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?}mQD =Q |rt=mD |SD=QDU= w O} Q@D |R=Ux}@W pwY= xm |rLt |wHwCUH sD} Qwor=
pOt 'hQmU= [8]"OvO=O x�=Q= |D}r=v}OQ=m C}OwOLt =@ RD} wmQ=t pOt pL |=Q@ Ovm|t
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"s} R=OQB|t ẁ[wt C=}@O= Q@ |QwQt x@ xt=O= QO "OvO=O Q=Qk RD} wmQ=t Tv=} Q=w

C=}@O= QwQt "2
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Dv=|aU RD} wmQ=t pOt QO |a]=kD |=yxO=O |WWwB p}rLD pOt |Q}oQ=mx@ =@ "CU=
sD} Qwor= '|O=yvW}B pOt pL |=Q@ "OwW xO=iDU= pOt wO Qy |=yC} Rt R= xOW

"CU= xOW x�=Q= R}v �NSGA-II� ?wret=v |R=U?DQt =@ xiOyOvJ l}DvS
=yxO=O |WWwB p}rLD w RD} wmQ=t pOt |x}=B Q@ |O=yvW}B pOt =OD@= 'xt=O= QO
|ovwoJ w NSGA-II sD} Qwor= R= |QYDNt KQW x@ TBU "OW Oy=wN x�=Q=
|=Q@ |O=yvW}B pOt TBU "CN=OQB s}y=wN s=yU O@U ?=NDv= QO u; |Q}oQ=mx@
VN@ QO w xOW xDiQo Q=m x@ u=QyD Q=O=y@ j=Qw= TQw@ R= CmQW 52 |ak=w |=yxO=O

"OW Oy=wN x�=Q= |Q}oxH}Dv 5

pOt xvO@ "3
QO w &|a]=kD |=yxO=O |WWwB p}rLD w RD} wmQ=t pOt Q@ CU= |vD@t xar=]t u}=

"CU= xOW x�=Q= |O=yvW}B pOt w =ypOt u}= xt=O=

RD}wmQ=t pOt "1"3
[1]%R= CU= CQ=@a RD} wmQ=t Tv=} Q=w � u}ov=}t OQ=Ov=DU= pOt

min�2
p =

NX
i=1

NX
j=1

wiwjcov(Ri; Rj) (1)

s:t: �Rp = E(Rp) =
NX
i=1

wi �Ri � R (2)

NX
i=1

wi = 1 (3)

wi � 0 8i (4)

w i s=yU xOR=@ Tv=} Q=wwm cov(Ri; Rj) 's=i syU xOR=@ \UwDt �Ri 'u; QO xm
Q}eDt "CU= Q=Pox}=tQU Q=_Dv= OQwt xOR=@ MQv R w TQDUO QO s=yU O=OaD N 'j
O@U lU} Q |R=Uxv}tm pOt hOy "CU= s=yU O@U QO i syU uRw 'wi s}tYD
�xHOw@ C}OwOLt� =Q 3 C}OwOLt "CU= xOW xO=O Q=_Dv= OQwt xOR=@ |=R=x@ (�2

p)

4 C}OwOLt "OwW 1 Q@=Q@ O}=@ O@U QO s=yU u=Rw= ẁtHt xm =vat u}O@ &Ovt=v|t
VwQi `vt C}OwOLt x@ xm OW=@ |ivt=v O=Oa= s=yU |=yuRw xm Ovm|t u}t[D

%CU= CQwY u}O@ pOt u}= pO=at |xiOywO pOt "CU= hwQat |[=QkDU=

max
NX
i=1

wi �Ri (5)

min
NX
i=1

NX
j=1

wiwjcov(Ri; Rj) (6)

s:t :
NX
i=1

wi = 1 (7)

wi � 0 8i (8)
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[27]"OW x�=Q=Vv=Q=mty wTvQ=J\UwD 1978 p=U QO =yxO=O |WWwB p}rLD pOt

�Tv=} Q=w w u}ov=}t R= jr]t h=QLv= 'Tv=} Q=wxt}v� lU} Q VHvU |=Q@ hrDNt
|v=t}rU [11]"OvOQm xO=iDU= l}DvS sD} Qwor= |x}=B Q@ |tD} Qwor= R= w OvO=O VQDUo
xrt=at sHL pk=OL w |D}r=v}OQ=m C}OwOLt =@ =Q s=yU O@U ?=NDv= Vv=Q=mty w
l}DvS sD} Qwor= R= w OvO=O O=yvW}B =Q VN@VRQ= C}OwOLt =yu; "OvDiQo Q_v QO
O@U ?=NDv= |xr�Ut R}vtt w TrB wDUwvo =v; [12]"OvOQm xO=iDU= OwN pOt pL |=Q@
|=yC}OwOLt w OvO=O x�=Q= =Q s=yU O=OaD w xOR=@ 'lU} Q pt=W xiOyOvJ s=yU
|=ysD} Qwor= R= OwN pOt pL |=Q@ =yu; "OvOQm xi=[= OwN pOt x@ =Q Tqm w Q=Okt
xU}=kt sy =@ =Q =yu; OQmrta w OvDiQo xQy@ SPEA2 w PESA 'NSGA-II

|=yQ=}at uDiQo Q_v QO =@ s=yU O@U OOHt pO=aD pOt GvB |r w w} [13]"OvOQm
w |v=mtro [14]"OvO=O x�=Q= =Q |oO}Wm w |orwJ '|[=QkDU= VwQi 'xOR=@ 'lU} Q
sHL pk=OL '|D}r=v}OQ=m 'u=Qm |=yC}OwOLt pt=W �� |}xDi=}xaUwD pOt 'p[=i
|=v@tQ@ |@}mQD |tD} Qwor= =yu; "OvDiQo Q_v QO =Q ��VN@VRQ=C}OwOLt w xrt=at
sD} Qwor= =@ =Q u; OQmrta w OvO=O x�=Q= OwN pOt pL |=Q@ =yxQP xwQo |R=Uxv}y@
=@ =Q s=yU O@U ?=NDv= |xr�Ut R}v Vv=Q=mty w |O=HU [15]"OvOQm xU}=kt l}DvS
xO=iDU= =@ =Q OwN pOt w OvDiQo Q_v QO |a]kQ}e |=yxO=O w |D}r=v}OQ=m C}OwOLt
|R=i |iO=YD xOR=@ =@ xiOyOvJ |rOt wS w |r [16]"OvOQm pL l}DvS sD} Qwor= R=
OQm} wQ R= w OvO=O x�=Q= |oOvwWOkv w xOR=@ 'lU} Q |=yQ=}at uDiQo Q_v QO =@ w
w lQ@ [17]"OvOQm xO=iDU= pL |=Q@ l}DvS sD} Qwor= |x}=B Q@ |ki=wD |R} Qxt=vQ@
w |D}r=v}OQ=m C}OwOLt =@ |R=i |orwJ � Tv=} Q=w � u}ov=}t pOt l} Vv=Q=mty
?mQt |tD} Qwor= OwN pOt pL |=Q@ =yu; "OvO=O x�=Q= |oOvwWOkv uDiQo Q_v QO =@
[18]"OvOQm O=yvW}B |D}r=v}OQ=m C}OwOLt w |R=i |R=Ux}@W 'l}DvS sD} Qwor= R=
s=yU O@U x@ |@=}CUO Qw_vtx@ =Q |B wQDv; |R=Uxv}W}@ hOy `@=D Vv=Q=mty w =v=H
xO=iDU= pL |=Q@ |R=i |R} Qxt=vQ@ l}vmD R= w OvDiQo Q_v QO OwN pOt QO ẁvDt
hOy GvB =@ |rOt w OvO=O xaUwD =Q RD} wmQ=t pOt Vv=Q=mty w C=oQy [19]"OvOQm
Q=OxQ=DU |Ov@x@DQ 'xv=}r=U s=yU |t}UkD OwU 'xr=UxU xOR=@ 'xy=txOR=wO xOR=@
OwN pOt pL |=Q@ =yu; "OvO=O x�=Q= =Q lU} Q VHvU |=Q@ Q=}at h=QLv= w S&P

[20]"OvOQm xO=iDU= |Q=mD@==Qi VwQ OvJ R=
?=NDv= |xr�Ut QO �DEA� =yxO=O |WWwB p}rLD R= u}kkLt R= |}xOa
|=Q@ =yxO=O |WWwB p}rLD R= nv=S w |yov} RQ=}O= "Ov=xOQm xO=iDU= s=yU O@U
pOt TBUw OvOQm xO=iDU= ?wr]t s=yU u}}aD w =yCmQW |r=t |=yCQwY p}rLD
xOW O}Ov=m ?wr]t s=yU u}= u=}t R= s=yU O@U ?=NDv= |=Q@ =Q Tv=} Q=w � u}ov=}t
|wHwCUH w |iO=YD |Q}oxvwtv R=?mQt |}xrLQtwO |tD} Qwor= =yv; "OvDiQo Q=mx@
|O}OH |}=Q=m VHvU uwtR; '=OvQ@ [21]"OvDiQo Q=mx@ u=WpOt pL |=Q@ =Q |rLt
w= "CiQo Q_v QO R}v =Q O@U ẁvD w xOQm O=yvW}B =yxO=O |WWwB p}rLD |x}=B Q@
=Q xOR=@ |=yQ=}at w |OwQw u=wvax@ =Q h=QLv= |=yQ=}at OwN |O=yvW}B pOt QO
QO ẁvD uDiQo Q_v QO |=Q@ |WwQ |D w ?tr [22]"CiQo Q_v QO |HwQN u=wvax@
QO R=QDsy CQwYx@ =Q xOR=@ w lU} Q |=yQ=}at w OvO=O x�=Q= =yxO=O |WWwB p}rLD
QO |}=Q=m R=}Dt= QO =Q C}a]k sOa |xr�Ut Qo}O |WywSB QO =yv; [23]"OvDiQo Q_v
s=yU O@U OQmrta VHvU |=Q@ =yxO=O |WWwB p}rLD R= '=v w wQwH [24]"OvDiQo Q_v
Vv=Q=mty w s}r [25]"OvOQm xO=iDU= |orwJ-Tv=} Q=w � u}ov=}t ?wJQ=J l} QO
|=yxO=O |WWwB p}rLD R= xO=iDU= =@ O}OH |WwQ 's=yU O@U ?=NDv= |xr�Ut |=Q@

[26]"OvO=O x�=Q= Tv=} Q=w � u}ov=}t ?wJQ=J T=U=Q@ w |a]=kD
RD} wmQ=t pOt |x}=B Q@ s=yU O@U ?=NDv= |=Q@ xiOyOvJ |rOt Q[=L Q=DWwv QO
QO u=tRsy Qw]x@ R}v =Q s=yU O@U |}=Q=m 'xOR=@ w lU} Q Q@ xwqa xm xOW x�=Q=
xOW xDiQo Q=m x@ |}=Q=m VHvU |=Q@ |a]=kD |=yxO=O |WWwB p}rLD "OQ}o|t Q_v
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n

NX
k=1

ekl (14)

=Q OwN x=wNrO |=yuRw xm OyO|t xR=H= DMU Qy x@ =yxO=O |WWwB p}rLD
\=kv =@ \@DQt |=yQwDm =i x@ q=@ |xv}y@ uRw uO=O =@ DMU Qy "Ovm ?=NDv=
'Tmar=@ OwN ha[ \=kv |=Q@ w Ovm|t O}m -=D OwN Cwk \=kv |wQ 'OwN Cwk
Owtv |rN=O CQwYx@ ha[ w Cwk \=kv u}= "Ovm xv}W}@ =Q V=|}=Q=m R=}Dt= =D
xawtHt uDiQo Q_v QO x@ |R=}v DMU Qy =yxO=O |WWwB p}rLD QO "Ovvm|t =O}B
u}= "Ovm|t xO=iDU= OwN |=yuRw R= =yvD w OQ=Ov =yDMU Q}=U |@=NDv= |=yuRw
p}rLD xm |Dkw =t= CU= Q@Dat '|}=Q=m |@=}WRQ= swyit |=Q@ OwN |OwN x@ sU}v=mt
Q=m x@ xQ=}at OvJ |Q}os}tYD swyit CLD s=yU O@U ?=NDv= |=Q@ =yxO=O |WWwB
w OvwW|t u}}aD |HQ=N CQwYx@ OQmrta |=yQ=}at |=yuRw u; QO xm OwQ|t
p@=k Qw]x@ h=Q]= \}Lt x@ xHwD =@ w Ovv=tv |k=@ C@=F u=tR pw] QO CU= umtt
ZQat QO DMU Qy ẁ[wt u}= x@ xHwD =@ "CU}v ?U=vt 'Ovvm Q}}eD |}x_Lqt
p}rLD R= xO=iDU= pmWt u}= =@ xr@=kt |=yx=Q R= |m} "OQ=O Q=Qk =yuRw Q}}eD lU} Q
|}=yDMU |a]=kD |}=Q=m |@=} RQ= R= xO=iDU= =@ "CU= |a]=kD |=yxO=O |WWwB
"OvQ}o|t |}q=@ R=}Dt= OW=@ ?wN =yQ=}at |xty QO \UwDt Qw]x@ u=WOQmrta xm
"CU= lJwm ,=D@Uv =yu; |a]=kD |}=Q=m Tv=} Q=w w OvQ=O}=B =yuRw Q}}eD Q@=Q@ QO =yu;
R=}Dt= Ov=xOQm pta ?wN =yQ=}at R= |QU l} QO xm |}=yDMU Qo}O hQ] R=
|}q=@ |a]=kD |}=Q=m Tv=} Q=w w OvQ}PB?}U; =yuRw Q}}eD Q@=Q@ QO w OvQ}o|t |v}}=B
u; QO xm |t=yU O@U ?=NDv= x@ |a]=kD |}=Q=m |@=} RQ= 'xOW QmP p}qO x@ "OvQ=O

[26]"Ovm|t ltm OvW=@ Q=O}=B =yuRw Q}}eD Q@=Q@ QO =yDMU

pOt |HwQN w |OwQw |=yQ=}at "4"3
u=ty =yxO=O |WWwB p}rLD pOt |=y|HwQN w =y|OwQw |=Q@ xr=kt u}= QO
"CU= xOW xDiQo Q_v QO OvOQ@ Q=m x@ OwN pOt QO [26]Vv=Q=mty w s}r xm |}=yQwDm =i
'|Qw;OwU pt=W xm OvDUy =yCmQW OQmrta R= |}=tvQwO |xOv}=tv =yQ=}at u}=
w |OwQw |=yQ=}at "OvDUy OWQ w |tQy= |=yC@Uv '|oOvwWOkv 'syU |QwxQy@

"CU= xOW QmP 2 w 1 pw=OH QO ?}DQD x@ |HwQN
xO=iDU= OvW=@ xDW=O |ivt Q}O=kt Ovv=wD|t =y|HwQN w =y|OwQw xm =Hu; R=
pOt R= Vv=Q=mty w s}r Ovv=t 'pmWt u}= `iQ |=Q@ "CU}v ?U=vt CCR pOt R=

"|OwQw |=yQ=}at "1 pwOH
=tvQwO K}[wD Q=}at
|QwxQy@ |vDi=} QO |=y?=UL Q@ s}UkD xQwO Ot;QO =y|vDi=} QO VOQo
|QwxQy@ |OwHwt Q@ s}UkD xQwO Ot;QO |OwHwt VOQo
|QwxQy@ pm |}=Q=O Q@ s}UkD xQwO Ot;QO |}=Q=O VOQo
|oOvwWOkv |Q=H |=y|yO@ Q@ s}UkD |Q=H |=y|}=Q=O |Q=H C@Uv

|oOvwWOkv |Q=H |=y|}=Q=O� `} QU |Q=H |=y|}=Q=O `} QU C@Uv|Q=H |=y|yO@ Q@ s}UkD �|OwHwt |=yvt

|oOvwWOkv u}mr=t syU Q@ s}UkD COtOvr@ |=y|yO@ x@ |yO@ C@Uv
=mQW |}=Q=O

|tQy= C@Uv u}mr=t syU Q@ s}UkD pm|}=Q=O |tQy= C@Uv

%R= CU= CQ=@a QwLt |OwQw CCR pOt |@ Q[t sQi
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=@ xm � CU= =yDMU |a]=kD |}=Q=m 'OwW|t x@U=Lt DMUk |xv}y@ |=yuRw
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|Qw;OwU xQwO Ot;QO Q@ s}UkD Xr=N OwU OwU |x}W=L
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