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XN=W 3 uDN=Uxv}W}@ w xm@W |=yxv} Ry uDN=Uxv}tm 'Q[=L VywSB R= hOy

%�4 |r= 1 \@=wQ� CU= xOw@ [10]'u=Q=mty w O=U=QB |Q}PBh=]av= C}r@=k
Minimize f1 =

npX
1

Ci(Di;Li) (1)

Maximize f2 = In (2)

Maximize f3 = It (3)

Maximize f4 = Im (4)

O=OaD np &Li pw] w Di Q]k =@ i |xrwr |xv} Ry Ci(Di; Li) '=yu; QO xm
=Im w O=R=t Oy ẁtHt XN=W %It &|Q}PBh=]av= XN=W %In &xm@W |=yxrwr

"OvDUy O=R=t Oy |xv}tm XN=W
%OwW C}=aQ O}=@ 7 |r= 5 \@=wQ j@=]t |m}rwQO}y Ow}k u}vJty

gj(H;D) = 0 j = 1; 2; 3; ::::; nn (5)

Hj � H l
j j = 1; 2; 3; ::::; nn (6)

Di 2 fAg i = 1; 2; 3; :::; np (7)

O=OaD %nn &xkrL |SQv= pO=aD w |}xQo sQH pO=aD CqO=at %gi(H;D) '=yu; QO xm
w xQo Qy QO R=}vOQwt |xv}tm Q=Wi Q=Okt Hl

j &xQo Qy QO Q=Wi %Hj &p=YD= \=kv
"OvDUy Q=R=@ QO OwHwt |=yxrwr R}=U %A

(Im) O=R=t Q=Wi |xv}tm XN=W "1"1"2
CU= |}=H QO� H |ak=w Q=Wi u}@ Cw=iD =@ |w=Ut 'x]kv l} QO |i=[= Q=Wi
QO Hl =} |L=Q] Q=Wi =} R=}vOQwt Q=Wi |xv}tm w �OW=@ xOWu}t-=D R=}vOQwt Q xm

"�8 |x]@=Q� CU= x]kv Qy
Im = min(Hj �H l

j) j = 1; 2; 3; :::; nn (8)

(It) pm O=R=t Q=Wi XN=W "2"1"2
O=R=t Q=Wi ẁtHt 'xm@W l} u=v}t]= C}r@=k |Q}oxR=Ov= |=Q@ Qo}O XN=W l}
CQwYx@ Ov=wD|t pm O=R=t Q=Wi '|[=} Q sQi QO "CU= xm@W p=YD= |x]kv Qy QO
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j) for all j = 1; 2; 3; :::; nn (9)

(In) xm@W |Q}PBh=]av= XN=W "3"1"2
|i=[= |wQ}v Q}O=kt Q=F; 'OQ=O s=v xm@W |Q}PBh=]av= xm In u=v}t]= C}r@=k u=R}t
CUOx@ 10 |x]@=Q R= xO=iDU= =@ w Ovm|t ?}mQD sy =@ =Q O=tDa=p@=k |=yxkrL w

%O};|t
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nnP
j=1
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[
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k=1
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npuP
i=1

( pi )]� nnP
j=1

QjH l
j
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'u=v}t]= C}r@=k |x}=B Q@ xm@W OQmrta '=yu; |rY= |=yQ=}at "CU= xOW xO=iDU=
w |a=tDH= p�=Ut w Q}taD |=yxv} Ry w CUmW <=kDQ= 'R=UwCN=U |vwvm VRQ=

"CU= xOw@ |]}LtCU} R
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|oty xmCU= xOWXNWt C=tON K]U |}=Q=m |Q}oxR=Ov= |=Q@ Qopta 9 w xOw@
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QO u}vJty "CU= xOW xO=}B CWv |R=Uxv}tm |va} '?; u}t-=D u=Q}Ot |wQ V}B
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C=YNWt R}v PVI uDN=U|:tm |=Q@ "CU= xOW xO=O VQDUo ?; `@=vt |m} R}i
QwmPt pt=wa C}ty= TBU w xDiQo Q=Qk xHwD OQwt QDU@ l =N C=}YwYN w xrwr
|=Q@ l}DvS sD} Qwor= l} R= ,=D}=yv "CU= xOW XNWt AHP VwQ R= xO=iDU= =@
"CU= xOW xO=iDU= xv} Ry u} QDtm =@ sDU}U OQmrta uOQ@ q=@ CyH |R=Uxv}y@
OW x�=Q= 2015 p=U QO R}v ?; |xrwr \N |=Q@ OQmrta |@=} RQ= |=ypOt VQDUo
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`} RwD |xm@W QO =yxrwr CUmW |wQ Q@ |m}rwQO}yQ}e pt=wa 'p=U u=ty QO
|i}m w |:tm Q}O=kt p}rLD |=Q@ xDi=}Ow@y@ |@D=Qt xrUrU p}rLD Ov}=Qi T=U=Q@ ?;

[8]"CU= xOW |@=} RQ= xrwr CUmW
|xm@W 16|Q}PBh=]av= u}tND x@ QO=k xm O}OH?} QkDl} R}v '2015 p=U QO
QwmPt pOt w OW |iQat 'Ow@ ?; C}i}m w Q=Wi 'u=} QH Oa)@ 3 x@ xHwD =@ ?; `} RwD
|Q}PBh=]av= '=[=kD |Q}PBh=]av= %pt=W '|Q}PBh=]av= R= ẁv 3 |x@U=Lt =@
XN=W l} x@ =yXN=W |xty p}O@D =@ w xOW R=e; C}i}m |Q}PBh=]av= w Q=Wi
|=Q@ pm |Q}PBh=]av= '|R=i |=yxawtHt OQm} wQ =@ |@D=Qt xrUrU p}rLD |xr}Uwx@
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|R=Uxv}y@ hrDNt |=yVwQ w OvOW xDiQo Q_v QO =yQ=}at u=wvax@ 'xm@W pm |=Q@
`} RwD |xv}y@ sDU}U w OvOW KQ]t =yxv} Ro u=wvax@ ?; `} RwD |xm@W |xiOyOvJ
pt=W 'Q[=LVywSBhrDNt |=yVN@ "OW |iQat FAHP w AHP VwQ =@ ?;
w xO=iDU=OQwt ?; `} RwD |xm@W OQmrta |=yQ=}at |=ypwtQi� pOt |Ov@pwtQi "1
|xm@W QO VwQ OQ@ Q=m "2 �FAHP w AHP VwQ |=ypwtQi w |m}rwQO}y Ow}k
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[12]"u=oOvQ}os}tYD |=yCw=[k

wO x@ wO |Da=U |Q=PoVRQ= j@] =yu; '=yxv} Ro w =yQ=}at u}}aD R= TB
O}=@ TBU "CU= xOW xO=O V}=tv 1 pwOH QO xm OvwW|t xU}=kt sy =@
xv}y@ s}tYD u; T=U=Q@ =D OQm p}O@D OL=w Q_v l} x@ =Q QwmPt |=yx} Q_v
"CU= |UOvy u}ov=}t R= xO=iDU= 'Q=m u}= |=Q@ VwQ u} QD?U=vt "O}; pY=L
'pY=L Q=OQ@ w x@U=Lt Q]U Qy QY=va |UOvy u}ov=}t 'QwmPt VwQ QO
uwRwt u}ov=}t 'Q]U Qy R= TBU "O}; CUO x@ uRw Q=OQ@ =D OwW|t xR}r=tQv
Q}eDt Qy C} wrw= |xOvyOu=Wv 'uwRwt u}ov=}t R= pY=L Q}O=kt "OwW|t xDiQo

"CU=
'17 �I.I� |Q=oR=U=v XN=W s}UkD pY=L 'T} QD=t Qy |=Q@ %|Q=oR=U MQv
x�=Q= 2 pwOH QO xm VOa)@ sy 18�I.I.R� |iO=YD T} QD=t |Q=oR=U=v XN=W Q@
xm CU= T} QD=t u; |Q=oR=U=v OQwt QO Cw=[k |=Q@ |@U=vt Q=}at 'CU= xOW
|w=Ut =} QDlJwm 'QwmPt OOa xJv=vJ "OwW|t xO}t=v 19�I.R� |Q=oR=U=v MQv
Q_vO}OHD =yCw=[k QO O}=@ xvQow CU= pw@kp@=k sDU}U |Q=oR=U 'OW=@ 0 1
xOW x�=Q= 13 w 12 \@=wQ QO |Q=oR=U MQv w XN=W |x@U=Lt |xk} Q] "OQm

"CU=
I:I = �max � n

n� 1 �|Q=oR=U=v XN=W� (12)

I:R = I:I
I:I:R

�|Q=oR=U=v MQv� (13)

|xU}=kt T} QD=t pw] n 'A |HwR |xU}=kt T} QD=t Qy |=Q@ =yu; QO xm
n |w=Ut =} QDnQR@ xQ=wty xm CU= xS} w Q=Okt u} QDnQR@ �max w A |HwR

"CU=
�Fuzzy AHP� |R=i |@D=Qt xrUrU p}rLD "2"2"2

pOt l} wQu}= R= "OQ=O R=}v j}kO |=yCw=[k x@ |rwtat |@D=Qt xrUrU p}rLD
C=YNWt 's=y@= w uOw@ |R=i =Q} R &OW=@ xDW=O =Q s=y@= ptLD O}=@ ?wN |Q}os}tYD
|}=yVwQ R=|m} '|@D=Qt xrUrU Ov}=Qi "OvDUy|Q}os}tYDp�=Ut R= |Q=}U@|twta
Q=@ u}rw= |=Q@ "OQm xO=iDU= p�=Ut pL |=Q@ u; |R=i |xaUwD R= u=wD|t xm CU=
|Qw�D syt |=y|oS} w R= xm 'OW |iQat |R=i |xawtHt |Qw�D '1956 p=U QO

"CU= sy@t C=aq]= |x�=Q= |=Q@ u; |}=v=wD '|R=i
|}xaUwD p}rLD u=wva =@ |R=i |@D=Qt xrUrU p}rLD VwQ R= 'Q[=L VywSB QO
O=Oa= "CU= xOW xO=iDU= 'OW x�=Q= |v}J jkLt l} \UwD 1996 p=U QO xm
CyH 'Q}N= VywSB QO "OvDUy |R=i |FrFt O=Oa= 'QwmPt VwQ QO xO=iDU=OQwt
xOW xO=iDU= |Q}PBu=mt= |xHQO swyit R= |R=i |=[i x@ AHP |xw}W s}taD
OQ=O p=tDL= QOkJ OwW XNWt xm CU= u; |Q}PBu=mt= |xHQO R= Qw_vt "CU=

"OW=@ Qo}O |R=i OOa l} R= QDnQR@ |R=i OOa l}
|=Q@ "CU= |R=i CQwYx@ |HwR |=yxU}=kt T} QD=t 'FAHP VwQ QO
xm AHP VwQ QO |Da=U T=}kt pO=at |R=i h}] R= =yxU}=kt |Q=PoVRQ=
l} X = fx1; x2; :::; xng Qo = "OwW|t xO=iDU= 'CU= xOW x�=Q= 3 pwOH QO
u}= Q@ 'OW=@ hOy |xawtHt l} U = fu1; u2; :::; umg w <=}W= |xawtHt
"OQ}o|t CQwY |oOQDUo p}rLD w x} RHD ?}DQD x@ hOy w |W Qy |=Q@ T=U=

xm O};|t CUO x@ <|W Qy |=Q@ |oOQDUo p}rLD w x} RHD Q=Okt m u}=Q@=v@
|R=i O=Oa= (j = 1; 2; ; :::;m) w (i = 1; 2; :::; n) <=R= x@ '=yM j

gi s=tD
14 |x]@=Q j@] s)=i |W =@ \@DQt |R=i |@}mQD |oOQDUo Q=Okt "OvDUy |FrFt

%OwW|t h} QaD

CU= |vat u}= x@ w O};|t CUO x@ 11 |x]@=Q j@] w OQ=O s=v j |xQo |DN=wvm}
QDO=tDa=p@=k =yxkrL 'Ovvmv Q}}eD |r}N Q]k QO xQo l} x@ pYDt |=yxrwr Qo = xm
u=Um} Q]k j |xQo x@ pYDt |=yxrwr |xty |va} 'OW=@ Cj = 1 Qo = "Ow@ Ovy=wN

"CU= j |xQo x@ pYDt |=yxrwr O=OaD npj w OvQ=O

Cj =

npjP
n=1

Di

npj �maxfDig (11)

x@ |ak=w sDU}U I}y |=Q@ w Ovm|t Q}}eD 1 w 0 u}@ |Q}PBh=]av= XN=W
"OUQ|tv 1

FAHP w AHP VwQ "2"2
xrUrU p}rLD |=yOv}=Qi R= xO=iDU= =@ |R=Uxv}y@ |xr�Ut pL |U=U= |=ys=o
xOW xO=O u=Wv 1 pmW QO |rm CQwYx@ |R=i |@D=Qt xrUrU p}rLD w |@D=Qt

"CU=
�AHP� |@D=Qt xrUrU p}rLD "1"2"2

KQ]t [11]'1970 |xyO QO Q=@ u}rw= |=Q@ �AHP� |@D=Qt xrUrU p}rLD Ov}=Qi
pt=W AHP "CU= Q=wDU= |HwR |=yxU}=kt T=U=Q@ |Q}os}tYD |x}=B Q@ w OW
Q=DN=U p}mWD "2 'xr�Ut uWwQ h} QaD w u=}@ "1 %CU= |U=U= |xrLQt 5
|=yT=}kt \UwD s}tYD QY=va u}@ |HwR |xU}=kt s=Hv= "3 '|@D=Qt xrUrU
|=yuRw uOR u}tND |=Q@ =yxU}=kt T} QD=t |xS} w Q}O=kt R= xO=iDU= "4 '|}xU}=kt

"|@D=Qt xrUrU p}rLD xOv}=Qi |U=U= |=ys=o "1 pmW
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"""?
;`}

RwD|
=yxm

@W|
xv}y

@|
L=Q]

"AHP VwQ QO =yQ=}at x@ |@Uv |yOuRw |=Q@ xDiQ Q=mx@ �|y=iW Cw=[k� C=L}HQD "1 pwOH
K}[wD j x@ C@Uv i |xU}=kt C}a[w |L}HQD VRQ=

"OvQ=Ov sy x@ C@Uv |D}LHQ= =} w OvQ=O Q@=Q@ C}ty= j x@ C@Uv iXN=W =} xv} Ro u=Um} K}HQD 1
Preferred Equally

"CU= QDsyt |tm j x@ C@Uv iXN=W =} xv} Ro K :HQt |tm 3
Preferred moderately

"CU= QDsyt j x@ C@Uv iXN=W =} xv} Ro K :HQt |r}N 5
Preferred Strongly

"CU= j R= |QDW}@ |r}N C}LHQ= |=Q=O iXN=W =} xv} Ro K :HQt O=} R |r}N 7
Very Strongly Preferred

"CU= QDsyt j R= ,qt=m iXN=W =} xv} Ro K :HQt ,qt=m 9
Extremely Preferred

OyO|t u=Wv =Q |L}HQD |=yVRQ= u}@ |v=}t |=yVRQ= u}@=v}@ 8w6w4w2

"|iO=YD |=yT} QD=t |Q=oR=U=v XN=W "2 pwOH
10 9 8 7 6 5 4 3 2 1 n

1 45 1 45 1 41 1 32 1 24 1 12 0 9 0 58 0 0 I:I:R

"FAHP VwQ QO =yQ=}at x@ |@Uv |yOuRw |=Q@ xDiQ Q=mx@ �|y=iW Cw=[k� C=L}HQD "3 pwOH
Twmat |R=i pO=at |R=i pO=at j x@ C@Uv i |xU}=kt C}a[w |tqm CQ=@a

�1'1'1� �1'1'1� �Preferred Equally� u=Um} K}HQD
�0 333'0 5'1� �1'2'3� u}@=v}@

�0 25'0 333'0 5� �2'3'4� �Preferred moderately� K :HQt |tm
�0 2'0 25'0 333� �3'4'5� u}@=v}@
�0 166'0 2'0 25� �4'5'6� �Preferred Strongly� K :HQt |r}N
�0 142'0 16'0 2� �5'6'7� u}@=v}@

�0 125'0 142'0 166� �6'7'8) �Very strongly Preferred� K :HQt O=} R |r}N
�0 111'0 125'0 142� �7'8'9� u}@=v}@
�0 111'0 111'0 111� �9'9'9) �Extremely Preferred� K :HQt ,qt=m

"CU= QwmPt Q=Okt wO |xv}tm =@
V (M2 �M1) = hgt(M1 \M2) = �M2(d)8>>>><>>>>:

1 if m2 � m1

0 if l1 � u2
l1�u2

(m2�u2)(m1�l1) otherwise

(15)

Si =
mX
j=1

M j
gi 


"
nX
i=1

mX
j=1

M j
gi

#�1
(14)

QO xm M2 = (l2;M2; u2) w M1 = (l1;M1; u1) |FrFt |R=i OOa wO
M2 �M1 |Q}PBu=mt= |xHQO "CU= xOW xDiQo Q_v QO 'CU= xOW sUQ 2 pmW
Q=Okt wO Qy x@ M1 w M2 |xU}=kt |=Q@ "OwW|t h} QaD 15 |x]@=Q j@]
Q@=Q@ |R=i Q}e w |a]k R=}Dt= w CUy R=}v V (M1 � M2) w V (M2 � M1)

16



3/
2|

xQ=t
W'

34
�2

|xQ
wO'

�13
97

R}}=B
�h

}QW
u=Qt

a|
UOv

yt "|}wv=y ?; `} RwD |xm@W QO =yxrwr pw] "4 pwOH
xrwr pw] |xQ=tW xrwr pw] |xQ=tW xrwr pw] |xQ=tW

�QDt� xrwr �QDt� xrwr �QDt� xrwr
170 25 800 13 100 1
900 26 500 14 1350 2
370 27 550 15 900 3
750 28 2730 16 1150 4
1500 29 1750 17 1450 5
2000 30 800 18 450 6
1600 31 60 19 850 7
150 32 1275 20 850 8
860 33 930 21 800 9
950 34 485 22 950 10

1045 23 1200 11
820 24 3500 12

"xr�Ut pL |=Q@ |@D=QtxrUrU CNQO "4 pmW

ẁtHt '�In� |Q}PBh=]av= XN=W %pt=W 'u=v}t]= C}r@=k XN=W 3 w xv} Ry
\@=wQ R= xO=iDU= =@ '�Im� =yxQo QO O=R=t Oy |xv}tm w �It� |yQo O=R=t |=yOy
xOt; CUOx@ 6 pwOH KQW x@ w xOW x@U=Lt VwQ Qy |=Q@ 10 w 9 '8 '16 '1

"CU=

|R=i w |rwtat |@D=Qt xrUrU p}rLD |=yOv}=Qi |Q}oQ=mx@ "3"3
�FAHP w AHP�

xr�Ut R= |m}i=Qo V}=tv l} O=H}= '|@D=Qt xrUrU p}rLD Ov}=Qi QO sOk u}rw=
'QN; K]U QO w =yQ=}at '|Oa@ Kw]U QO w xr�Ut |rm hOy u; T-=Q QO xm CU=
xrUrU CNQO x@ xm |m}i=Qo V}=tv u}= "OvQ=O Q=Qk 'OvwW|t xU}=kt xm |}=yxv} Ro

"OwW|t xOy=Wt 4 pmW QO 'CU= swUwt |@D=Qt

"M2 w M1 |R=i O=Oa= "2 pmW

"|}wv=y |xm@W QO =yxQo w =yxrwr V}=tv "3 pmW

|}wv=y QyW |xm@W QO VwQ OQ@ Q=m "3
|}wv=y |xm@W |iQat "1"3

[13]'1990 p=U QO Q=@ u}rw= |=Q@ xm �3 pmW� |} wv=y QyW ?; `} RwD |xm@W
|xty w CU= xOw@ xrwr 34 w xQo 32 'xkrL3 '`@vt1 %pt=W 'CU= xOW |iQat
Q=DWwv QO xOWxDiQo Q_v QO |=y|R=Uxv}y@ |xty QO "Ov=xDW=O u=Um} `=iDQ= '=yxQo
|xrO=at R= l =m]Y= C=irD C=@U=Lt |=Q@ w xOw@ |} wv=y |xm@W |=Q@ 'Q[=L
xOW xO=iDU= xm@W |=yxrwr |xty |=Q@ CHw = 130 ?} Q[ =@ s=}r} w � uR}y

"CU= xOw@ xQo Qy QO QDt 30 R=}vOQwt Oy |xv}tm w QDt 100 `@vt Oy "CU=
5 w 4 |=ypwOH QO |} wv=y |xm@W QO =yxrwr w =yxQo x@ \w@ Qt C=aq]=
pw] w Di Q]k x@ |} wv=y |xm@W QO i |xrwr |xv} Ry u}vJty "CU= xOW x�=Q=
w Iv}= ?}DQD x@ xrwr pw] w Q]k OL=w u; QO xm O};|t CUO x@ 16 |x]@=Q R= Li

"CU= QDt
Ci = 1 1(Di)1 5 � Li (16)

|}wv=y |xm@W QO OQmrta |=yQ=}at |x@U=Lt "2"3
%pt=W '|} wv=y QyW |xm@W|R=Uxv}y@ hrDNt |=yVwQ R= xOt; CUOx@ |=yQ]k
[16]'u=oJQwt|xat=H [15]'pUaQw@vR |Q}oCiH [14]'l}DvS sD} Qwor= |R=Uxv}y@
sD} Qwor= [18]'w@=D |wHwCUH [17]'20�AOC� |@}mQD |R=Uxv}y@ |=ysD} Qwor=
[20]'22�GHEST� |m}DvS E=Q}t pt=mD [19]'21�PSO� |@}mQD C=QP s=LOR=
sD} Qwor= w [22]'24|oDN=U R=@ CNQO |SwrwB wD [21]'23�STA� Cr=L p=kDv=
xO=iDU= =@ w OvOW CW=OQ@ [23]'25�GA-ILP� |]N |R} Qxt=vQ@ x@ pYDt l}DvS
Qy |=Q@ xQo Qy Oy w pYDt CvB}= Q=Ri=sQv x@ 5 w 4 |=ypwOH |=yxO=O R=
|va} OQmrta |=yQ=}at '=yxQo Oy w =yxrwr Q]k x@ xHwD =@ "OW XNWt VwQ
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"""?
;`}

RwD|
=yxm

@W|
xv}y

@|
L=Q]"|}wv=y ?; `} RwD |xm@W QO =yxQo |=[=kD |@O "5 pwOH

?amtQDt� =[=kD |xQ=tW ?amtQDt� =[=kD |xQ=tW ?amtQDt� =[=kD |xQ=tW
�Ca=U Q@ xQo �Ca=U Q@ xQo �Ca=U Q@ xQo
2650 23 650 12 �19940 1
1230 24 940 13 890 2
1300 25 615 14 850 3
850 26 280 15 130 4
300 27 310 16 725 5
290 28 865 17 1005 6
360 29 1345 18 1350 7
360 30 400 19 550 8
105 31 2200 20 525 9
805 32 1500 21 525 10

500 22 500 11

"�FAHP w AHP� |}wv=y |xm@W |=Q@ xOWx@U=Lt OQmrta |=yQ=}at "6 pwOH
Q=Wi |xv}tm O=R=t Q=Wi |Q}PBh=]av= XN=W xv} Ry VwQ p=U xOvU}wv h}OQ
(Im) O=R=t (It) pm (In) �QqO uw}r}t� Q=WDv=

�0 35 324 99 0 2708 6 0726 GA(! = 10 5088) 1997 Savic et al. 1
0 47 377 32 0 3284 6 1874 GA(! = 10 9031) 1997 Savic et al. 2
0 26 362 61 0 3143 6 1578 AOC S10 2005 Saldarriaga et al. 3
0 07 338 8 0 298 6 1615 ACO S11 2005 Saldarriaga et al. 4
0 23 370 31 0 3184 6 134 ACO �MMAS� 2006 Zecchin et al. 5
0 15 353 95 0 3012 6 0564 TS(! = 10 5088) 2007 Sung et al. 6
0 14 343 71 0 3008 6 2058 TS(! = 10 9031) 2007 Sung et al. 7
0 39 659 36 0 5391 5 3198 HBMOA 2009 Popa et al. 8
0 01 359 41 0 3074 6 0811 GHEST 2010 Bolognesi et al. 9
0 08 0 348 0 3057 6 1829 GA-ILP 2011 Haghighi et al. 10
0 03 360 57 0 3065 6 2426 PSO 2012 Sedki et al. 11
0 01 342 33 0 2971 6 109 STA(! = 10 6744) 2016 Zhou et al. 12
0 1 356 91 0 3082 6 0648 STA(! = 10 5088) 2016 Zhou et al. 13
�0 6 344 54 0 2928 6 1637 Mock open tree topology 2013 Saldarriaga et al. 14

Oy=wN CUO x@ =yQ=}at |a]k uRw w O}UQ Oy=wN xOWp=tQv O=Oa= uwRwt u}ov=}t
R}r=tQv w ?=UL u; R=}Dt= 'xv} Ro Qy |=Q@ TBU "CU= xOW x�=Q= 8 pwOH QO xm Ot;
'VywSB |xU}=kt |=yQ=}at =@ xm CU= |}xv} Ro x@ \w@ Qt QDW}@ R=}Dt= "OwW|t

"�9 pwOH� CU= ?=NDv= u} QDQ@
xOWQmP |xr�Ut|HwR |xU}=ktT} QD=t |=Q@ %�I.R� |Q=oR=U MQv |x@U=Lt

%s} Q=O 13 w 12 \@=wQ j@] ��max = 4 24 w n = 4�

I:I = �max � n
n� 1 = 0 08 %|Q=oR=U=v XN=W |x@U=Lt

I:R = 0 8
0 9 = 0 09 � 0 1! 0:k %|Q=oR=U MQv |x@U=Lt

|=yuRw 'CU= xOt; CUOx@ 0 1 R= QDtm |Q=oR=U=v MQv xm |}=Hv; R=
"CU}v |Q=oR=U=v `iQ x@ |R=}v w CU= pw@kp@=k xDi=}X}YND

"AHP QO sy x@ C@Uv =yQ=}at |HwR |=yxU}=kt T} QD=t "7 pwOH
O=R=t Oy |Q}PBh=]av= xv} Ry =yQ=}atxv}tm ẁtHt

5 4 3 1 xv} Ry
4 2 1 1

3 |Q}PBh=]av=
1
2 1 1

2
1
4 pm O=R=t Q=Wi

1 2 1
4

1
5 O=R=t Q=Wi |xv}tm

10 5 9 4 75 1 783 ẁtHt

AHP VwQ x@ xr�Ut pL "1"3"3
x�=Q= 7 pwOH QO AHP VwQ QO sy x@ C@Uv =yQ=}at |HwR |=yxU}=kt T} QD=t
T} QD=t |=yQ=}at R= l} Qy O=Oa= uOQmxR}r=tQv x@ \w@ Qt Oa@ |xrLQt "CU= xOW
G=QNDU= x@ C@ wv 'O=Oa= |R=Up=tQv C=}rta u=}=B R= TB w CU= |HwR |=yxU}=kt
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3/
2|

xQ=t
W'

34
�2

|xQ
wO'

�13
97

R}}=B
�h

}QW
u=Qt

a|
UOv

yt "|a]k uRw uOQw; CUOx@ w |HwR |=yxU}=kt T} QD=t uOQm xR}r=tQv "8 pwOH
|a]k uRw O=R=t Oy |Q}PBh=]av= xv} Ry =yQ=}atxv}tm ẁtHt

0 53 0 48 0 44 0 63 0 56 xv} Ry
0 25 0 38 0 22 0 21 0 19 |Q}PBh=]av=
0 1 0 05 0 11 0 11 0 14 pm O=R=t Q=Wi
0 12 0 1 0 22 0 05 0 11 O=R=t Q=Wi |xv}tm

"FAHP VwQ QO =yxv} Ro |}=yv |Ov@x@DQ "11 pwOH
xv} Ro R=}Dt= x@DQ

GA(! = 10 9031) 0 170 1
AOC S10 0 120 2

ACO�MMAS� 0 113 3
HBMOA 0 102 4

TS(! = 10 5088) 0 093 5
TS(! = 10 9031) 0 090 6
STA(! = 10 5088) 0 082 7

GA-ILP 0 077 8
AOC S11 0 073 9
GHEST 0 065 10

PSO 0 064 11
STA(! = 10 6744) 0 060 12
GA(! = 10 5088) �0 026 13

Mock open tree topology �0 084 14

"FAHP w AHP VwQ wO QO =yR=}Dt= |}xr}t Q=Owtv "5 pmW

FAHP w AHP VwQ wO |xU}=kt "4"3
"CU= xOW sUQ 5 pmW |}xr}t Q=Owtv 'FAHP w AHP |=yVwQ |xU}=kt |=Q@
CUO x@ u=Um} VwQ wO Qy QO =yxv} Ro |xty |x@DQ 'OwW|t x_Lqt xm Qw]u=ty

"CU= xOW Cw=iDt x@DQ Qy R=}Dt= 'Cw=iDt |=yuRw p}rO x@ =t= 'CU= xOt;

|Q}oxH}Dv w xYqN "4
xv} Ry uOw@ xv}tm hOy =@ |@D=Qt xrUrU p}rLD Ov}=Qi R= xO=iDU= =@ Q[=L VywSB QO

"AHP VwQ QO =yxv} Ro |}=yv |x@DQ "9 pwOH
xv} Ro R=}Dt= x@DQ

GA(! = 10 9031) 0 144 1
AOC S10 0 107 2

ACO �MMAS� 0 102 3
HBMOA 0 099 4

TS(! = 10 5088) 0 087 5
TS(! = 10 9031) 0 85 6
STA(! = 10 5088) 0 079 7

GA-ILP 0 074 8
AOC S11 0 072 9
GHEST 0 067 10

PSO 0 066 11
STA(! = 10 6744) 0 062 12
GA(! = 10 5088) �0 001 13

Mock open tree topology �0 043 14

"FAHP VwQ QO sy x@ C@Uv =yQ=}at |HwR |=yxU}=kt T} QD=t "10 pwOH
O=R=t Oy |Q}PBh=]av= xv} Ry =yQ=}atxv}tm ẁtHt

�3'5'7� �2'4'6� �1'3'5� �1'1'1� xv} Ry
�2'4'6� �1'2'4� �1'1'1� � 1

5 ' 13 '1� |Q}PBh=]av=
� 1

4 ' 12 '1� �1'1'1� � 1
4 ' 12 '1� � 1

2 ' 14 ' 16 � pm O=R=t Q=Wi
�1'1'1� �1'2'4� � 1

6 ' 14 ' 12 � � 1
7 ' 15 ' 13 � O=R=t Q=Wi |xv}tm

FAHP VwQ x@ xr�Ut pL "2"3"3
CNQO sUQ sOk u}rw= R}v AHP VwQ Ovv=t 'FAHP VwQ x@ xr�Ut pL QO
T} QD=t "CU= 4 pmW Ovv=ty p�=Ut uOw@ u=Um} p}rO x@ xm CU= |@D=Qt xrUrU
10 pwOH QO |FrFt FAHP VwQ QO sy x@ C@Uv =yQ=}at |HwR |=yxU}=kt

"CU= xOW x�=Q=
=yQ=}at |HwR T} QD=t R= xOt; CUOx@ |a]k |=yuRw |x@U=Lt R= TB
Q=}at uRw &w1 = �0 4493 %xv} Ry Q=}at uRw %CW=O s}y=wN sy x@ C@Uv
uRw &w3 = 0 546 %pm O=R=t Oy Q=}at uRw &w2 = 0=3322 %|Q}PBh=]av=
Q_vQO =@ '|FrFt FAHP VwQ QO =yR=}Dt= "w4 = 0 1640 %xv}tm O=R=t Oy Q=}at
QO =yQ=}at |Ov@x@DQ |}=yv G}=Dv w x@U=Lt 'AHP VwQ QO =yC}a]k sOa uDiQo

"CU= xOW x�=Q= 11 pwOH
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"""?
;`}

RwD|
=yxm

@W|
xv}y

@|
L=Q]u} QDQ@ 'FAHP w AHP x=oO}O wO Qy Q_v R= (! = 10 9031) =@l}DvS sD} Qwor=

'Qo}O |=yQ=}at uDiQo Q_vQO =@ 'OwW|t x_Lqt xm Qw]u=ty w CU= |R=Uxv}y@
�pUa u=Qw@vR |Q}oCiH |R=Uxv}y@ sD} Qwor=� OQ=O =Q xv} Ry u} QDtm xm |}xv} Ro
"CU= |@D=Qt xrUrU p}rLD C}r@=k u=ty p}rO x@ u}= w OQw=}v CUO x@ =Q x@DQ u}rw=
|oDN=UR=@ u=DNQO |SwrwB wD w �! = 10 5066� l}DvS sD} Qwor= wO u}vJty
Q=Wi |xv}tm R= QDtm |Q=Wi |xQo OvJ =} l}� OvDW=O |ivt O=R=t |=yQ=Wi xm
x@ OwN QwmPt VwQ |awv x@ w OvOQw; CUOx@ =Q =yR=}Dt= u} QDO@ '�OvDW=O R=}vOQwt
Ov}=Qi wO u}@ '|}=yv |Ov@x@DQ G}=Dv "Ovm|t hPL R}v =Q umttQ}e |=y|L=Q] OwN
|=yxU}=kt x@ K}LY |yOuRw u; p}rO xm CU= u=Um} Q_vOQwt |@D=Qt xrUrU

"CU= |R=iQ}e p}rLD |HwR |=yxU}=kt |yOuRw x@ xHwD =@ |R=i |HwR

'�In� |Q}PBh=]av= XN=W %pt=W 'u=v}t]= C}r@=k XN=W 3 uOw@ xv}W}@ w
KQ] |=Q@|WwQ '�Im� =yxQo QO O=R=t Oy |xv}tm w '�It�|}xQo O=R=t |=yOy ẁtHt
|=y|R=Uxv}y@ 'xvwtv |=Q@ TBU "CU= xOW O=yvW}B ?; `} RwD |=yxm@W |xv}y@
'|O=yvW}B |xv}y@ |=yQ]k uDW=O =@ w xOW |UQQ@ |} wv=y QyW |xm@W hrDNt
"CU= xOt; CUOx@ =yxQo |=yQ=Wi w p}rLD CvB}= Q=Ri=sQv R= xO=iDU= =@ xm@W
w AHP |=yVwQ x@ w x@U=Lt u=v}t]= C}r@=k |=yXN=W w xv} Ry 'u; R= TB
'pUaQw@vR |Q}oCiH 'l}DvS sD} Qwor= |=yVwQu}@ R= |R=Uxv}y@u} QDQ@ 'FAHP

sD} Qwor= 'w@=D |wHwCUH '|@}mQD |R=Uxv}y@ |=ysD} Qwor= 'u=oJQwt |xat=H
E=Q}t pt=mD '|@}mQD C=QP s=LOR= sD} Qwor= '|]N |R} Qxt=vQ@ x@ pYDt l}DvS
xm OW XNWt w ?=NDv= |O}rkD R=@ CNQO |SwrwB wD w 'Cr=L p=kDv= '|m}DvS

=yCWwv=B
1. water distribution system
2. linear programming
3. non-Linear programming
4. genetic algorithm
5. simulated annealing
6. tabu search
7. shu�ed frog leaping algorithm
8. ant colony optimization
9. honey bee mating optimization
10. reliability
11. analytical hierarchy process
12. fuzzy analytical hierarchy process
13. physical vulnerability index
14. analytical network process
15. fuzzy analytical network process
16. resiliency
17. inconsistency index
18. inconsistency index random matrix
19. inconsistency rate
20. combinatorial optimization algorithm
21. particle swarm optimization
22. genetic heritage evolution by stochastic transmission
23. state transition algorithm
24. mock open tree topology
25. genetic algorithm linked with the integer-linear programming
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