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1 INTRODUCTION

1.1 Objectives of the analysis

This study explores the utiitof fuzzy performance indiceqi) combinedreliability-
vulnerability index, (ii) robustness irek, and (iii) resiliency index, for evaluating the
performance of a complex water supply system. Regional water supply system for the
City of London is used & the case studyThe two main components beingestigated

in this case study are; (i) the Lake Huron Primary Water Supply System (LHPWSS), and

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

Computationatequirements for the implementatiohthe fuzzyperformancendicesare
investigated together withe sensitivity of these criteria to different shapesfuofzy

membership functions

1.2 Report organization

Chapter2 briefly introduces the Lake Huron Primary Water Supply System (LHPWSYS),
and the Elgin Area Primary Water Supply system (EAPWSGhapter 3presentghe
methodologyusedfor the analysis of both systems. The chapter starts by describing the
procedure for system representationhe description of themethod used to construct
membership functions for different system componéuitsws. The calculation process

of the fuzzy performance indices is presented in dettitlse end



Chapters 4 and 5 present tlfiezzy performanceindices for LHPWSS and EAPWSS
systemsrespectively. In both chaptes, the sensitivity offuzzy indicesto the different
shapes of fuzzy membership functiassexplored first. The utility of thesmeasuresn
identifying critical system components is demonstratefierwards Finally, the
conclusions ofhe analysis performed in the previous two pikes are presented in

Chapter6.

1.3 Summary of the results

The analysis of the results revealed that LHPW&Stemis reliable andnot too
vulnerable to disruptionn service On the contrary, EAPWSSsystemis bund to be
highly unreliable and vulnerable ¢lisruption in service The results show that LHPWSS
system is morerobust than EAPWSS system, and therefore LHPWSS system can

accommodateossible change irequirementonditions.

Combined reliabilityvulnerability indexand robustnessdexare sensitive to change in
the shape of the membership function. The value of the resiliedeyxdoesnotdepend

on the shape of membership function.

The fuzzy performancendicesare capableof identifyingweak sysem componentghat

requireattentionin order to achievéuture improvement in system performance.



2 SYSTEM DESCRIPTION

The Gty of Londonregionalwater supply system consists t@fo main components; (i) the
Lake Huron Primary Water Supply System (LHPW,S&hd (ii) the Elgin Area Primary
Water Supply system (EAPWSS)Ihe LHPWSSsystemobtains raw water fronthe Lake
Huron Water istreatedand pumpedfrom the laketo theterminal reservoir in Arva as
shown in Figurel. Water from the Arva reservois pumped to the north of th€ity of
London where it enters the municipal distributisystem. The systemrovides water for
the City of London as well asa number of smallemeighboringmunicipalities(through a

secondary system

The EAPWSSsystemtreas raw water fromthe Lake Erie and pumps thieeatedwater to
the terminal reservoitocatedin St. Thomas. &ter from the reservoiris pumpedto the
south of theCity of London where it enters the municipal distribution systsnshown in
Figurel. Inthecase of emergengthe City of London can obtairadditionalwater from a

number of wells located inside the City and in the surrounding areas.

2.1 Lake Huron primary water supply system (LHPWSS)

The Lake Huron treatment facility has a treatment capatigbout 336 million liters per
day (336,400ntT/day). The plant’s individual components are designed with a 35%
overload capacity resulting in the maximum capacity of 454,60fasn The current daily
production, based on the annual average, is 157,8@@ynwith a maximum production

value of 264,000 ffday in 2001.
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The water treatment system employs conventional and chemically assisted flocculation and
sedimentation syems, duaimedia filtration, and chlorationas the primary disinfection.
Both, the treatment system anithe water quality are continuously monitored using

computerized Supervisor Control and Data Acquisition (SCADA) system.

A brief description of thesystem’s works, from the intake throutifetreatment plant to the
terminal reservoir at Arva is provided in the following sectidrschematic representation

of the system is depicted in Figlze

2.1.1 Intake system

Raw water flows by gravity from Lake Hurdimrough a reinforced concrete intake pipe to
the low lift pumping station. The intake pipe discharges raw water through mechanically
cleaned screens into the puivell of the low lift pumping station. The intake crib and the
intake pipe are designed fthre maximum capacity of 454,600°faay. Chlorine can be
injectedin the intake crib through the screens or to the low lift pumping station for zebra
mussel control (prehlorination). The low lift pumping station is located on the shore of
Lake Huron athe treatment plant site. The loft pumping staibn consists of six pumps

with rated capacitpetweeri15,000and 100,000 rivday.
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2.1.2 Water treatment system

Water from theol lift pumping station is dischargeahto the treatment plant where it
bifurcates into two parallel streams designaethe North and the Southl'wo flash mix
chambes, onein each stream, consist of two cells and one mixer per cell. The water flows

by gravity from the flash mix chambers to the flocculation tanks.

In the first treatmenstep which takes place in the flash mix chambers, Alum is added (for
coagulation) together with Powdered Activated Carbon (PAC) (seasondldyl &or taste
and odorcontrol) andPolymer (as coagulant aidChlorine,which is usedor disinfection

is addedupstream of the flash mixers.

Mechanical flocculation process takes place in,détrth and South treatment lines. Each
flocculation tank is divided into twaones, primary andecondary, with the capacity
ranging betweeB2,000 nydayand 170,000 rfiday. Waer flows through the two zones
where walking beams (or paddle mmgk perform the mixing, to thdadfiers/settlers.
Water flows into theedtlers fromone end, flows up through the parallel plate clarifiers and
is discharged at the opposite end. A scrapethe bottom of the tank, thickens the settled

solids and moves them to the central hopper.

Waste sludge pumps transfer settled solids to thid bowl centrifuges for dewatering.
The solid wastes are stored into a container fositéf disposal while the concentrate is

returned to the lake through the main plant drain.



Twelve high rate gravity filters perform the removal of particulate mdttam water
flowing from the clarifiers. Water flows to any of the twelve filters from both treatment
lines. Filtered water is then dischargetb the three cleamells where Chlorine is added

for postchlorination.

2.1.3 Conveyance andstorage systemns

Finished water is pumped from the cleells through the transmission main to the
terminal reservoir at Arva by the high lift pumps. The high lift pumping station consists of
five high lift pumps rated at 1,158 L/s. Water flows through the primary transmissin,

a 1220 mm diameter concrete pipe, under pressure for about 47 km. A total of 21 km of the
primary transmission main is twined to maintain the capacity and increase the redundancy
in case of emergency. The primary transmission main is uagected during power
failure or transit pressure conditions (due to cyclofgthe high lift pumps). The terminal

reservoir at Arva consists of four individual cells, each of 27,8@8mnage capacity.

An intermediatereservoir and boostetasionare constcted inthe McGillivary township
The intermediate reservoir serves the userth@McGillivary township. Water from the
reservoir can be withdrawn back into thgimary transmissionmain during the high

demand periodsy four high lift pumps at thieooster statian



2.2 Elgin area primary water supply system EAPWSS)

The Elgin water treatment facility was constructed in 1969 to supply watertfreirake
Erie to theCity of London St. Thomas and a number of smaller municipalitiges 1994,
the faciity has been expanded to double its throughput to its curre®@0@ii/day
capacity. A series of upgrades took place from 1994 to &9@8d surge protection and
introduce fluoridation treatmentThe design capacity of the treatment facility is 91,000

nt/day, with an average daily flow of 52,358/day, whichserves about 94,400 persons.

The water treatmenh EAPWSS employs almost the same conventional treatment methods
usedin LHPWSS. The only exception is that the facility uses the fluoridationniesd
system to provide dental cavity control to the users. As in LHPWSS, the treatment system
and water quality are continuously monitored using computerized Supervisor Control and
Data Acquisition (SCADA) system. The finished treated water is pumptu terminal
reservoir located in St. Thomas. A short description of the EAPWS$® given in the

following section. A schematic of thessgm isshownin Figure3.
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2.2.1Intake system

Raw water, drawn fromhe Lake Erie, is pumped through a 1500 mm diameteake
conduit to thelow lift pumpingstation at the shore of the lake. The ultimate capacity of the
intake conduit is 182,000 Jfuay in case ofan emergency theplant drain serves as an
alternative intakewith almost the samenaximumcapacity. The low lift pumping station
houses two cleawells. Each well has two independent vertical turbine pumps that

discharge into a50 mm transmission main to thatertreatmenplant.

2.2.2\Water treatment system

The raw water discharged from the low lift pumping station is metered and split evenly into
two parallel streams, as in the LHPWSS. The split continues from thewweksl to the
filtration process. The first treatment pegs is thélashmixing where Alum is added as a
coagulation agent together with PAC. There is one flash mixing chamber with two cells
and one mixer per cell in each treatment line. Water flows by gravity from the flash mix

chamber to the flocculationnés.

The focculationsystem consists of two bankiorth and Southof flocculation tanks, each
with a capacity 091,000 fiday. Each bank has two tanks that make a total of eight
flocculation tanks. Polymer can be addatchny point in the seriesf flocculation tanks.
Water flows directly from the flocculation tanks into the sedimentation sysiérare is
one gravity sedimentation tank in each process stream.chRmenation takes place after

the sedimentation process and before the filtration

11



Finally, the particulate matter is removed using four gravity filtetsring the filtration
process The treatment is no longer split into two parallel streams as the water can be
directed to any of the foufilters. The filtered water is collected ihe filtered water
conduit underlying the filters and flows intclear well and the esite reservoir. Post
chlorination takes placen the conduit leading from the esite reservoir to thehigh lift

pumpingstation.

2.2.3 Conveyance andstorage systens

The high lift pumpingstationdelivers finished water through the transmissiain to the
terminal reservoirin St. Thomas It also delivers water téhe secondary distribution
system. Thehigh lift pumping station houses fourhigh lift pumps each with a rated
capacity of 52,000nt/day. The treated water is discharged throube primary

transmission maifiLl4 km long 750mm diameter concrete pressure pipe

The surgefacility was constructed in 1994 to protect the transmission main from damage
due tothe systemtransit pressure conditiomuring cycling of thehigh lift pumps. Through

the valve chambeupstreamof the terminal reservoir,water from the transmission main is
directed @ one or both reservoirsat the ElgirMiddlesex facility. Both resevoirs have
equal capacity of 27,300°rand store water supply for Aylmer, St. Thomas and the Elgin
Middlesex (serving London) pumping systenwWater can byass theesevoirs and flow

directly to each of the secondgrympingstations.

12



3 METHODOLOGY FOR SYSTEM RELAIBILITY A NALYSIS

3.1 Multi -componentsystem representation

Water supply systens a typical example of a muttbomponent systerthat include a
collection of conveyance, treatmeahd storageomponentsThese componentreat risk
of failure dueto a wide range otauses In the sametime, hese elements are connected Iin

complicated networks thaffect the overall performance of the water supply system.

The key stepin the evaluation of system performancetise appropriaterepresentation of
different relationships betweesystemcomponents. This representatisimouldreflectthe
effect of the performanceof eachcomponenton the overall systemperformance For
example,the chemicaltreatmentof raw waterin a water supply systedepends oradding
different chemicalsat certain locations in the treatmemtocess This processrequiresthe
availability of chemicals inthe stolage facilityand the ability to transfer them to the
required locatiornon time. Storage and conveyandacilities, responsible fordelivering
these chemical® the mixing chambersre notpart of the raw water pathThe failure of
these facilities directly affects the water treatment process and might cause a totabffailure
the water treatment systemAs a result,it is importantto considethese facilitieswhen

performinga system reliability analysis.

Figure 4 shows the layout of one part of the water treatment plant, where tis¢ored

chemicad are conveyed to the mixing location via fieed pump. It is evignt thattaking

13



these omponents int@wonsideration ithe system reliability analysis is difficult becuade
the needto identify the functional relationsh§pbetween then and the other system
components.Similar relationships are required fall noncarrying watercomponents If
these components are not taken into consider#timchance of improper estimation of

system reliabilitymay increase

Chemical
Feed
Pump

Chemical | Chemical
== == == = Storage

Ghemicals

J

Raw water Pai Mixing Raw water Pai
Chamber

—

Figure (4 Water supply system layout.

Representing ault- component systa asasystem oftomponents having differefdailure
relationshipscan be used as an effective mean to integrate wateying and nomvater
carrying components into one systeiffior example, any two components aansidered
serially connected if the fare of one component leads to the failure of the othiewno
components are consideréd have a parallel connection if the failure of one component
does not lead to the failure of the other. A clantificationof the failure relationship

between diferent component&cilitates the calculation of the performarindices. Figure

14



5 shows the integrated layout for the previous example. In this figure, the system

representation integrates components carrgireggnicalsinto the pathof raw water.

Cdculation of the system’s performance indices based onirtegratedlayout will be
fairly difficult as there is no clear link between the failure of the comporentying
chemicalsand the components carryingaw water. Note that perational componest
having redundancgre treatedas components withparallelconnection This reflects the

fact thatredundant elements reduce the possibility of sysédore.

SR
Mixing Chemical _
Raw water Path | Chambe Feed Chemical Raw water Path

Pump Storage

—

Figure ) System integrated layotr the reliability analyss calculation

3.2 Capacity and requirement of system components

System reliability analysis uses load and resistance as the fundamental concepts to define
the risk of system failure, (Simonovic, 1997). These two concepts are used in structural
engineeringto reflect the characteristic behavior of the system under external loading
conditions. In water supply systems, load and resistance are replaced by requirement and
capacity, respectively, to reflect the specific domain variables of the water supply.system

Hence, system requiremeistdefined as thevariable that reflects differentater demand

15



requirementshat may be imposed over the useful life of the system (Ang and Tang, 1984).
System capacity, on the other hamddefined as the system charactiécivariablewhich

describes the capacity of the system to satisfy demandrements.

The fuzzy reliability analysisusesmembership functiongMFs) to express uncertainty in
both capacity andrequirementof each systemcomponent The general represtation of

membership functiors:

X={(x, by )):xOR K O[O} (1)

where:
X is the fuzzy membership function;
H, (X) is the membership value of elemerib X : and

R is the set of real numbers.

Membership functions are usually defined by theeircuts. Thea -cut is the ordinary set
of all the elements belonging to the fuzggtwhose value of membérp is a or higher,

that is

X@)={x:py(x)za;x0Rabdo,1}  .......... 2

where

X(a)is the ordinary set at theaut, and

16



a is themembership value

Another characteristic property of the fuzzy membership foma8 its support. The

support of the fuzzy membership function can be definddeasrdinary set thas:i

S(X)=X(0)={x:py (x)>0} ... (3)

where

S(X) is the ordinary set at thecut=0.

The fuzzy membership functiosupportis the Ocut set and includes all the elements with

the membership value higher than 0, as showkigure 6. Construction of membership
function is based on the system design data and choice of the suitable shape. There are
many shapes of membership ftioos. However, the application context dictates the
choice of the suitable shape. For the problem domain addressed in this study, system
components have maximum and minimum capacity that cannot be exceeded. Therefore,
any candidate membership functishape should have two extreme bounds with zero
membership values. Triangular and trapezoidal shapes are the simplest MF shapes that

meet this requirement.

17



Membership Value

S(X)

Figure @) Support and @ut of the u1zzy membership functiofafter Ganoulis, 1994).

In the presented case studiie following reportsare used asthe source of datafor

determining capacity and requirement éaich component

o

o

Earth Tech Canada Inc.,2000;

Earth Tech Canadinc.,2001;

American Water Services Canad&VSC, 2003a;
American Wagr Services CanadaWSC, 2003band

DeSousa and Simonovic, 2003

Some problems are experienced with the available data. iasty components have

single design capacitthat creates a problemm the development of membership function

The secongroblem is the use of different unifisr capaciy of different components. For

instance capacity ofstorage facilitiess expressed in volumetrianits cubic meters (f).

Capacity ofpumpsis measured using flow unitsubic meter per day ffday). Thus their

18



direct comparison may not be possibl@he third problem is the identification of the
requirementfor each system componentlost of theavailableinformationcorresponds to
the systemrequiremen(i.e., the requiremenbf the chlorination stem not thecapacity of

individual chlorinatoy.

3.2.1 System component capacity membership function

A triangular membership function, representinge capacityof a system componegnis
constructedusing three design valuéise., the minimum,moda) andthe maximumvalue).

In many cases only one valus available For example in thease of reservoir®nly the
maximum capacity isavailable If there is no other source of information, the minimum
capacityis set tozero. The modal value can be subjectivetlectedwithin the range from
minimum to maximum capacity. In case of trapezoidembership functigriwo modal

points aresubjectivelyselected

In caseswhen the components are designed with awerload capacityi.e. maximum
design capacity highrethan the rated capacityhis value isused to build themembership
function Figure 7depictsa componentwith a maximumcapacity ofa units with ¢ (%)

overload capacityln casgl), a triangulaiTmembership functioms defined as follows

(] 0, if x<(1-2c)a

D —_
0 1—Xc-)(;-(12-C)26:3 7 i xOl1-20)a0-c)al

uA(x):D .......... 4

O _a-x if xO[(1-c)a,a
5 A =03’ [(1-c)a,a]
. 0, if x>a

19



where

(1-c)a is the modal value; and

(1-2c)a anda are the lower and upper bounds of the membefsinigtion

In casgll), a trapezoidamembership functiois defined as follows

] 0, if x<(@-2c)a
D
0 X-07203 - 2¢)a,0-1.50)a]
1-1.5c)a-(L—-2c)a
HA(X):E 1, if xO[(1-1.5c)a,l-0.5c)a]
0 a-x .
] _— if xO[(1-0.5¢c)a,a]
0 a-(1-0.5¢c)a
B 0, if x=a

where

(1-1.5c)a and (20.5c)a arethe modal valug and

(1-2c)a anda are the lower and upper bounds of the membefshiiion

The modal values in case (Il) (i.e. trapezoidal membership function) equally divide the

distance from the modal value (in theatrgular membership function) to the lower and

upper bounds, respectively. In both cases the maximum value corresponds to the design

capacity.

20
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Figure () Membership functiordevelopmenusing design capacity and overload cayac

3.2.2 System component requirement membership function

The requirement membership function of a group of components performing the same
function is based on the assumption of equal foleevery unit. Forexample if a
collection of four chlorinatorssupply Y [kg/day of Chlorine, the maximum supply

requirement of each chlorinator 4) [kg/day. The yearly average and minimum

21



requirements are useddevelopthe requirement membership function of each component,

as shown in Figur8.

Modal value Modal value
(1) (2)
1.0 E
(O] 1
=] 1
o .
> X
o 1
< \
o ! a i
o) | '
= ,
(] ]
= ,
i Requirement
Minimum Average Maximum

Figure @) Supply requiremenmembershigunction.

The two modal values of the trapezoidatembership functionn Figure 8 are the middle
points between the maximyrar minimum supply and the averagequirementvalue. In
casewhen yearly averagedata is not availablehé¢ modal value is considered to be the

average value of the maximum and minimum supply.

Proxy conversions are used to overcome the problem of dghegent units for expressing
capacity andrequirement For examje, the supply requiremenof certain chemical is
usuallyexpressed ikilograms(kg) while the storage facility capacity expressed in cubic
meters (). In this case, theorrespondingchemical bulk density is used to convert the
supplyrequirementusing volumetric units.

3.2.3 Standardization of membership functions

22



In the process of calculating system fuzzy reliability indices, membership functions of
system components are aggregated using fuzzy operators. Therefore, all membership
functions must beexpressed in the same units. This can be achieved only through
standardization of the membership functions (i.e., division byutliemaximum capacity

value).

The membership function of each system component will have a maximum vabture of
For exanple, atriangular membership function representing a resergapacity (nt) is

defined as follows

0 o if x<a
0
%ﬂ, if x[a,m]

uA(x):D?';‘ .......... (6)
=2 if xO[m,b
o [m.b]
H o, if x>b

where
m is the modal value; and

aandb are the lower and upper bounds of the-pero values of the membership.

This membership functioms standardized tahe following (dimensionless membership

function
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0, if x < (a/b)

t
tl
0 x@b) i biarb),(mib)]
) %(m/b)-(a/b)
A 0 & .
0 T if xO[(m/b),1]
% 0, if x>1

where

(m/b) is the modal value; and

(a/b) and 1 are the lower and upper bounds of theaan

values of the membérip.

The capacity and requirement membership functions are processed together as one

membership function representing the composgate membership function. The same

standardization method is applied to the requirement membership functidrise

membeship function values are divided by the maximum capacity of a system component.

3.3 Calculation of fuzzy performance indices

The membership functions representing systeate and acceptable levels of performance

are used in the calculation of the fuzzyabllity-vulnerability and robustness indices
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3.3.1 Systemstate membership function

Multi-component systems have severtamponentstate membershifunctions describing
each componendf the system Aggregation of these membersHimctionsresuls in the
systernstate membership function for the whagstem(EFBaroudy and Simonovic, 2003

and 2004)

First, all parallel and redundant components are aggregatech intonber of serially

connected components. For a groupMfparallel (or redundant) compamts the mith
component has aomponentstate membership functiors, (u) defined on the universe of
discourse U. All the components states contribute towhele groupsystemstate

membership function Failure of the group occurs ifall components fail. Hence, the

systemstateis calculated as follows

~ M ~

S(UED Sn(u) (8)
m=1

where:
S» (u)is the mth componenstatemembership functigmand

M is the total number of parallel (or redundant) comgnts.

Forthe system of N serially connectgobups where then-th group has a state membership
function S (u) , the weakest component controls the whole systate or causes the failure

of the whole system. Therefore, the systtateis calculated as follows
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S(u)is the systerstatemembership functigmnd

(S,éz, ......... ,$) componenistatemembership functions

In the presentcase study,all componentstate membership functions are formulated in
terms of fuzzy margin of safetyusing the fuzzysubtraction operato(EFBaroudy and

Simonovic, 208 and 2004)

where:

M, is the fuzzy magin of safety of the-th component;
X is the fuzzy capacity of theth component;

Y, is the fuzzyrequirementof the ith component; and

n is the number ofystemcomponents.

Capacity andequiremenmembership functionare stored ithe spreadsheetvhere all the
necessary calculations are performedbtainthe final componenistateand component
failure membership functions Figure 9 shows a part of thespreadsheefior LHPWSS,

while Appendix (I) contains the fullength spreadsheefiles for both systemsunder
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investigation(LHWPSS and EAPWSS The fuzzy performance indices are then calculated
using the calculationscript that is developedto perform different calculation steps.

Appendix (1)) includes the source code of the scriptsfitler both LHPWSS and EAPWSS.

3.3.2 Acceptable level of performancemembership function

The acceptable level of performance is a fuzzy membership funittadns used to reflect
the decisioamakers ambiguous and imprecise perception of risk;B@Ebudy and
Simonovic, 2003 and 2004). The reliability reflected by the acceptable level of

performancas quantifiedby

LR=22% (11)
XX

where:
LR is thereliability measure of the acceptable level of performance; and

x, and x, are the bounds of the acceptable failure region, as shown in Egure

The calculation of the fuzzy reliabilityulnerability ad fuzzy robustness indices depends
on the calculation of the overlap area between the membership functions of both the

systemstate and the acceptable level of performance.
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Figure (LO) Fuzzy representation of the acceptable failure region.

3.3.3 Systemfailure membership function

The systenrfailure membership function is used in the calculationhefftizzy resiliency
index. This membership function represents the systeime of recovery from the failure
state For each type of failure the system might have a different recovery time. Therefore,
a series of fuzzy sets, each ftifferenttype of failure,are developed forhe systenunder
consideratior{ElBaroudy and Simonovic, 2003 and 2004hen the maximum recovery
time is usedto representhe systertharacteristicecovery time as follows, (Kaufmann and

Gupta, 1985)

- O C
T(@)= ﬁwjmmzalx[t]1 (@), (@)eeee-n T, (a)],rrj]mfilx[21 @).t, (@),....... 199 (a)]E .......... (12)
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where:
T(a)is the system fuzzy maximum recovery timesatcut
(as defined by Equati@®);
t, (a)is the lower bound of theth recovery time att -cut
(as defined by Equatn?2);
t, (a)is the upper bound of theth recovery time atx -cut

(as defined by Equatid®); and

Jis total number of fuzzy recovery times.

Multi-component systems have severaltegsfailure membership functions representing
the systenfailure for each component. Aggregation of these membership functionsresult

in a systenfailure membership function for the whedgstem.

Parallel and redundant components are aggregateds@itd groups using the fuzzy

maximum operator For parallel system configuration composedwftomponents, thet

th component has a maximum recovery time membership fun&riétr)i, defined on the
universe of discoursd. Therefore,the systerfailure membership function (i.e. the
membership function that represents the system recovery time) can be calculated as

follows, (EFBaroudy and Simonovic, 2003 and 2004)
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where:

T(t)is the whole systerfailure membership function; and

(Ty Ty T,) arerecovery time membership functions

for different @mponents.

The systenfailure membership function is theralculated for the N serially connected

components usingEFBaroudy and Simonovic, 2003 and 2004)
TO=T(® (14)

given

S(T)=max(S(D),S{,),........ST,))
and 15

Tc(1)=m'$b<('fl(1),fz(1), ......... Tu(@)

where:
T(t)is the whole system recovery timeembership function

T.(t)is the conlling recovery timemembership functign

S(T,)is the support of the controlling recovery timembership function

(as defined by EquatiaB);
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(S(T),S(T‘z), ......... ,STN)) are the support of the N components

recovery time membershipnctions(as defined by Equati);

T.(1)is the controlling recovery timmembership functioat thea -cut=1
(as defined by Equatid?); and

('I~'1(1),'T'2(1), ......... T, (1)) are the recovery timmembershigdunctions

at a -cut=1 of theN components (as defined Bquation 2).

3.3.4 Fuzzy reliability -vulnerability index

Figure 1 shows an example of a muthmponent system. The system ha® parallel
components connected serially tahérd component thabhasa redundanicomponent The
componenistate membership functiondor all five components are listed in Table 1,
together with thesystemstate membership functiondor the parallel and redundant

components.

Figure 2 illustrates he process of calculating the syststaite membership function for the
given example. The membership functions of parallel and redundamoeents are
summed to obtain thresystemrstate membership functions for the serial componéerte
resulting membrship function isthen calculated using the fuzzy minimum operator,

represented by the shaded area in Fig@re 1
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Componer) (Componer Parallel Componer
1 2
Componer
3
Componer Componer
A c Redundant Componel

Figure (1) Typical example o& multtcomponent system.

Table (1) MF calculations for a multomponent syem.

Parallel Redundant

Component MF SystemState MF

Summation | Summation
Componer 1 (1,2,3 (2.4.6) NA
Component 1,2,3 NA Min [ (2,4,6), (1,3,5),
Component (1,3,5 NA NA

(1,2,3)]

Component (0.5,1,15 NA (1.2,3)
Component (0.5,1,15 NA

The compatibility between the systatate and the acceptable level of performance is the
basis for thecalculation of the fuzzy combined reliabilityilnerability performance index

as shown in Figure3l
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Figure (12)Calculation of the systestate membership function for the mwakimponent

system.

The compatibility measure (CM) is calculatest

. Weigh I
CompatibilityMeasure (CM)=— eightedoveriaparea :
Weightedareaofsystem-statefuncti

and then used toalculate the combineitizzy reliability- vulnerability performace index
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max{CM,, CM,,,......QM } xLR
Fuzz/Reliability-VulnerabilityIndex="%
max{LR,LR,,......LR}

iOK

where:
LR, is the reliability measure of acceptable level of performéoicerhich
the systenstate has the maximum compatibility valO&f);
LR, is the reliabity measure of theth acceptable level of performance
(as defined by Equation 11) ;
CM, is the compatibility measure for syststate with the-th acceptable

level of performance; and

K is the total number of defined acceptalaieels of performance.

Acceptable level of performar
1L7
E
@©
>
% Syster-state
g
£
[}
=
1 2 3 4 5 6 7 8
State Value

Figure (B) Overlap area between the syststiate membership functiométhe acceptable

level of performance.
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Figure 14 shows the flow chart for the calculation of the fuzzymbinedreliability-
vulnerability index;

o Step (1); reading input data from the spreadsheet file containing the component
state membership functions. Both types of membership functions, triangular and
trapezoidal, are constructed,;

o0 Step (2); storing the input data in an approeri#ta format (i.e., structure array).

o Step (3); transforming input data into both, triangular and trapezoidaibership
function shapes. Appendix (Il) contains source code for transformation into
triangular and trapezoidal shapes;

o0 Step (4); all paralleand redundant components are augmented using the fuzzy
summation operator to calculate the membership functions representing the parallel
and the redundant groups, respectively. The system is turned into a group of
serially connected components, andrtibe maximum operator is used to calculate
the systenstate membership function. Appendix (II) contains the source code for
the fuzzy operator, specially designed for this case study; and

o Step (5); calculating the fuzzy combined reliabilityinerabilityindex based on the

overlap area between the syststiate and thacceptabldevel of performance.
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3.3.5Fuzzy robustness index

Robustness i@ measure of system performance that is concerned with the ability of the
system to adapt to a wide range of possible demand conditions, in the future, at little
additional cost (Hashimoto et al, 1932 The fuzzy form of change in future conditions
canbe reflected through thehange in thecceptable level of performance and, also, in the
change of the systeastate membership functiofitl Baroudy and Simonovic, 2003 and

2004) The change in overlap area is used to calcidgstem fuzzy robustness indas

follows:

FuzyRobustnesslndex=1— .......... (18
M,-CM,

where:

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

CM, is the reliability after the change in conditions.

Figure B shows thelow chart for the calculation of the fuzzgbustnessndex;
o Step (1); reading input data from the spreadsheet file containing the component
state membership functions. Both types of membership functions, triangular and

trapezoidal, are constructed,;
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Figure (B) Flow chart forthe fuzzy robustness indesalculation
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0 Step (2); storing the input data in an appropriate data format (i.e., structure array).

o Step (3); transforming input data into both, triangular andemaipal shapes.
Appendix (II) contains source code for transformation into triangular and
trapezoidal shapes;

o0 Step (4); all parallel and redundant components are augmented using the fuzzy
summation operator to calculate the membership functions refmgstie parallel
and the redundant groups, respectively. The systeérarisformednto a group of
serially connected components, and then the maximum operator is used to calculate
the systenstate membership function. Appendix (II) contains the sococe for
the fuzzy operator, specially designed for this case study; and

o Step (5);calculating the fuzzy robustnegsdex based on the overlap area between

the systenstate angbredefinedacceptabldevels ofperformance

3.3.6 Fuzzy resiliency index

Resilieng is a measure of system’s tinfi@r recovery from the failure stafglashimoto et
al, 1982a). The fuzzy resiliency index is calculated using the value of the center of gravity

of the systentfailure membership functio(El Baroudy and Simonovic, 20@Gd D04).

-1

N N

a’ tT(t)dtD
FuzzyResiliencelndexg——mp1 ... (29)

DTtdtD
J’() 5

where;
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T(t)is the system fuzzy maximum recovery timembership functign
t, is the lower bound of the support of the system recovery time

membership functiorfasdefined by Equation 3); and

t, is the upper bound of the support of the system recovery time

membership functiorfas defined by Equation 3).

The calculationscript allovs the use of both triangular and trapdabishapes, as shown

Figurel6.
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4  ANALYSIS OF THE LAKE HURON SYSTEM

4.1 LHPWSS system representationand data

The system representatigorovides theintegratedlayout that refleds the failure-driven
relationshig among different componentsFigure 17 shows LHPWSS with all major
components combined im antegratedlayout. Componentstate and componeffdilure
membership functionsare constructed baseon the data from(Earth Teh Canada
Inc.,2000), (Earth Tech Canada Inc.,200Anérican Water Services Canad&VSC,
2003a), American Water Services Canad®/SC, 2003b), and (DeSousa and Simonovic,
2003)for the LHPWSS. Appendix () includesall the input dataused inthe calculéion of

the triangular antrapezoidaimembership functions

4.2 Results

4.2.1 Assessment of the fuzzy performance Indic ices

This section presents an assessment of the three fuzzy performance fodidhe
LHPWSS. Three acceptable levels of performance argaaybdefined on the universe of

the margin of safety; as (0.6,0.7,5.0,5.0), (0.6,1.2,5.0,5.0), and (0.6,5.0,5.0,5.0). They are
selected to reflect three different views of decisiakers as shown by the reliability
measure in Equation 11. Their religpimeasures are 4.20, 1.20 and 0.68, respectively.
Further, they are referred to as reliable level (level 1), neutral level (level 2), and unreliable

level (level 3), as shown in Figure 18.
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Figure (17) LHPWSS system integrated layetrart 2
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Figure (I7) LHPWSS system integrated layotrart 3
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The results show that the combined reliabiitynerability index for LHPWSS is 0.699.

This value reflects the compatibility of the system with ohthe three predefined levels of
performance as defined in Equation 1in this case it is the reliable level (level 1).
Therefore, the reliability of the system is relatively high, taking into account that the system
is almost 70% compatible with thelmest level of performanceThe fuzzy robustness

index for the LHPWSS is2.12. Taking into consideration, that this value is the inverse of
change in the overlap area, as defined in Equation 18, LHPWSS is considered to be highly
robust as the overlapea increase by more than 47%. The fuzzy resiliency index value for
the LHPWSS is 0.017, which means that it takes the system more than 58 days to return to
the full operation mode, as defined by Equation IEhis value is relatively high as it
means thesystem service is disrupted for about 2 months and large portion of the
population served by this system (estimated to be about 325 000 person) will be affected by

this disruption.

1.00 TTTETTTTTTTTTTTTTT———————— 2
- g H
a \ 7~
o 5: Neutral level P Ve
5 075 : (lever 2) =
s y
= Reliable level e
< 0.50 m -
S = (flevel 1) P N\ Unreliable level
9 £ - (level3)
5 : P
= 0.25 : P =
4 -~
0.00 essersa: i~
0.0 1.0 2.0 3.0 4.0 5.0
Margine of Safety

Figure (B) Acceptable levels of performance.
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4.2.2 Importance of different membership function shapes

The effect of the membership function shape is investigated by calculating the three fuzzy
performance indices using triangular and trapezoidal shapasle 2 shows thealculated
fuzzy performance indicedor triangular and trapezoidaimembership function shapes
respectively For the two shapeghe values of thereliability- vulnerability index are
relatively high (i.e. over 0.6Q)taking into consideration that the maximum value of the
index is 1 As shown in Figre 19, most of the systemstate membership function overtap
with the reliable level of performance (level. 1Jhis indicates that LHWPSS is highly
reliable and less vulnerable to disruption in servicEiis is expected because; (i) the
LHPWSS system raover 20 parallel groups ottomponentsand 6 redundant grou@s
shown in Figure 18and (ii) many individual components are designed with a 35 %
overload capacity (Earth Tech Canada Inc.,2001). Pbsstively increasethe capacity

andconsequently theeliability of the whole system

There is no significant difference in thezzy reliability-vulnerability indexvaluesfor the
triangular and trapezoidal membership function shafes the index value for the
trapezoidal shape is less than 9% of itdex value for thdriangular shapejls shown in
Table 2. This is because tbleange in the are# the systemstate membership functios
not sgnificant and consequently the overlap amsshown inFigure19. Generally, tican
be concluded thatise of the trapezoidal shape leads to relatively lower reliability

vulnerability indexhan the triangular shape.
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The robustness index value for LHPWSS systisureasefrom-2.120 (triangular shape)

to -2.473 (trapezoidal shape). Thorresponds to theleterioration in the system
reliability-vulnerability index vale from 0.699 to 0.642This is clear for the first case
where the LHPWSS system is required to satisfy higher reliability conditions (represented
by the transition from the neutral level te tteliable level). The NA valuem table 2
indicate that there is no change in the overlap area and consequently the value of the

robustness index will approach infinity.

The resiliency index is not affected by the shape of the membership functioe, thiec
center of gravity for both systefailure membership functions coincide, as shown in

Figure 2.

Table (2) The LHPWSS system fuzzy performanceindices for different membership

function shapes

Fuzzy Performance Index Triangular MF Trapezoidal MF
Combined Reliability-Vulnerability 0.699 0.642
Robustness (leve? —level1) NA NA
Robustness (leve? —level 1) -2.120 -2.473
Robustness (leveB —level2) -2.120 -2.473
Resiliency 0.017 0.017

NA" Not-available value as there is no change in lapearea.
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Figure Q) Systermfailure membership functions using triangular and trapezoidal shapes.
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4.2.3 Significance of system components

System reliability depends on the reliability of its componentsHowever, not all
components aref equal importace (different location; different rate;...etclror example
serial componentshavea more significanteffect onthe overall system relility than
parallel componentfecause the failure of any serial component leads to the faifuhe
whole system. Therefore, system’s performance can only be enhanced by improving the
performance ofritical components Critical component is the compaort that significantly
reduces thearea of thesystemstate membership function and accordingly the fuzzy

performancendices of the system.

The developeadomputationaprocedurecan be used talentify the citical components of

the system.As mentionel in Chapter 3, thealculationtransforms the multomponent
system into a system of serially connected components. The fuzzy summation operator is
used to turn parallel and redundant components into single entities with equivalent
componenistate membship functions. Then, the fuzzy minimum operator is used to sum

up all serial components and entitieso the systenstate membership function. Observing

thechangein the systemstate membership functiazan be used to identify criticeystem.

For tke triangular membership functioshape, the changesulting in thesysternstate
membership functions shown in Figure2l. The systerstate membership function
changessignificantly with the addition othe PAC transfer pump This is the point where
the flash mix is introduced into the system The enhancement of flash mieystem

components will lead to the enhancement of the overall system performance. Looking into
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the components othe flash mix system, it is found that the PAC transfer pump thas

smallest componergtate membership function relative to other flash mix components.

If the capacity of the PAC transfer pump is increased, the area of the comptatent
membership function will increase. This will lead to a direct improvemenh@bverall

system performance. Table 3 summarizes the fuzzy performance indices for both cases
(i.e., before and after changing the PAC transfer pump’s compstaeret membership
function value). The combined reliabilityulnerability index has increasedin 0.699 to

0.988, which means an increase of 41% of the original value. On the other hand, the fuzzy
robustness index hamcreasedfrom -2.120 to-1.127 indicatingan improvementof the

system robustness.
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Chlorinator (2) & Single Speed Pump (1) - = = PAC Storage (1) & PAC Transfer Pump

Figure Q1) Systemstate membership functiaangefor differentsystem components.
Table (3) System fuzzy performance indices change dutheéamprovement of PAC

transfer pumpapacity

Fuzzy performanceindex Before change After change
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Combined Reliability-Vulnerability 0.699 0.988
Robustnesglevel 2 —level 1) NA NA

Robustness (leveB —level 1) -2.120 -1.127
Robustness (leveB —level2) -2.120 -1.127

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

Table 4 shows three different changes in tieximumcapacityof the PAC transfer pump
and theirimpacton thesystemfuzzy performance indicesA 5% increase in thenaximum
capacity of thePAC transfer pump resulted ia more than 7% increase the combined

reliability- vulnerability indexwith almost no significanincreag in the robustness index

Chang in the maximum capacity of the critical component and consequently its
membership function resslin the appearancef new critical components that control the
overall system performance. Therefore, the optimumprovement ofsystem performance
can be achieved byn iterative procedurefor analysis of the system fuzzy performance

indices
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Table (4) Change in the system fuzzy performance indices due to changemaxineum

capacityof the PAC transfer pump.

Percentage bange of themaximum capacity
Fuzzy performance index
300% 20% 5%
Reliability -Vulnerability 0.988 0.921 0.749
Robustness (leveR —levell) | NA NA’ NA
Robustness (leveB —level ] -1.127 -1.607 -2.100
Robustness (level 3-level2) -1.127 -1.607 -2.100

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

5 ANALYSIS OF THE ELGI N AREA SYSTEM

5.1 EAPWSSsystemrepresentation anddata

The system representatigorovides the integratedlayout that reflects the failwériven
relationship amng different components. Figur22 shows EAPWSS with all major
components combined im antegratedlayout. Componenstate and componeffdilure
membership functions are constructed based on the data frorfEdnd Tech Canada
Inc.,2000), (Earth TeclCanada Inc.,2001)Afknerican Water Services CanadsVSC,
2003a), American Water Services Canad®/SC, 2003b), and (DeSousa and Simonovic,
2003) Appendix(l) includesall the input dataused inthe calculation of the triangular and
trapezoidal membershijunctions representing componestate and componeriailure.

5.2 Results
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5.2.1 Assessment of the fuzzy performance Indic ices

The same acceptable levels of performance are used in the assessment process (i.e.,
(0.6,0.7,5.0,5.0), (0.6,1.2,5.0,5.0), and (0.6,500%60)). The combined reliability
vulnerability index for EAPWSS i8.042 This value is extremely low, taking into account

that the system is only 4% compatible with the highest level of performance. The fuzzy
robustness index for the system is 1.34laking into consideration, that this value is the
inverse of change in the overlap area, as defined in Equation 18, EAPMASSSwW

robustessas the overlap area reducedy more tharv4%.

The fuzzy resiliency index value for the EAPWSS is 0.054¢ckvimeans that it takes the
system more than 18 days to return to the full operation mode, as defined by Equation 19.
This value is relatively low as it means the system service is disrupted for less than 3

weeks.

5.2.2 Importance of different membership function shapes

As performed in LHPWSS analysis, the effect of the systate membership function
shape is investigated using triangular and trapezoidal shapes. @ Table 5 shows values of

fuzzy performance indices for EAPWSS system.
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Figure (2) EAPWSS sstem integrated layouPart 1.

56



H]thd.ﬂimjc }ﬁ-iﬁif‘.i

- g

Terminal Starage

Figure @2) EAPWSSsystemintegrated layoutPart 2

57



Table (5) The EAPWSS system fuzzy performance indices for diffemembership

functionshape.

Fuzzy performance index Triangular MF Trapezoidal MF
Combined Reliability-Vulnerability 0.042 0.017
Robustness (leve? —level 1) 1.347 3.314
Robustness (leveB —level 1) NA NA
Robustness (leveB —level2) -1.347 -3.314
Resiliency 0.054 0.054

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

As shownin Table5, the reliability vulnerability index value hadecreasg from0.042 for
the triangular shape to 0.017 for the trapezoidal shape (i.e. more than 50 % dafctiease
value for the triangular shape) This is similar to the behaviofor LHPWSS sydemas
shown in Figure 23 The robustness index valyedsqg changes with different shapes of

membership functions.

For the triangularshape the robustness indexalue is1.347 while it is 3.314for the
trapezoidal shapelt has to be noted thatetlsign of the fuzzy robustness index indicates
the type of change in the overlap area with the corresponding acceptable levels of
performance. Therefore, it is more important to observe the absolute value of the fuzzy

robustness index rather than itsrsig
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—&— System-State (Triangular) —=— System-State (Trapezoidal)

Figure (B) Resulting EAPWSS systemstate membership functionsor triangular and

trapezoidainput membership functions

5.2.3 Significance of system components

The change of the systestate membership functiois observed toidentify the critical
system componentsTriangular membership functions are used and the resulting system
state membership function progressstsown in Figure 24. Figure 24 shows thatthe
systemstate membership functiosignificantly changestwice, after including the PAC
storageand afterincluding the PAC metering pump. Similar to LHPWSSsystem this is

the point where the flash mix system istroduced into the system Therefore,
improvement of the performancé thesecomponents wilkesult inthe improvement of the

owerall system performance.
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Figure (21) Systemstate membership function changeith introduction of system

components.

The PAC components have almost similar compoiséate membership functions (i.e. for
the triangular shape they are (0.00,0.50,1.008s a result, the change @haximum
capacity of all PAC componentss mandatory to significantly change the systtate

membership function and consequently the system fuzzy performance indices.

Increasing the maximum capacity of the PAC systemawse achange of theomponent
state membership functiortsy 20% is usedto investigate the effect of the change the
fuzzy performance indicesThis change will be applietb the modal and the end vahuef
the membership function (i.e., the comporstate membership function will be
(0.00,0.60,1.20)). Table 6summarizes the fuzzy performance indides both cases (i.e.,

beforeand afterchanging the PAComponenistatemembership functiowalue.
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Table (6) System fuzzy performance

maximum capacity

indices change tdug¢he change in the PAC

Fuzzy performance index

Before change

After change

Combined Reliability-Vulnerability 0.042 0.047
Robustness (level *level 2) -1.347 -1.210
Robustness (level % level 3) NA NA

Robustness (level 2 levd 3) 1.347 1.210

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

The combined reliabilitywulnerability index increased by only 12 % (i.e., from 0.042 to
0.047), while the robustness index decreased by 10%anging the critical component

maximum capacityresults in the appearancef new critical components that control the

system performance.
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6 CONCLUSION S

The combined fuzzy reliabilityulnerability index, robustness index, and resiliency index
are used to asses the performancetlted Lake Huron Primary Water Supply System
(LHPWSS) and the Elgin Area Primary Water Supply system (EAPW$&angular and
trapezoidal membership function shape used to examine the sensitivity of these
performance indices. They are calculatedfor arbitrary selectedacceptable levels of
performance. Three different views of decisiomakersare assumeand referredo as
reliable, neutral and unreliable levels of performantae same levels of performanaee
usedfor both LHPWSS and EAPWSSystemsto facilitate the comparison of thiizzy

performance indices.

Figures 25 (a) and (b) show the three fuzzy performance indices for the two sydteras.

be concluded that LHPWSS system is more reliable and less vulnerable than EAPWSS
system. The combinedeliability-vulnerability index for the LHPWSS system is higher
than that of the EAPWSS system for the both triangular and trapezoidal shapes of
membership functions (i.e. at least 10 times highéfhis is supported by the fact that
increasing the systemedundancy, by adding parallel and standby components, increases
the capacity of the overall systemhelTLHPWSS system has meothan 20 parallel groups

and 7redundant components, while the EAPWSS system has less than 16 parallel groups
and 4 redundanti@ments. This increases the reliability of the LHPWSS systgm that

of the EAPWSS
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trapezoidal membership function shape.
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Additionally, the components of the LHPWSS system are designed with an overload
capacity of 35% that positively affects the reliability of the system. As a general
conclusion, the LHPWSS system is more reliable and less vulnerable to disruption in

service than the EAPWSS system.

Robustness index value sheowimilar behaviorfor the triangularmembership function
shape The difference in the robustness index values betwibentwo systems is not as
high as the difference in theombined reliabilityvulnerability index. LHPWSS is more
robust than EAPWSSor the two used shapes tiie membership function. Therefore,

EAPWSS system is more sensitive to any possible changienrand conditions than

LHPWSSsystemas evidenform thevalues of the robustness indekboth systems.

The combined reliabilityulnerability index is highly sensitive to the shape of the
membership functionChanging the membership function shape fribra triangularto the
trapezoidalin both systems, results in a significant decreaseliability. As an example

in EAPWSS, the value of the combined reliabilityinerability index decreases from 0.042
to 0.0/ for trapezoidal shapeln case ofrobugness index, the change in the value is not as

significant agn the case of the combined reliabHiylnerability index.

The recovery time for EAPWSS system components does not e3@ezys. Some of the
components in the LHPWSS system have a ragovene of more than 120 days.
Therefore, the fuzzy resiliency index for the EAPWSS system is 4 times higher than for the

LHPWSS system. However, hlie resiliency index is not sensitive to the shape of the
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membership function.This is due to the fact th#tte resiliencyndex valueusesthe center
of gravity (COG) of thesysternfailure membership function, and the change in shapes does

not affect the value of the COG and consequethigyindexvalue

The developedtalculationscript can beused to identy critical system componentsFor

example, e PAC componentare found to be the critical componerits both systems.

Slight changes in themaximum capacitgignificantly affect system performance indices.
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APPENDIX II: MATLAB SOURCE CODE
Il -A LAKE HURON PRIMARY WATER SUPPLY SYSTEM

(LHPWSS)
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1 % Last Modified: Thursday. dobeber o7, 20404 @5:4Lpm
4 x=-1050°05:57
E: Eime=010.1:200;
4 alpha:[l:ﬂl.ﬂlf--.l;
B F¥E. 000 e e 0 BEep ONEL L Lo, o BuiTding Skhrusturs- Array
£ F¥RIE i3 an grray that centaimes fislds upder egdh fialdthers are valuss of
T S¥¥strinngs
B
5 rdetarmines the number of total selemestsz div che dystem
10 [He of Elamsnts,ummy(l]=sizs(rowhsadscs)
11
12 ¥ Build che Structure array Erdo che lopdrted sxoasl Fils.
12 for n=1:No of Elementa
14 Syatemin) = struct{'Blement Name' | rowheaderas(n, 1), 'Elemant ID° datain,1 e
k) e
15 "Elemant_global Ho'  dabaln, &), 'Element Capacity” daba (e8], -
1 "Elenent Recuirment'  dabain;$:11) , "Elenent Norm Cap Tri' data(n,12:1 e
i} ; 'Element Norm Reg Tri® data (n, 15:171, .00
17 *Elepent Merm. Cape Trap®datadn:18:21) , 'Elament_Horm Reo Trap! dakbsino«
FEEATEY paa
13 "Elenent Stata TriMos' datain,26:20 , "Elament State Trapbos' datain, «
L W e P
19 *Elenent Failure Tel! datain,32:358) , *Element Failure Trap' datain, 26 «
13581
20 and
21
22 . e s Stan TG .o Laoterimineg the No. of ZBub.Svetoms
43 232 by paslualting the maximum No. Valoe in the TN firet twe digibs Li Deteriwine
24 2% the No, of elsments in sack Sub-gfvatem by egolualeing ths mascisum No, Talua iz
25 k%¥ ke ID lagt two dicits
26
27 for sse-l:No ol Elements ¥ gae giands’ foy Sub-Sydcen Elansnc
28 % Calmulation oF the Number of Sub-Sretoms
29 BubEysten (28e, 1) =[ [Syzten (2ge) (Elsnent ID(L, 1) Systen (gza) (Elsment ID(L, o
2¥1}s
) SubSyvetm Tenthtssa, 1) =mimdstriSubSysbem{sae, 17 1, 1))
31 subEyetm Unitaisse, 1) -nimIatr (BubSye ten] sse, 1] 01,21 ¢
12 SubSysten_String Code=streat (Subfyetm Tenth,SubSvetm Tnits):
Fa SubSvstan Numerical CodesstrimumifubSystem String Codel;
a4 Total SubSystens-nax (SubSvatsn Mumerical Codel;
15
6 % Calvulation of the Number of Elements in each Sub-Svetem
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17 Elsmant {s8e, 11 =1 [_Systa‘mtsaei Element_ID{1,%) Systemisse) Element _TDI1,4) «
Ihi

ig gubBvatm_Elemant Tenth (&ge, 11 -tnmzetr (Element{ess, 1] (1,100

19 SubSvetm Element Imits{zse, ll=numZstr{Blement|s=a, L} (1,20} ¢

411 Elsmant_ string Coda=gtrocat 1Subdivetm Elament Tenth, SubSyetm_Element Tnits &
Y,

41 Elemant Humsrical Ocde=strinum{Blement String Code) ;

43 wd

43

44 Symtam_Numeric ID Aeray=[SubfSysbem Munarical Code Element Fumerizal Codsl

45

46 ¥ Creating zero matrix to Store Information on pumber of elements In saoch subayatem
47 Infommation Arrav=tercs (Total SubSyatems, ) ;

48

49 soumnber=ly

50 for =zaz=1;:No of Elemsnts-1)

51 Informatbict Array{counber, 1} -counker:

=1 Information Arvayi{counter, 2} -8yatem Muneric ID Arrayisss2, 2}y

B3

54 1f (Eystem Mumerls ID AtrayllsseZ+1] 2))<iSysbten Mmaric ID Arrayisssl 2 o
1

55 aounbeecolbar+1

55 wnd

57

58 if countere-Total SubSystems

59 Informablan Rrraylcounter, 2i=Syatam Mmeric ID Rrray{ssel+l 2

&l and

g1 wrid

62

&2 R R TR R R R R R R R PR R R S TR R R R PR IR R R E PR AR

54 L 5 Srep THREE, . ... Make Puzzy MP usahle in Augmentation ¥

=1=1 3% U2ing the Triangula NP in Che sygcen Matrix #

15 for 1=1:¥o of Bléments ¥

&7 A=-Eyetem (i) .Element State TriMos=l 1); S

BE B-fistam (1] _Elament Stata TriMomil, 2); 3

59 CefSystemfi) (Element_State TriMosil, X} : E

T Element ME(I, Ti={ [triangular{slpha, A, B, 1] | -3

T end ¥

72 AR R T R R R PR R R R R RS T R R R R R RN A R R R R R
73 R I R RN IR R N R R R R R R AN N AN IR R AN R A AN RN R
T4 E¥E .00 sBbap THREE. ... sMake Pussy MP usable:in Augmentation: &
75  %%% Using the Trapizoidal MP in the sysbem Matrix &
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16 kfor i-1:No of Elemeants &

7 & A=Syeten (i Element ftate Traphos(1,1) : ¥

= ¥ B=System(i)  Element Stats TrapMos (1,32), ¥

e k f=fveben (34, Elemant_Stabe TrapMos(1,.3): ¥

30 ¥ D=fysben(it . Elemont Stats TrapMos (1.4} & ¥

21 +  Elament NP1, 1)a{ferapizeddaifalpha, A, 0,000}, ¥

82 Fend ¥

833 R R R N R R N R R R R N AR A RN LR AR SR R RN A R AR AR RN RS

24

HE RS Etep PAUR. ... Augmenting the paralel and redundant elemants

=11 ¥ pging the SUMMATION operator for bath

827 ¥ NOTE: &ll redundant elsments or parallel aleleming will be added to che

a8 &% fivet alement in the group (all walues will be incorporatad in the MFP

B #¥ valuoe af the first elepsnt)

30

21 FEETFSRFSRRTESFRSRRRFTNESF Rodundant Elementsiissssssiirsrsainsasssesdasiss

32 ¥1. Intake Sub-Svetem

= ¥ there 1z po redundanoy ir ame.of bhe elements

EL |

95 ¥2. Lew Liftding Sub-Swatem

=1=1 ¥ 3 Redundant selemente

=) ¥ 0d----27, 05----03 L Q§----08

9%  Elenent MF{7,1}=fuzzymachialphs, BElement ME{7T, 1], Element ME{10, 1} faum' ],

b - Elenent MFP{2 1}=fozzymachialphas Element ME{a, 1], Element MEP{1l,1]}, ‘aum®],
100  Elesent MF{9,1}=fuzzymstliialpha Blement MF{%, 1], Elament MF[{1Z,1]}, 'sun' ],
101
102 #3. Palsh Mixing Suk-Scatam
103 ERAC, Alum, and Polvmer Sub svebem
104 ¥ 1 Redundant slapent
105 % 03----21
106  Elznent MF{18, 1}-fuzfymathialpha, Elemant MF{15, 1] Elemsnt MF{33, 1}, "=’}
107
103 ¥, FPlecoulation Sub-Sysbem
109 ¥ thers (& no réedupdancy igany of the alsgents
114
111 #5.  Sedimeptation Sub-System
11z ¥ there iz mo redundancy I any of the slswents
13
114 ¥5,  FilTering Sub-Srats
115 ¥ there is no redundancy in any. =f the elamemts
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11%
112
11%g
119
140

T2l
132
123
124
145
116
a7

1as
122
130

1z1
132

1332

134
155
136
137
1z3
133
140
141

14z
1432
144
145
1486
147
1445
143
1540
151

¥7, High Lifting 8ub-8ystem
¥ 7 Bedundant =lswsnte
% 03 ----8d & 02----05

Elénenkt MP{&3 1 }=fuzzymath{alpha, Elemant MFT&3 1), BEloment MF{&&; 1], "=um');

Elemsnk MP{&4 1)=fuszymathialphs, Elemant METed 1], Blament MF{&7, 1}, "=um'i;

¥, Comvevanoss Sub-ESyatam

¥ thers ig no redundancsy In any of the sloaments

¥o.  Boosting Sub-Syrstsm

§ thers iz po radundancy in any of the slaments

B9, Soerage Sub-Srstom

% there iz no redundanoy dr aoe of Lhe slements

A AR R R R A R R R R R R R R A R R N NN R R R R R AR AN R R AR AL YR RN AL RN I AR

FEEE

FEEIRERIIRR AR RN RNY Parallel E]Ements%%%?&!*%%??It&ii%%%%}*%ik?%??l!ik%%%%?i!%

FEEY
¥1. Intake sSubi-syvabem

¥ chers l2 wo parallel slementa

#2. low Lifting fub. Syctom
¥ 5 Faralsl elsmsnts
¥ 03-05-06
Elanent_MP{7.1]=Euczymathialpha, Elemankt MF{T, 1} Elemant HME{2
Elznant MF{T, 1]=fuzsymathialpha, Elemnant ME{T, 1}, Elamant ME] 3

¥3.  Palsh Miming Sub-S¢atem
fRar, Alum, and Dolymar EubLsywtnm
¥ thers is no parallel slements
% Farallelemis between the whols
¥ elemants

. Fleooulabion Sub-Syaten
% 2 Paralsl groups of alamsnts
o002, 0507 & (02,04, 06, 08)

vk Psum' T
CLb vEuR )

twa Iines not
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152 Element_MF{34,1}=fuszymathialpha, Blemenk MF{34, 1}, Blement MP{3&, 1%, f=um');
152  Elenenk_MFP{34, 1}=fuzzymathialphs,Blement MF{34,1), Blement MF{38,.1}, "sum');
154 Elément MPad;1}-fuzzymarhialphs; Blsment MEI34, 1), Element_WElac: 1], vaimih
155  Elemenkt MP{35,1}=fuzzymathialpha, Blemant MF{3L, 1) Elemenkt MF{37,.1}, *=um');
156 Elsmenk MP{35, 1}=fuzzymathialphs, Elemant MF{3L 1] BElemsnt MF{32.1], "sum'}i;
157 Elenent MP{35, 1)=fuzzymathialpha, Blemerit NF{3E 1), Elemsnt MP{d1l, 1}, "=stmt);
158
IH9
1&10 ¥ Sadimentation Sub-Syvatem
151 %2 Paralel groups of elemants
152 §O(01,03) - (02, 04)

153  Element MF{dZ, 1}=fuzzymathialphs, Zlement MP{42,1),Element MF{a4, 1], f=mt):
154

165  Elenent MF{42 1l=fuzzymathialpha, Element MF{43,1},Element BF{45, 1], "zum' )
186

167 ¥5:  fPiltering Sub-Sreten

1% % 3 Paralel groups of elspents

1539 ¥ (0I,03,05,07,08,11) &L (02,04,06,08,18,12) &

170 * (15,16,17)

171  Elenent MF]46,1}=fozcymathialpha Slemsnt NF{46,1} Blemant MP{da 1], “sum');
172 Elenant MPi46, 1 [-fuzzymath{alpha, Blement MF{4E, 1] yElement MFiEG 1) fmim')
1732  Elenent MF{46, 1)-fuzeymathialpha Element MF{46,1)}, Element MF{&EZ, 1], 'eim');
174 Elenent MF146, 1}=fuzzymathialpha, Blement MF{46, 1]}, Blemant MF{54, 1}, "sum' )y
175 Elenent MFP{4&,1}=fuzsymachi{alpha, BElamant MF{dé, 1], Element MP{ES, 1], "sum' )y
176  Elzpent MF{47, 1}=fozzymathialpha Blement MFL4T, 1}, 8lemant MF{d4% 1], sum' )y
177 Elensnt MF{47, 1l=fuzzymath{alpha, Blement MF{47, 1} Blement MF{51 1}, “sum')y
178 Elnrl:nnt_H.'F'{-ﬂ'?, i }-Eu:zym.:.l‘.hl{alph:,Elnmml:_N.F{ a7, :I.] - Elarnmt_N.'F‘{EB 2 .1.}, Fgiam bd g
179 Elénsnt MP47, 1}-fuzcymath{alphs, Blenent NE{47, 1), Element MF{Es 1], 'em'),
180  Elenant MFI47, 1}=fuzeymath(alpha, Element MF{47, 1} Element MF{ET 1], "=um'}),
181 Elenenkt MFP{&0,1}=fuzsymathialpha, Blement MF{&6,. 1), Element MF{£1, 1}, *=um' ) ;
182 Elenent MP{&0, 1j=fuztymath{alpha, Elemant MF{&0, 1], Element MF{&£Z, 1}, "=’}
183

184 ¥7. High Lifting Sub-Sysbem

135 % 1 Faralel group

186 ¥ (01,02, 05)

187 Elensnt MFP{&%, 1]=fuztymathi{alpha, Elament MF{63, 1), Elament _MF{&d, 1], *=um'd:
1388  Elsnant MF{63Z, Il=fuzzymath{alpha, Element MF{&2, 1], Elemsnt MF{&E, 1], "=um' ),
183

120 ¥8. Converanss Subh-Systam

151 4 1 Faralel group

1%2 5 or01,02)

1%3 Elemsnt_MP}s8 . 1]=fussymathialpha, Element MF{£a, 1}, Element MF{£%, 1], "sum');
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1324

155 ¥, Beostifg Sub-Bpstesm

1%& % 1 Paralel group:

1857 g OOL02, 08 84}

158 Elepent MPI70, 1)=fuzzymathiialpha, Blemerit NF{T0, 1), Elemsnt MP{71, 1}, "sim');

1%9  Elemsak MP{70,1]=fuszymathialphs, Elemant ME{70,.1), BElament MF{72,1}, "=um'i;

200 Elensnt MF{70, 1}=fuztymath{alphs, Element MF{70, 1], Element MF{73;1], "sum');

201

202 ¥19. Stérage Sub-Syrstom

203 ¥ 1 Faralsl group

204 EOf0I,02, 03, D4l

205 Elemant MF{75,1}=fuzzymathizlpha,Elenent MF{75,1],Element MF{746,1}, *=un*};

206 Element MPI75,1tafuzzymathialphs, Elenent MF{TS 1), Elenent MPITT, 1}, "anm® )y

207 Element MFi75,1t=fuszymathialphs, Elenent MP{75 1}, Elensnt MFP{78, 1}, taunt g

208 A AR A R R A A A R R R AR R R RN R AR RS R R R AR L AR AR RS R AL AR AR S R R AR R
FEEY

209 EFERREERIREIRRRRRNENIENY Serial Elenenbotr i n iy r e i r e b R R R R RN
FEFY

2110

211 * Fuild the geguencsa of Augmentation Sub-Syatem step wisge

212 ¥ Compection betwseh sub system i gongidersd serial connestdon

=13

214 ¥1. Intake Sub-Svatem

215 21 asrial 2 serial 3

218 Evetem Etate-furzylogmathix, alpha, Elensnt MP{1, 61} Blement MF{Z T} ‘mindwom? )y

o T Ey:tu.m_St:.tn-fuzzylngm:l:hl:x.nlph:..Q'yﬂtum_Statn,Elamnnl:_MF'[?.. 1 I-. ‘'mainimuam')

218

2419 ¥2. Low Lifting sub-Syatam

230 %1 serial 2 serial 3 serial (4% parallel 5* parrallsl g#)

221 ¥ star elsmant mesnd it has =z rdundant elemant.

E3E  &yotem State-Turrylogmathix, alphs, Cyetem State Elanant MEf4, L1}, 'sxndmom )y

233 System State=fuzzylogmathix,alpha System Statae, Elament MP{G, 1}, ‘minimam');

224 gystem State-fuszylogmathix, alpha, Svstem State Elemsnt MF{6, L}, '‘minimom’ ) ;

235 Sywtom Stata=fuzaylogmathix;alpha, Syotom Stata, Elomant MEP{7, 1}, 'minimam’);

226

227 3. Palak Mixing Soh-System

228 ¥PRC, Alum, and Polymer Sub svstem

233 ¥ [1vgserial 3% gerial 5 eerial 7 serial 2 serial 11

230 ¥ serial 13 serial 15 gerial 17 sarfal 197

231 ¥ DARALLEL TO

232 ¥ [2.serial 4 serial & serial & serial 18 serial

81
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233 ¥ 12 serial 14 serial 18 serial 18 serial 20)

234 % thig summation te avoid producing MFs that oan not be summed neing the

235 3 summation Ffunction (fas mdnmizing will produse MPz in Jiffsrant Froms

236 % than cthat needed by the summakbicn fupcticon)

237 Elamant MF{13 1}l=fuzzymsthi{alphs, Elément MPF13 1}, Elopant MFI14, 1}, *=um*);

238 Element MP{16,1lafuzzymathialphs, BElenent MP{15, 1}, Elemsnt MPI16, 1), *aun’ ),

233 Elamant MF{17,1l=fuzzymsth{alpha,Elemsnt MP{17 1], Elopant MFI16 1}, *=um*);

2410 Elemant MF{13, 1t=flrzimath{alpha, Elenent MF{13, 1}, Elenent MF{20, 1}, "sun’};

241 Elsmsnt MF{21, It-fuzzymathialyhs, Elsnent MF{Z1 1} Elensnt MF{ZZ 1}, *=un®);

2432 Element MF{2¥, 1}l=fuzzymathizlpha, Elenant MP{2% 1], Elemant MFP{24,1}, *=un*);

247 Elament MF{25, 1l=fuzzymath{alpha Elenant MP{25, 1], Element MF{26, 1), *=um’ )

44 Element MF{Z7,1f=fuzzymsthialpha, Elsnent MF{27, 1}, Elensnt MF{2%,1}, *=tm" ),

245 Elemant MF{29, 1}=fuzzymathizlpha,Elenent MF{29,1),Element MF{30,1}, *=un*};

246 Element MF{21, 1tafuzzymathialphs, Elenent MF{31,1}, Elenent MPI32, 1}, "anm® ) g

247 Element MF{13,1}=fuszylommath (®,2lpha, Element MF{13,1], Elament MF[15,1], 'miriimm? )
243 Element MF{13, lf=fuszylogmath (x,alpha, Element ME{L13, 1| ,Element ME{17T, L}, ‘mimimam® ) ;
249 Element MF{13Z,ly=fuzzylogmath (x,alpha, Element MF{12, 1|, Elenent ME{19,1}, 'niaimm ),
250 Element MF{13,1}-fuzzylogmath(x,alpha, Element Mr{13, 1|, Element MF{21;1}, 'minimm® by
251 Element MF{13,1'<fussylogmath iz, alpha, Element MF{12, 1| Element MF{ 23,1}, 'mindwm’ ),
452 Element MF{12,1}=fuszylogmath (x,alpha, Element ME{13,1} Element ME{2E, 1}, 'mitdmm® )
253 Element MFP{12,1}=fuzzylogmath (%, alpha Element MF{13,1| Element ME[27, 1], 'minimm® ),
254 Element MF{13, 1t=fuzzylogmath (x, alpha, Element ME{13,1} Elemetit MFL23, 1), 'mindmm® ) ;
255 Elemant MF{12,1}=fuszylagmath (% alpha Elemert ME{13,1} Element ME{31, 1}, 'minimom® ),
2585

257  Evestem Etate-fuzzylogmatlhiix,alphs,Svetem State, Elament ME{12,1}, 'minimm®);

258

2E9 #. PlocoulafZon SubvSvatam

261 ¥mo Farials, enly previous systam-state and

481 ¥ ogum of tow parralilel groups of sletients

262 Elenenkt MF{34,1)}=fuzzymathialpha, BElemant MF{34 1) Elemenkt MF{3G& 1}, *zum');

283 Evstem State-fuzmylogmathix, alphs, System State, Element ME[Z4, 1}, ‘minimim® )

ZE4

265 ¥L. Sedimentation Sub-Svetom

ZBB ¥ om0 zerdals, enly previous svstem-gtate and

287 ¥ oum of tow parrallel groups of elemonbtg

268  Elen=nt MP{42, 1]=fuztymath{alpha Element: MF{4Z 1], Element MF{43,1], "=um'l:

269  system State-fuzzylogmathix;alpha, System State, Element ME{4Z, 1}, '‘minivm® §;

2714

271 ¥, Filtering Sub-Svatam

272 ¥ (01,83, 05, 07,08,12}) gerial I3

273 ¥ PARALLEL T0

274 §o(02.04,06,08,18,12}) serial 14

82
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215 ¥ SERIAL TO (15%, 1%, 17}

276  Elenent_MP{4&, 1}=fuzzymathialpha,Elemant MF{4&, 1) Elemsnkt MNF{4T,1}, ‘=um');
377 Syeten_State-fuszylognathis, alpha, Sveten_State, Elememt ME{46, 1}, 'mindmm® )y
278 Elenenkt MF{LE 1}=fuzzymathialpha, BElemant MF}E4 1) Elemenkt MF{E2. 1}, *zum');
279 System State=fuzzvlogmathix, alphs, Svstem State, Elament MFP{S2, 1}, 'minimm*);

280 System State-fuzrzvleogmathie, alphs, Svetem State, Blement MPJe0, L}, "minimum®); "
281

2832 ¥7. High Lifting Sub-S¢atem

2483 ¥ o perials, only previous system-stats

24 Fveten Sftate-fuzzyleoqgmathix, alpha, Sveten State, Elamsnt ME{ 62, 1], 'mintmwim® §;

245

286 ¥8. Converanss Subh-Systam

287 ¥ noogeriala, oRly previoos gystem-state

288 System State-fuzzylogmathix,alphs, System State Element MF[&3, 1}, "mindimm® )
283

250 ¥9. Boocgting Sub-gyatem

291 ¥ [02,02,03,04) serial F

232  Syeten. State-fuseylogmathix,alpha, Syeten. State, Elament MP{70, 1}, 'minimum® ) ;

233 gystem State-fuzsylogmathix, alphs, Syetem State, Element WME{74,1}, 'minioum®); "
2534

2535 ¥10. Sterage Sub-Sratem

255 ¥ Lthie sub-aystem i3 paralls to Che previoud

257 1 aub-sypetemn

238  EBvetem Etate-furzyloguathix, alpha, Svetem State, Element ME{TE, 1}, 'minimm® )}

2o

3oa [Bow =, Col xl=sizeixl: ¥ Baglo Informatidn about x-values  {x-axfs)

AD]  Woox sbeps=Col x-1

102 x_step=maxixl /No % steps:

303 e e e L e e e ]

A0 ¥ keeping che original Sysces Shate ME with serog for fartisr use Ih

M6 ¥ palcuation of the ovaerlap area

A06 Systam State xwise=syobom Etabe;

107 AR R PR R R R R SR R R R T R AR R IR R AT N R R R R R TR Y

208  Syetem State= [System Stateifidd (Svsten_Statai: 2)s0),1) System State(find{Sy=tem Sta w
tel:, 2100, 210

049 [Gumm_row, dunm_col J=size (Syatem_ State):

310 System States [ (Svsten_Statail, 1l -x step] O;&ysten_ State; (System Stateidumm_row;ll+x &
atep) 81

311

312 BIERFEEEEFE. . ... 0vstem State Areas:,  FEEFERERERSRERERRVRSERRRERSESE
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213 # Metormine the maximum alpha value in teh system-state matrix,

314 Maximum_alpha_ Svsbem State=maxifystem Statal:, 21 ¢

315

316 % basad co the No, of rows, a loop will ssarch for the row index of the

317 % maximpum alpha walos

31a |rou Syebsm State, solunin System Stats]-size (Syztem State)

ila max indax System Stabte=0;

23210 for t=1:row Syabem_State

3TL max inday Syatan Statesemat  indew System Statesl;

322 if gyshem Stabe b, Z)==Maximim_alphs_System _State

323 brask

314 and

135 and

126

327 ¥ bhe range Frop the saximom value to Sere will ke divided for high

338 ¥ reselution alpha.

323 alpha range Sysbem State-Maximuam alpha Svebem State

33a sbep no Sysbem Stabe-100;

231 ekep Syesben State-=Manimom alpha Syebem Stabedetep ne Syetem Sbate

332

333 FTnterpolaticon

234 FLaft-Hand Interpolation

335 Laft Zystem States(interpl (Systen Stateilimax index Syatem State,2) Syst
em Stabtedlonaxn dndex Syatem Ztate, 1) ,0:8tep Syatem State:Maxlimem alpha Syetem State)
"l

336 Sysbeni Stabe Le[Left Swetem State (0:sfep Syetem ZStabeMaximum 2lpka Sye
I:nm_EI'.: Eal ']

337 *Right-Hand Interpolatdon

i3g Right Syaten Stats- (interpl (System State(max Andent Syatem Stats:row Syat
am_ftakts, 2} Bystam_gftaks imax_indax System_State:;row Syskbem State, 11 0:step System Sk
ate:Mawimam zlpha Svatem Stats)®)

=39 Syatem State H-[Right Syeotem State (0:efep System State:Maximoam alpha Sy
sten_Skatal!] ;

140

41 #Area -Caladglaticn

342 sETip -Area Sy=sten State=0;

343 for tt=l:[(stap no Syetem Stata-1)

244 strip Arsa System Stabe=stEip Arsa Sysbem State+ (0.5 ({System_Staks Ritt, 1) -
System_State Lkt 1)+ 0Sysbem_Skate ET(EL+1) ;1) -System_Stabe Lilbb+1), 1)1 ) ¥stap_Sysk
& Srare)

45 and

346 Area_Sywmtem State=strip Area_System States 0.5+ (System Ztate Riistep no System 3

LS

'3

=

84
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tate+1) 1} -Syskam_ Stakte L{(stsp _no_gystem State+1), 1)) ¥skep_System _Statel ;

247

348 e ighted Arsa-Caloulaticon

344 walghteqd skrip Ares Svstam State=0;

350 for ttt=1: (step no: Sy=tem Stata-1;

351 waighted strip Area System State-wsighted styip Avea Svetsam State+ | (D.5%( (5y e
sten_Skate Ribkk, 1) -g3yskam_gtake LIEtt, 11 )+{8yskam_Stata_RI{ttb+1) 1) -Systam_gtake L o
[CEEE®1T, 1) b)) *eLap Sysbem State) v (Systen_State LILLE,2) sSystem Stabe LIILLE+L) 2] 1Y o
O.Er 1y

end

ZE3 waighted Area Syeabem State-wsighted etrip Ares Syetem States ( (0.5 (Syetem Stabe o
Ri(atep no System State+l),1)-System State Li{step no System Stakbe+l), 1)i#step Sysbe @
m_Statal*Fystem_State Listep no Systen_ State,21];:

354 FESFREEREFE .. 000 Srgben State Araag: (  FFEFIEEIERIRRSTRE AR RR TSR Y

i55

156 A AR R R LA A E A R SRS S RN R A AR E RS R R A AR LA AR AR R R R AR R AR AT E R0

37 FER s Step PIVE.:..: Cefins ths Acgeptable lavel{z) of perfosmanos 4

gg ¥ welng trapizcidal MF ag fa;b, o, dl whers gud ¥
2593 Mo of Lavela=3; 3
20 Mlel.6; M2=D.T; M3=E; md=Ey ]
361 Level ly=-trapmfi(z, [ml m2 m3 md]);

362 Lewvel 1=[x' Lewveal Iyv'l;

363 IR Level I-{iml*m2)/{n2-ml);

364

365 nl-0.6; hE=1.2; nd=5; nd=5; ]
166 Lewel 2y-trvapmf {x, [0l 'n2 w3 6dl)y

967 Lavel S=[x' Ldwal Zp'|;

368 IR Lewel Zainlfn2)/(u2-nl);

3R89

370 gi=0.6; gsb; qi=t: gi=5; §
371 Level sy-trapmf (e, [gl g2 o2 odl)

3FZ . Lewel =[xt Leval 3wi]y

AT IR Lewel d=iglvqz) i igl-gids

174

176 [E=[[LR Laval 17LE Lawal 2:LE Laval 37]:

376

aT7 TR I N R R R A R R R T N I T N A R E T Y R A R R R 1 R A AR AR AT R TR AN Y
ATE SRR R A R R R R PR R R R R R R R R R A R R R A R RN SR AR RS AR R R RIS
AT EEY L. Btep BIE. L ofalculdation of the averlap Matrix by taking the minimum
=x=11] ¥¥Y of the atabe fubetion and each Tevel

81 OverLap Leval ly=min(lewal 11{::2)  Systen State xwisef: 2101

B2 Overlap Leval 1=[x' Owerlap Iewvel 1v];
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183

3184  Ovarbap Lewal Sy=minflewal 21:,2) Svatem_State xwisa(: 211+

385 Owerbap Lewval 2-[xn' fwvarLap Level Zv].

385

387 OwerLap Lewel Sy=minfLewvel 3&:, 21 8ystem_State_xwissi: 217;

188 owerLap Level 2=[%' owerbap Level 3v],

143

20 * bake-gff the zeros Lrom both snds of the boverlap area

321

392 Area Lawvel ite=tvarlap Leveal 10 finmdiOverkbap Liewal 1003100 folir

253 Area Devel 1 eCart=[min (OvetLap Leawel 10 (findiowerbap Leval 16,2100, 1)) -7 _stap 0] o
i

354 Area_level 1_ends [max(fverlap Leval 1((Find(Cwerlap Lewsl 14:,2)1:=001),1)+x stap 0] ;

335  Area Level la[frea Lewvel 1 startshrea Lewel 1pArea Lewel 1 end]:

336

327  Area_Leval Z=0veclap Lewal 2 (find(owerLap_Level Z(:,3)=001c:)

158  Area Lewvel T etart-[min{overlap Lewel 20 (find(OwverbLap Lewel 2{:, 2100, i11-%_step 0] «
i/

159 Area Level 2 end-(maxitverlap: Leval 2{{findiowverlap Lesal 240,210}, 1) i +x_ step 0] ¢

400 Atea Level Z-|Area Lewval 2 start irea Lewel ZjArea Lewel 2 end]y

4071

402

403 Area TLevel J-OvarLap Tewvel 3((find{OverLap Lewel 2d: Zha0b),. b

404 Area Level 3 gtact=[nin(Gverlap Level 30(findioverlap Level 300 2) w000, 11) -3 step 0] «

405  Afea Level 3 ende [max{dverLap Teval 31 (find(dvarbap Lewsl ={:, Zj =001} 1yl _etep O]

40 ?-u.rﬂa_[mnl _3- [.n‘-;r\:n_]'..m.r-a'l _3 _:=+_=.:|.'I: : 11::i.1_|'_£va1_3 Ara :._Ln!.rﬁ-l _3_:1115.] :

407

408 R E R R NN R R R RN N R RN IR R R RN R NN RN R RE AN EREIEYY

409 %% ,...,.....Step SEVEN...,.Calculation of the cverlap area £ weighted area bv inte v
prolabien over alpha duts

414 #3%¥ for sach overlap marcix

411

412 t2 RS SR 2 2 L ST Leval ONE. . L YRR TR RN R TR R RN R R RN R RN

413 t Detairming the maximum alpha walue in teh cvelap mabrix.

414 Maximim_alpha_Area Leval l=maxibres_Leval 10::2));

415

416 % based oo the W, of rows, a loop will search for the row index of the

417 % maximum alpha-ralus

415 lrow Beea Level L ool &rea Level 1l|=sizs(Area Lewvel 1ig

413 max_index Arsa Lewel 1=0

434 for ii=lsrow hrea Leval 1

86
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421 max_indsx Area Level l=-max_index Area_Level 141

412 if Ares Level 1[1i,2)==Maximm_xlpha Ares Level 1

433 braak

424 end

425 and

426

427 % the range from the maximum walus bo Sarc will be divided for figh

423 * resalubion alpha.

4239 alpha range’ Mrea Lewvel l-Maximuam alpha Lrea Level 1

43 skep no Area_Lewvel 1=100;

4371 ghep Aresn Leval l-Maximum_ alpha IJrea Tewel_ l/etep no Area Leval 1

432

433 3Interpelation

434 Bhefr-Hand Interpolation

435 Left hrea Level l=(intetpl(Area Lewsl 1{limax index Area Lewel 1,2 Area
_Level _1ilimax index Arnsa Level 1,10 ,9:5bep Area Lavel 1sMzximanm_alpha Area Lewsl 1)
r

436 Area Lewvel 1 L-[Left Area Lewel 1 (0:scep Ares Level 1:Maximum slpha Are
o Liewal 10774

437 ARight -Hand Inbterpodation

438 Right frea Level l-(interpllArea Level 1li{max index Ares Lewvel l:row Area
_Lemwal 1,20 Area Lewel 1{max index Rres Lewel T:row fSrea Lewvel 1,1),0:step Area L[ewve
1 1:maximom alpha Ares Level 1) %)

439 Area Level 1 Fe [Rig‘]"ut_h..l:-':a_]lev.‘-.-l _1 jbr:step Ares Lewvel 1-Maximum alpha Ar
ea Leval 1]y

441

441 FArea-Caloulation

44 2 gbrip Araa Area Lewvel 1-0;

443 for -1 (ebap WMo Area Leval 1-1)

444 strip Area_Rres Level l=strip Ares Ares Lewel 14 (0.5% {iAres Leval 1 Ei33.1)-
Afed Level 1 Lif3, 1)1+ (Area Lewal 1 B{(]141),1)-Area Level 1 Li(ji+Ll), L))l ¥etep Araa
_Lewval 13

445 and

448 Aren Area Level l-sbtrip hrea Area Lewel 1+{0.5t{hrea Lewvel 1 Rlistep no Rrea Lewv
:1_ 1417 .12 -.Ier:l.:l_Lw:ll_:l._I. i I:l:tap_m_lro:l_l..:vnl 14 1), 13d¥g ta.p_lr:l:_[nv:ll_ b

447

443 Ifeightead Ares-Calonlation

449 walahted sbrip frea Area Lewval 1=0:

450 for kk=1:[stap. no Area Lewsl 1-1)

451 welghted strip Area Area Level l=welghted strip Avea. Area Dewel 1+0(0.5% [ [&y

sa_lewval 1 Rikk,l)-Braa_Lewal 1 Likk,11])+(Aroa_Lewval 1 BIl(kk+1) 1) -Area Lewsl 1 Li(k
k+l) 1))y etep Acea Level 1h*((Arsa Lewel 1 Likk.2)+Area Leval 1 Lidkk+1],2)10*0.5));

F

87
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452 and
4532 Waighted Area Area Level l=weighted strip Area Area Lewvel 1+ (10.5*% (hrea Lewel 1

454
455
456
457
452
459
4510
451
46
463
464
465
488
487
452
4519
470
471
472
473
474
475
476
477
473
4749

420

421

422

4432

484
485

L4

Bilistep no Nres Lewel 141) ,1)-Arsa_Léewvel 1 Liletep no Area Leswel 1+L1), 1)) fetep Rren
Levial _1i1*&res Levael_ 1 Listep mo Area lewsl L,217:

FESFEREESIY. .. Lovel ONE. .. FERR i n s b rd ae s s adea s siv ey

FREETFEENES. . Dovel TR, ., PR RN R e e b tes vaRbnseassnivey
* Determipe the maximpue alphs valewe in teh ovelap malrix.
Mazximam alpha Rrea Level J-max{Area Leval 2(: 2}

¥ hagsd o the No. of rows, & loop will gsarobk for the row Index of the
* maxioum alpha valbe
[row hres Level 2, ooclumn frea Lewvsl 2]=sizelfArsa_Lewsl 2);
max index Area Lewel Ze0r
for 1ii=1:row Area Level 2

max_1ndss Area_ Leval 2=max indsex_ area Leval Z+1;

if ILrea Level 24111 ;2] ==Maxinum alpha Area Level 2

break

ared

and

¥ the range Crom the maximuom value to Sere will be divided for figh

¥ regolution alpha.

alpha pange hred Level ZoMaximum alyhs Lres Lewvel 2

Btep ho Area Level 2-100

gtep Lrea Tevel 2-Maximum alpha brea Lewvel 2/step ng Area Lewel 2

¥Toterpoiaticon
¥Lafr-Hand Interpoelation
Lefb_Area Leval Z=[(interpl [Area_Lewel Z{l:max_index Area_ Lewal 2,2) Arsa

_Leeal 2o leman indey Aves Lewal 2,1) ,0:atep Aves Level I:Maximim alpha hres Lewal 25

LATH:

Ares_Level 2 L=[Lefk_Area Level 2 (0:step krea Leyval _2:Maxinum slpha_ Are

a Leval 2) ]y

FRight-Hand Inteorpolatdion
Right Aresa Leval 2=(interpllArea Levsel I imax_ index Area Lewel 2irow Arsa

4

4

_Lewal U, F) Ares Lewvel 2imax index hres Leveal Z:row Mrea- Level 2;11,0rstep Atea Leva:
1_E:Maximam_alpha Brea Lenval 21 %1

Arss_Level 2 R=[Right &rea_Lewvel 2 [0;:;step_Arsa Level 2:Maxzimum alphs AT

ea Lewel Zr'ly

tarsa-Taloulation

88
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486 skrip Area Area Lewel 2=0;

447 for 173=1+(step no Area_lewvel Z2-1)

4832 strip Area Irea_Level Z-strip Area Ares Tewsl 2+ (0.5 {Area Lewel 2 E{33]i,1)
-Bres_Leval 2 L0333 ,10) +i8rea_Lewsl Z ROM433+1) 11 -Area Leval 2 LI[373+1) 1000 ¥skbep
Araa_lavel 21 ;

4349 atid

4540 Ares_Araea Level 2=strip Aras Area [evel Z+i0.5+% (Area Level 2 Riistep no Arsa_ Lew
il 2411 1) ~Braa Leval 2 Lidstsp no bGrea Leval 2410, 1)) #scep Rraa Leval 20

421

452 #Weighted Aras-Calculation

453 weighted ebrip Lrea Area Leval Z-0y

454 for Kkk=1:(etep ho Area Leval 2-1)

455 waighted strip Area Rres Leval 2=weighted strip Area Area Leavel 24010 5 ({AT
aa Lewsl = Rikkk, 1)-Area Lewvel 2 Likkk, 111+ (Avea Lewel 2B I1I(kkk+1) ,11-Rrea Level 2 L
(ikEk+1) 1) )] *atep Riea Lewvel 2] *iihtea Level 2 Li(kkk,2) +Area Level Z Lilkkk+l) 211r
0.5

426 and

427 Welghted Area hrea Level: Z-welghted strip Area Area Level Z+((0.5*{Area Level 2
B{iatap no bres Level 2410 ly-Arsa_Level 2 Liiletep to Rkrea Leval 2415, 1)) tebep Area
Level 2]*hrea Level 2 Listep no Abtea Lewel 2,21

4538 CRERYIERREEE. .. . level TRO. .. FEFEFIFER IR IR TR LIRRRIRTILD

423

500 FEFETERENTT ... .. Leveal 'TJ'-j'EEE...%’%’%i’i‘-!-lE%%%%&#F?%%%%i-}!‘!i%%%%!!

501 ¥ Decarplos tie maximug alphe value io teh ovelap smabelx,

502 Maximim alphs Lres Level Z-max(fres Leval Z(: 21}

503

Bl ¥ based o the N-:l.. of rowe; a loop will search for the row index of the

505 ¥ maxiwum alphs value

EDe |red Aren Level 2 doclume Ares Level 2]-size(Area Lewvel 39,

E07 max_index Area_Level 3=0:

502 for iiil-l:rew Aren Level 3

55 max inday krea Lavel I-mal indoy Rrea Lovel 2419

E10 if RAres Level Friiii;2)==Maxinum: slpha_Aresa Lewsl 2

511 braak

E1Z amd

513 and

514

515 ¥ the range from the maximam value to Sarc will be divided for high

Bla % resclution alpha.

= alpha tange: frea Level I=Maximam alpha Leea Level Xy

513 sbep no Area_Lewvel F=100:

5139 sbep_Area_ Level =Maximum_alpha_Ares Level 2/step no Area_Lewel 3:

K

LS

LA

LY



CiADocuments and Settings\Tbrahim'\Deskbtopi\Daily w. o SembLH.m Page: 15

LY

LS

K

Decembar 2, 2004 43141 :32 PM

540

521 tinterpclaticon

iz FLaft-Hand Tnterpolatiod

523 [eft_Area Dewval 3= (interpl(Area Lewel 3{l:max index Arei Lewel 3,2) ,Area
_Lavel J{l:max index Ares Level_%,1) ,0:step_hrea Lavel F:Maximm_szlpha Area Lewal 3]
"t

24 Ares_Level 3 L=[Lefk_Area [evel 3 (0:step_krea Leval _3:HMaxinum slpha_ Are
a Liewsl 3) ']z

5315 Fight -Hand Imterpelaticin

Lig Right -Area Leavel X=(interpliAres Level 3 imax index Area-Lavel Isrow Araa
_Levvel 3,20 Area Levvel Zimax_indse Mres Lewel Zrrow Area Lewal ¥, 1) 0sstep Avea Lewvs
1 FiMaximon alpha hres- Laval ®1°);

a7 Area_Lewvel 3 R=[Right &rea_Lavel 3 (0:step Ares Level ¥ :Maximum alphs AT
aa Lewvel 307

5ag

5239 FArsa-Taloulatier

530 sbrip. Ataa Area Level 3-0;

531 for 1331-1:i=tep no Area Lewvel 2-11

BEz2 gtrlp Arsa Area Lewvel J-siklp Area hres Lewal 24 (0.5% {(Area Lewvel 3 R{3311:1
I =hbea Level 30 L3731, 100+ n:I'.bea_L.evel_'s_R (43333 +1), Lh-hrea Lewvel 2 Li{g171]17+1,1))1%8
Eep- Ares Lewal 3

533 and

534 Aras Lrea Tevel Z=gCrip Kres Rrea Level 3+00.5%(krea Level 3 R (istep no Rrea Lew
el 341) L) -Area Lewel 3 Lilstep no Arés Level $41),1))*step Ares Level 31

535

536 Mielgiitead Area-Caloulaticn

537 waighted skrip Araa Arvea Tawsl 3-0;

5E3g for kkkk-1l:[step ne Area Level 3-1)

539 waighted strip Area Arda Lewel T-welghted strip Aves Avea Lewel 24+ ( (0.5 (Ar
sa Daval 3 Rikkkk, 1) -Ares Level F Likkkk, 1)) +(Area Lavel 3 R (kkkk+1), 1) -Area Level &
2 Li(kkkE+1), 11))*=tep Area Leval 3)*( (Area Lewel 3 Likkkk, 2)+hrea Lewel ¥ Li{kkkk+l
123 F0CEY)

B4n) and

541 Walghted Ares Rhrea Lavel Z-weighted strip Ares Krea [avel I+ [(0.E*{Arans Level 3
Ei I:stnp_nn_lra.:_Lwal_E'-; 1i,1% -.i‘-'l:l::l.:._I.mn:ll _'_'-'_L i I{nt:rp_n.n_hrn:._LWnl_?-L Li, 1h)wg tnp_ll.ra.::_
Lewvel _31*hras Levwal ¥ Listep no Arsa lawsl 3,210:

E42 FEFETTEIERRT 20 Level THREE. . erydssidrsassirssslassssesaaessy

a3

Gd4 Area= [Area _brea Lewval 1:Ared Area Lewvel 2:hrea_Area Level 315

545 max Level=Tind (Ateaw=max(iteal] ;.

546 R R R R R R R R R R R R RN R R R R AR R AR RN R R R RS PR AR RN EES

547 B¥E 00000 evs s Btap BIGHT. oo o Reliability measure Caloulaticon

9C
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548 M lewsl_i-Wsighted Ares Area Lewval 1/Weighted Ares Svstem Stata;
E49 oM Dewsl Z=Weighted Ares Areas Level 2/Weighted Area Svsbem Stata;
EE0 M _Lewvel 2-Meighted. hraa Area Lewval 3 /Meighted Area Syebten Ztabe;
551  M=10M_Lewal _1:0M Lewvel 2:0M Leval 3]
552
553  Reliakility Indey- (max (CHY+LE(Max Lewel, 1)) max (LR}
554 R R R R T R R R N R T R R R A R R R AR R R R R R TR R AR AR RN R R
LEE = & 2 SAPRPRPCRR R Stap NIME. ... Foubuatness measure caloulalion
556 PRobustness Imdax 1 2=1/ (M- Level 1-CM Leial Z)
557 Robustmess Index 1 3=1/ (M Lewel 1-CM Lewel 1)
B3 Robuebness Index 2 31, [CM_Lewval 2-CM Leval 3)
553 TR R Y N R R A R R R T N I T R A R R E T Y A A R R R R R A I AR AR AT R R TR Y
BED RS R AR R S A R PR R R R R AR AR AR R TR R R AR PR AR A ERY
561 R R EEEERR O REE IR RRRREEEERRREEEEIRRRENIRRIRRLYEEY
562 FEEEE R IR R AR R TR AR R AR AR AR AS AR
563 EEAREES SR AR AR RS AR AR RS £
5Ed FEEIAEIIEE RN
585 EETRRER
EER FEE
567 3
568 E |
569 T3
570 ¥
571 zavraay
572 srasidesssas
BET3 R EERFIINIR R ANANS RN ALY
574 e e i Ry e e R s e s e SRR
575 ERLEEERIRELARE AL AAFE NN FREETTE R EEEF IR RN LMY RN
576 R E RN R NN R R R RN N R R RN IR RN R NN NN RN ERRE LYY
577 &%% ....,....:S8tep TEN: .., Reslience measure Calculsticon
578 e R L R T e e Rt
573 AR Step TEN-ONE.. ... Maka Poszy ME ufable in augmentacion ¥
EAQ #%% Using the Triangula MNP in bthe sestem Matrix 2
SRL. =2 for I-l:No of Eisments ¥
a2 g a=fpstan (1] Elemant Pailura Trifil, 1)y 3
5aa ¥ bzfygton (i) Blogent Failure Trifl,2); ¥
584 ¥ GeEpgtan (i) Elamant Pailure Tri(l 3)) ¥
5a5 ¥ Element_Fail(i,1}=f{({triangularfalpha.a.bocll}; ¥
HRE6 ¥ =nd ¥
587 A IR R R N R A R R T R A R N YR AN A I R R AN A R R R LA R AR R A A AR
BREE AR R RS R R R R R R R AR R R R R R R R R AR S R R RN AR T R AR
BRI BEFE L0 eva s Btep TEN-THO. . . Make Pugzy MFP usable in Augmentation #
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B80  #%% Using the Trapizoidal MP in the sysbem Matrix §
Eo] for 1=1:No_of Elemenkts &
B&a2 a=Syeten (1) .Elemant Failure Trapll, 11 2
Roa L=S8yvzten (1) .Elemant_Failurs Trapil,2)r &
50a c=Sysbten (1) .Elemsnt Failurs Trapil, 2); %
555 d=Sywaten (1] .Elemant Failure Teapi(l, 4] ¥
EBE Elamenit Fail{i,1l)={ [trapizeddal {alpha,a b.o, 417} %
587 wd ¥
588 AR R R R R N R R R A R R R A R N R RN R R RN R R R AR RN E YRR R AR Y
BOm:: R L s Step TEN-TEREE. ... : Augmenting the paralel and rodupdant selements

B0 ¥ peing the MAXTNUDM operator for both

601 ¥ NOTE: &ll redundant elsments or parallel aleleming will be added to che
632 &k firet element in the group {all values will be incorporated in the MF
603 #¥ valuoe af the first elepsnt)

604

G5 FEETFSRFSRRTESFRSRRRFTNESF Rodundant Elementsiissssssiirsrsainsasssesdasiss
=gt ¥1. Intake Sub-Svetem

a7 ¥ there 1z po redundanoy ir ame.of bhe elements
Big

503 ¥2. Lew Liftding Sub-Swatem

5110 ¥ 3 Redundant selemente

a1l ¥ 0d----27, 05----03 L Q§----08

612 Elenent Fail{7,1}=fuzzylogmath (Cime, alpha Blemsnt Fail{? 1], Element Fail]1o, 1}, ‘maxi «
mam 'y
Elenent Pail{s,1}=fuzzylogmath (Cims alphs Blement Fail{s, 1], Elenent Failf11,1}, ‘max)

]
e
I

'
614 Elnrl:nnt_F':.:i.:I.{Q < :I.i--fu.izylugm:.r_h [timn.;lph:.,ﬂlamnl:_?ail-:g % :I.]_,:E'.I.m.r:nt_P:.:i.J [12 ..].:- , Mmaxd W

') g
615
Ble $3. Pilsh Mixing Bub-System
BL17 EAD, Alum, and Polymer Sub Svatem
518 # 1 Redundanr sldment
519 N B

620  Elsnent Fail{ls,L}=fuzzylogmath(time alphs;Elefent Fail{ls 1}, Element Fail{33, 1}, 'ma &

ximoam® )o:

Ba1

622 ¥,  Fleooulation Sub-Syatem

Gd3 ¥ thers ig no redundansy. inany of the elements
G4

5625 ¥E. Sadimentation Sub-Svetem

Bi6 ¥ there is no redundancy in any. =f the elamemts s
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527

Bdg #. Piltering Sub-Srstem

539 ¥ thers ie mo redundancy I any of the slsments

530

AL ¥7. High Lifting Sub-System

632 ¥ I Radundant slaments

653 § 01----04 & 02----05

G34  Elensnt_Fail[6F;1}=fuzzylogmath(timea,alpha, Element_Fail{63, 1}, Element Fall{&s, 1}, 'na o
Fimum® by

635 Elenmant Fail[ed,l}=fuzzylogmathitime,alpha,Element Fail{ed4,1},Elament_ Fail{e7, 1}, 'ma &
mimim® oy

636

637 ¥8. Converanss Subh-Systam

6345 ¥ there ilg mo redupdansy liooany of the slements

633

G40 ¥2.  Horgting Sub-Systsm

641 % there iz no redundanoy dr aoe of Lhe slements "]

{=F ]

4 ¥i0. Storage Sub-Syretem

¥ thers iz .o redundapoy dp any of the slements

545

B4 5 A R N R R R N I R R R R N R R R N R N R R R AR AR R R R TR AR R R AR AN AN E
FrEraadiire

5'1.7 FEEFR AR AR LRI RN Y Faraiiel Elememta!:&%&H‘H’%%%H‘EH%%%’%I?H—%%’%%?-‘HH?t&%&&a‘;— o
FREEFEREIDED

E48 1. JTntake Sub-Svcbam

E449 ¥ thers (g no parallel slementa

[=1=]

551 87, Iow Tifting Sub-System

B52 ¥ Paralsl elamerits

553 04 -A5-096

G54  Elensnk_Fail{?, 1}=fuzzylogmathitims,aipha Element_Fail{7?, 1} Elemsnt_Faill[&, 1}, "maxim «
'y

BEE Elanent Fail{?, 1}=fuzzyloogmathitima,alpha,Blement Faily?,1),Elanent Pail{s, 1}, ‘maxim «
um! 1z

656

a57

et %3, Palsh Mixipng Sub-System

659 RPAC, Alum, and Polywer Sub sysbem

GBEd % thers if mo parallel alsmnents

a1 % Parallslsmis between the whola two Iinss not
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B2
T

Eied

(=)
=]
[L5)

672
674
575
676
677
878
a73
530
BE1
BE2
523
524
535

627

(E=E

ag3

G310

¥,

% elemants

Flocoulation Sub-Sratem

% 2 Paralel groups of slements
¥ (01,02, 05, 07F & (02;04,08, 08)

Elenant Fail{24, LV=fumsylogmath (bime alphs, Blement Pail{zd 17, Elemsant Fail{2e, 1}, 'ma

Hximum® };

Elensnt_Fail[ ¢, li=fuzzylogmath (Eime,alpha, Element_Fail{s4, 1}, Element Fail 38,1}, ‘ma

Fimum®

Elanent Fail{24,l}=fuzzylogmathitime,alpha,Element Pail{z4,1},Elament Fail{40,1}, 'ma

Fimwun®

Elemant Fail{:6,lj=fuzzylogmath (time, alphs Elenent Fail{36,1},Elemsnt Fail{37,1}, 'ma

Aimam® ) ;

Elenent Fail[35,Li=fuszylogmath(time, alpha, Element Fai1l{25, 1}, Element Fail{3g,1}, 'ma

Himum® )

Elenent_ Fail{35,l{=fuszylogmath(time,;alpha; Element Fa1l{z5,1},Elemant_Fail{4l;1}, 'ma

Finam® }y

5.

Sadimsntatisn Sub-System
¥ 2 Parglel groupa of elepents
T oj01,.03 (02849

Elenent Fail{42, 1}=fuzzylogmathtime, alphs, Element FaillaZ 1} Element Failfdd, 1}, 'ma

wimam® )

Elenent Failfd3, llefuzsylogmathitlme,alphs, Blenent Fall{d3 1}, Element Fall{d5 1}, 'ma

Fimm® )y

.

Filtering Seh-Svstap
¥ 3 Faralel groaupa of elaments

$ (0103, 08, 07,08, 11) & (02, 04 08,08, 10,72) &

¥ (1B 28,17)

Elenant Fallldé,l}=-Cuzeylognath (Cime alphs, Blenent Faill{aé 1}, Elemant Fall{ad, L}, 'ma

Hximum® };

Elsnent Fail[dé, l}=fuzzylogmath (Cima alphs; Elenent Fail{ds, 1}, Element Fail{so, 1}, 'ma

ximoam® )o:

Elanent Fail{d4s,l}=fuzzylogmathitime,alpha, Element Pail{46,1},Elament Fail{cZ, 1}, 'ma

Fimum® §;

Elensnt_Fail[46, Lj=Fuzzylogmathitima,alphs, Elensnt_Fail{46,1},Element_Fail{54.1}, 'ma

Aimam® ) ;

Elenent Fall[d6,ly=fussylogmath(Cime, alphs, Blement Fall{d6, 1}, Element Fall{S6,1}, 'ma

=imum® b ;

Element_Fail[4%,ll=fuzzylogmathitime,alphs, Blement Fail{49,.1},Blemsnt_Fail{51,1}, 'ma

94



CiADocuments and Settings\Tbrahim'\Deskbtopi\Daily w. o SembLH.m Page: 20

Dacembar 2, 2004 4141 :32 PM
mimum® ) ;

521 Element_Fail{49, 1}=Fuzzyloamathitime,alphs,Elenent Fail{49,1},Blament Fall {53, 1}, 'ma
wimum® §

532 Elemenkt_Failf49,1}=fuzzyloagmathitime,alphs, Element Fail{49, 1},Blament Fall{Et, 1}, ‘ma
mimum® ) ;

m
L)
(¥}

Elenant Fail{do, lt=fumsylogmath (bime alphs, Blewent Pail{d9 1 Elemsant Fail{e7.1}, 'ma
wimum®
G#d  Elensnt_Fail[&0,1}=fuzzylogmith(time,alpha, Element_Fail{s0,1}, Element_ Fail{&L,1}, ‘ma

Fimum® by

6%5  Elenmant Fail[el,l}=fuzzylogmathitime,alpha,Element Fail{&0,1},Elament_ Fail{ez2,1}, 'ma
mimim® oy

6956

37 ¥7. High Lifting Sub-System

655 ¥ 1 Faralsl group

6313 & (81,02, 03]

700 Element_Fail|&3,l{=fuzzylogmathitime,alpha;Element Fall{63,1}Element_Fail{ed,1}, ‘ma
wlmam* by

701 Element Fail[g2,l}=-fuzzylogmathitime,alphs,Element Fail{&2, 1} Element Fall|[&5,1}, 'ma

i ®
102
To3 ¥, Convevangs Sub-Syatam
T4 ¥ I Faralel group
7085 ¥ {61, 02)

To8 Elenent Fail{ed, L}l=fuzsylogmathiclme,alphs, Blenent Fall{és 1}, Element Fall [65. Liy'ma

wimum® )y

el

08

709 8. Booebisg Sub-Systawm

F10 ¥ 1 Faralel group

711 01,02, 0%, 04)

712 Elenent Fail{70,1}-fuzcylagmath(time,alphs, Element Fail{?0,1},Elemént Falil{71,1}, 'ia
wimuam® )

712 Elemsnk_Fail{?0,1l}=fuzzyloamathitime, alphs, Blement Fail{70,1},Elament Pail{7= 1}, 'mz
Fimum® by

T4 Elanent Fail{ 70, t}=Efuzsylogmathitima,alpha, Bloment Fail{70,;1},Blemsnt Fail{ 72,1}, 'ma

wimum® ) ;
715
716 314, Sterage Sub-Srstam
717 %1 Faralel group
718 a4 (91,02, 05,84}

712  Element_Fail[75,l{=fuzzylogmathitime;alpha, Elenent Fail{75;1},Element_Fail{"s, 1}, ‘ma
wimum*
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740 Element_Fail{75,1}=Fuzzylogmathitime,alphs, Elensnt _Fail{75,1},Element Fail{77. 1}, 'ma «
Fimum® ) ;

731  Eleénsnt Fail{76,1}=fuzzyloomathitime, alphs, Element Faill78, 1), Blemant Fail{7a, 1}, tma «
wimum® ) ; -

T2 R R R R R P R R R R R R R R R R R R R R R R R R R R R RN R I R R RN IR
FEYFIE IR RIS TR

T2D o FRTRRRSETRERRRTERTRRLLNE Sorial Elomsnbstd bt b bt rs by s i b e e e ra s bR e b ensi v
FELFEERIRLRRRNESE

724 [Fow Cime,Col Cime]-gize(bime);

T35

736 F RFeixdering all Elsmsnt-Failurs MPe & £ull lepgth MP on time domai

727 for el=T:Ho of Elements

7a8 Elasment Fajl{el,l}=fuszylogmathitime;slpha,Element Fail{al;1}, Elemernt Fail{el, 1]«
L Pmazimum

719 and

T30

731 ¥ Them:.:.o gebting the start and the end of the gupport of sach Elesent-Failurs MF

T3Z % 1. Start of Supporc

T3 fop p2d=1:Mo_of Elemente

T34 for C-1:(C2] time-1]

735 if (Element Fail{s2, 1}(f Zj==01 & (Element Fail|eZ, 1}{(f+1],2}=0}

736 Syagbam(=2] .Elm‘nent_F‘ailure_Euppm:tl,l,l,u-Elemeur__Fail[sz,1 | L% i N

737 and

TS wnd

739  end

40 % 2. End of Bupport

741 for g%=1:Mo_of Elamanks

742 for £-1.(Col Einme-1)

743 if (Elament Failfsd, 1} (f,2i=0) & (Elemsnt Faili{s? 1}i(f+1), 2} ==d]

744 Bystamis?)  Blement_Failure Supportil, 2)=Elsment. Fail{sd 1} f+11,10;

745 ared

745 wd

47 end

T4 * 3. Calsulation &f support lemgbh of 311 P

T48 for ca-1:Mo. of Elemaents

754 Systemizd) .Elemant _Failure Support_Lengthdl, 11={Svstemi(=4) Elemsnt Failura Supps &
rbil, 21 -System (1) (Elamant Fallure Zuopportil 1))

751 end

152

53y ¥ Then:.ologetting the start and theoend of the modal values of each Blemeni-Failore -«
HE

754 % 1. Start of modal

96
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155 for mi=1:Mo of Elements

i for Ef=1- (U2l _tima-1)

Ei if (Elamsnt Faillimz, 1) (£f,2)enan (Element Faildn2,1%i:, 2100 & (Elamant Fail[m @
2,1 0TEE#L) 2V ==max {Blemant_PFailf{mz, 17(:, 2001

758 Systamim2) JElement_Failures Medalfl, 1)=Blement Fail{m2 1}(EE,17;

7549 and

T80 and

761 end

T8 * 2. End of Support

763 for'mi=1:No of Elaments

TE4 far Ef=1:1C21 bims-1)

765 if (Element Fail{ind, L} (ff 2Ve-max(Element Failim?, 1}0c,2)10) & (Elemetit Fail| w
m3, 1} CifE+L), 2vemaxiBlement Fail[m3, 1} (= 200

TEB Syatemimz) . Element Failure Modalil, 2)=Element Fail{m=z, 1} {(£E+1], L1y

757 and

768 and

789 and

TTa % 3. Caloulation of support length of all MPz

TT1 fop mi-1:Mo_of Elemente

TT2 Syatemimd] .Element Failure Modal Lengthi{l,Il-(Sy=stem (md) Elemant Failure Modal (1 e
y2h-Syatemind] .Elemsnt Failura Modal i, 1))s

773 end

774

778

778 ¥ Fuiid the seguencs of Augmentation Soh-System. stap wise

e ¥ Conmeption betwsen zubh system 15 vonsiderad serdal gopnact 1on

178

779 cBvetem Fail Informaticne|Zvstem(l) Elemsnt global ¥Mail,1) Syetem (1] Elensnt Failurs &
Suppert Léndgth(l, 1) Syatemil)  Elament Pailure Modal Lemgthil,1):...

Tan Systen12) .Elenent_global Woil, i) System(2) . BElemant Failure & &
uppert Lengthil 1) Svetem{2) Element Failure Modal Lemgbh(1,10...

iR Syetem (2] (Elenent dlabal Wail, i) System(?) Element Fallure S .
upporkt_Lengthil,1) Byskbam{l) Elemant_Fzailure Modal LengEh(l,1)e..-

TR Eyeten (4] (Elenent glaobal Waql,l) System(4) .Element Failure S
Llppc.:l:t_l'_m.gﬂ'l.[:l. Ll Byebamid} .E‘.'lmanl:_}":l.i lurn_Mg:l:ul_Lnn'g'I:h { e R ey A

Ta3 System (5] .Elenent global Hail, i) System(S) .Element. Failure & &
upport Lengthi(l,1) Eyetem{&) (Element Failure Modal Letngth (1, 1¥r...

T84 Syatemi6) Elensnt_global Woil.1l) System(6) . Element Failura & »
uppert_Lengthil,1) System (s Blemenkt_Failure Modal Lengbh{1.10; ...

]5 systen (7l Elenent global Hoil,l) System(7].Blement Fallure 5 &
uppert, Length (1,1 System(7).BElemant Fallure Mocdal Lengbh (1,10 i.4.

TeR System (13) Element_global Hoil, 1) System (12) Element Failure

97
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TR0

T3l

736
e
758
753
a00
801
202
a0l
204
805
g0
an7
FlE
509
2110
E1l

g1z
B13

H1d4

_fupport_Lengthit, 1) Sysktem{1¥) .Element_Failurs Modal Lengthil,1):...

System (74} .Element_glabal Mo {l, 1] -Systam [34) \Element_Failure «
_Puppert_Letgthi{l, 1) Syetemd{3d) .E:lamant_F‘ailure_Méa'al_L&ngth:l.ll |

Syatem (42) .Element_glabal Maoill, 11 System(42)  Elemenk_Failure &
_tupport_Lergthil, 1} System{42] .Element Failuws Msdal Lengbhi(l, 17:..4

Byeten (46) . Element glabal ¥aill,1] Syetem (d6)  Element Failure o
_support_Lergbhil, 1} System{4s] .Elemenbt_Failums M-odal Lengkh(ii11:..4

Sy=tam (55) (Elemant_global ¥o({l, 1) System (55) Elemsnt _Failurs o
_Bupport Lekgthil, 1) System(&8) .Element Failure Medal Length(l 1) ¢...

Ey=tem (60) (Element_global ¥o(l, 11 System (60 Elemsent_Failurse o

_Puppssrt Letsybhi(l, 11 Syetem{&0) Element Failuve Medal Length(l,11:..5

Eystem63) (Element global Moil, 1) Svestemi(63) Element Failure o

_Bupport_Lengthil, 1) System (&3] .Elemert_Failure Modal lLengbhi{l.11: ...

Svetem (68) (Element glakal ¥ai{l, 1) Sysetem (68) (Element Fallure v

_Bupport Lengbh(l; 1) System{Sgl.Element Farlurse Modal Lengthil, 13;...

Sysbem (703 (Element_global Hoi{l, 1] System (707 Elsment_Failurs «
_Support Lengbhil 1) System{To}.Element Fallure Modal Lengbhefl, 1) ;...

Svetem (75} .Element glokal Moil,l) Svstem(75).Element Fallure &
_Suppoert_Letigth (1, 1y SyetemiTE) (Blament Fallures Modal Lengthi{l 11]y

¥ Determing the ocontroiing MF, (firet MF wilth max support, then ME with max

F modal)
[Fow Fall,fol Fall]=glze(Systen Fall Informatlon) )

max support-mazx(Syvstem Fail Informatienm(s, Z))
m:.x_:uppnrt _a lamantzs=-find l{Eyﬂl:ﬂ.ru._F:. 12l _Infn rmaticnf:s, 2 --ru.:.w._sL'q;lp-\:,rI: by

[Fow max_suppork el ansnte, Col max support elements)-zizeimax support elems=its)

if (Row max support_elemantss1]
max modal-mai2yvaten Fail Informaticnl:,37)
maz modal slemente-Tind(Syetan Fall InCormation(:, 5] e=-nam_modal) |
[Bow max medal alaments, ol max medal slemants]l=size max medsl alemenks);:
1f (Row max modal slemetitas1)

Eirm tam_l-".:.il- rﬂ}r:tem_]?:lj l_InEn:m.:II:jnnlim:x_mda.l_nl:mnﬂtn i R G i 8 B =% t:rrn_F.:u 3 l_ [*3
Infoermation(max modal_slements (1,17 ,2) System_Fail Infermationimax modal slements(l, &
X237

mnd

Sysbem_Fail=[8ystem_Fail Information!imax modal elements (1, 1)l==max mcdall 1) Sys &
tem Fall Informaciotd{max modal elements (1, l)==max modall  Z) Syatem Fall Informaticn -«
[imax_modal_elemant=(1l, 1)==max_moedal) 31 ];
end
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816 System_Fail=[System Fail Informabion(nsx_support slementsi{l,1).1] Systen_Fail Inform &

aticn (max slppert alamerts(l,11,2) Bystem _Fail Informaticnimax eupport elemantes(l,1] @
iz

9417
218 L L s e R L R R e e TR ]
219 EEE L ea i OEEp S TENEFOOR, s pza the MP of the: controling Element
820 System Fail MP=Element_Fail{system Faillil, 1) 1}
221
22 [tow b eal t]=gize{Svstan Fail MF:

23

824 Rezilience Inde¥=0)
8215 - oeminator=o;

526 dencminator=0;

527 far E=l:irow E-1)

823 oM INALor=RocmImEaber+ 9. 5% (System_Fall MF(t+1, 1) +5yatem_Fall MELE, L)) 5

223 dencminator-denorinator+ (Sysbem Faill WPt 21f (0. 5% (Sygbtem Fail MF{t+l 1ll+Svsbem «
Fail MFIL, Lilldy

S50 and

831 Pegilience Index-tiominatar /densminatar
32
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1 % Last Modified: Thursday. dotobsr 07, 2404 §5:450m

A %=-1:0.01 45
E: Eime=010.1:200;
4 alp'ha:[l L
B F¥E. 000 e e 0 BEep ONEL L Lo, o BuiTding Skhrusturs- Array
£ F¥RIE i3 an grray that centaimes fislds upder egdh fialdthers are valuss of
T S¥¥strinngs
B
5 rdetarmines the number of total selemestsz div che dystem
10 [He of Elamsnts,ummy(l]=sizs(rowhsadscs)
IL
12 ¥ Build che Structure array Erdo che lopdrted sxoasl Fils.
12 for n=1:No of Elementa
14 Syatemin) = struct{'Blement Name' | rowheaderas(n, 1), 'Elemant ID° datain,1 e
k) e
15 "Elemant_global Ho'  dabaln, &), 'Element Capacity” daba (e8], -
1 "Elenent Recuirment'  dabain;$:11) , "Elenent Norm Cap Tri' data(n,12:1 e
i} ; 'Element Norm Reg Tri® data (n, 15:171, .00
17 *Elepent Merm. Cape Trap®datadn:18:21) , 'Elament_Horm Reo Trap! dakbsino«
(REVIEY paaca
13 "Elenent Stata TriMos' datain,26:20 , "Elament State Trapbos' datain, «
L W e P
19 *Elenent Failure Tel! datain,32:358) , *Element Failure Trap' datain, 26 «
13581
20 wnd
21
22 . e s Stan TG .o Laoterimineg the No. of ZBub.Svetoms

43 232 by paslualting the maximum No. Valoe in the TN firet twe digibs Li Deteriwine
24 2% the No, of elsments in sack Sub-gfvatem by egolualeing ths mascisum No, Talua iz

25 k%¥ the ID Iast two digits

26

27 for sse-l:No ol Elements ¥ gae giands’ foy Sub-Sydcen Elansnc

28 % Calmulation oF the Number of Sub-Sretoms

29 BubEysten (28e, 1) =[ [Syzten (2ge) (Elsnent ID(L, 1) Systen (gza) (Elsment ID(L, o
2¥1}s

) SubSyvetm Tenthtssa, 1) =mimdstriSubSysbem{sae, 17 1, 1))

31 subEyetm Unitaisse, 1) -nimIatr (BubSye ten] sse, 1] 01,21 ¢

12 SubSysten_String Code=streat (Subfyetm Tenth,SubSvetm Tnits):

SubSysten_MNumerical Code=strimum (SubSystem_String Codsl;

a4 Total SubSystens-nax (SubSvatsn Mumerical Codel;

15

6 % Calvulation of the Number of Elements in each Sub-Svetem

101
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17

ig
19
40

41
4z
43
44
45
46
47
48

&l
=h
62
o
o4
1]
G
a7
=]
G549
1
Tk
T2
73
74
75

Elsmant {s8e, 11 =1 [_Systa‘mtsaei JElemant _ID001,%) Systemi(sss) Elemsnt_ID{1,4) «

[ b

gubBvatm_Elemant Tenth (&ge, 11 -tnmzetr (Element{ess, 1] (1,100
SubSvetm Element Imits{zse, ll=numZstr{Blement|s=a, L} (1,20} ¢
Elsmant_ string Coda=gtrocat 1Subdivetm Elament Tenth, SubSyetm_Element Tnits &

Elemant Humsrical Ocde=strinum{Blement String Code) ;
wd

Symtam_Numeric ID Aeray=[SubfSysbem Munarical Code Element Fumerizal Codsl

¥ Creating zero matrix to Store Information on pumber of elements In saoch subayatem

Infommation Array=tercss (Total Subfystems ) ;

counber=ly
for =zaz=1;:No of Elemsnts-1)
Informatbict Array{counber, 1} -counker:

Information Arvayi{counter, 2} -8yatem Muneric ID Arrayisss2, 2}y

1f (Eystem Mumerls ID AtrayllsseZ+1] 2))<iSysbten Mmaric ID Arrayisssl 2 o

1
solte reooltitar+1
and

if countere-Total SubSystems

Informablan Rrraylcounter, 2i=Syatam Mmeric ID Rrray{ssel+l 2

and
wrid

R R TR R R R R R R R PR R R S TR R R R PR IR R R E PR AR
L 5 Srep THREE, . ... Make Puzzy MP usahle in Augmentation ¥
#3¥ U2ing the Trigngula NP in Che syscem Macrix ¥
& For 1=1:;No of Elamonte

¥ a=Eygtean(l) Element State TriMog|l 1)

' b=gpatan i), Elamsn I:_.’n’ta I:a_I'riH:r: [I.21¢

& o=fyatean (i) Floment Ftate TriMos (I, 3}z

* Elemstt MFVI, 1= (Erianguiar{alpha, & B, af ] ji

¥ and ¥
R R R R S R R R R A R R R R R R R R R A AR R R A
R I R R R R R N R R N R R R R AN Y R A A IR R RN AR RN AR AT R R R A A
%#F ... e oSbap THREE. .., sMake Puscy MP usable: in Augmentation: %
%%% Uzing the Trapizsidal MF in the syebem Matrix s

Lo . S« o
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T8 for i=1:Ho of Elsmants %

7 a=8ystem{1] Element_State TrapMozi1,1]: ¥

= b=8vetem(i] .Elemank_State TrapMosi{l, 21, ¥

e z=8yetem 1) ,Element State TrapMoz i1, 3] - ¥

30 d=5ystemfi) .Eloment_Stata TrapMosil, 4); ¥

21 Elemapnt M1, 1)=] [Erapimeidal (alpka, a b oo, d1]]; ¥

82 and ¥

833 R R R N R R N R R R R R AR A R IR LR AR SR R RN A R AR AR RN RS

24

HE RS Etep PAUR. ... Augmenting the paralel and redundant elemants
=11 ¥ pging the SUMMATION operator for bath

827 ¥ NOTE: &ll redundant elsments or parallel aleleming will be added to che
a8 &% fivet alement in the group (all walues will be incorporatad in the MFP

B #¥ valuoe af the first elepsnt)

30

21 FEETFSRFSRRTESFRSRRRFTNESF Rodundant Elementsiissssssiirsrsainsasssesdasiss
32 ¥1. Intake Sub-Svetem

= ¥ 1 Redundant slesssnte

24 D3 ---—04

35 Element MF{3, 1}=fuzzymathialpha, Element WME{3, 1] Element WME4 1}, 'sum' )

=11 ¥2. Leow LIfting Sub-Swatem

a7 ¥ 3 medundant alsments

EE ¥ 25----38, 27----40 & IH----42

99 Elepent MF{25,1}=fozzymathi{alpha Blement MF{25, 1], Slement MF{33 1}, *sum'))
100 Elensnt MF{27, 1}=fuzzymath{alpha, Blement MF{2T, 61} Blement MF{40, 1}, "sum' )y
101 Elnrl:nnt_H.'F'{ﬂEl, :I.}-Eu:zym.:.l;hl{alph:,Elnmml:_N.F{ﬂé. :I.] 2 Elarnmt_N.'F‘{-ﬂ.l, .1.}, Fmom b g
102
103 ¥3. Palsh Miming Suh-System
104 $PAC, Alum, and Polymer fub svetem
105 ¥ thera {2 me redundancy In'any of the alamenta
116
107 ¥, FPlecoulation Sub-Sysbem
103 ¥ thers (& no réedupdancy igany of the alsgents
109
114 ¥,  Sodimentation Sub-Syetem
111 ¥ 1 Redundant alements
112 F51----58
112 Elesment MF{51,1]=fuzsymathialpha, Blament MF{51, 1], Element MF{54,1], “=um'};
114
115 6 Piltering Sub-System
11a ¥ there is no radundancy in amny =f the elaments

10c
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117

11z ¥7. High Lifting Sub-Syatem

119 % thers is po redundapcy in any of the slements

130

121 ¥, Convevanss Sub-EByatam

122 ¥ thers 18 o radundancy Io anyof the glemsnts

123

124 ¥ Sterage Sub-Syvatem

125 ¥ thers is po radundancy in any of the sloments s

1ia

127 R R R A R R P R R S R S R A R S R T R R R S SRR P R R R S PR R R R RS SRR RS
+EER

128 EEREEEEIDELINRERILNNEREY Parallel Elementad i i ryen b p e syt e s sy e aaaa an e sassy o
FEEY

1z3 ¥l. Intake Sub-Svetem

130 ¥ there iz po parallel slements

T3

132 ¥2. Lew Liftding Sub-Swatem

133 ¥ 4 Faralel eismante

134 ¥ 08-20-11-I2 o

135 Elenent MP{%, 1}=fuzzymachialpha Element ME{%, 1], Element MEP{10,1]}, 'aum®l

136 Elepent MF{9,1}=fuzzymstliialphs Blement MP{%, 1], Elament MF[{11,1}, 'sun'];

137  Elensnt MF{2, 1}=fuszymath{alpha Element MF{Z, 1} Element ME{1Z,1], Yaum'];

138

1343 ¥, Palsgh Mixing Sub-Syatem

140 FOAC, Alum, and Polymer Sub Svatem

141 % 14-1%

142 *16-217F

143 *I9-20-20-22

144 §o23-24

145 Fo2T-20-F3-30

146 i )

147 ¥ 35 36-37-38

145  Element MF}l¢,1}=fuzzymathialphs, Zlement MF{1d,1],Element MF{1& 1], f=m');

149  Elensnt MF{16, 1}=fussymathialpha, Blement MF{1&,1],Blament MF{17,1], "=um'};

150  Elesment MF{19,1)=fuzsymathialpha, Elament MF{12, 1], Element MF{20, 1], “=um'};

151  Elensent MF{19 1}=fuzzymathialpha, BElement WE{13, 1], Blement MFy{z1, 1], "sum');

152 Element MF{13,1}=fucsymathialpha,Blement MF{1%, 1}, Bleament MF{2z, 1], "sum'};

153  Elemsnt MP{23 . 1]=fussymathialpha, Element MF{23, 1}, Element MF{24, 1], "sum');

104
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154
1EE
1t&
157
158
1513
150
161
182
153
1s4
1E5
156
1&7
Ie3
183
170
171
172
173
174
175
176
177
175
1739
18a
18l
182
183
la4
1B5
106
187
123
109
1za
1%1
1%2
153
1%4
135

Elepesnt_MF{27, 1}=fuzzymathi{alpha, Blament MF{27, 1}, Elemsnt MF{Z%, 11,
Elenent MP{27, 1}=fuzzymathialpha,Blemant MF{27. 1), Elemsnt MF{2%,1},
El émsnt_MPI27, 1}-fuszymathialpha; Blament MPIET, 1}, Element_MFI30; 17,
Elanent_ MP{31,1}=fuzzymathialpha, Blemant MF{31, 1), Elemant MF{3Z 17},
Elémenk_ MP{35 1 }=fuzzymath{alpha, Elemant MF{3L 1], BElemsnt MF{3&;1],
Elenant MP{35, 1}=fuzzymath{alpha, Blement MF{3E 1], Elemsnt MPI3T, 1},
Elemsnk MP{215, 1]=fuszymathialphs, Elemant ME{AE 1], Blament MF{32,17},

¥, Floooulation Sub-Syatem
¥ 4 Faralel elamants
¥ AF-d3-44-dF
Elenent MF{4%,1}=fuzzymathitalphs, Tlement MF{42,1], 8lement MF{43, 1],
Elenent MF{4Z, 1]=fuzzymath{alpha, Element MF{4Z, 1], Element_MF{d4,1],
Elenent MF{42,1}=fuzzymathialpha, Element MF{42;1},Element MF{45, 1],

¥5. Sedimentatisn Sub-Sysbem
¥ 2 Faralel groups of elemants
¥ d6-47
¥ 435D

Elenant MPi46, 1 [-fuzzymath jalpha, Blement MF{4E,1 ] yElement MFi47T, 1},
Elenent MF}49, 1l=fuzzymathialpha, Elamant MF|4%, 1), Element MF{&0 17,

B, Filtering Sub-Siecem
¥4 Farale]l alsments
$ E2.53-54-55
Elnrl:nnt_H.'F'{EE,:I.}-Eu:zym.:.l'.hl{alph:,Elnmml:_N.F{52,1].Elarnml:_N.'F‘{EB.l},
Elansnt MFLEZ, 1}-fuzzymath (alphs, Element MF{52 1), Element MF{&d, 17},
Elenant MF]E2 1}-fuzzymath(alpha, Element MF{£2, 1} Element MF{EE, 1},

¥7. High Lifting Sub-Syatam
% d Faralel slsmehts
§e0-al-62-83
Elsnant MF{&0, 1]-fuzeymathialpha, Elemnent MF{&0, 1], Elsment MF{&1,1],
Elanent MP{£0, 1}=fuzzymath{alpha, Blament NF{&0, 1], Blomenk MP{EX 1],
Elen=nt_MF{s0, 1]=fuztymath{alpha, Element MF{$0, 1], Element MF{&£3,1}],

¥8. CDeonveyancs Suwb-System
5 there iz po parall=l glements

§9. Storage Sub-Srebem
% & Paralel slamsntes

faum ')
faum 'y
" Y g
feum ' ;
feuam
fam

faum )

falm
fEam
rEum)

=R

=5

Form b
TEim
=11 R ]

lg-LTml:'I.
Fmuam' )

feam )

10t



CiADocuments and Settingsd\TIbrahim'\Deskbtopi\Daily w. o NEmAE.m Pags &

Dacembar 2, 2004 4154:54 PHM

1%6 & 85-58

157 Blement MP{65,1}=fuzzymathialgha,Elenent MPI£5 1}, Elenant MP{&6,. 1), *=un* ) ;

158 L LR A A R R R A SRR L
SEEE

199 FECRREEER TR R RS RTETERANE Sorial Elomsnbs bt i e e s b b e a R b e p b bR R AR NPT RN R R R RN I
22T

00

201 F Fulld the segience of Augmantatbion Sub-Systam stap wlgs

202 ¥ Conpmection bebwesn gob syatem I1a songidered gerdal:samnection

203

204 ¥, Intake sub-syates

205 *1 gerial 2 serial I¥

206 § gtar elemsnt means it has & rdundant elemsnt

207  System Statesfuzzvlogmathizx,alphsa,Elensnt MF{1, 1}, Element BF{Z.1}, ‘mixiwoam® js

2058 System State-fuzzylogmathix,alphs System State Element MF[2, 1}, 'mindnm ')

209

2110 ¥2. Low Lifting Sub-Swvatem

211 5 gerdial 7 oseriasl (3F) serial 13

212  Syeten State-fuscylogmathix,alpha, Syaten. State,Eleanent MFP{S, 1}, 'manimam’ ¢

212 System State-fuzsylogmathix, alpha, Syetem State, Element WME{T, 1}, 'miamimim®);

214 Syetem State-fuzeylogmathix,alpha, S},rstea_Etate,Element_MF‘{ 9,1y, 'mandvimt

215  EBystem State-fuzzyloguathi{x alphs, System Etate Element #F[13,1}, 'mindmme);

21le

217 +3.  Falah MIixing Sub-Syacem

218 FPAC, Alum, and Polymer Sub syetem

219 $ (244) dsrial (168) serial 18 sertal (194 ssrial (23} ser e
ial

230 ¥ 25# gerdal 24 gayial {278 serial (21#) serial 33 serial o
34 serial I'SE#.J

221  Bystem_Statesfuzzvlogmathix,alpha, 8vsten_State, BElemant ME{14,1}, 'minimum® ) ;

212  Bystem State-fuzmylogmathix, alphs, System State, Element ME[1E, 1}, ‘minimim® )

233 gyotem State-Tuzrylogmathix, alphs, Syetem State Elanent MEf1D, L}, ‘mindimom® )

234  System State=fuzzylogmathix,alpha, System State,Elament MP{1%, 1), 'minimm*);

215 Bvstem State-fuszylogmathix, alpha, Svstem State, Elemsnt MF{22, 1), ‘minimon )

238 Syotom Stata=fuzaylogmathix;alpha, Syetom ftata, Elaomant MP{2E; 1}, 'minimm* ) ;

227 System_State=fuzzylogmathix,dlpha, gysten_State Elament MFP{Z&, 1}, 'minimim®);

218  system State-fuzzylogmathix;alpha, System State, Element ME{ET, 1}, '‘minivm® ),

229 Syvstem State=fuzzylodmathix,slpha.S@vsten State,Element MF{Z1,1}, 'minimm®);

230 System Statesfuzcylogmathix, slpha,@vaten State, Elament MF{33, 1}, 'minimm*);

£31 System State-fuszylogmathix, alpha, Syestem State,Elament MP[Z4, L}, ‘miniman® )

432 Bystem_State=fuzcylogmathix,alpha, Systen State,Element ME{35,1}, 'minimuan®);

233

10¢
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234 4. Plocoulation Sub-Swstem

236 % po sgrials, only previous system-stabe

236 Bvetem State-furzylogmathix, alpha, Svetem State, Element ME{4Z, 1}, 'minimm® ),
237

238 ¥L. Sedimentatisn Sub-Swvetom

249 % (d&¥) gerial 42 serial [50§) amsrial Kl

240 Symtem State=fuzzylogmathix,alpha, System State, Elament MP{44, 1), 'minimm*);
241  system State=fuzzylogmathix, alpha, System Stite, Element MF{ 48,1, 'miniman® ) ;
2432 Sy&tEn_State-fuszylaémath(x.alpha.sygtan_state,Element_MF[BG,1},'mjnimuu';;
243 Symtem_State=fuzzylogmathix, alpha, @v=tem_State Eleament MP{S1,1}, 'minimm*®);
244

245 ¥, Filtering Sub-Systen

240 § (624} serial 56 serial 57

247 System Stateefuzzvlogmathix, alphs;System State,Elanent M52, L}, 'minimmm® )
248  System State-fuzzylogmathiz, alpha, System State Element ME[S6,1}, 'miyndman® )
249  System_State=fuzcylogmathix,alpha, System_State, Element MF{57T, 1}, 'miniman’ ) ;
2510

251

252 ¥P. - High Lifting Sub-Sygtem

283 t Eg.merial [60#)

254 Syetem State-fuzeylogmathix,alpha, S},rstan_Etate,Element_MF‘{ 59,1, 'minimm® ) ;
255  EBystem State-fuzzyloguathi{x alphs, System Etate Element #F[&0, 1}, 'mindmme);
255

257 FEL ConVelands  SobhsSyatam

258 ¥ ngoogerials, only pravious system-atéta

259 Evetem Etate-furzyloguathix, alpha, Svetem State, Element ME{&4,1}, 'minimm® )}
261

ZB1 ¥o_ Sterage Fub-Swratem

252 ¥ no oseriagla, only previcous sypstem-atate

Z63  Bystem_Statesfuzzvlogmathix,alpha, Svsten_State, Blemant ME{&5, 1%, 'minimum® ) ;
254

285 [Row %, cal ¥]-gifein)) ¥ badio Information abopt x-valped” {(X-axiza)

266 Wo x staps=Col =®-1;

287 3 step=max(y]fNo X atepay

289 AR R PR R R R R R LR R R R R T R R T R R R R R R R R P R R R R S A R R R Y

269 ¥ keoping the original Systomftate MP with zaros for farther use in

274 ¥ galouaticn of the averlsp ares

271 Svstem State xwize=System Stabe:

T2 RS R R R R RAER E R S R A R PR R R R R AR R R R R R AT RN R AR PR AR A R

273

274  SBystem_States [System_Stateifind(Systen_Statai:, 2)=0),1) System_Stateifipd(System_Sta w

Lol 21 200,20
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275 [chmm_zTaw, chmm_zoll=size(Systesm_State)

276 Ovatem_State=[(Systen_Skabte il 1V x step) (;8vstem State; (System Stateldunm row,11+x. «
etepl 0]

257

ETFE . ERTRREAEERE L 0L Byatem Stats Areas, . PEEFrErebRsbs b e i b vy v

279 ¥ Detareinme tha maximum. alpks wvalue 1n £sf svatepm-state matrix,

284 Maximam_zlpha Svstem State=max(Systan. Statal: 2y 1;

221

2832 % baged on the Ko, of rows, & loop will gesroh For the row fndex of the

2483 % maximum alpha-walua

284 [reuw System EFrate, columty_Svetem ftabe]-size{Syetem Staka) |

2385 max inder Eystem State=0r

286 for t=l:row System State

287 max inder Svaben State=max indew System State+l)

288 if Systen State (b, Zi==Maximam alpha Svsbem State

283 braak ;

230 and

290 and

232

253 ¥ the range Cred the maximun walue fo Sere will he divided for high

254 ¥ regolution alpba.

255 alpha range. Eystem State=Maximum alphs Syvstem Btate;

235 step no Syebem State=l0o

257 gbep Systen Staté=Maximum alpha Svetem Stace/srep no System Stcate;

2548

259 ¥Taterpaiaticon

10 floft.-Hand Interpolation

301 Lefb Svetén Ftates (interpl (Syetem Stabéell:max index System Stake, ) Syab @
& ftatedlman index Syatem Stats, 1), 0:s5tep Zwvatem State:Maximum alpha System Stars] o
2 :' i

anz Eystam State Le[Left Svatem State (D:atep Systém State:Mawinmum zlpha Sys &
Lem Scace) 'J;

303 §Right -Hand Interpolation

34 Right Evatam Statas (interpl [System Stateimax: index Sysbem Staterrow Bysb &
:m_ﬂ baka; 2} [ Bya r_am_E takta [Tn.'l.x._:'l n,:ln-:lr._ﬂya l:am_St ata: rﬂw_Sys I:-:u'n_é! tata, 1), D.m tnp_Sy: I::un_S E
ate:Maximm_alpha_ Sysbem Statsl "1

305 Syetem State E=[Right System Etate (f:step System StaterMaximum alpha Sy«
sten_Skatal '] :

206

3oy rArea-Caloulation

08 strip Arsa Systen_States=0;

2049 for tt=1; (stap no_ System_State-1)

10¢€
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311

311
a1z

313
214
315
£l
317

313
312

320
321
322
323
114
325
336
237
112
339
i34
331
F32
ok
334
356
136
337
338
333
241
341
343
343

strip Arsa_System State=strip Ares_System Etates+ (0.5% { (Byskam_Stake Ritt 1] -
System_State Liitb, 1))+ (System State R{(EE+1) 17 -8ystem Stats Li{fkt+l), 1)1 *step Syst

e Boakal )
mnd

Arsa_Svstem Stats=strip Aras System States(0.5% (Sysbam Stats R li=tep no Systam 2
Eate+l] 1) -Syetam State Lifstep 1o Syatem Stats+ll, 1) i*sbtep Syvetem Statel )

#eigiited Area-ralculation

walghted etrip Rfea Eysten State-0;
for ttt=1:istep _nc System Skate-1}

walghted steip Area Syvebem Stabe-wslighbed gtrip Area Syebam State+( (0,5 ((5y
aten State 'R(CEL, L)-Syaten: State LIttt,11)+{Syetem State RI(ELE+1), Ii-Syetem Stabe L
[{EEE+1T, 100 ) ¥3kbap. Syskem Stake) ¥ {(S@ystem Stats LIctt 2] +Sysbem_Skabe Li{(Ebb+1) 211 %

0-Eile
arnd

welghted Arsa System State=walghted strip Arsa System_State+ [ 1005* (Bystem_ Stake
Riistep o Syebem Ztate+l); li-System State Li(step no System Stabe+l); ly)*etep Syste

m_Stabtel+Syvstem State Listep no Systen State,Z)ly
FEXRFERIRER, ., Syoben State Areas.  EFERRRERERRRRRINREREIRIRIRRIINY

AR R R R R R R N T R R R R N IR R R R R TR R R E AT R R AR N RN Y

[ po R I Step FPIVE. . .. Define ths Aoceptable lavalis) of pﬂfnemame 3

3% using trapieoddal MF as fa.b,0,d) whers dad

Ho of Levelsei;
Ml=w-0.5; MZ=d .5 MI=5; Md=E;
Lewel ly-trapmf (z, [ml m2 m3 md])y
Lanel 1-[x! Ldwal 1s'];

IE level l=imlfm2)/{n2-ml}

ni=0.2; n¥=1; n¥=5: nd=5;

Leavel 2v-trapmf i, (Bl 02 h3 nd]),
Lanel Z=[x' Level Zy'];

IR Leval 2=ini*n2)fin2-nl);

qlem-1:0; glmb: gi=Eb; gdw=k;

Lewvel Sy=trapmf(x, [gl g2 g3 g4l):
Level Z=[x' Leweal 3313

IE Dewal 3= (qlvglf (q2-gl):

L= LR Level 1,08 Lewel 2;LE Level 3]

G
#
&

R R N R R R R R R R R R R R R R R R R A AR R R R R R R R R R R AR A R Y

L3

L

L

L3
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344 T R R R R R R R R R R R R R R R R R A R R R R AR R R R RN R AR
S5 CHEE L e Btep SIX., .. Calculation of the overlap Matrix by taking the mindmum
345 33 of the state function and sach lsval
147  Owarbap Lewal Ty=minflewal 14:, 2] 8vsten_State wwisal: 2101+
348 OwerLap Lewal _l1=[x' Cwerlap_Lewsl_1v]:
349
350 nperLap Lewel Jy=minfLewsl Z0: 2] System_State_xwissi: 217;
A1  owerLap Level =[x OwerLap Lewvel zZvl:
3E2
353 worLap:Lewsl Sy=min(Lewval 31{:,;2) ,8v=ten_State xwizmei:,217:
354 onratLap Lavel Ie{x' owerlap Lewal 3wl
385
256 % taka-cff the zercs from both ands of tha overlap area
157
255 Area Level l=0vetrlap Devel 1(ifind(OverLap Lewvel 10:,2)=011,xhs
359  Area_Leval_ 1_stacts[min 1Overkap Lavel 1 (findisverlap Leval 16(:2):00) ;1)) =x_step 0] «
350 Area Level 1 end-[maxidverlap Lewvel L((findifwerbap Lewel 1{(:,21=01) ;1) +x step 0] ;
361 Area Level 1= [Ares Level I start:hres Lewvel 1rArea Lewel 1 end]
362
363 Area Lewvel Z-ovetrLap Lewel 24 (findiOverlap Lewel 20 20=001),:0
364 Area Level 2 esbabte[nin|fvetlap Lewel 2[ (findi{owverLap Lewveal Z{: 21=0)),11)-% step 0] «
365  Area Level Z ende[inaxiOverLap Lewvel Z{iLindidverbap Lewel Fi:,Z)l=01),1)0+% BCéep O
366 Area Level Z-[Area Lewvel Z startihrea Lewvel ZjArea Level 2 end];
367
168
289 Area Lewvel IeOwarLap Lewvel 300f ind (Onrerlap Lewal 20 202010, 10
370 A¥ea Leéwel 3 start-[nin(fverlap Lewel 2((find{owerlap Léwal 3{: 2100, 110 -%_2teg 0] &
1Tl ared Lewvel -3 end-[max{Ouvsrlap Level 30 (Einditverlap Lessl ;21000 1)) +w etep 0] ¢
AFZ  Arga Level J-fArea Level I start;firea Lewval 3 Arves Lewvel 2 and)]
173
374 AR R R R R R R F R R A R R N F R R E A R F R R R R AR R R R R R R E R R R AR A AT R R E R EYD
176 B2 2 SR Stap SEVEN: ... Caloulation of the ovarlap dres L woighted arca by dinko &
pralation over alpha cuts
ATE Y for sach overlap matrix
A
373 FEAREEERREE, ., Level ONE. . PEEERERRSAERS R AT RN AR REL
= ¥ Detargpioe the maximum alpha walue ia t=h ovelap matrix.
By Maximam_alpha Area Level l=maxi{brea Lsval 11(:.211;
381

11C
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122
343
324
385
3BE
a7
a5
23
320
391
382
353
354
=
336
BT
13z
354
400
4071

40z

!

i

L

405

4086
407
408
409
410

411
412

413
414

% baged om the Ko, of rows, a lecp will search for the row index of the

¥ maximum alpha valus

|reuw_hres Tewsal 1, cclunn fArea Lewvel ll-sigelArsa Leval 1),

LEES

for

and

index Area Level 1=0:

ii=l:row Afea Lewval 1

max inder Rres Lewvel l-max indew Area Leval 1415

if RAres Level 1131, 2)==Maximm_alpha Ares Leval 1
braak

and

* bhe range frog bhe maximom value fo Zare will be divided for high

% resolution alpha.

alpha range Reea Level l-Maximum alphs Erea Lewsl 1)

sbep no Area Lewvel 1=1007

stap_Bren Level l=Maximum_ slpha_~rea Level 1/scep ne Area_Level 1;

¥nterpolaticn

*eaflt-Hand Interpelation
Left hrea Lavel I-(intetpl Area Lewvel 1{l:max ihdex Area Lewvel 1,2 Area

_Lewal 1{lomaw index Ares Lewal 1,1y ,0:ztep Abea Lewvel 1l:Maximin alpha krea Lewvel 1)

i

:l._L eyl i

Ares Level 1 Le[Left Area Lewel 1 (0:8Cep Area Level 1:Maximum alpha Are
1) Tq
#Right -Hand Interpolation

Right Ares Level l-(interpliArea Lewel 1imax_index Area Lewel l:row Ares

_Law:vl i 24 Ara =._an1 ik I'm.a.x_indnx_jur'n:._f.mrﬂl e raw_}urn:_l'_av-nl_i s 1 B B I:u.p_.n‘-;rna._L.a-'\.u
1_1:Maximm alpha Area Level 114,

Area Lewel 1 B-[Right Rheea Level 1 [0:ztep Ares Lewal 1:-Madimum alphs Ar

sa_lawal 131'];

FAres-Caloulacian

strip Area Area_ Lawel 1=0;

far Ji=-1:(sbtep ne Area Level 1-1)
ntri]_:i_.n‘-lra:l._.ﬂ.tn:l._'lf.nvnl_:l.n:t rip_hrh:_hre:_]lﬂwl_l-; 0 Ewd I:.i!lrr:r.:l._ann l_ l_R o i o
Araa_Laval 1 L7y, 11i+[Area_Lewel 1 _Eifjj+1d,1)-Area Lewsl 1 Li[jj+L),1:1]1¥stap_Arsa
_Lewal 1y
and

Aras bhres Level l=strip hrea Brea [evel 1+(0.5* {hrea [ewvel 1 Riistep_no Area_Lewv

a1 1417,

Li-krea Lewsl 1 Li{step no Ares Level 1+1),1))7step &rea Level 13

#eighted Araa-Caloulation

K

&

111
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415
415
417

418
414

420
421
4232
423
414
435
428
437
438
439
430
431
432
433
474
435
418
237
431z
439
4410
411
gaz
443
a4
245

444

447
443

waighted_strip Area_ Mrea Lewsl_ 1=0;

for

kk=1: [stap no Araa, Lewsl 1-1)
walghted strip Area hres Lewal l-weldghbed strip frea Rrea Lewel 1+((0.B+([Ar @

sa_lewval 1 Rikk,1}-brea_Leval 1 _Likk,11}+[Area_Lewal 1 R{fkk+1}), 1V -Area Level 1 Lilk «
k+1y,1Vi)%atep Area_Lawsl 1)*([Arsa_Lewsal 1_Likk,2) +hred_Lewval 1 LiCkk+1T 21)0*G.5)170;

atid

Waighted Area Area [eval l=wsighted strip Area Area [evel 1+{(0.5%{Area Level_ 1 «
Riistap no Arsa Laval 1410 ,1)=Arasa Levwal 1 Lidstep no krea Level 1+1), 1)) *step hisa o
Level 1)*hrea Level 1 Listep ns Area Lewal 1.2)):

ERFREEERSEY. . Devel ONE. . FRRRTERESsade e re vR e s ane vy

FEFETTEIERRT 20 Level TRO. 3Rl rysssidrsassrsss s sssssrany
% Detearmine the maximum alpha walue in t8h ovelap matrix.
Maximam_ alphy Area Lewvel Zemax(Bres Lewel 20,2k

% baged on the e, of rows, a loep will saarch for the row inodex of the

¥ maxioum alpha value

lrew Area Level 2 columty Area Level 2|-size(Area Lewvel 29y

ma¥, 1tndes Arsa Level <0

foxr

and

111=1:row Area Lavel 2

max andex Area Level Jemax indax Area Lewvel 2+1;

if nres Lewel 20311, 2]==Maximum_alpha Ares Lewel 2
break

end

¥ the range from bthe maximem value bg. Zarc will ba divided for ﬁ.ig'h

¥ regelution alpha.
alpka range Area Lewvel IZ-Masimin calphs Ares Lewvel 25

step no Area_Level 2=100:

gtep Ares Level Z-Mawimum alpha Aves Lewel Z/step no Area Leval 2

¥Interpciation

#refr-Hand Interpelation
Laf I:_Jl. rna_Lm.ln 1_2- [inbtarpl [.i-'u:-a;l._Lmna 1_2 Ll rl:l_\i:_:'lndnx_hr:.:._I.mnnl _2 SV AToa B

_Lewal Zilemax_index Area Lenssl_2, 1) 0:5bep_frea Level 2:Maximm_alpha hres Lewal 21 w

Lk

Arss_Level 2 L=[Left Area Leval 2 (0:step Area Lewvael 2:Maxinum alpha_Are o

a Lewel =21']:

FRight-Hand [noerpoiatlon
Right Arsa_ [evel 2= (interpllArea: Level Zimax. index Area Level Iirow Arsa o

_Level 2,2 jArea_Lavel 2 imax_indsx Area Leval 2:row brea Leval 2,1) Q:step Area Leve «

11
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1_2:Maximam_slpha hrea Lewel 211
444 Araa_Lewesl 2 _R=[Right Area [evel 2 [(0:step Ares Lewel I:Maximum_alpha AT «

aa Lewval Zit]y

4510

451 ¥Area-Calculation

452 BErip Avas Avea Lavel 2-03

453 for j7j=1:(step no Area_ Leawvel 2-1)

454 strdp Area Rrea Lewvel 2=strip Ares Ares [evel I+ (0.05* (tArea Level 2 R{337,1) o
-hrea Bavel 2 LJj7j,1)1)+ihrea Leval Z-R[[j13+1) 1)l-Area Lewvel 2 L{133+1), 1)) ) tatep W
Araa_Laval 21:

455 ams

456 Ares h¥ea Level 2=gbrip hred Araa: Level Z+(0.5f{krea Level F Riistep no Area Lew @
al 241) 1} -brea Leval 2 Lilstesp no Brea Leval 2+41), 1)) ¥step frea Lewsl 11;

457

455 Melghtad Area-Caloulaticn

4539 walghted strip Area_Ared_Laval zZ=0:

4640 for kkk=1:lstep ho Area Lewvel Z2-1)

461 walghted steip Area Area Lewvel 2-wzighted strip Area Area Lewel 24+ ((0.5*[{Ar«
ga Lewel 2 Rikkk,l})-hrea Lewval 2 Likkk, 1))+ ihtea Level 2B (kkk+1) Ly -Ares Leval 2 Lo«
[ikkk+1] 1)) *ekep Rrea Lewel 2] *{{krea Lewvel 2 L(kkk,2)+Area Lewal 2 Lilkkk+l) 2])* @
05104

452 and

463 Welghted Area Rrea Level J-welghted sbpip” Area Area Level Z+(10.5% (kyea Level 7w«
Rifatep no Ares Lavel 2+1), L:l--a‘-u.t'&a_Lével_::_Lt febep no Ares Level 2+41),1)1%atep hres w
Lavel 21*hrea Lewvel 2 Lietep no Atea Iewel =, Z1):

454 FAFITFEIFER. ... Tevel TRO. . SR iraossderyass s banssssssiy

466

4566 TEFEFERIITF. ... Level THREE. .. _%"%’%’#l EEFFERER R RN IV I IRIRNL RS

467 ¥ Detsrmime the maximue alpha value i tah ovelap smatrix,

4648 Maximum_=alpha Area Level F=maxidces Level 20(:, 200

4649

4710 ¥ baged o Lhe NG, of rows; & loop Will dearch for the row index of Che

471 % maximum alphs walus

472 [row Area Level I cclumt Area Lewvel 2]-siza(Area Lewval 1)

dF3 max indax Araa Lewval I=0;

474 £for iiii=1:row Araa Level 3

475 max index hres Lavel I=max:inder Ares Lovel I+l;

476 if Ares Level 3(31iii,2)==Maxinum_slpha_Area Level 3

477 break ;

478 and

479 and

480

€
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481 % the range From bhe maximem valus to Serc will be divided for high

442 % resclution alpha.

483 alpha_fange Area Level A-Maximim_alpha hres Tewsal 3

484 sbep oo Area Level 3=100: -

485 skbep Ares Leyel =Maximum_ alpha Arsa Level 2/step oo Area Lewsl 3

486

487 ¥Interpeiation

483 FLeft-Hand Interpelation

4839 Left Area Level 3J-(interpl (Area Leéwsl 3(lruax index Ares Level 2 30 Ares
_Lemal Filemax index Ares Lenssl_ 3, 1) 0:5bep_frea Lewvel F:Maximm_alpha hres Lewal 31
iy

4320 Ares Lewel 3 Le[left Area: Lewel I (D:abep hres Level Z:Maxinum alpha Are
a Lewel 3)']:

431 FRight-Hand Inberpelatdon

432 Right Area [evel 3= [mterpl{Area Level 3{max: index Area Lewvel Z:btow Area
_Level 3,2) Area_Level I imax_indsx RArea_Leval I:;row_ hrea Lewval 3,1) \Q:sbtep Area Leve
1 3:Maximuom alpha Area Lewvel 27°);

453 Area Lewvel 3 RE-[Right Area Lewvel 3 {(0:ztep Area Lewal Z:Maximom alpha Ar
aa Tewad 301]

454

435 ¥Area-Calaulation

426 gbrip Rtes Atea Leyal Ja0y

437 for jjjj=1:istep no Area Lewvel 3-1)

4%5 grrlp Area Rfes Leyval Z=steip Ares Lres Devel S+00.59%( (Ares Level  E(3277,1
J-Rres Lewvel 2 L3371, 11)+iReea Leval 3 Bi43337+1) 1) -Area Level 3 Li0Y733+410,11)) %=
Eep Arez Lewal 2

45a and

500 Ares hrea Tevel d=gCrip RArea Area Level 3+00.5%(Area Level 3 Rilstep no Rrea Lew
al 41] 1Y -RAres Level 2 Li(atep wo Aren Level 2411, 1j)tebap heés Tewel 3]

50l

5b2 Welghted Ares-Caloulaticn

503 welghted sbrip Arca Area Lovel 3-0;

EDd for kkkk=1: iptop no Area Lewvel 3-17

505 waightied strip Area hroa Leval I-weighted strip Area Area Leval 24+ [0 B* [ (Ar
g3 Lewal 37 Bikkkl; 1¥iAres Lewal 3 LikEkl, 133+ (Area Lovel 3 R{(kkkkal}, 1)-Araa Leval
3 L ikkkk+1), 110 1% step Area_Lewal 3)% [(Area Lewsl 3 Likkkk,&)+hres Dewval & Litkkkk+l
1,20 r#aEr)

506 amd

50T Weidhted Area Ares [evel Izweighted strip Ares Area Level 3+ (10 5% {Ares Lawel 3
Ri{acep no Area Leval 3+1),1)-Aresa Level 3 Lijstep no hrea Lewvel 3+1),1)]1¥step frea
Lewvel 31*Aves Level  Listep no Avea leswal 3,2)) ¢

508 FREVEETERSE. ., Devel THREE. $EEESLiddd s st reainussddabiy

K

L S

114
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509

519 Area=[Ares Ares Level 1:Area Area Level 2:Area Area Leval 215

511  Max [evel-find (Absa--max(hrea)ly

B12 R R R R R R R AR T R SRR PR R R R R RS R R R R R E R TR

B13 ®¥¥ L. uee .0 Bhep BICET. . Reliabiliby messure ‘Caleulaticn

514 M Lewvel T<Maighted hres AFea Level 1/Waidhted Area Svabtem State:

E16 M Lewvel 2=Weighted hres Arex Level 2/Waightad Area Svsbem Stabss

G168 M _Lewsl JF=Msighted frea Ared Lewval 3/wWeighted Area sysbem ftata:

517 Od- [ Lawvel 1M Lewel ZpCM Lewsl 3]

518

519 Raliability Indei= (max (CHy:LE(Max Lewel, 110 fmax (LR

520 TR N R R A R N R T N I R A R R F Y A A R R T R R A I AR AR AT A R TR AR

531 EEY . .u.. .. 8tep NINE.... . Rovbustnese measure Caloulation

522 BRobustness Index 1 Za1y (M Lewvel 1-CM Lewsel Z)

522 ERobustness: Indew 1 3=l (CM Level 1-CM Level 33

524 Fobustness Indew 2 3=1/ [CM_ Lewel - 2-CM_Lewal 30

525 AR IR RN I R R N R R R R N A R R N R A R R R N R R R AR A R R R R AR AR AR AN

52i R R RN N R R R N R N RN R E R N AR VR R R A A R R R N N A R R AR R R N AR TR AT

27 R N R N R R RN R RN N R R R R R RN AR R AR R R AT RN AR E AR Y

538 By s iy sy EREIEIRIRR AR RIIAERL:

5329  RRRIREREIURRFEIRLERRREFRIINLG

530 3R yITEIIRYRIIIEE

531 #rasEsy

532 3%

533 12

534 %

36 i

536 13

537 FEFFIEE

38 BETIRELEREReREY

533 e e L e R L LAY T

B4 AR R R A A R R R R R AR R AR R A R R B R AR AR Y

B4l R R R R R R R R R R R R R R R R R R R R R AR TR R R PR R R R R R

=8 AR R R R R R R R R A R R R N N P R R R E AR R R R R R AR R R R R R A E R R R AR A AT

(55 S B2 2 SR Stag TEM. .. .. Racglignca moasure Calonlatioa

544

L e L L L e L e e e e R R e P TR e T L L

Bde &Rt LuLL. .l Btean TEN-ONE. ... Maks Purzy MP usable in augmentation #

547 &%% Using the Triangula MNP in the system Natrix S

545 & oY I=l:No-of Elsments &

e 3 aa=System i) Blament Pailure Tri(I.1): 3

554 & bb=Rystem i) Blament Pailure Tri(l,2}: %

11¢
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BEL k co=gystem i) . Blament Failure Tri (i, 3);: §

BEE2 & E'Iewsrnt_F'aiI|'i,.1_J=.!'{t:iangula:fall?hﬂ.aa,bb,cc)j}; %

553 ¥ o=nd .

554 PR e e R R e e R e R e e e TR e

BEE R R R R R R R R R R R R R R R R R R R R R R R R AR R R R RNy

556 L 5 Srep TEM-TWD, . ... Maka PUZEV MFP Usahls in Augmentation %

ES7  #%% Using the Trapizoaidal MP in Ethe syebem- Matrix 2

L5a for i=1l:Mo ol Elements ¥

553 as-Syetem (1) (Element Failure Trap(l, 1) ¥

tate] bE=8ystam (1) (Element Failure Trapll, 2): i

BEEL co=Fyetem (1) (Elsment  Failure Teag(l, 2, *

562 dd=Zystam (1) (Elemant Fatlure Trapll,d) i ¥

e Elament Fail (i,1)={ [trapizeidalialpha,aa bhec ddll]; &

564 and ki

565 AR IR IR R N R R R N E R R R N R R R R A R I R R R AR AR R R RN AR AR AR

565

587 FER e Step TEMN-THREE...:. Augmeeinting the paralsel and redundant slementa

583 ¥ ueing the MAXTMDM operator for both

EE3 ¥ NOTE, all redundaknt eloemente or parallsl elelembing will ke added to the
570 2} firet slament in che group (all valwves will be ingorporated if the MFP
571 3 value of the firat elemsnt)

572

573 FRER R T RN IR NN Y Eadundant Elemental iy yirsrsassssatesssaslzsessy

574 ¥1. Intake Sub-Svatem

575 ¥ 1 medundant al&ment

5716 x 43----0d

577 Elnupnt_F;il{} - :I.i--fu.izylugm:.r_h [timn.;lph:.,ﬂlamnl:_?ail-:B 5 :I.]_,:E'.I.m.r:nt_P:.:i.J [-t, :I.} . fmaxim
ity

578

574

5810 ¥2. Low Lifting Sub-Syatem

5a1 # 3 Eedundant 23dmsnt

BRZ § G830, DTl Aeioidl

583 Elsnent Fail[2§, L}=fuzzylogmath(time alphs;Elefent Fail{28 1}, Element Fail{3s 1}, 'ma

ximoam® )o:

524  Elemankt Fail{27,l}=fuzzylogmathitime,alpha,Element Fail{27,1},Elament_ Fail{40,1}, 'ma

Fimum® §;

585  Elemsnt_Fail[2%,l}=Ffuzzylogmathitime,alphs,Element_Fail{2%,1},Elsment_Fail{dl, 1}, ‘ma

wimam® ) ;
586
BRT 3. Palsh Mixing Sub-System
5RE $PAC, Alum, and Pelywer fub system

&

11€
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a9 ¥ there is no redundancy in any of the slements

530 '

=5= ¥, Flecoulation Sub-Syatem

Ro2 ¥ there iz oo redundansy in any of the slements

553

5oy ¥5. Sagdimentation Sub-Syatem

&b ¥ 5 Redundant slament

nEa ¥ Fl---E25

537 Elsnent Fail[51, L}=fuzzylogmath(time alphs;Elefent Fail{s1 1},Element Fail{s2, 1}, 'ma «
wimum® );

= E- k]

5549 ¥, Filtering Sub-Systen

Lgital ¥ there 15 no redundancy in any. of the elements

601

G0 ¥7. High Lifting Sub-sSyaten

G603 ¥ there ¢ no radundancy iR any of the slsments

604

605 el Convevanos Sub-Svatam

=1 ] ¥ thoere ig no redupdansy in any of bhe elements

&507

aha ¥,  Starage Sub-Srstes

a09 ¥ thers iz o redundapcy dp amy of the elements

610

611 AR R R R A R R R R T R TR R E TR A R R AR R AR A VR R A A R AL A A AR A AR
FEEFRAFIITE

alz2 AREFEREIRERRINRRRLRLLENEY Parallel Elamentariisys it ro sy e s mas v assdysassss o
EEFERRFEREE

613 ¥i. Intake Fub-Swvatem

5614 ¥ theyrs i2 no paraliel alsments

615

BEli ¥2. Low Lifting Sub-Syatem

517 # 4 Faralel elsmsntsa

al15 F09-30-11-12

619 Elsnent Faill{s, 1}-fuszylogmath (time, dlpha Element Fail{s, 1], Elsnent Fail{1o,1l}, 'maml o
mam ')z

620 Elen=nt_Fail{d, 1}=fuzzylogmathitime,alpha Element Fail{#, 1}, Element Fail{11,1}, 'maxi «
o

G2l  Elemsnt_Fail[8, 1}=fuszvlogmathitime,alpha Elemsnt_Fdi1{9,1],Element. Fail{12,1}, 'maxi «
mam 3

522

a3 %3, Falsh Mixing Sub-System

a4 $PAC, Alum, and Pelywer fub system
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G256
6
527
628
By
634
G631

& 14-15
8 I18-17
X 19-20-21-22
oE3-24
fo27-28-28-00
¥ 31-322
§o3E-3E-37-08

G32  Elensnt_Fail(l4;1l}=fuzzylogmath(time,alpha, Element_Fail{l4,1}, Element Fail[15,1}, ‘ma

Fimum®

633  Elenmankt Failf{ie,l}=fuzzylogmathitime,alpha,Element Fail{16,1},Elament_ Fail 17,1}, 'ma

Fimwun®

G634 Elenant Fail[19,l}=fuzzylogmathitime, alphs,Element Fail{19,1},Elemsnt Fail{20, 1}, 'ma

Aimam® ) ;

635 Elenent Fail{13,;l}=fuszylogmathitime alphs,Elensent Fa11{19,1},Element Fail{zi,1}, 'ma

Himum® )

G36 Element_Fail[13,l{=fuzzylogmathitime,alphs;Element Fal1l{19,1},Element_Fail{zz, 1}, '‘ma

Finam® }y

637 Element Fail{2z,l}-fuzzylogmathitime,alphs,Elenent Fail{23, 1} Element Fail|24,1}, 'ma

wnimpam® o

G638 Elenent Fail{27 1}=fuzsylogmathitime, alphs,Blement Fail{27,1},Element Fail{22,1} 'ma

Fimam® by

639  Element Fail{z27,l}=fuzzylogmath (time,alphs,Element Fail{27 1} Element Fail{zs, 1}, 'ma

wimam® )

(= 2 Elenent Fail{27,L}lefuzsylogmathiclme,alphs, Blenent Fall{27, 1}, Element Fall[s0 1}, 'ma

Fimm® )y

641 Elensnt Fail{z1 1}=fuzsylogmath(time,alphs, Blenent Fail{21,1}, Element Fail{32,1} 'ma

=imum® b

42 Elensnt Fail[25 1}=fuzsylogmathibime,alphs, Blement Fail{26 1} Element Fail{Zg, 1}, 'ma

wimun® )y

642  Elemenkt Failf36,1l}=fuzzyloamathitime,alphs,Element Fail{6,1},Blament Fail{37,1}, ‘ma

witmun® §

5d4d  Element Fallf:6 1j-Cfuzzylognach (Clme alphs  Elenent Faill{28 1}, Elament Fail{2ad, L}, 'ma

Hximum® };
645
B4
B47
E48

#4. Plooouldtion Sub-Syatom
¥ 4 Faralel elamants
2 dZ-4d3-44-35

649  Elemsnt_Fail[4Z,l}=Ffuzzylogmathitime,alphs,Element_Fail{42,1},Elsment_Fail{43.1}, ‘;a

Aimam® ) ;

650 Elenent Faill[d2,li=fussylogmathicime,alphs; Element Fall{42 1},Elament Fall{dd,l}, ‘ma

=imum® b ;

f51  Elemsnt_Fail[42,1}=fuzzylogmathitima,alphs; Element Fail{42.1} Element_ Fail{45,1}, 'ma
o i ¥iog iz = I .

11€
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mimum® ) ;

a52

553 ¥E. Ssdimentation Sub-Sveben

554 % 2 Paralel groups of elemsnts

B5E o B

656 ¥ 49-RD

557  Elemsnkt_Faill46,ll=fuzzyloamathitime, slphs,Blement Fail{46,1},Elamant PFail{47, 1}, 'ma «
wimum® ) ;

658  Elsnent Fail[a9,l}=fuzzylogmath(time alphs;Elefent Fail{49 1},Element Fail{so, 1}, 'ma «
wimum® );

[=1=22]

BEf ¥, Filtering Sub-Systen

a1 % 4 Faralel elaments

662 - F253-64-F5

G663 Elenent Fail[52,1}=fuzcylogmathitime,alphs, Element Fail{52,1},Elsment Fail{&z,1}, 'ma «
wIMUm" b

654 Elewent Fail[52,l)=fuzzyleogmathitime, alphs, Element Fail{s5z,1},Element Fail{sd 1}, '‘ma «
Finum® )y

665  Element Faills2,l}=fussylogmathitime,; alphs, Element Fall[52,1},BElement Fail{E5,1}; '‘ma «
wlmum* b g

BEE

=18 ¥7. High Lirting Sub-System

BES % d Faralel elsments

B59 ¥ £0-61-62-53

670  Elzpent Faill60,1}-fuzsylogmathitime, alphs, Blenent Fail{en, 1}, Element Fail{sl, 1}, 'ma «
Fimum )y

671 Elnrl:nnt_F':.:i.:I.{El:l,L}-Eu::ylngm:.l:h[t‘i.mn_,=1ph.=.E'.|:ﬂ'um1l:_F'=.:i.] [EEI, 1 } .Elﬂhmh_?:il{éﬂ. 1 }. 'ma u
Fimum® )y

672 Elenant Fail[&0,1}=-fuseylogmathitime Alphs, Element Fail{s0, 1}, Element Fall{e3 1}, 'da o

wimum® ) ;

673

= ¥R Convevatos Sub-Syatsem

675 § bhers iy no parallel slements

676

677 0. Sbtorage Sub-Syctam

574 ¥ £E-58

679  Elenant Fail[65,l}=fuzzylogmath(time, alphs Element Fail{65,1},Elemsnt Fail{6s, 1}, 'ma &
wimum® )

GR5 AR R T R R R R R N S T R R R R AT R S A R R R AR AR R R R R
FEEF NIRRT EY

BRT  EREEFEFEETTRREYSERERVERSY Sorial Blomentef R s siiiussasiieassas e e asassariansis e
FERTRESEORTRRATSE
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RE2

7 [Bow time,Col_timel=sizeltima) ;

524

525 & Eendering all Element-Failure MPs a full lengbth WP on time domain.

26 for sl1=1:Ha of Elamants

6a7 Element Faillel,l<fuzevlcaqmathitims, zlpha, Element Fail{el, 1], Blement Fzillel 17 @
¢ tmaximum' 1

a3 wnd

5213

650 % Then.....getting the start and the snd of the support of each Element-Fallura MF

21 & I. 2tart of Suppoxrt

6%2 for s2-T:Ho of Elements

EE3 for £=1:1021_time-11

634 if (Element Fail{gz,1}(f, 2i==0] & (Elemsnt Faill{sz, 1} {(E+11,21%0]

625 Syatem{=2] .Element Failure Supportil,li=Element Faillsz,1}if;11;

G306 amd

657 and

635 and

633 ¥ 2. Bud of Suppeort

700 for ai-1:Ho of Elemants

TOL for f-1:|C02]l time-1]

70z if (Element Faillza IV(E 2i=0) & (Element Failis= 1}{(E+1) 2)==0]

703 Syetemi{sz) Elemant Failire Support(l, 2l -Elsment Fail{sz, 1}((f+11, 10

T4 and

705 and

706 énd

707 b 3 Calculation &f zupport Jdength of alIl MPg

70T for gd=1:Ma of Elemente

J09 Syotemisd] (Element Failues Support Lengthil, 1]-{2vatenfzd) Elament Fallure Supps @
rt{l,2) -gy=tem (54} .Blament_Failurs Supperb{l,117:

710 wind

Tid

712 % Then...,.getting the start and the sod of the modal walnss of sach Blement-Failurs «
ME

713 F I, Start SF modal

714  for'mi=1:Na of Elaments

715 for £f=1l:(Col time-1)

Tl if (Elamant Fail[mZ, 1} (ff,2)<naxiElamant Fail{m2 1] i:, 2010 & (Elsment_Fail{m «
2,1 U E+L) 20 ==max{Element Faillme, 1] 0,200

717 Syatemim2) ;Elemeht Failure Modalil, 1)=Element Failjm2, 1} (CL,11

718 end

713 amid

12C
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740 end

721 & 3. Bod of Bupport

J12 for m¥-1:Mo_of Elemante

7aa for Ef=1: (0l tine-1)

724 if (BElemsnt Fail{m3,1}{ff,2}=-max(Elemsnt PFailimz,1}{;,271) & (Elemsnt Fzil| &
m2, 1] (ffE+1), 2) emaxiElament Failima, 1i(:, 251

T35 Systamimz) (Element_Failure Modalil, 2)=Element Fail{m3z 1}{CEf+1) 1) ;

TiE and

727 wnd

718 end

29 F 3. Caloulation of support lepngth of all Mes

730 for md=T:Ho of Elements

731 Sysbemimd) .Element _Failure Modal lesngth(l,1)={8yvstem (m4) (Elemsnt Failurs Modal (1 o
JZreSystemnimd) (Element Pailure Modal (1,110

T32 and

733

734

T35 % Bulld the seguenge of Augmernbation Swh-Swvatem step wize

T3 ¥ Conmection bebwosn sub oyabtem iz considered gerisl commnocticon

737 Syetem Fall Informatlons |System(l) .Element global Ha(l,1l) System (1) .Elenent Failura
Support Lemgth (1,1 Sysbem{l) Elemstit Failure Modal Lengbhil L)g...

738 System [2) . Elenent global Wofl, 1) System(2).Element Failure 5 &
upcrt Length (1, 1) Syetem(z) Element Fallure Modal Lengehi(l,1:...

T3 System (2) Elepsnt glohal Noil, 1) System(?) Elemanc Fallure &
uppert Lengthil, L) Svetem(3) Elsment Failure Modal Length(l,1b:...

40 Evstem (8] .Elensnt global Nall,1l) System(5) .Element Failure 2 e
Llppbrt_I.ﬂ.n.g‘l:h['.l..i:l Svabam{t) .E!lmmnt_}":ilun_ﬂ:d.:.l_Lﬂngtth, u 3 T

T41 Eyetem (7] .Elensnt global Hail,1) Systeml|?) .Element Failure 5 &
uppert Letgth 1,1y Svetem{T)y Elanent Failure Modal Letgbh (1,10 ...

42 Systen(9) .Elonent_global Waoil, i) System(9).Element Failure & &
uppert Length(l 1) Svetem{S) .Element Failure Modal Lemgbh(1,10...

743 Syebem (13) (Elament glabal Hol{l, 1) System [13)  Eldsmaent Failure e
_support_Lergbhil, 1} System({l3) .Elememb_Failums Modal Lengkh(i11:..4

T44 Eyeten (14) (Elament glebal Moil.1l) Syetem(1d) . Elament Fallure
_QL'q:tpert_Lnfr;I:h[l y 1 BycbamiLd) .Eln‘m:mt_F‘:ilurn_Ma-ﬂ:l_LanthI::I..'.I.] Fiiin

45 Ey=tem (16) (Element_global ¥o(l, 11 System (18} (Element_Failurs «
_Bupport Lekgthil, LY Systemi{l&]l _Elemsnt Failure Modal Lengthdl,1):i.:

748 Syabem15) .Elsment_glabal Moill, 11 System{18) .Elsment_ Failure «
_Bgpport_Letgbhi(l, 1) System{18) .Elemernt_Failure Modal lLengbh{l.11: ...

747 Svelem (13) (Element glaobal ¥a(l, 1) System(1%) Elenent Fallure o
_Bupport_Lengthil, 1} Systemils) .Element Failure Modal Lengthil 1) :...

T4 System (23) Element_global Hoil, 1) System (23) Element Failure

121
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T4

750

TEL

754

755

i+l

TE7

758

754

TE1

781

TH6

67

_fupport_Lengthit, 1)
_Buppert_Lergthi{l, 1)
_support_Lengthil; 1}
_suppert_Lemgthil, 1}
_Euppsrt Letmgth(l, 1)
_Eupport Lemgthil, 1l
_Bgpport_Letgbhi(l, 1)
_Bupport Lebngth(l; 1)
_Eupport Letgthil 1)

_Suppoert_Letgth (1,1

_Bupport Letbh(l, 1)

_Support Length (L, 1)

_Bupport_Length{l,1)
_Buppert_Leogbhil, 1)
_Support_Lengchil, 1)
_Euppsrt Letmgth(l, 1)
_Suppert_Lengthil, 1]
_Support_Lengbth(l, 1)
_Support Lengthi(l; 1)

_Bupport_Lergbh(l, 13

Syskem (23] .EBlemant _Failure Modal_ Lengbhi(l, 11:...

System (25) \Element_glabal Ho{l, 1] System (25) ,Element_Failure
Syetemi{ZE) .Ela‘maut_?ailure_r-ma'al_l.&ngth:1 5 1 1 I

Syatem{26) ,Blement_glabal Maoill, 11 System{26)  Elemenkt_Failure
System{z6) (Elament Failure Modal ILemgbhi(l,11:...

Byeten (27) . Element glabal ¥ail,1] Syetem (27)  Element Failure
Syskam{z7) .Element Failurs Modal Lengbhil1l:...

Sysban (31) (Elemant _global ¥o({l, 1) System (310  Elemsnt_Failurs
Syatemidl) .Element Failurse Modal Lengbh(1,113...

Ey=tem (33) (Element_global Mol 11 System (33) (Element_Failurs
Svrebam{3z] . Element Failurse Modal Lengthil 1) ...

Sveten (34)  Element glaobal ¥Modl, 1) System (Zd) Element Failure
Sysbemd{34) .Elemarit Failure Mcdal lengbhi(1l,11;: ...

Svetem (25) (Element glaekal ¥ai{l, 1) Syetem (35) (Element Fallure
SystemiI5] -Element Farlurse Modal Lengbh{l 13;...

Sysbem (42 (Element_global Hoi{l, 1] System (427 Elsment_Failurs
Eystemid2) (Elemant Fallurs Modal Lengbho(l, 11:..s

Svetemid6) .Element glokal Hoil,l) Svetemi{de) . Element Faillure
Syrebem{ds) Blement Fallure Modal Lengbhil 11 0o

System (48]  Element glabal Hoagl, 1) Systen [d48) . Element Faillure
Systemidg) Element Failurs Modal Lengthi{l 1l:..s

SysCem (50) . Element glabal Mo (1, 1] Syaten(50) Element Fallure
SystemiE0) _Element Failure Modal Lengbhil,114...

Eymbam (S 1) .Elmant_glnb:l_}lnl{i.i] Eymbam (S 1) .Elmant_F;ilur-ﬂ
Syatemi5l] .Elemmt_?ailura__r-mﬂ'al_lﬁngﬂltl.lj " -

Eystem (52)  Element glabal ¥ail,1] System(52) Element Failure
Swskem(52] .Elemant_ Fiilurs Modal lLengthi(l,11:...

Syeten (56)  Blement glabal Hoil, 1] Syetem (56)  Element Failure
Sygtemfbe) (Element Failurse Modal Lengbhil 1) q...

Symtem (57) .Elemant_glaobal Mol 11 System(57) .Elemant_Failure
Syatem|&7) .Element Failurs Modal Lengbth(l,113...

Eymtom-(&3) .Elmmt_glnbal_}dnlil. 1) Eymtom- (&%) .Elr:u'nmt_P.:.ilur:.
System (&3] (Element_PFailure Modal Lengthil, 117 ...

Syeten (537 (Element glaobal Modl, 1) System(52) Element Failure
Swsbemi52) (Blemert Failure Modal lengbhil,11: ...

Syatem (60} .Element_global ¥Moi{l, 1) System(s0)  Elemant_ Failure
Sysbem(sl] cElement Fallurs Modal Lengthil,1)i...

Symtem (65) (Element_global Mol 1] System (65)  Elesmsant_Failurs
SystemisS) (Element Failurse Modal Lengthi{l,11]:

K

5

L8

&

®

12
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=t

F64 & Debtermins the centroling MP, (First MF with max support, then MF with max

774 * wadall

71

T2 [Row_Fail,Col_Fatll=sizafsy=tem_Fail Information] s

T3

774 max support=max(Sy=tem Fail Infermatiemi: 2));

775 max pupport elamasnte-find{System Fall Informaticn (i 2F--mai suppsrt o

TTe [Fow max support elemente,Col max support elemente]-giZe(mex . support aloments)

37

TTE if ([Row max support elamentssl)

778 max modal=-max(Syatem Fall Informationlc, 3113

Jan max modal elamentssfind(System_Fail Informablcnt: Fl==max_madall;

TAL [Row max modal elements;Col max medal elemente]-size(max modal elementely

TRZ 1f (Row max modal elementssl)

TB3 system Falle[System_Fail Inmformationimax_ madal elemetits01,1), 1) System_Fail_
Informabicrimay modal elemente(1,1),2) Syetem Fail Informaticnimax modal elemetits (1,
1) i3kl

Ta4 and

Ta5 Syatem Fall-[fystem Fall Information|imax modsl elements{l 1)e--max nodaly 1) Sye
I:em_F‘ail_InE-:u:m_"l'_' 1ol [m.:x_'_mcu:'l:ll_cln:mentu (A, 1y —-ru.u_':._mndal] \ '2:1 S}"nl:em_Pﬂ.:i.'.l_Infnrmatn:m 2
(Amax_madal slemeritz(l,1)=-max modall 2]y

786 end

787

785  System Fail-|8ystem Fail Informaticninax support elemenbsl,1),1) Systen Fail Inform
aclen(max sdpport elemsnts(l, 1), 2) Syacem Fall Informationimax suppart elemencs(l, 1)
I

749

T80 R R R S T R R T R R P R E R R S A R R T A A R R R R R AR Y

Te1l EEE ..., 8te TEN-FOOR. . ... usa the MP of the controling Element

732 Evstem Fail MP-Elemsnt Fail{system Fail(l,1),1};

T893

T4 [row E.ool tl=giceiSvabam Fail BEFY;

755

736  PRezilience: Index=0;

727 nominator=0;

728 dencminator=0:

T892  fop b=l:irow b-1)

a0 nomimator=nomind ber+ (005 (Bysbem_Fail MP(t+1,1) #Sysbem_Fail MELE L1000

a0 denominaber=denoninator+ (System_FaIl MF(t, 21 % (D5 (System_Fail MF{t+1, 11+8yskbam_
Fail MFIit, 131005

B0E  end

203  Rezilisnce Indsz-toominabor /denomimator

504

12

€
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1. FUZZY TRIANGULAR MEM EBRSHIP FUNCTION

2. FUZZY TRAPIZOIDAL ME MEBRSHIP FUNCTION

3. FUZZY ARTITHEMTATIC OPERAT IONS

4. FUZZY LOGIC OPERATIO NS

124
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[t

=3 T pn i oo

poom

TN A Y T O O A = O = R = B 1Ry S Yy = gy o R
T B 1 R T T A e O Y I R S R ) B R

funmckion A=triangularialpha,a. k. 2}
FTRIANGULAR Fuzzy Numbsr
* Lagt Medified: Sunday, July FF, 2004 &6:150a

if [k<al,
digp [ *Het walid inpukb - b must be sa &%)
braak;

wlsaif (c<hi,
digp{ ot valid input - ¢ must ba 2= Bo]g
braak :

and

[Row al Col all=sizelalpha) s

Ho-alphs step=Ccol al-1:
alpha step-max alpha) /Ne alpha stapg

Eor 1=1:({2%No alpha_ step) +1)
1f (i<=Hz alpha skep)
MFH(1, 1) =a+y{i-1) talpha atep® (b-a) g
MFH {1, 21=mit{alphal+{(i1-1)*alpha step),
ol B
MFN (L, 1) =bi+{{1-1-Ho alphs step) *alpba stept (c-bl)y
MFNL1, 21 =maxialphal - ((1-1-Fo alpha step) ralpha step) g
amd
and
Bm [MEH {2, 1) MEH e, 23]

12t
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[

oo o=d Mo o W opo

I e e Y e e
Fiot BT ' R I RN o IR Y T

21

funmckion A=trapizoidal (alpha, s, bog,d)
FTRAFTIECIDAL Puzzy Number
% Lagt Nedified: Sunday. July

2B, 2004 &7 005

if (besl,
digpi"Hot wvalid input - b must be 2= a®ly
h‘!ﬂ-l]\‘.,'

aleaffl lo=al,
digp("Not valid inpub - muskt be = a'li
braak ;

elzaff [deoa),
digp ("Moot valid inpub - 4 must be = &%)
break ;

alaeif (cch),
digp ("Moot walid inpub -
breal

elzeff (d<hb),
digpl Mot wvalld 1nput - d musk be s= L]y
bzealk

aleaif (deo),

]

must be = Bo)p

[¥]

digp{ "ot walid input - d must ba >= o*l;
break,
wnd

[Row_al ,Eol_al]-siz.u falphay §

Ho_alpha step=Col al-1;
alpha_step=maxilalpha! Hs alphs sktap:

For 1-l:[[2%¥Ho-alpha stepl +2)
1f {iz=llc alpha_skep!
MER (i1 =a+{{i-1] *alpha_step* (b-&] ) ;
MFR {1, 2 ) =miryfalphal & § (3-1] l.:.l_ph::._:':ap:l :
&nd

1f li==(Ho alpha stap+ell)
MFR {1, 10 =h;
MFI{1 2] =L;

end

1f (le=(Mooglpha step+2))

12¢
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43
44
45
46
47
45

MEN {1, 1] =7
MFM(i;2)=1;
end

1f {isdllc_alpha_skep+Zl)
MEH (i 11 =e+{{1-2-Ho_alpha step) ¥alpha sktepvid-cli;
MFR {1, 2)smaxfalpha) - (12 -Nn_:.lph_n_step] \'.ﬂlphﬂ._ﬂtip:l T
&nd
anil
F=[MEH (s, 1) MFH [+, 301
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1 fumekieon result = fumzymsthialpha, b, B opsrator)

4 & Last Modified: Monday: July 24, 2004 @9:00aw

E;

4

E [Row_al Lol _al]l=rizelfalphal; ¥ basgic information about membership valuss falphai
&  HWoalphs step=Ool al-1;

T ‘alpha_step=max(alpha} Wz alpha sktap;

B

% ¥ Basis infermaticon shout the two wembership fupotions
10 [Row A/Col Al=gizaill;
11 [Row B, Col Bl=eizeiB)
1z
12 ¥ a Joop to make ons matrix with laft and right value to perform the interval calcul o
atioms (thia iz done for che
14 ¥ two mepmbarship funationat

15 % the LEFT values
1l for:i-1:Col al

Y E o e T e I

12 BBy, Sh=RB L1, Lh;

19  emd

zd

21 ¥ the RIGHT valuss

22 COUNEEY el

23 for j=0:MN& alpha step

24 counter=counter+1l;

25 AA (dounber, 2y R (Fow B-3) 10y
25 BR [-:n:uunl:nrlﬁ:l-El:l:H-;M_Jl.-j:l..1.] i
27  end

28 ¥ corvaspopding alphs values
29 fork=1:Ccl &l

30a AR, Ly =R k2

31 BER, L) =Bk R

12 end

33

a4 & Interval arithsatio

35 fep:L=i1:Col Al

36 1f strchploparatoer, ‘sum'),

7 result _intervalil, 1) =A(L.21;

a8 result intervalil,2)=834L,2) +BB{L; 21 ;
338 result Inkerval (Lo 2l=AR{L, 21 +BBI{L, 3]
44

41 elpelf strompioperateor, ‘sub’),

12¢
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a3z result_interal=[(AA(L, 1} -BRIL, 2} ) (ARIL,Z)-BBIL, 131

43 rasult_dnkerval (L, 17=A(L,27;

44 regult interval (L 2)-AR{L 2] -BEB{L,Z] ¢

45 result idksrval (L, 31 =AR{L, 3] -BE(L, 2] 7

48

47 atid

45 end

43

=18

51 ¥ Rebuilding the resultant Membership function in the same way 38 in the
52 # Input wspbership funotions

53 * bhe Triamgular cgse

54 if (R0Zol_al, 2)==1) & (A0{Col_sl+1);,2)==1]

55 for yvl=1:0cl al

56 restlE (¥l 2i=A(¥1, 201

57 rasulk (¥l, li=resul t_inksrval (¥1,2)F

58 and

59 for wi-l:Ho alpha sbtep

(=27} ragulk { (Col_al+y2d  2y=Al0Cal al-yey, 20
a8l result (ol al+y2)  Lj=reanlt interval (Sol al-w2) 2y
a2 wnd

53 ¥ the Trapizcidal caas

64  alseif (LiCol al, Zleel] & (Bi(Col al+l) 2j==l)
a5 for zil=l:Col Al

=151 reasulb (s, 2i=-A(21,2)

57 reetlbizl, li=repult tnterval izl 2]

58 and

59 for zZ-0:Ho alpha atep

70 repule { (061 al+z2a+1)  27=-AllCal al-z22) 3]
i tagult [ [Col_al+zZ+1),11=result_inkerval [(Col_al-z2).3):
T2 atid

73 end

74

5
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1  fumcktion © = fuzsylogmabhi{Domain.alpha, X, B, operatec)
4 & Last Modified: Friday; August 1%, 2004 @E.-li'iﬂpm
E;
4
E [Row_al Lol _al]l=rizelfalphal; ¥ basgic information about membership valuss falphai
&  Ho alphs stepe-Col al-1y
T ‘alpha_step=max(alpha} ¥z alpha staps;
B
g
10 [Fow Domain,Del_ Domain)=size(bomiind i # basic information about Domain-valuwess [(Domai o
n-axiz)
11 FHo Domain stepe=Col Domait-1r
12 Domain step=maxiDomain] fNo Domain =steps;
T3
14
15 L L e e R 1 [ e b e L s
16 A e e e e e e e e e e B e o e o e e e e e Y i e B
7 ¥ Add end values for A -and B to gover ths whole rapge of Domaip-valuesg. ... bo gvo o
1d - giving negatdve values in oase
18 ¥ of net defining the end Domadn-values of A and B
19
20 1f minfDomaind <Ll 1)
21 ALCL, 1) mminn Domali g
22 RAL, 2] =0y
23 R [BAG1, L} BR(1:2)R]g
24 and
25 [Ftow_h,'.’:nl_.h]—nizal:h:l.' ¥ Bagio information aboot the MP of &, it ig hare ko take in &
b aooount amyr ohangsa
2B ¥ dua to the changs in dimansismz- aftar the fivet cendiciop
2
23 if maxiDomaing =R{Row K 1)
29 RRA(RoW Mel) 1) =maniDomaing
a0 BB (Row A+l 21=0:
a1 L= (B AATIRoW A41) , 1) AR (Row_E+1) 20 ]
1z and
a3
a4 if miniDomaini<B{1,1]
38 BE{L, 1)l=minilomain) ;
16 BE1, 21=0;
E B=[BE[1, L) BBI1,Z} :B];
15 &mid
33 [Fow BCol Bl=sizeiB): % Basic Informaticon abowt tha MF of B, it iz here to take in«

13C
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41
41
42
42
44
45
44
47
43
43
50
51
52

53

in
ok

LS L TR ) |
a m

dr Ul n
B R S T v |

[ S e L e
Lad b

o
=

bo acoount any change

¥ dys to the changd in dimsnsions after the first condition

if maxiDomain)=BlRow B, 1)
BE{ (Fow B+l)  1l=max{Dcmain) ;
BE{ (Row Brl),2)1=07
B=[E:BBE((Eow B+11,1) BEB([Row B+1] ;2)1;

Aminberplihf: 1) Rf - 2]  Domalnl s
A [Doanairie Rl
A=hl;

B=interpliBl: 11,B4:,2],Domalnl g
BE=[DomaitacB] ¢
B=E'y

if strompioparakter, '‘manimam’),
Cmmiri il 20 Bl 210y
and

if sbyomp {operabsr, 'mawimum),
o S TP = A

and
T [ [Domainty O

[Raw C ol Cl=gize(C) - % Basia Information about tha -MP of O
for w=1:Row T
if Cw, 220
Ciw 2] =07
amid
and

131



