox button provides access to fuzzy tools. Figure 15 shows the
opening screen of the fuzzy toolbox. The screen is arranged into two main parts, the first
part (left side of the screen) is concerned with the data input. The numbers adjacent to

the buttons refer to the sequence of data entry.

(™ Rrisk Assessment Support System (RASS) !EI_ i

Quantitative Risk Assessment

(QGNRA)

Fuzzy Toolbox

Probabilistic Toolbox

Exit

Figure 14 QNRA opening screen.

First, the user has to identify the system under consideration, then the type of the
capacity-requirement relation to be used in the analysis. Second, the acceptable levels of

performance have to be specified by pressing the second button. Completing these two

50



main input steps is mandatory to enable the tool to use different analysis tools, i.e.
calculation of risk measures, simulation or optimization. It has to be noted that the
selection of a certain capacity-requirement relation will require expressing all acceptable
levels of performance in the same manner, i.e. in terms of margin of safety or safety

factor.

[®Fuzzy Risk Analysis

-~ Analysis Togls
1. System Description
Risk Measures
- Capacity-Beguirment Belation
" Margin of Safely " Safety Fador Simulation
Optimization
2. Acceptable Level{s) of Performance
Multi-Objective Analysis
Close

Figure 15. Fuzzy toolbox screen.

Selection of the “System Description” button will prompt the user to specify the name of
the parameter(s) list file, as shown in Figure 16. The parameter list file contains a list of
all the parameters used in the analysis of the system (i.e. as an example for water supply
system this list can include discharge, pressure and different water quality parameter).
The toolbox will check the number of input data against the number of parameters and

prompt the user if there is any inconsistency between the two files.
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It has to be noted that all the data files used by the RASS are in the comma separated file
format (.CSV format). This format is selected because files in this format can be created
easily with the help of any text editor. Appendices II and III contains detailed steps of

different toolboxes and samples of all the data files required by the QNRA.

zy Risk Analysis

Figure 16 Water quality parameter list selection.

The user, then, has to specify the type of membership function to be used in the analysis.

Fuzzy reliability analysis requires membership functions to describe the uncertainty in
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both, resistance (supply capacity) and load (water requirement), for each system
component. Construction of the membership function is based on the system design data
and choice of a suitable function shape. There are many possible shapes of membership
functions. However, the QNRA considers only the choice between the triangular and the
trapezoidal shapes. These are the simplest and most commonly used membership
function shapes. The RASS prompts the user for one of these two shapes. Selected
shape of the membership function requires the following input files to be consistent with
that choice. For example, choosing the trapezoidal shape requires four values in the input

file, while the triangular shape requires only three points, as shown in Figure 17.

Triangle Middle
1.0 _‘i Trapezoid ® - - IZ);Zini . _q Trapezoid
Middle point 1, . Middle point 2
p I. . . \‘
% I. \‘
= /. - K
Lower Upper ”
Limit Limit

Figure 17. Typical triangular and trapezoidal membership functions.

The QNRA, then, prompts the user for the location of the supply capacity input file. This

file contains supply capacity data for all system components. Figure 18 shows a part of
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the resistance (supply capacity) Excel input file for a trapezoidal membership function.
Heading row is included in Figure 18 only for illustrative purposes. The listing of system
components supply capacity data starts from the first row. The sequence of columns

(fields) for each component is:

o Component Name: in this field the user inputs the name of a system component;

o Component Type: this field is for the use with the probabilistic toolbox. In the
probabilistic toolbox, the water supply system is divided into three main
subsystems; (i) source, (ii) treatment; or (iii) distribution. Different components
are fitted into those three subsystems. The fuzzy toolbox uses different system
components without any classification.

o Component Number: order number of the system components.

o Component Redundancy Group: redundancy group number. Redundant
components are the components which have a stand by component(s) to account
for the failure of working components. Redundant group numbers are set by the
user without any specific considerations.

o Component Parallel Group: parallel group number. Parallel components are the
components which work simultaneously. Parallel group numbers are set by the
user without any specific considerations.

o Component Recovery Time: The time required to recover from the failure state
can be represented as a fuzzy set, as in Equation 11. A recovery time
membership function is specified by three or four values according to the

selected membership function shape.

54



FA Microsoft Excel - SystemId.xzls
] File Edit “iew Insett Fomat Jools  Data  ‘wWindow  Help

NEHom SR Y $BE-< v-c- @ =-2 2 imens -3,
= Aial - 10 -@; u :

A+ g -
||| RS g RsRiiee

—_— LI -
A1 - B Mame
' ) | T s i ot N i e ] = [ e B ] e L, e B

A Mame 1 Tepe * Mumber’ Hed ° Parallel’ . Recovery Time i . Discharge

2 Intake Crib Source 1 a 1 0.25 0.30 1.00 1.05 0.26 0.3 1.0z 1.0
% | Chlorinatar| Treatment 2 1 a 027 0.3 0.35 1.08 0.z2a 0.32 0.a7 1.0
4 |RCIntake Pipe Source 3 1 o 0.za 0.3z 0.90 1.07 0.z0 032 0.3z 1.0
5 | Traveling Scresns Source 4 0 1 0. 0.33 0.85 1.08 032 0.34 087 11

E | Pumping wells Source 5 a 1 0.33 0.34 080 1.03 0.34 035 0.8z 1

¥ | Chlorinator |l Treatment B a a 0.35 0.35 0.75 110 0.26 036 0.yv
& [Single Spesd Pump i Source ¥ 2 2 0.37 0.36 oy 1.1 038 037 0.7
8 " ariable Speed Pump Source = 3 2 033 037 065 112 040 038 0.EE

A0 Single Speed Fump 2 Source b=} o u] .41 n.aa 0.eD 113 04z 033 n.E1
N | Single Speed Pump 1 [Back-up] Source 0 z o] 0.4% 0.39 0.55 1.14 0.44 0.40 0.56
12 [ Mariable Speed Pump [Back-up] Scurce 1 3 u] 045 0.40 080 115 04E o4 051
12 | Single Speed Fump 2 [Eack-up] Source 12 2 a 047 0.41 0.45 118 042 04z 0.4E
4 |PAC Storage Tank Treatment 13 4 a 0.43 042 0.40 117 0.50 043 041

15 | FALC Storage Tank Treatment 14 4 a 051 0.43 035 112 052 044 0.36
e | FALC Transfer Fump Treatment 15 =] a 0.5z 0.44 0.30 113 0.54 045 0.3
17 |PAC Transfer Fump Treatment 16 5 1] 055 0.45 0.25 1.20 0.56 046 0.25

12 | Alum Sto k “Treatment. 17 6 0 057 046 0.20 121 058 047 020
19 laum : Treatmenit: 12 B 0 0.53 0.47 015 122 0.en o4z 015
20 | Alum f np - Treatment 13 i 0 .51 0.48 0.1 123 i-rd 044 oo
21 Alum Transter Fump. Distribution 20 7 o 063 0.43 0.05 124 0.4 0.50 0.05
_ 22 |Flash Mixz Cell 111 Dlistributicn 21 g a 0.ES 0.50 0.05 1.25 066 0.51 0.05

23 [Flash MisCell 2 Distribution’ 22 i i 0ET .51 0.04 1.26 068 05z 0.04
24 | Polymer Storage Tank Di=tribution 23 a a 063 0.5z 0.20 127 a.vo 0.5z .20
_ 25 | Polymer Storage Tank Di=tribution 24 o) 1] 0.71 053 054 0.37

26 Palymer Transter Fump Di=tribution 26 ] u] 073 .54 .55 063
27 | Folymer Transfer Pump Distributicn 26 k] 0 1.00 z.00 z.04 069
28 | Polymer Miz Tank Di=tribution 27 u] 3 127 345 3532 0.26

23 | Polymer iz Tank Oistributicn 28 ] u] 1.54 482 A.02 1.02
_I-'r Folumer Feed Pamn Treatment A n 1. 1 F +| .R A1 118
W 4+ H[ Systemid
- Drave= [}3 AutoShapes = - - w
Ready MU

= A% & S T M= =T ——r = e e e ] ———= e ——

Figure 18 Typical example of the (resistance) capacity input data file in Excel.



o Component Discharge: discharge capacity of each component in the water supply
system membership function values (three or four points according to the
selected type, as shown in Figure 17).

o Component Pressure: Pressure capacity of each component in the water supply
system membership function values (three or four points according to the
selected type, as shown in Figure 17).

o Component Water Quality: water quality capacity of each component in the
water supply system membership function values (three or four points according
to the selected type, as shown in Figure 17). The number of water quality
parameters in this file should correspond to the number of water quality

parameters used in the list file selected in the first step.

The use of QNRA continues with the specification of a water requirements input file.
This file contains all the fields as the supply capacity input file, except the component
type, number, redundancy group, parallel group and recovery time. Both files must have

the same number of components; otherwise the RASS will alert the user of this mistake.

The final step in system description is the required solution accuracy (alpha in Equation
3). Specifying a small value for alpha results in high solution accuracy and longer

processing time. Required value is a positive number between 0 and 1, Equation 3.

The system description is completed with this step. The user is left to select one of the
two available relations (margin of safety or safety factor) between the supply capacity

and the water requirement by checking one of the check boxes on the screen. Both
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relations are equally useful. The choice between either one is the sole preference of the

decision maker.

Acceptable level of performance

The calculation of fuzzy risk measures depends on the specification of the acceptable
level of performance by the decision maker. Therefore, the following step in the use of
fuzzy toolbox requires identification of the acceptable levels of performance for
discharge, pressure and each water quality parameter. The QNRA prompts the user for
manual input of those data or the use of an already prepared file. An example of the file

content is shown in Figure 19, and is also in CSV format.

The first column, column B in Figure 19, specifies the belonging of the level of
performance to one of the three domains used in RASS: discharge, pressure, or water
quality. The second column, column C, is a title (name) given by the user to the level of
performance. Column E specifies the number order of the specified levels. It has to be
noted that the numbering, given in column E, is independent for discharge, pressure and
each water quality parameter. The total number of levels for discharge, pressure, and
water quality parameters is given in column G. The last two columns, columns I and J,
are the required input values of the two points to numerically identify the level. As
shown in Figure 20, each level of performance requires two points for complete
identification. It has to be noted that the connection from point 1 to point 2 can assume

different forms. A linear relation is assumed in the QNRA.
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B e | o | E | F | & | H | b ol 4]

Item Title LevelNo TotalNo Pt1 P2
|DISCHARGE Safe Level MO 1 out of 3 Levels 0.0o 4.00
|DISCHARGE Risky Level NO: 2 out of 3 Levels 0.20 2.00
|DISCHARGE Meutral Level NO: 3iaut of 3|Levels 0.60 1.00
|PRESEURE High Leve| MO 1iout of 2 Levels 1.00 200
|PRESEURE Loy Level NO: 2 out of 2 Levels 2.00 3.00
WWATER QUALITY - Ph Acid Level MO 1 out of 2 Levels 1.00 2.00
WWATER QUALITY - Ph Alkaline  |Level NO: 2iout of 2 Levels 1.00 2.00
|WWATER QUALITY - Temperature High Leve| MO 1iout of 1 Levels 12.00 17.00
['"WATER QUALITY - Turbidity Good Level MO 1 out of 2 Levels 4.00 5.00
[WWATER QUALITY - Turbidity Bad Leval MNO: 2 out of 2 Levels 200 3.00

Figure 19 An example of the acceptable level of performance file.
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Figure 20. Fuzzy membership function of the acceptable level of performance.

If the user chooses to manually enter the levels file, the QNRA will start a Level Editor to
assist the user in the preparation of input data. Figure 21 shows the Level Editor where
the user enters the level title and two numeric values for each level. It has to be noted

that the numeric values supplied are expressed in terms of margin of safety or safety
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factor (according to the choice made previously). As shown in Figure 21, the user has
only to specify the title of the acceptable level of performance together with the two
identification points. Once the user has finished entering the data for all acceptable levels
of performance belonging to a certain domain, the interface automatically changes the

domain title and prompts the user to start entering its levels of performance.

The values of the acceptable levels of performance membership functions are expressed
in terms of safety factor or margin of safety, as in Equation 5. For example, if the first
point value is set to be 0.5 (expressed in terms of factor of safety), this indicates that the
complete failure region is identified when the resistance (supply capacity) is less than
half of the load (water requirement). These input values are specified by the user based
on his/her preferences which reflect personal perception of risk. At the end of this step
the QNRA has all the data required by the fuzzy tools to calculate the fuzzy performance

measures.

= Level Input

|Discharge Level# 1 Level Title [Risky
4
1.00 R z
amplels Failure Adeepfabla. Complale Safeh

© Rapion Faitura Replon ‘Ragion
G
=
iy
=22
2 050 + Next> |
)
g
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0.00 I

Domain © Margin of Safety Clusa
%

Figure 21 Acceptable level of performance editor.
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Fuzzy performance measures toolbox

The three fuzzy performance measures suggested by El-Baroudy and Simonovic (2004)
are used to quantitatively evaluate the performance of the system. These measures are:
(1) combined reliability-vulnerability measure, (ii) robustness measure, and (iii) resiliency
measure. Figure 22 presents the flowchart of the calculation process for water supply
system domains, i.e. discharge, pressure and water quality parameters. Equations 9, 10
and 12 are used to perform the calculation of these measures. Two fuzzy performance
measures, reliability-vulnerability and robustness, are calculated for each domain.
Therefore, the overall system fuzzy reliability-vulnerability measure is calculated to be

the average of the fuzzy reliability-vulnerability index for each domain as follows:

I
RE, . =— eeeeesenns (38)
N Z .
Where:
RE, , is the system overall combined fuzzy reliability-vulnerability measure;

N is the total number of domains, i.e. discharge, pressure, all water quality

parameters; and

RE, . the combined fuzzy reliability-vulnerability measure of the i-th domain.
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The same applies to the fuzzy robustness index:

Where:
RO, _ is the system overall fuzzy robustness measure;

N is the total number of domains, i.e. discharge, pressure, all water quality

parameters; and

RO, ; the fuzzy robustness measure of the i-th domain.

As shown in Figure 22, the calculation of the fuzzy risk performance measures starts by
collecting system and level(s) input data. Load and resistance fuzzy membership

functions are created and the corresponding alpha cuts are calculated for each function.

For each system component, load and resistance membership functions are combined in a
single membership function in terms of load-resistance relationship specified by the user
(i.e. margin of safety or safety factor). Membership functions of redundant and parallel
components are augmented to produce single membership function for each
redundant/parallel group. All membership functions are augmented with membership
functions of other serial components to produce a single membership function for the

whole system (i.e. system-state fuzzy membership function).
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System Inputs Level Inputs

- System (resistance) capacity - Title
- System (load) requirements - Number
- Membership function type - Total number of levels
- Alpha step - Numerical Values

Reading system and level inputs

v
Creating alpha-cuts for membership

function (Trapezoidal or Triangular)

v
Combining capacity and requirement

membership functions (in terms of

margin of safety or safety factor)

v
Redundant Components Augmentation

- Specifying number of redundant groups

- Augment redundant components

y
Parallel Components Augmentation

- Specifying number of parallel groups

- Augment parallel components

Gmﬁnue 1

Figure 22 Flowchart of the fuzzy risk measures calculation for each domain.



Serial Components Augmentation

- Augment serial components

- Create a system-state membership function

v
Calculate Total Weighted Area of the System-State

Membership Function

\ 4

Intersection Calculation
- Calculate the overlap area between Every Level and
the system-state membership function

- Calculate weighted area of the overlap area

A 4

Calculate Fuzzy Risk Measures
-Combined Reliability-Vulnerability
-Robustness

-Resiliency

Figure 22 (continued). Flowchart of the fuzzy risk measures calculation for each

domain.

Then, the overlap areas of the system-state membership function with different
acceptable levels of performance are determined. Equations 9, 10, 12 are used to
calculate the three fuzzy performance measures. These calculations are repeated for each
system parameter (i.e. discharge, pressure, and water quality parameters).
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Fuzzy simulation toolbox
The QNRA fuzzy toolbox uses the fuzzy regression to simulate the dependency of the
different system outputs to its inputs. For example, the system discharge at certain time

step t, depends on the system discharge of the previous time step, t-1, as follows

where:

Q is the system fuzzy discharge at time step t,

C,, is the discharge fuzzy simulation coefficient; and

Q

Q,, is the crisp discharge at time step, t-1.

Assuming that a set of crisp data observations of system discharge at different
consecutive time steps, i.e. (Qu-1, Qu), (Qu-1, Qw),(Qa-1, Qu),....1s given. The fuzzy
regression involves the calculation of the fuzzy parameter of the assumed model that
represents the best fit of these observations. Using a symmetric triangular fuzzy

membership function to represent the fuzzy coefficient:

- - i —s <c<
1 , 1fcq s, <c<c,+s,

0, elsewhere
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where:

¢, 1s the value at which the parameter CQ (c) membership value=1; and

s, 1s half of the support of CQ (c).

It has to be noted that the output discharge at time step t will be a symmetric triangular

fuzzy membership number in the following form

1-—‘q'Q”Cq‘ ,  ifQ_ #0

Sq |Qt—1
Q@=1 L ifQ_=0,Q,#0 ... (42)

0, ifQ, =0,Q,=0

Therefore, the problem is converted into finding the ¢4 and sq vectors such that Qt (q) fits

the observations as well as possible. The two criteria of goodness of fit are:

(1) For each given input observed discharge Q.1, the output observed discharge, Qq,
should belong to the corresponding fuzzy number Q with a grade greater or equal than
given h value, where h € [0,1]; ie. Q(Q,)>h for each t and. The value of both h and

the total number of simulation years is supplied by the user as shown in Figure 23.
(i1) The total non-specificity of the fuzzy parameters is minimized. Non-specificity of

parameter cq is expressed by the value s,.
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Therefore, the problem is formulated as a linear programming problem:

minimize S a

subject to  (1-h)s, |Qt_1|—‘Qt —Qt_lcq‘ >0

>
sq_O

The QNRA fuzzy simulation toolbox solves this linear programming problem using the
input observations and simulates discharge. The simulated fuzzy output discharge is
given in the form of a text file for each time step (i.e. three values for each time step since
the resultant membership function is a symmetric triangular fuzzy membership function).
The same process is performed for each domain, i.e. pressure and water quality
parameters, where the user has to supply the tool with output membership grade h and

simulation period for each domain.

ﬂg]FuzzyEiin‘nuIatiunFurm

| Number of Simulation years |1 0

| Dutput Membership Grade |IZI.?5|

—Simulation

Discharge Pressure Water Quality

Close

Figure 23 Fuzzy simulation toolbox.
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Fuzzy optimization toolbox

The fuzzy combined reliability-vulnerability and robustness indices are directly
proportional to the compatibility measure, as in Equations 9 and 10. That is, the bigger
the overlap area between the system-state membership function and the acceptable level
of performance the higher the value of both measures. Therefore, the QNRA fuzzy
optimization toolbox uses this direct relation to perform fuzzy optimization. Maximizing
summation of independent components’ state membership functions increases the overlap
area, i.e. the compatibility with the corresponding acceptable level of performance. If it
is required to maximize the fuzzy resiliency index, the fuzzy optimization toolbox
minimizes the summation of the recovery-time membership functions, as shown in Figure
24,  The minimization problem is transformed into a maximization problem by

multiplying the objective function by (-1).

2

-~ Analysis Tools

Load Objective Function and Constraints File Risk Measures

i Optirize Objective Funchon by —— Simulation

T Maximization  Minimization ‘

Optimization

Optimize Close | :
Multi-Objective Anahysis

Figure 24 Fuzzy optimization toolbox.
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This means that the QNRA optimization toolbox solves only maximization problems in

the following form:

maximize X, +X,+...X

subject to  [A][X]<[b]
X, X, X 20

where:

X, is the m-th decision variable,

[A] is the constraints coefficients matrix,

[X] is the decision variable matrix,

[b] is the left hand side constraint limit vector; and

< is the fuzzy form of the “smaller than”.

If it is required to maximize water supply system discharge reliability. The QNRA user
has to specify system components that are to be maximized. It is also required to specify
different constraints on components discharge capacities. The fuzzy optimization

toolbox uses this information to maximize the summation of the discharge.

Figure 25 shows a typical example of the input file that is to be used by the optimization

toolbox. The toolbox uses crisp decision variables and objective function. Fuzziness is

introduced to the optimization problem using the fuzzy inequalityg. This provides

flexibility to the decision maker to express the constraints in less restrict approach. As it
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can be seen from Equation 44, all components are assumed to be of equivalent weight,
i.e. the coefficients in the objective function are all set to be unity. The solution of this
fuzzy linear programming problem gives the optimal crisp values of the decision
variables.
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| 4 |Constraint 3 0.00 0.00 0.00 1.00 B.00 0.50
5
6 |
7

Figure 25. Fuzzy optimization input file.

Fuzzy multi-objective toolbox

The fuzzy multi-objective analysis toolbox uses two CSV format input data files(without
headings), as shown in Figure 26. The first input file is the ideal and weights file. In this
file, positive (best), negative (worst) ideal values together with weights, for each
criterion, are defined as fuzzy membership functions, as shown in Figure 27. The second
input file is another CSV format file with different alternatives to be analyzed by the

toolbox, as shown in Figure 28.

Then, the user has to specify the type of the fuzzy membership function to be used by the
toolbox to start ranking alternatives. The toolbox produces a summery report file

containing the ranking of the alternatives for each decision-maker preferences (i.e. 9
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values starting from 0.1-0.9, x; and x, values in Equation 31). Appendix II includes

detailed steps to use the toolbox together with examples of the output text file.

zosezzanez.g

Figure 27. Fuzzy multi-objective analysis first input data file (ideal values and

weights).
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Figure 28. Fuzzy multi-objective analysis second input data file (alternatives).

2.2.3 Probabilistic Toolbox

The probabilistic toolbox requires system description using input files in CSV format. In
the probabilistic approach the system is broken down into three main components, i.e.
source, treatment and distribution, following the main categories of a typical water supply

system. Figure 29 shows the introductory screen of the probabilistic toolbox.

System identification button, as shown in Figure 29, prompts the user to specify the
location of the input files. The user is required to specify number of input fields (i.e.
variables) in every input file which corresponds to the number of data columns. As the
system is broken down into three main components, the user is required to specify the

number of the input columns in all three components’ files.

71



i Quantitative Risk Assessment
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Figure 29 Probabilistic toolbox.

As shown in Figure 29, the second step is to identify the failure criterion for each input
field. The failure criterion is the threshold beyond which system is considered in failure
mode. It has to be noted that this threshold may vary from one component to another and
each component can have two different thresholds (i.e. maximum and minimum values).
The user can enter a maximum, minimum or both, maximum and minimum, for each

system component.

If the time periods across each input field are not the same and not continuous then the
program will abort the run. If there is an entire date missing from one of the files such
that the duration of the data’s time period is not equal to the number of time increments,
then the program will display an error message: correction of input data file is required.

Therefore, it is very important to perform the continuity check using the corresponding
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button on the main screen. If the time periods are complete but there are gaps in the data,

the program will infill any missing data.

Probabilistic risk indices

The tool is now ready to use any of the analysis toolboxes, i.e. probabilistic risk indices
calculation, simulation or optimization. Figure 30 shows the flowchart for the calculation
of the probabilistic risk indices. The toolbox requires the user to name of the summary
report. Appendix III includes an example of a summary report file, where the calculated
risk indices are provided together with other detailed information about the

corresponding system and the data provided by the user.

Probabilistic simulation toolbox

The probabilistic simulation is designed to generate a synthetic data set using a Monte
Carlo style discrete Markov model based on Equation 36. The tool synthesizes new data
records using the probabilistic distribution of the original data set. In order to do this, the
program requires the user input indicating the historical mean, standard deviation, and
correlation, in addition to the type of probabilistic distribution that fits the original data,
as shown in Figure 31. It may also require additional parameters, such as skew in case of

Gamma distribution.
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Data Input

eSource: Inflow Data

eDistribution: Pressure Data

eTreatment: Treatment Parameters

(incl. pH, turbidity, etc.)

Criteria (may vary)
*Minimum Flow
*Treatment Guidelines

(can be a range of values)

*Minimum Pressure

!

Getermine Measurement Parameters
*Number of Dimensions (ND)

*Number of Time Periods (NT)

*Failure State (Zq4) Defined as either 0,1
*Number of Failures (NF)

N

*Maximum Duration of Effective Failures (MD)

~

/

Calculate Risk Parameters

!

!

A 4
Reliability Resiliency Vulnerability
1 1 NT ND 7/ — 1 Minimum _ND
a4 =——- ‘d MD v= {k} H(I_Pk,d
NT ND ‘=92 NT NF d=1

Figure 30 Risk measures calculation flowchart (after Smith, 2005).
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New data records are generated for the given number of simulation years. Statistical
parameters for the synthetic data set are also calculated for comparison purposes. Those
parameters are calculated annually and then averaged over all years. The tool is equipped
to run with Normal, Lognormal, Gamma, and Gumbel distributions, as shown in Figure
31. Furthermore, the tool can generate new data set taking into consideration seasonal
variations within the historical data for the source and distribution components. For the
water supply inflow, the tool can consider the seasonal variation in statistical parameters
(i.e. winter, spring, summer, and fall have different inflow mean, standard deviation, and
correlation). It is assumed that the water treatment parameters (i.e. treatment guidelines)

are constant throughout the year, regardless the change in the water quality.

¥ probablistic Simulation

I Number of Simulation years |
- Type of Statistical Distibution | Statistical Distribution Parsmeters —

" Normal Distibuiion I M | paAm

' LogNormal Distibution ' Standard Deviation | :
| Treatment
= . Farameter

" Gamma Disiribulion | Comelation |
| Dristribution
" Gumbel Distribulion | S | Parameter
Simulation with Seasonal Simulation without Seasonal
Variation Close \anabon
A

Figure 31 Probabilistic simulation toolbox.
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The program runs using normally distributed random numbers for the Markov
simulations. Thus, it is possible that negative values are generated. Whenever this

occurs, negative inflows assumed to be zero.

Probabilistic multi-objective analysis toolbox

The multi-objective analysis toolbox uses linear compromise programming to optimize
(minimize) the distance to the ideal solution (i.e. the best calculated reliability, resiliency
and vulnerability indices) (Smith, 2005). The overall minimum distance (Ls metrics) is
calculated using Equation 36. The optimization is conducted using the compromise
programming. It maximizes the overall system reliability and resiliency, and minimizes

the system vulnerability.

The user starts by loading input data files for each system component, i.e. source,
treatment, and distribution. Those files contain different alternatives for source,
treatment and distribution inputs. The user has to specify how many alternatives (in each
component) the tool should use (total number column in the probabilistic optimization
screen). In addition, the user is asked to supply 3 different values for weights and

deviation exponent in order to compare various alternatives, as shown in Figure 32.
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Figure 32 Probabilistic multi-objective analysis toolbox.
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3 QNRA APPLICATION

This chapter explores the utility of some of the fuzzy toolboxes of the developed RASS
for evaluating the performance of a complex water supply system. Regional water supply
system for the City of London is used as the case study. The two main components being
investigated in this case study are; (i) the Lake Huron Primary Water Supply System

(LHPWSS), and (ii) the Elgin Area Primary Water Supply system (EAPWSS).

3.1 System Description

The City of London regional water supply system consists of two main components; (i)
the Lake Huron Primary Water Supply System (LHPWSS), and (ii) the Elgin Area
Primary Water Supply system (EAPWSS). The LHPWSS system obtains raw water from
the Lake Huron. Water is treated and pumped from the lake to the terminal reservoir in
Arva, as shown in Figure 33. Water from the Arva reservoir is pumped to the north of
the City of London where it enters the municipal distribution system. The system
provides water for the City of London as well as a number of smaller neighboring

municipalities (through a secondary system).

The EAPWSS system treats raw water from the Lake Erie and pumps the treated water to
the terminal reservoir located in St. Thomas. Water from the reservoir is pumped to the
south of the City of London where it enters the municipal distribution system, as shown
in Figure 33. In the case of emergency, the City of London can obtain additional water

from a number of wells located inside the City and in the surrounding areas.
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3.1.1 Lake Huron Primary Water Supply System (LHPWSS)

The Lake Huron treatment facility has a treatment capacity of about 336 million liters per
day (336,400 m3/day). The plant’s individual components are designed with a 35%
overload capacity resulting in the maximum capacity of 454,600 m3/day. The current
daily production, based on the annual average, is 157,000 m3/day with a maximum
production value of 64,000 m3/day in 2001. The water treatment system employs
conventional and chemically assisted flocculation and sedimentation systems, dual-media
filtration, and chlorination as the primary disinfection. Both, the treatment system and
the water quality are continuously monitored using computerized Supervisor Control and

Data Acquisition (SCADA) system.

3.1.2 Elgin Area Primary Water Supply System (EAPWSS)

The Elgin water treatment facility was constructed in 1969 to supply water from the Lake
Erie to the City of London, St. Thomas and a number of smaller municipalities. In 1994,
the facility has been expanded to double its throughput to its current 91,000m’/day
capacity. A series of upgrades took place from 1994 to 2003 to add surge protection and
introduce fluoridation treatment. The design capacity of the treatment facility is 91,000

m’/day, with an average daily flow of 52,350 m’/day, which serves about 94,400 persons.

The water treatment in EAPWSS employs almost the same conventional treatment
methods used in LHPWSS. The only exception is that the facility uses the fluoridation
treatment system to provide dental cavity control to the users. As in LHPWSS, the

treatment system and water quality are continuously monitored using computerized
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Supervisor Control and Data Acquisition (SCADA) system. The finished treated water is

pumped to the terminal reservoir located in St. Thomas.

Booster

Arva

{ ¢ \
& City of London §

——n1

e

_—
-_—
—_—
—_—

St. Thomas

reservoir

City boundary @ St. Thomas \\

County boundary

Pipeline Port Stanle
P O N
Reservoir

Figure 33 The City of London regional water supply system.

80



El-Baroudy and Simonovic (2005) give detailed description of different processes
involved in both LHPWSS and EAPWSS. A schematic of main processes used in both

systems is shown in Figure 34.

3.2 Case Study Application

Input CSV files for both systems’ components, LHPWSS and EAPWSS, are prepared
based on the data from (Earth Tech Canada Inc.,2000), (Earth Tech Canada Inc.,2001),
(American Water Services Canada-AWSC, 2003a), (American Water Services Canada-

AWSC, 2003b), and (DeSousa and Simonovic, 2003).

Three acceptable levels of performance are arbitrary defined on the universe of the safety
factor; as (0.75,1.25), (0.50,1.00), and (0.25,1.25). They are selected to reflect three
different views of decision-makers as shown by the reliability measure in Equation 6.
Their reliability measures are 1.88, 1.00 and 0.31, respectively. Further, they are referred
to as reliable level (level 1), neutral level (level 2), and unreliable level (level 3), as

shown in Figure 35.

The DSS tool can accommodate an unlimited number of water quality parameters.
Temperature, turbidity, pH, and residual Chlorine are selected as representatives of water
quality parameters for both LHPWSS and EAPWSS. The three fuzzy measures are

calculated for both shapes of membership functions, i.e. triangular and trapezoidal.
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Figure 34 Schematic representation of the main process in LHPWSS and EAPWSS.
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Figure 35 Acceptable levels of performance.

3.2.1 Fuzzy Performance Measures
The same acceptable levels of performance are used to calculate the fuzzy combined
reliability-vulnerability and robustness measures for the four water quality parameters

and discharge.

The results in Table 1, show that the discharge fuzzy combined reliability-vulnerability
measure for LHPWSS is 0.427. This value reflects the compatibility of the system with
one of the three predefined levels of performance, as defined in Equation 17; in this case
it is the neutral level (level 2). This measure increases to 0.451 in case of using the
triangular membership function shape. The same effect on the fuzzy robustness is
evident for all water quality parameters. For example, the discharge fuzzy robustness
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measure for the LHPWSS ranges from 45-160 in case of using the trapezoidal shape and

51-170 in case of the triangular shape.

Table 1 The LHPWSS system fuzzy performance measures

membership function shapes.

for different

Fuzzy Performance Measure Triangular | Trapezoidal
MF MF
Discharge Combined Reliability-Vulnerability | 0.451 0.427
Robustness (level 2 — level 1) 170 160
Robustness (level 3 —level 1) 51 45
Robustness (level 3 —level 2) 72 64
Temperature | Combined Reliability-Vulnerability | 0.517 0.516
Robustness (level 2 — level 1) NA 160
Robustness (level 3 —level 1) 8421 8000
Robustness (level 3 — level 2) 8421 8000
Turbidity Combined Reliability-Vulnerability | 1.000 1.000
pH Combined Reliability-Vulnerability | 1.000 1.000
Residual Combined Reliability-Vulnerability | 1.000 1.000
Chlorine
Resiliency 0.020 0.020

NA" Not-available value as there is no change in overlap area.

The fuzzy combined reliability-vulnerability measure for the remaining water quality

parameters, reaches its maximum as the system-state membership functions of these
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parameters are completely overlapped by the reliable accepted level of performance

(level 1), as shown in Figure 36.

The complete overlap indicates that the fuzzy robustness index reaches infinity, as
defined by Equation 9. This measure is extremely high for all water quality parameters.
For example, the range is from 160-8000 for temperature. Therefore, LHPWSS is

considered to be highly robust.

The fuzzy resiliency measure value for the LHPWSS is 0.020, which means that it takes
the system more than 49 days after failure to return to the full operation mode, as defined
by Equation 10. This value is high as it means the system service can be disrupted for
about 2 months and large portion of the population served by this system (estimated to be

about 325 000 person) can be affected by this disruption.

Similar conclusions are read for EAPWSS from the results shown in Table 2. Although
EAPWSS is much less reliable than LHPWSS as its discharge fuzzy reliability-
vulnerability index ranges from 0.035 in the case of trapezoidal membership function
shape to 0.05 in the case of triangular shape. As concluded for LHPWSS, the use of a
triangular fuzzy membership function positively affects the system reliability, as shown

in Figure 37.
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Table 2 The EAPWSS system fuzzy performance measures for different

membership function shapes.

Fuzzy Performance Measure Triangular | Trapezoidal
MF MF
Discharge Combined Reliability-Vulnerability | 0.050 0.035
Robustness (level 2 — level 1) 6 3
Robustness (level 3 —level 1) 4 2
Robustness (level 3 — level 2) 5 4
Temperature | Combined Reliability-Vulnerability | 0.188 0.165
Robustness (level 2 — level 1) 898 1128
Robustness (level 3 —level 1) 299 564
Robustness (level 3 — level 2) 3592 4699
Turbidity Combined Reliability-Vulnerability | 1.000 1.000
pH Combined Reliability-Vulnerability | 1.000 1.000
Residual
esraud Combined Reliability-Vulnerability | 1.000 1.000
Chlorine
Resiliency 0.045 0.045

NA" Not-available value as there is no change in overlap area.

The fuzzy resiliency measure value for the EAPWSS is 0.045, which means that it is
more resilient than LHPWSS as it takes the system 21 days after failure to return to the
full operation mode. These conclusions agree with the previous work reported by El-
Baroudy and Simonovic (2005). Appendix II includes example output files produced by

the QNRA component.
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Figure 37 EAPWSS discharge-state for triangular and trapezoidal membership

functions.

3.2.2 Fuzzy Simulation

RASS Tool is used to simulate discharge data of LHPWSS using 2003 monthly data,
(American Water Services Canada-AWSC, 2003b). A 0.75 is used as an output threshold
membership grade (h in Equation 43), i.e. the simulated discharge belongs to the
discharge output membership function with a grade that is larger or equal to 0.75, as in
Equation 21. Figure 38 shows one year output using both classical least-square method
and the output discharge fuzzy membership functions. Appendix II includes example

output file produced by the QNRA.
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Figure 38 Fuzzy and the least-square simulation of LHPWSS discharges.

3.2.3 Fuzzy Optimization

The discharges values for six high lift pumps used in LHPWSS are optimized. The
objective function of the optimization process is the summation of those discharge
values. The objective function and the constraints of the fuzzy optimization problem are

as follows:

maximize Q, +Q,+Q,+Q, +Q, +Q,

subject to Q,+Q,+Q, <175 p, =05
1.15Q, £Q,
Q.,Q,,Q;,Q,,Q;,Q, 20

e.(d5)

where
Q, is the i-th pump discharge;
11s the subscript for pump, where i=1,2,...; and

p1 is the tolerance to the violation of the first constraint.
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The first constraint in Equation 45 is set for the three active pumps, where the other three
pumps are used as back-ups. The left hand side (LHS) of this constraint is set to be equal
to the discharge requirement of the plant. Fuzziness is introduced to this constraint using
the tolerance p;. This value indicates the tolerance permitted to this constraint, i.e. the
optimum solution can violate the constraint LHS value not more than 0.5 m’/sec. The
second constraint requires that the discharge of the variable speed pump, Q,, be 15%
higher than the discharge of the single speed pump. This constraint has tolerance value

of zero, i.e. no tolerance to constraint violation.

The QNRA optimization toolbox uses this objective function, the constraints and the
tolerance of the first constraint to solve the fuzzy linear programming problem and the
results are shown in Figure 39. The summery result report, shown in Figure 39, starts by
listing the optimum values of the decision variables (i.e. pumps’ discharge). The
optimum value of the objective function is provided after the decision variable list. The
user has to update the capacity file (using optimum discharge values for the
corresponding pumps) and re-run the risk measures toolbox to re-calculate the new fuzzy

risk measures.

In this case, with optimal discharge of the high lifting pumps, the resultant fuzzy
reliability-vulnerability and robustness measure do not change, i.e. their values are 0.451
and 72, respectively. It can be concluded that the system discharge reliability and

robustness do not depend on the high lift pumps, therefore, it is recommended to use the
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tool to identify the weak link in the system that has a direct effect on its reliability and

robustness.

& Dptimization.txt - Notepad
File Edt Format Help

_______________________________ JE|
FUZZEY OPTIMIZATIO SUMMARY REFORT

3/26/2006 20:16:59

variable Mo, 1 ol 0.00000

variable Mo, 2 02 0.00762

variable Mo 3 03 0.47619

variable Mo, 4 04 0.49143

variable Mo, 5 05 0.73658

ariable Mo, B 06 0.97300

OBJECTIVE FUNCTION 2.68482

Figure 39 DSS fuzzy optimization output.

3.2.4 Fuzzy Multi-Objective Analysis

The utility of the fuzzy multi-objective analysis toolbox is demonstrated using
hypothetical input data. LHPWSS and EAPWSS technical reports do not contain enough
information to build real case study application. It is assumed that the two single speed
pumps of the low lifting system in LHPWSS are to be replaced. Five pump brands
(alternative 1- alternative 5) are considered based on five criteria as shown in Table 3.
These criteria are; (1) prices in dollars, (2) size in square meters, (3) maximum discharge
capacity in m*/sec., (4) installation time in days, and (5) brand quality. It has to be noted
that triangular membership function is used to express uncertain and qualitative criteria.
Using the fuzzy multi-objective toolbox the ranking of the five alternatives revealed that
alternative 1 is the best alternative and alternative 5 is the worst for every decision

making preference, as shown in
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Table 3. Criteria ideal values and weights of LHPWSS multi-objective case study.

Criterion Weight Best ideal Worst ideal
price (%)
0.8 0.9 1 25 30 35 40 50 60
size (Square m)
0.4 0.5 0.6 1 2 3 2 4 6
capacity (m’/s)
0.8 0.9 1 0.5 0.8 1 0.2 04 0.6
installation time (day)
0.2 0.3 04 4 6 8 10 12 14
Brand quality
0.2 0.3 04 0.5 0.8 1 0 0.1 0.2
& M0 txt - Notepad =[F]x]
File Edit Fomat Help
FUZZY MULTI-CRITERIA SUMMARY REPORT I
03-26-2006 v
DESCENDING ORDER OF ALTERNATIVES (FROM BEST TO WORSET)
Decision maker preference - i
RAR K 1 ALTERNATIVE # 1
0. 819447888257526
RAN 2 ALTERMATIVE # 2 -
0. 819447888257526
RAR K 3 ALTERNATIVE # 4
43 3929122591277
4 ALTERMATIVE # 13
713867519.006?36
RAR K 5 ALTERMATIVE # 5
F13867519.006736
Dec1s1on maker preference - 0.2
RAR ALTERNATIVE # 1
0. 728329?64201408
RARN 2 ALTERMNATIVE # 2
0 728329764201408
AN ALTERNATIVE # 4
38 5681012744083
4 ALTERMNATIVE # 13
634548905 725031
RAR K ALTERMATIVE # 5§
634545905. 725031
Dec1s1on maker preference - 0.3
RAR ALTERNATIVE # 1
0. 63721164014529 e

Figure 40. Summary results of LHPWSS Fuzzy multi-objective problem.
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4 CONCLUSION

The developed RASS is used as a risk assessment and management tool that
accommodates two different approaches; (i) fuzzy approach, and (ii) probabilistic
approach. The tool can be used as an integrated risk management framework to
strengthen the risk management practice within the public service. This can be achieved
through the use of the capabilities of the two approaches to handle different aspects of
uncertainty in real world problems. The RASS is designed to provide a simple,
comprehensive and user-friendly tool that accommodates different levels of decision-

making and promotes public interest in risk management.

The RASS is used to asses the performance of the Lake Huron Primary Water Supply
System (LHPWSS) and the Elgin Area Primary Water Supply system (EAPWSS) as a
case study. It is concluded that LHPWSS system is more reliable and less vulnerable
than EAPWSS system. It is, concluded, that the robustness of LHPWSS outweighs that
robustness of EAPWSS for all parameters, i.e. discharge and water quality parameters.
The findings of the case study support the results reported by El-Baroudy and Simonovic
(2005). The case study is also used to perform simulation and optimization and
demonstrate the utility of the RASS in risk assessment and management in water supply
system, as a typical example of complex engineering systems. The tool can be used to

identify weak points in the system and the potential for performance improvement.
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(i)  Evaluation of knowledge of Risk

a. Are you interested in risk assessment of your water supply system?
Expected User Input: YES/NO
User Action: If the answer is YES, proceed to the next step.

If the answer is NO, quit the RASS.

Comment: This step is mandatory. It is expected that the users will not act if they do not

believe in the existence of any type of risk.

b. (CAUSES)

1. Role of engineering in risk assessment

“Is the current water supply system capacity sufficient to

meet the demand?”

Expected User Input: YES/NO

“Using a scale from 0 to 1., indicate how significant the

system capacity is for system performance.”

Expected User Input: Value (0 2 1)

User Action: If the answer is YES, give numeric value (from 0 to 1)

representing the significance of this cause and proceed to the next step. If the

answer is NO, proceed to the next step.
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Comment: The input value provided by the user in case of YES answer can be fine tuned
by using the performance tool of the QNRA component. The estimated values are
compared to the calculated values that are obtained by changing capacity of system

components.

2. Role of regulations and planning in risk assessment:

“Are sufficient water supply system regulation and planning

documentation available? ¢

Expected User Input: YES/NO

“Using a scale from 0 to 1., indicate how significant the

availability of regulation and planning documentation is for

the mitigation of system risks.”

Expected User Input: Value (0 2 1)

User Action: If the answer is YES, give numeric value (from 0 to 1)
representing the significance of this cause. If the answer is NO, proceed to the

next step.

Comment: some planning practices have a direct effect on the risk of contamination to
water supplies, such as zoning laws which play a significant role in water supply
protection. This is in addition to the requirement to meet the needs of the heavily

populated areas which impose a great load on the municipalities. Therefore, increasing
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system requirements, accepting less restrict quality standards and accommodating high

risk polluting activities (such as industrial activities) reflect those effects.

3. Role of human activities in risk assessment:

“Is there a possible conflict between human activities and the

protection of the water supply source?”

Expected User Input: YES/NO

“Using a scale from 0 to 1., indicate how significant the

impact of human activities is on the protection of the water

supply source.”

Expected User Input: Value (0 2 1)

User Action: If the answer is YES, give numeric value (from 0 to 1)
representing the significance of this cause and then proceed to the next step.

If the answer is NO, proceed to the next step.

Comment: Human activities contribute to multiple point- and non-point source pollution

of water supply.

4. Role of natural hazards in risk assessment:

“Are there natural hazards that may affect the water supply

system? “
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Expected User Input: YES/NO

“Using a scale from 0 to 1, indicate how significant the

impact of natural hazards is on the system performance.”

Expected User Input: Value (0 2 1)

User Action: If the answer is YES, give numeric value (from 0 to 1)
representing the significance of this cause and then proceed to the next step.

If the answer is NO, proceed to the next step.

Comment: Naturally occurring extreme events can significantly affect the availability of

water supply or the quality of the water supply.

5. Role of terrorism in risk assessment:

“Is the water supply system vulnerable to possible terrorist

attack? «
Expected User Input: YES/NO

“Using a scale from 0 to 1, indicate the significance of

possible terrorist attacks on the system performance.”

Expected User Input: Value (0 2 1)
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User Action: If the answer is YES, give numeric value (from 0 to 1)
representing the significance of this cause and then proceed to the next step.

If the answer is NO, proceed to the next step.

Comment: Terrorist attacks can have similar affects to the worst naturally occurring
events on the availability of water supply. They can also cause a deterioration of the

quality of the water supply.

c. IMPACTS

1. Health Impacts:

“Is a water-born disease outbreak possible?”

Expected User Input: YES/NO

“Using a scale from 0 to 1, indicate how significant the

impact of water-born disease outbreak is?”

Expected User Input: Value (0 2 1)

User Action: If the answer is YES, give numeric value (from 0 to 1)
representing the significance of this impact and then proceed to the next step.

If the answer is NO, proceed to the next step.

Comment: Health impact of water supply quality deterioration is one of the main
concerns. That should be avoided by all means (Walkerton incident of May 2000 can be

used as an example).
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2. Environmental Impacts :

“Is a water-born disease outbreak possible? ¢

Expected User Input: YES/NO

“Using a scale from 0 to 1. indicate the significance of the

conflict between the human use of water and the ecosystem

well-being.”

Expected User Input: Value (0 2 1)

User Action: If the answer is YES, give numeric value (from 0 to 1)
representing the significance of this impact and then proceed to the next step.

If the answer is NO, proceed to the next step.

Comment: The dependence of other life forms on the availability of water
resources that are also used by humans is usually neglected when there is a

pressing social need for water.

3. Social Impacts :

“Is there a link between water availability and the life style of

the community?*

Expected User Input: YES/NO
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“Using a scale from 0 to 1, indicate how significant the

impact of water availability is on the life style of the

community.”

Expected User Input: Value (0 2> 1)

User Action: If the answer is YES, give numeric value (from 0 to 1)
representing the significance of this impact and then proceed to the next step.

If the answer is NO, proceed to the next step.

Comment: The daily availability of water makes people overlook its importance
as a source of life. However, water contamination from non-point sources
(created from everyday activities such as lawn watering, parking lot run-off...etc)

can significantly affect water supply quality.

4. Economic Impacts :

“Is there a link between the water supply and the economic

activity of the community?

Expected User Input: YES/NO

“On_a scale from 0 to 1, indicate how significant the impact

of water supply is on the economic activities of the

community?”

Expected User Input: Value (0 2 1)
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User Action: If the answer is YES, give numeric value (from 0 to 1)
representing the significance of this impact and then proceed to the next step.

If the answer is NO, proceed to the next step.

Comment: Every aspect of human life depends solely on the daily availability of
water supply. Water supply shortage and poor water quality pose a major threat
to human health and consequently threaten economic well-being. For example,
using bottled water as an alternative to drinking directly from the water supply

can significantly affect the economic well-being of low-income families.
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APPENDIX II

RASS TOOLBOXES GUIDE
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I1.1 Fuzzy performance measures toolbox
Step1  Select the fuzzy toolbox
by pressing the

corresponding button.

Step 2 Specify the project folder,
where all the output data

files are stored.

Step3  Specify the location of the
water quality parameter
list file. It is a CSV
format file containing all
water quality parameters

included in the input data

files.
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Step 4

Step 5

Step 6

Select the shape of the
fuzzy membership
function (Triangular or

Trapezoidal)

Specify the location of the
system resistance (supply
capacity) and the load
(requirement). Both files
have to be in CSV format

(without headings).

Type in the resolution of
the alpha step (a value

between 0-1).
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Step 7

Step 8

Select the type of load-
resistance (Capacity-

demand) relationship.

Define the acceptable
levels of performance.
The user has to specify
level(s) of performance
for each domain of the
input fields (ie.
discharge, pressure, and
water quality parameters).
The Level Editor can be
used to enter manually
those levels, or he/she can
prepare a CSV input file.
The tool asks the user to
select the way he/she
prefers to enter the levels

with.

Membership Valie
e
h
=X

iy
=
=

>

Complete Palure
Region

Domain : Margin of Safety
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Step 9

Step 10

Calculate  fuzzy  risk
measures by pressing the
risk measures button in
the analysis toolbox.

Identify the levels to be
used for calculating the
robustness  index (it
requires two different

levels of performance).

Save the summary report.
The tool produces a space
separated output text file.
Any text editor can open

this output file.

FUzzy RISK MEASURES SUMMARY REPORT

03 -26-2006 15:54:19

DISCHARGE RELIABTLITY 0.01E4678177844079

PRESSURE RELTABILITY 0.000192083685693151

Fh -RELIABILITY O

[Temparature -RELTABILITY o

Turbidity -RELIABILITY 0

(SVSTEM RELTABILITY 0.00333197999402021

UISCHARGE ROBUSTNESS 65,9176

PRESSURE ROBUSTNESS 3133.2957

Pl -ROBUSTNESS Infinity Ho Change in overlap area
Temperature -ROBUSTNESS 0. 000

[Turbidity -ROBUSTNESS Infinity o Change fn overlap area

SYSTEM RESELIENCY 0. 0204

SYSTEM MINIMUM TIME TO RECOVERY 43

DTSCHARGE STATE ACCEPTABLE PERFOEMANCE PRESSURE STATE

ACCEPTABLE PERFOEMANCE

. 0000 (1., 00/ 0. 0000 0. 0000 0. 0000 0.0000
0. 1696 0. 0000 0. 0000 0. 1600 0. 0000 0. 0000
0, 13191 6. 0000 0., 0000 0.3200 0, 0000 0. 0000
. 5089 00000 0. 9000 0.4800 0. 0000 0. 0000
BTG 0,0000 0.0000 0. 6400 0, 0000 9, 0000
.GaEl 0. 0000 0., 0000 0. 8000 €. 0000 Q. 0000
L0179 0.0000 0.0000 0.9600 €.0000 0. 0000
L1875 0. 0000 0.0000 1.1200 0. 0000 0. 0000
L3572 0. 0000 0. Q000 1.2800 0. 0000 0. 0000
L5268 0. 0000 0. 0000 1.4400 0. 0000 0.0000 =
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I1.2 Fuzzy simulation toolbox

Step 1

Step 2

Step 3

Select the fuzzy toolbox
by pressing the
corresponding button.
Start  simulation by
pressing the simulation
button in the analysis

toolbox.

Specify the number of
simulation years and the
output membership
(belonging) grade. The
value of the grade ranges

between 0 and 1.

Select the domain of
simulation (i.e. discharge,
pressure, or water quality
parameter) to be

simulated.

rzySimulationfForm
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Step 4

Step 5

Load the input data file.
It is a CSV file format
(without headings)
containing historical
domain data records and
the corresponding

membership value for

each record.

Save the summary report.
The tool produces a space
separated output text file.
Any text editor can open

this output file.

@) e LA Yww wot Fomat Tooks Dots | Wndow Heb
QNN = IR ai}?.;ma @- -n-ts !HI

| et
Pl - ® 120
A} C s ] &7 & 1 & ] & [ & 1 & ] %I &%
1 T
1 m
_}_ 135
. 124
Ly a0
IH 108
7 120
§| =2
B 120
o
1
BES
3
ELE
[ 15
15
iz
18
18
20
kil -
22, -
i v ST — - - S
hgstepm= . W CIORE M QLS d-Z.A.= 55084 . 100 BT

5

Fl.l a.XY 5 IHULATED D 1 SCHQ.P GE

013 -26-2006
J!’H"UD& 7:59:3 26, 0606217184338 33, 9691512266661
589913-19!1]4
J!ZSI"U b 159. 207671284676 145.569357275963
144, 520?510}’2616
3;‘29)’10 5 7:59:30 P 56, 587883234024 12.9169084131718
673 alsesszn i
3;30!10 6 7:50:30 p 154.221240878105 224.679543077946
165 . ?6 ?n?&?oa
un;m 6 7:59:30 75.8305545621582 19, 7ROTE7INLIRETA
41. :mzna&wm;
/1/2006 7:59:30 P 95, 0022608041763 173, 287278413773
237,974 rmserlab
/22006 7:59:30 F 39.4059312343557 97. 0971532166004
25.781 209?33091
/372006 7:5 129.008540511131 126, 609371602535
309 9:‘135-:16?
K /272006 7:59:30 P 37.2995924949646 99.873548001050%
B .SS?'I‘\‘ISI!UG":J}
W /572006 7:59: ] 132,912166986275 117, 3139590191841
230,26 &'321%724
/62006 7:59:3 BR.T4BIB4T141266 102.483484594037
626 109249115
M/772006 715 M 90, 256644487381 196.638301759958
209.85 ""2551]4(:
l/8/2006 7:59:30 P 43, 0485771086548 11. 9665883481503
4,92 9660?915?
U‘-h"-'()ﬂb 7:59 94,22314 34583664 210, 994429856 341
196, fe»sb.wuuae .
M/10/2006 7:59:30 FM 3, 716801404953 B.31317718625069 =
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I1.3 Fuzzy optimization toolbox

Step 1

Step 2

Step 3

Select the fuzzy toolbox
by pressing the
corresponding button.
Start  optimization by
pressing the optimization
button in the analysis

toolbox.

Specify optimization type
(i.e. ~maximization or

minimization).

Load the input data file.
It is a CSV file format
(with headings)
containing constraints
coefficients, right hand
side values, and tolerance

values.

B Fuzey Optimization
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Step 4

Save the summary report.
The tool produces a space
separated output text file.
Any text editor can open

this output file.

UZZY QPTIMIZA

|03 -26-2006

OBIECTIVE FUNCTION

I1.4 Fuzzy multi-objective analysis toolbox

Step 1

Select the fuzzy toolbox
by pressing the
corresponding button.
Start multi-objective
analysis by pressing the
multi-objective  analysis
button in the analysis

toolbox.

o
0.00761904T761904764
o3 0.4761904 76190476,
04 0.491428571428571

0.491428571428571
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Step 2

Step 3

Specify the shape of the
membership function to
be used by the tool (i.e.
Triangular or

Trapezoidal)

Load the input data files.
The first file contains the
positive and negative
values for each criterion
and the corresponding
weights. The second file
contains different
alternative. Both files are
in CSV file format
(without headings).

The user has to specify
the number of alternatives

used in the alternatives’
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Step 4

input data file.

Start ranking different
alternatives by pressing
the ranking button.

Save the summary report.
The tool produces a space
separated output text file.
Any text editor can open

this output file.

M0 bt - Notepad
P B Fom heo

03 -26-2008

OESCENDING ORDER OF
Oecision maker preference

AK 1

.B19447BERISTS2E

ANK. 2

0. 81944 7538257526

[ abk 3

43, 3929122591277
1

R ik .
F13867519, 006716
F ANk 5
T13B6TS19. 006716

R AN
0, 72RITOTEAT01408
ANK 2
L F28129764201408
R ANK. 3
38, 5681012744083
RANK
£34548905.725031
A 5
34548005_725031

fecision maker preference -

ANK
LEBIT21164014529

FUZZY MULTI-CRITERIA SUMMARY REFORT
20:33:34

Decision maker preference -

F ALTERMATIVES (FRO

0.1
ALTERNATIVE

ALTERNATIVE
ALTERNATIVE
ALTERNATIVE
ALTERNATIVE
5
ALTERNATIVE
ALTERNATIVE
ALTERNATIVE
ALTERNATIVE
ALTERNATIVE

0.3
ALTERNATIVE
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I1.5 Probabilistic performance measures toolbox
Step 1  Select the probabilistic
toolbox by pressing the

corresponding button.

Step 2 Specify number of input
fields (i.e.  discharge
fields) in the source input
file which will be read by

the tool.

Step 3 Type in the name you = probablistic Risk Measures
would like to be used for ‘
the previously input fields

(i.e. “Discharge”).

) arge |
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Step 4

Step 5

Step 6

Specify the location of the

source input file.

Repeat steps 2-4 for
treatment input(s) and

distribution input(s)

Check records continuity
by pressing the
corresponding button.
Discontinuity in any file
of the three input data
files is reported to the

user.

‘Type: Microsoft Excel Comma Separated Yalues File

Size! 5.56 KB

HJTreaxmehté.csv

T
]
!
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Step 7

Step 8

Specify failure criteria
(threshold) for each input.
Each input field can have
a  maximum  and/or
minimum or both,
maximum and minimum
failure criteria). If there
are no maximum or
minimum thresholds a

value of -1 is entered.

Save the summary report.
The tool produces a space
separated output text file.
Any text editor can open

this output file.

I8 probablistic Risk Measures -[of x|

| Analysis Tools

1. System Description

Risk Measures
2 F E

If there is a maximum value bipe in its value,
otherwise put -1

3.(
N

Close |

] Probs B - Netepoid AL TES]

Source Treatment Distribution
Length of time period 407 407 407
Maximum duration of Failure
Mumber of failures

Number of missing data points

0 0
a 0
a ]

ooo

SUMMARY OF THE S¥STEM DATA

Length of time period 407
Wumber of non-failure data #06
Maximum duration of failure El
Numbear of Failures 3
SYSTEM RISK MEASURES

RELTABILITY 0,66011466011466
WVULNERABILITY 0,125

SUMMARY OF MISSING DATA

FAILURE CRITERIA

Discharge -1 - 4
Temperaturs 16 5 14
Pressure 20 = =1

[SUMMARY OF FAILURE DATA =
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11.6 Probabilistic simulation toolbox

Step 1

Step 2

Step 3

Select the probabilistic
toolbox by pressing the
corresponding button. The
select the “simulation”

button.

Specify number of
simulation years.
Simulation can be
performed  for  each

domain independently.

Choose the preferred
simulation option (i.e.
with or without seasonal
variation), In the former
case, the user has to select
the preferred distribution
and specify its parameters
in the corresponding text

boxes. In the later case,
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Simutatian

the user has to specify an
input data file with three
distributions (one for each
domain) and the

corresponding parameters.

Step4  The tool notifies the user
of the location of the
simulated records for each

domain.

]

B
37 AM
1 7 oAm
11122137 e
1 37 M
1 137 M
1 P37 AM ¥ -
11:22:37 Am S4079R92441626/
11:22:37 M 5669839254206
11:22:37 AM LB3051385174593
L T_AM L 3BORIB45TO5T I
‘ 7 Fat) i 4 4GRE7.
137 MM LBUETA
7 oM . 3614
7 A ¥ 3
137 A £ 1661
137 M i 5
137 AM GBI
7 M . 504538
7 aM 294702
4 7 oaM L BB4R471
4 7o ~4394944
44 7o + 339594
4 T e 21
B /23200 7 A L1702
424 /200F 7 oam 4522
4475 /2006 1] 7 M L2594
4/26/2001 7 AM 4405
427 /3001 7 am 1.703300
4282006 7 AN L1017
A/29/200 7 M 50256
A /3042008 137 A 409516
S/1/2006 11t M 525038 -
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I1.7 Probabilistic multi-objective analysis toolbox

Step 1

Step 2

Step 3

Select the probabilistic
toolbox by pressing the
corresponding button.
The select the “multi-

objective analysis” button.

Load alternatives input
file by pressing the
corresponding button.
Specify the total number
of source alternatives (i.e.

3 discharge alternatives).

Specify the number of
input fields in each
alternative (i.e. 3 different
fields for each
alternative). As an
example, there can be
temperature, ph under

each treatment alternative.

B probabilistic Multi-Objective Analysis

8 Probabilistic Multi-Dbjective Analysis

125



Step 4

Step 5

Step 6

Give a title name for each
input field (i.e. discharge,

temperature...etc)

Repeat steps 2-4 for each
domain, i.e. treatment and

distribution.

The tool notifies the user
if he/she wants to consider
seasonal variation of input
inputs. The user has to
answer with (y) in case of
approval to account for
seasonal variation or (n)

in the other case.

¥ probabilistic Multi-Objective Arvalysis

HEprobabilistic Multi-Objective Analysls
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Step 7

Step 8

Specify the maximum and
minimum failure criteria
(threshold). It is optional
to specify both values or
one value and assign (-1)
for the other value to
indicate the use of single

failure criteria.

Fill in the number of
alternatives to be used,
weights for each domain

and deviation exponent.

fbjective Analysii
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Step 9

The tool notifies the user
of the location of the

summery results file.

PROBABILISTI
03 -31-2006

Source Data

piumber of non-failure data in alterpative 0
Maximum duration of failure in alternative O
pumber of failures in alternative i}

woo

Mumber of non=failure data fn alternative 0 1
Maximum duration of Failure in alternative 0 2
number of faflures 1n alternative 1] 1
Pistribution Data

Mumber of non-Failure data in alternative 1
Maximum duration of failure in alternative 1
Mumber of failures in alternative 1

Hee

RESULTS OF COMPROMISE PROGRAMMING

[Tetal number of calculated combinatiens s 2
gest reliability valus 0. 373ITFL498771499
worst reliabi lity value 0

Best resiliency value 101.73
worst res!liency value 0
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APPENDIX III

SAMPLE OF INPUT FILES
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II1.1 Fuzzy performance measures toolbox

1. Parameter list file

It lists all the parameters included in the resistance (capacity) and load (requirement)

input data files. It is in CSV format (without headings).

Ed Microsoft Excel - parameters.csy
@ File Edit WYew Inset Fomat Tools Data  Windo

Dot &R0V & BB 9
- il -0 -Blru =E==8
Al - )‘iF'.aEr.ﬁeter
A B & | ®m | E

1 [Parameter |
2 |Discharge
3 |Pressure

4 |Ph
_§_ETemperature
B |Turbidity

F

o)

2. Resistance (capacity) file
It contains all the required resistance (capacity) data for each system component. It is in

CSV format (without headings). For each component the following data fields are
required:
o Component Name
o Component type: this field is required to help in constructing the data file for the
probabilistic toolbox. The system in the probabilistic toolbox is divided into
three main components, i.e. source, treatment, and distribution.
o Component affiliation in parallel and/or redundant groups: it specifies the

number of the parallel and/or redundant group to which the component belongs.
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o Recovery time: three or four values (depending on the shape of the used fuzzy

membership function, i.e. triangular, or trapezoidal) specifying the membership

function values of the time required to recover from failure.

Microsoft Excel - Input Excel !
@ File Edt View Inset Fomat Tools  Data  Window  Help

HER &SRV L BE i@ s Al 2] BT

-10 - |B|Z W %,
- & W01 Capacity
A : E. o E I T
Discharge Capa
Name Type Red Parallel pl v
| Mtake Crib Source 0 0 675 | o400 4546 ] ] 30
EMorinator § Treatment 0 0 2E0.0 6300 008 10 20 30
5 RepakeBipe ) Sowrce f 0 f .0 | e S e e e

; s—l_r;aum_q Sereens Source 0 0 i 3400 4546 i

T | Pomping Yelis Source 0 0 167.3 400 4548 10 Z0 30

EMorinator i Treatment 0 0 0.0 £300 a00.0 10 20 20

3 | Single Speed Pomp 1 Source 1 1 431 5.0 000 10 20 10
0| Variaste Spesd Fump Source z 1 574 6.2 1150 18 20 =1

| Shegle Speed Pomp 5 Source 2 1 433 THO 100.0 10 20 30

2 | Shngle Speed Pomp §{Back-up Source 1 0 493 TR 000 i 20 30

5 _' Variable Speed Pomp fBack-og Source H [ 574 8.2 it 10 20 30

L@féﬁ:ﬂ'm{[@ﬂ_‘ﬂ._ﬁﬂ_u&g__ i S [ R TR e L R G e

15 | PAC Storage Fank Treatment 0 2 0.0 5.0, 1600 i) 20 30

& | PAC Storage Fank Treatment 0 z 00 TR0 1600 10 20 20

17 | PAL Franséet Pump Treatment 4 3 B0.0 180.0 300.0 10 20 30

& | AL Transfer Pump Treatment 0 3 B0 180.0 3000 ] 20 30

19 | Mhum Storage Tank Treatment [} 4 0.0 330 BED 10 zn 20

E 1| Abumy Storage Fank Treatment 0 L] 0 T2 6 i 20 30

21 | Aum Transfer Pump Treatment ] 5 33 48 67 1 2.0 10

Treatment 0 5 33 44 [ 10 20 30

23| Flash AE Celf S Treatment 0 [ 787 70,0 2273 10 20 20

24 | Flash Mis Cell 12 Treatment 0 [ 787 700 v 10 20 20

| 25 | Podpmer Storage Tank Treatment 0 7 0 B3 125 10 20 20

S8 LRV Baa-d - b

EL =10 - |87 U B % 5 W3
B1 - B Type
| A S e Y O [ < Y S ) < [ [ s L e ) R I e i
l_l Pressure Capacity WQl Capacity W32 Capacity W3 Capacity
2 | Name pl Maodal P2 pl Modal P2 pl Modal P2 pl Maodal P2
_3_| farake Orith 0 20 30 10 2.0 EX 1.0 20 an 10 20 a0
__4_| EASeriRator § 10 20 30 10 20 an 10 20 an 10 20 a0
e T ] e e e e el e e L e e e B
.B—l_flayeﬁw_q Fereens 10 20 30 10 20 30 10 20 20 10 2.0 20
: Fomping belis 10 20 a0 10 2.0 an SRk 2n a0 10 20 an
EAorinator i 10 20 30 10 2n an 10 20 an 10 20 an
Single Speed Fomp f 10 20 a0 10 20 a0 1.0 20 30 10 20 20 JI-.
0| ¥ariahie Speed Pomp 0 20 a0 10 20 20 10 20 20 10 2.0 20
N | Single Speed Fomp & 10 20 a0 10 20 an 10 20 an 10 2.0 a0
| Single Speed Pump f{Back-vp) 10 20 20 10 20 a0 10 20 30 10 20 an
_' Variabbe Speed Pomp fBack-ug 10 20 a0 10 zn 20 10 z0 20 10 20 a0
Singée Speed Pump 2fBzck ol 10z a0 W w20 a0 I o 20 a0 | o . 20 30
FPAC Storage Tank 10 20 a0 10 20 an 10, 20 an 10 20 an
| PR Storage Tank 10 20 an 10 20 30 10 20 an 10 20 an
1 —I FBALC Fransfer Pomp 1.0 20 a0 10 20 a0 1.0 20 30 1 20 20
—I FAL Fransfer Fomp 10 20 30 10 20 20 10 20 20 10 2.0 20
3 | Ao Storage Tank 10 20 a0 10 20 an 1.0 20 a0 10 2.0 a0
A Storage Fank 10 20 a0 10 20 a0 10 20 an 10 20 a0
Aurm Transfer FPump 1.0 20 a0 10 zn a0 1.0 20 30 10 20 a0
Afurm Fransier Pump 10 20 30 10 20 30 10 20 20 10 2.0 a0
| Flash Adic Celt 11 10 20 30 10 20 an 10 20 a0 10 20 a0
24 | Frash Al Celi f-F 10 20 an 10 20 30 10 20 an 10 20 an
E Profpmer Storage Tank 10 20 a0 10 20 a0 1.0 20 30 1 20 20
i e S 1n an an 10 an an 1n an an 1n an an
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o Parameters: groups of three or four values (depending on the shape of the used
fuzzy membership function, i.e. triangular, or trapezoidal) specifying the
membership function values of the parameters used. The number of the
parameter has to be consistent with the number in the list and the load

(requirement) file.

3. Load (requirement) file

It contains all the required load (requirement) data for each system component. It is in
CSV format (without headings). For each component the following data fields are
required:

o Component Name

o Component type: this field is required to help in constructing the data file for the
probabilistic toolbox. The system in the probabilistic toolbox is divided into
three main components, i.e. source, treatment, and distribution.

o Component affiliation in parallel and/or redundant groups: it specifies the
number of the parallel and/or redundant group to which the component belongs.

o Parameters: groups of three or four values (depending on the shape of the used
fuzzy membership function, i.e. triangular, or trapezoidal) specifying the
membership function values of the parameters used. The number of the
parameter has to be consistent with the number in the list and the resistance

(capacity) file.

132



Ed Microsoft Excel - Input Excel File xls

; @ File Edit Wiew Inget Format Tools Data window  Help
CeEan @R BT -
-~ Arial g0 ElEEnail== =
SXa - e 1
— A E 4] E R e e =T == S e =} T
il Discharge Requirement Pressure Requirement W21 Requirement —
5 Name Tape: Red Farallel pl Modal P2 pl Modal P2 pl Maodal P2
3 | Merake Sy Source 0 0 B30 1623 2557 ] 10 15 [ 0 5
EMcriaator § Treatment 0 0 245 720 130.0 05 10 15 05 10 15
AeimeakePpe | _Source | 8 0 | 50 ¢ e ; osser | ns o f 18 ) o8 40
Traveding Sereens Source 0 0 G20 1657.3 | 265, 05 10 15 05 : 10, . 15 |
Pomping Yels Source 0 0 530 157.2 2557 05 10 15 05 10 15
EAcrinator i Treatment 0 0 245 720 130.0 05 10 15 05 10 15
| | Single Speed Fump ¥ Source 1 1 153 430 812 05 10 15 05 10 15
Variable Speed Pomp Source 2 1 183 430 434 05 10 15 05 10 fh
1| Single Speed Pomp & Source 3 1 i[5 4490 a2 05 10 15 05 10 15
12 | Single Speed Pomp 1{BFack-op Source 1 0 165 430 812 05 10 15 05 10 15
3 | Variable Speed Fomp (Back-oy Source 2 0 133 430 934 05 10 15 05 10 15
M | Smgle Spee Pump ZfRsckwdl  Source )\ 3 ) 0 || &S 480 | 8z | 05 . 10 ;18 ) 08 0 i 16
15 | PAL Sterage Fank Treatment 0 2 [ 02 03 05 10 5 05 10 5
16 | PAC Storage Fank Treatment 0 2 01 0z 03 05 10 15 05 10 15
17 | PAL Fransfer Pump Treatment 4 3 2270 437 BET3 05 1 15 05 i 15
18 | PR Fransfer Pomp Treatment [} 2 270 4137 EET.3 0.5 10 15 0.5 10 15
1 | AMum Storage Tank Treatment 0 L 17 3| 70 05 1.0 15 05 10 15
20 | Afum Stovage Fank Treatment 0 4 17 3 70 05 10 15 05 10 15
2| | s Fransfer Pomp Treatment [} 5 17 3l 70 05 10 15 05 10 15

B Fle Edt Wiew Inset Format Tools Data Window Help
=il B N L e B A " : Al 2
NEHEsn GRY sa-d &= -2 3
- ial -10 - |B|s 0 = % g i
B1 - & Type

T A L[ ™ [ N o | F | @ e e T
A W01 Requirement W32 Requirement W33 Requirement

5 Name pl Modal P2 pl Maodal P2 pl Maodal P2
8 | fetoke Lrid [ 10 15 0.5 10 15 05 1.0 15
4 | EMderinator 05 10 15 05 10 15 ik 10 15
5 RCweatePpe ______ | 0 TR RS UL SR S I IR T
& | Fraveling Screens 05 10 15 05 10 15 05 10 15
¥ Pomprng Yells 5 1.0 15 05 10 15 1833 10 15

& | EMorinator & s 10 15 05 1o 15 5 10 15
8 | Fimgle Speed Fump 1 05 10 15 05 10 15 05 10 15 i
W | ¥Fariahle Speed Fomp 1R} 1a 15 05 10 18 05 10 18
N | Single Speed Fomp & s 10 15 05 10 15 05 1.0 15
12 | Single Spead Pump !{Back-up] 15 10 15 05 10 15 05 10 15
13 | ¥ariadie Speed Pomp f(Back-of 15 10 15 05 10 i5 il 10 i5
| Single Speed Fump s @ockud 05 w0 a5 I es w5 | o5 | 10 :_gs_ |
15 | PAL Storage Fank 5 10 15 05 10 15 18] 1.0 15
16 | PAL Storage Fank 05 10 15 05 1o 15 05 10 15
7 | PAE Frapcéer Pomp 05 10 15 05 1o 15 05 10 15
18 | PR Fransfer Fump 1A} 10 15 05 10 18 05 10 18
18 | At Storage Tank 05 1 15 0s 10 15 05 10 15
20 | Alomr Stcrage Fank k] 10 15 05 10 15 05 1.0 15

3. Levels file
It contains all the required data for different acceptable levels of performance. It is in
CSV format (without headings). The following data fields are required:

o Level affiliation with different parameters. For example, if the level is defined

for discharge, the item filed will be “Discharge”.
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o Level’s Title: the title name of the level.

o Level number: it indicates the number of levels for each domain (i.e. 3 for
discharge domain...etc)

o Total number of levels in each domain.

o Pointl and point 2 values expressed in terms of margin of safety or safety factor
units.

o Other in-between dummy text fields are required but are not important as they

will not be used. These filed are required so as to clarify the file for other users.

Fd Microsoft Excel - Levels.xls
B Fle Edl Yiew lnset Fomat Tools Data Window Help

NEedsyt &RV & BE-T -

-~ Arial g2 glmlr u %
B - A ltem
B e | &8 | B [ FE | & § H | | I S

. item Title = Dummi LevelNo Dumm? TotalNo Dumm3  Pt1 Ptz
2 |DISCHARGE |Bafe Level NO: | 1 out of | 3|Levels | 05 1:25]
3 |DISCHARGE Risky |Livel NO: 2 out of 3 Levels 0.75 h
4 |DISCHARGE Meutral Level NO: 3 out of 3 Levels 0.5 1
& |PRESSURE High Level NO: 1 out'of 2 Levels 0.5 1.25
B |PRESSURE L |Lewvel BO: 2 out of 2|Levels 075 175
7 |WATER QUALITY - Ph Acid Level NO: | 1outef | 2levels | 05 1.25)
g8 |WATER QUALITY - Ph Alkaline | Level MNO: 2 out of 2/ Levels 1 1.25
8 |WATER QUALITY - Ternperature High Lewe| NO; 1 outof 1 Levels 0.5 1.25
10 WATER QUALITY - Turbidity | Good Level NO: | 1 out of | 2|Levels | 075 14|
T WATER QUALITY - Turbidity Bad |Livel NO: 2 out of 2 Levels 1 1.25
12
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II1.2 Fuzzy simulation toolbox

Historical data file

It contains historical records to be simulated together with membership value( belonging)

of each record.. Itisin CSV format (without headings).

Ed Microsoft Excel - Simulation_Discharge.csy
B Fle Edit View Inest Fomat Tools Data Window Help

ND2dan(Glay $B@ET - @2~

=

= Al =10 B @1 u

$%lt0'8-

Al - #& Historical Discharge
A | B &€ [ © ]

1 [Historical Discharge IMemebrship value
L=l 120 | 0.75
=g 111 | 0.8
£ 135 _ 09
Haid 124 | .93
B a0 | 0.3
i 100 _ 099
B 120 | 0.8s
1530 1252 | 0.2s
10 130 | 0.91
B
12
13

I11.3 Fuzzy optimization toolbox

Historical data file

It contains constraints’ coefficients, right hand side (RHS) values and tolerance values for

each constraint. It is in CSV format (with headings).

Ed Microsoft Excel - FuzzyOpt.csy

B Ele Edit Wiew lnset Fomat Todls Dats  window  Help

NEeEa8 SRV L@ a-m.

il <0 -Blru =E==H 8 %
A 5 A
A B [ ¢ [ B [ E [ F [ 6 [ H [ ¥ [ J [ K [ L 7
o1 az a3 04 Value |P
Const1 42 24 3| 0 % 2|
Const2 il 32 1 ) 1
Const 3 i 0 0 1 B 0.5

e P e T
R
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I11.4 Fuzzy multi-objective toolbox

1. Weights and ideal values data file

It contains criteria’s weights, positive (best) ideal values, and negative (worst) ideal
values. These values are given in groups of three or four values (depending on the shape
of the used fuzzy membership function, i.e. triangular, or trapezoidal). It is in CSV

format (without headings).

Fd Microsoft Excel - Crite.csv

:@ Eil? Edit Wiew Insert  Format Ié:a:le Qata Awdindow ﬂeip Type & question foi help RIRST S8
DEEan @RV BB a-0 - i = -5 8] L4100 =@l
- Avial <10 =lmlr o By Almleesl o A
A1 - &
o) 1< = O 2 Y N O =l - O ol N N o A S5

1 Weights Positive Ideal Negative Ideal I
2 | Criteria 1 0.8 0.9 1 2 30 30 0 0.5 0.5
3 | Criteia2 04 | 05 | 06 93 o0 100 0 T | 4

4 | Criteria 3 0.8 0.8 1 0.8 1 1 1] 0.1 0.1
5 | Criteria 4 02 0.3 0.4 ‘093 1 1 o 01 01
G | Criteria5 0.2 03 04 09 1 1 0 01 01

7 | Criteriab 0.8 0.9 _1 0.9 1 1 o 0.1 0.1
B8 |Criteria? 06 07 | 08 | 983 100 | 100 1] o1 01
9 | Criteria 8 0.2 0.3 04 0.9 1 1 1] 01 01
10 | Criteria 9 0.6 07 0.8 0.9 1 1 0 0.1 0.1
i |Criteriat0 04 05 | 06 09 1 1 0 01 | 07

12/ Criteria 11 0.4 0.5 0.6 0.8 1 1 1] 0.1 0.1
13 |Criteria 12 0.2 0.3 0.4 09 1 1 o 01 01
1]

q

2. Alternatives data file
It contains different alternatives values. These values are given in groups of three or four
values (depending on the shape of the used fuzzy membership function, i.e. triangular, or

trapezoidal). It is in CSV format (without headings).
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Ed Microsoft Excel - Alternatives.csv
= Ble Edi View Insent Fomat Tools Data window Help

NEEa8 SRV §BE- T

- Ayial =10 =B I 1 ===

Al - %

A | B | (65 | 0 | E | E | G | H | | | J | K | L =

1 | Alternative 1 Alternative 2 Alternative 3 Alternativ
2 Criteria1 103 10.4 0.8 242 243 24.4 8.8 89 9 14.8 14.9
3 Criteria2 4 | 9% | 9 | 73 | 8 | 8 | s | = | 5 | s | &=
4 Criteria 3 0B 07 08 0.4 045 06 ] 0.1 02 06 07
|5 Criteria4 069 0.7 0.71 0.4 045 0.51 0 0.01 0.02 0.09 0.1
| & Criteria § 0B 0.7 08 0.4 05 1] 0.2 0.3 0.4 0 0.1
7 |Criteria 6 04 05 0B 0.8 0s 1 02 03 0.4 08 0s
B |Criteria 7 g 10 12 18 20 2 18 20 2 38 40
8 | Criteria 8 06 0.7 0g 0B 0.7 0g 0.4 15 0B 02 i
10 | Criteria 9 0.6 07 0.8 0.4 045 0.5 0 01 02 0.4 045
{1 Criteriait_ 07 | 08 | D03 | 05 | 06 07 03 04 06 | 01 | 02
12 Criteria 1 DB 07 0.a 0.4 0.5 0.6 02 0.3 0.4 i] 01
13 Criteria 1z 01 02 03 0.1 02 03 0.7 048 04 04a [IHS]
e
|15

I1L.5 Probabilistic performance measures toolbox

Source, treatment, and distribution files
They contain record dates and values. Each domain should be in one file. Missing data
points must have (-100) values and should not be left empty. It is in CSV format

(without headings).

Ed Microsoft Excel - Source.csy
B8] Fle Edi View Inset Fomat Tools Data  Window Help
DEEayg SRR YR a-1v- @& .

- Avial 1 B EEEE B %y W
A1 - & Date
A B [ € [ B [ E |
1 |Date Discharge 1 Discharge 2 Discharge 3
2 | 1.JanDd 5 A 5
3 | 2-JanD4 5 5 5
4 | 3-JanD4 2 5 ]
5 | 4JanD4 2 5 5
B | 5JanD4 2 5 5
7 | 6-JanD4 5 A 5
B | 7-JanD4 =] A 5
9 | 8JanD4 5 A 5
10 | 9.JanD4 5 A 5
11 110-Jan 04 5 4 5
12 (11.Jan 04 -100 3 ]
13 112-Jan 04 5 5 5
14 113.Jan D4 5 A 5
15 |14.Jan04 5 -100 5
16 [15-Jan D4 5 -100 5
17 M6-lanD4 5 5 5
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II1.6 Probabilistic simulation toolbox

Historical records’ statistics files
It contains all statistics of the three domains.
These statistics are:
o Mean
Standard Deviation

Correlation

Skewness

It is in CSV format (without headings).

Distribution type: 1 for normal distribution, 2 for log normal distribution, 3 for

Gamma distribution, and 4 for Gumbel distribution.

Fd Microsoft Excel - Source-sim.csy
" Fle Edit’ Wiew Insett Format I'tlnmls Data  ‘window  Help Typeaq

DEHSN SRY $ BB v-- & =<4 % W0 -3,
- Aial -0 L Blru ESE=E=EE 8%, Wil EE_ A AL
A1 = b2
) B | 5 i o i E | EI B
1 Winter Spring Summer Fall
2 |Source-Mean 1.60343 1 60843 1.60843 1.60543
3 |Source-Standard Deviation 052753 0.52753 0.527593 052793
4 Source-Correlation 0.15580 0.15580 0.15580 0155580
5 |Source-Skewness 043000 -0.43000 -0.43000 -0.43000
B Source-Distribution Type 1
# |Treatment-Mean 1.60625
B |Treatment-Standard Deviation 0.5366
3 |Treatment-Correlation 020419
10 | Treatment-Skewness -0.43000
11 | Treatment-Distribution Type 2
12 | Distribution-Mean 1.60543 1.60843 1.60843 1.60843
_E_|[_]istrihutiun-Standard Deviation 052733 062733 062733 052733
_j_ri_: Distribution-Correlation 0.15580 0.15580 0.15580 0.15580
15 |Distribution-Skewness -0.43000 -0.43000 -0.43000 -0.43000
16 |Distribution-Distribution Type 1
17
e
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II1.7 Probabilistic multi-objective toolbox

Source, treatment, and distribution files
They contain records dates and values for each alternative. Each domain should be in
one file. Missing data points must have (-100) values and should not be left empty. It is

in CSV format (without headings).

Ed Microsoft Excel - Treatment.csv

S Fle Edit Mew Inset Fomat Tooks  Data  Window Help Tupe & question
NEESN SGRY $BBR-<T o--- & =4 5 @a 0w -0,
- il -0 -(Blru SEEEH 8%, WS EE_-D-A
Al - o
A B [ 185 i ] | E | B | 5 [

1 Alternative 1 Alternative 2

=] Temperature pH Turbidity Temperature pH Turbidity
‘3| 1JanD4 18 7 10 | 15 7 10
4 2Jan{4 15 12 10 15 7 10
5| 3-JanD4 15 7 10 15 7 10a
& | 4-Jani4 15 7 10 15 i 10
7 | S-Jan04 15 7 10 15 7 10
& | 6-Jand4 15 7 10 | 15 7 10
9 TiJani4 15 7 10d 14 7 10
10 8-Jand4 15 7 10 15 7 10
11| 9-Jani4 15 7 10 | 15 7 10a
12 10-Jan04 15 i 10 15 7 10
13| 11.JanD4 15 7 10 15 7 1a
14| 12-JanD4 15 7 10 14 i 10

15 13-Janid4 15 7 10 15 7 10
16| 14 Jan04 15 7 10 | 14 7 10a
17 15-Jani4 15 5] 10a 14 7 10
18| 16-Jani4 15 7 10 15 7 10
18| 17Jandd 15 7 10 | 15 7 10d
20| 18.Jani4 15 % 10 15 7 10
21 19.Jani4 15 7 1a 15 7 1a
22 20-Jani4 15 7 10 14 i 10
W4 ETh Treatment —= = = = 7 =
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