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=yu}W=t |t=tD "OvwW ẁQW QiY u=tR R= Ovv=wD|t w xOw@ sy R= pkDUt =yQ=m |t=tD
=yvD |v=tR |x_Lr l} QO u}W=t l} "Ov=TQDUO QO QiY u=tR R= u=QoQ=m w

QO OwHwt |=y|Ov@u=tR QFm = QO "Ov=xDW=O R=@ x=oQ=m |Ov@u=tR p�=Ut x@ C@Uv
xDiQo Q_v QO OwOLt `@=vt u=wva x@ =yu}W=t Q}_v |y=oQ=m C=R}yHD =yvD C=}@O=
xH=wt Qo}Om} Q=vm QO u}W=t w u=Uv= OwOLt `@=vt =@ =t C}ak=w QO =t= 'CU= xOW
|=Q@ u}W=t w |v=Uv= |wQ}v `@vt wO OQ@ Q=m EL@ u; QO xm |}=ysDU}U "s}DUy
Q_v QO OwOLt Qw] x@ xOW xQ=W= `@=vt w OQ=O OwHw |Ov@u=tR |xt=vQ@ |x}yD
[1]"Ov=xOW xO}t=v 4 �DRC� OwOLt |xv=owO `@=vt =@ |=ysDU}U 'OwW|t xDiQo
|mDt sDU}U xmr@ OQ=Ov |mtm Vkv l} ,=iQY |v=Uv= |wQ}v =ysDU}U u}= QO
=yQ=m VR=OQB '|v=Uv= |wQ}v x@ |UQDUO w OwHw uwO@ w CU= |v=Uv= |wQ}v Q@
QO xW}ty =yu}W=t xm u}= Q@ xwqa =ysDU}U xvwou}= QO "CU= umtt Q}e ,qta
CmQL w hrDNt |=yx=oDU}= QO uOw@ pweWt Cra x@ R}v u=QoQ=m 'OvDU}v TQDUO
O=OaD =ysDU}U u}= QO u}vJty "OvW=@v TQDUO QO CU= umtt =yx=oDU}= u}@
QO=k xm OQ=O OwHw QoQ=m l} pk=OL� CU=yu}W=t O=OaD R= QDsm |Q=m |=ywQ}v
\}Lt QO |Ov@u=tR C=t}tYD u}=Q@=v@ "�Ovm Q=m u}W=t l} R= QDW}@ |wQ CU=
[2]"OQ}o@ Q_v QO O}=@ =Q |v=Uv= |wQ}v |Q}PBTQDUO sy w u}W=t C}iQ_ sy DRC

C}OwOLt =@ |O}rwD |=ysDU}U |xv}tR QO j}kLD u=t=oW}B R= |m} [3]uwUrv
Q=Qk xar=]t OQwt =Q xr�Ut u}= xm Ow@ DRC \}Lt u=wva =@ u}W=t w u=Uv= `@=vt
uOw@ R=Ht w u}W=t wO =@ R=@ x=oQ=m |Ov@u=tR |xr�Ut [4]|vy=U w Tr=Rvo "O=O
w OvO=O Q=Qk |UQQ@ OQwt =Q p}tmD u=tR u} QD|vqw] |R=Uxv}tm hOy w Q=m `]k
|x@vH [5]p=} Q}t w |QwN "OvOQm x�=Q= xr�Ut u}= |=Q@ |]N u=tR sD} Qwor= l}
OvOQm C@=F w OvO=O Q=Qk |UQQ@ OQwt =Q R=@ |=yx=oQ=m |Ov@u=tR |xr�Ut |oO}J}B
OvtWwy |R=Uxv}y@ VwQ l} [6]nv}v=}H w uwH} S "CU= NP-hard xr�Ut u}=
=@ |y=oQ=m Q=m |Ov@u=tR |xr�Ut |=Q@ Ow@ xOW O=H}=l}DvS sD} Qwor= T=U= Q@ xm =Q
|xr�Ut [7]u=Q=mty w |v=OR} "OvDiQo Q=m x@ 5 �DRCJSP� OwOLt |xv=owO `@=vt
�DRCFJSP� u}W=t w u=Uv= OwOLt `@vt wO =@ h]avt |y=oQ=m Q=m |Ov@u=tR
l} w OvOQm x�=Q= xr�Ut |=Q@ |[=} Q pOt l} =yv; "OvO=O Q=Qk xar=]t OQwt =Q 6
x�=Q= sD} Qwor= xOW C@=F =yDv= QO "OvOQm O=yvW}B u; pL |=Q@ |Q=mD@==Qi sD} Qwor=

"CU= xr�Ut u}= pL |=Q@ QF-wt |WwQ xOW
|o}=Uty |wHDUH sD} Qwor= 'DRCFJSP |xr�Ut pL |=Q@ [8]w�w}H w |r
VNS sD} Qwor= R=|yHwD p@=kC} Rt|D=@U=Lt G}=Dv "OvOQm x�=Q= =Q 7 �VNS� Q}eDt
u=tR =@ =Q DRCJSP |xr�Ut [9]nvB w} S wnv}tO "OyO|t u=Wv =Q xr�Ut pL QO
u} QD|vqw] uOQm xv}tm hOy `@=wD "OvOQm |UQQ@ uwoty=v `@=vt w |}xR=@ VR=OQB
xDiQo xQy@ |m}i=Qowm}Umr VwQ R= w Ow@ u@ Qm |=BOQ uOQm xv}tm w p}tmD u=tR
|R=Uxv}tm hOy =@ w DRCJSP |xr�Ut pL Qw_vt x@ u=Q=mty w w�=}ov}H "OW
=Q 8 �BPGA�?aWvtC}atHl}DvS sD} Qwor= 'xv} Ry w p}tmD u=tR u} QD|vqw]
Ow@y@ Qw_vt x@ |v=tR xQHvB uOQm xOQWi T=U= Q@ |Ov@u=tR |SD=QDU= w OvO=O x�=Q=
sD} Qwor= l} [10]u=Q=mty w nv=S "CU= xOW O=yvW}B |QU=QU |Ov@u=tR OQmrta
=@ DRCJSP |xr�Ut pL |=Q@ O}OH xDUUo O} Q@}y C=QP s=LOR= |R=Uxv}y@
=Q |O=yvW}B sD} Qwor= |WN@ QF= xrY=L G}=Dv w OvOQm |iQat `@=vt |Q}PB h=]av=
|=Q@ |R=Uxv}y@ sD} Qwor= |R=Ux}@W [11]u=Q=mty w nvwS "OQm|t |Q=Po xLY
Qw_vt x@ j}kLD u}= "OvO=O Q=Qk |w=m =w w |UQQ@ OQwt =Q DRCJSP |xr�Ut
xDiQo Q_v QO xm |i=Oy= w OW KQ]t xO}J}B O}rwD \}=QW CLD xr�Ut u}= |R=Uxv}y@
[12]u=Q=mty w |Qwv "Ow@ VR=OQB xv} Ry ẁtHt w p}tmD u=tR u} QD|vqw] OvOw@ xOW
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"OW=@ C=}rta u; s=Hv= x@ QO=k Ovm|t Q}}eD |iO=YD CQwY x@ xm |QoQ=m

MOVDO w NSGA-II |=ysD} Qwor= QO hkwD \QW "7"4
u=tR x@ uO}UQ =Q hkwD \QW '|O=yvW}B MOVDO w NSGA-II VwQ QO
|xOy=Wt R= |@ QHD CQwY x@ u=tR u}= xm s} Q}o|t Q_v QO |Y=N |D=@U=Lt
O=a@= QO =QH= Q=@ u}OvJ R= Oa@ =ysD} Qwor= |}=Qoty u=tR u}ov=}t w |}=Qoty Q=Owtv
x}v=F 300 lJwm O=a@= =@ p�=Ut |=Q@ u=tR u}= "CU= xOW pY=L xr�Ut hrDNt
QO x}v=F 900 nQR@ O=a@= =@ p�=Ut |=Q@ w x}v=F 600 \UwDt O=a@= =@ p�=Ut |=Q@ w

"CU= xOW xDiQo Q_v

=ysD} Qwor= |}=Q=m |xU}=kt |=yQ=}at "8"4
Cw=iDtXN=W Q=yJ R= =ysD} Qwor= OQmrta |}=Q=m |xU}=kt |=Q@VywSB u}= QO =t

[18�15]%s}DUH xQy@
11 �NOS� wDQ=B |xy@H |=[a= O=OaD �

12 �MID� p;xO}= |x]kv R= xrY=i \UwDt �
13|oOvm =QB XN=W �

14=[i |DN=wvm} XN=W �

|O=yvW}B |=ysD} Qwor= QDt=Q=B s}_vD "9"4
|QU=QU |xv}y@ ?=wH uDi=} ut[Dt |Q=mD@==Qi w j}kOQ}e |=ysD} Qwor= xm =Hu; R=
s}UQ@|Dw=iDt |=y?=wH x@ =ysD} Qwor= u}= R= xO=iDU= Q=@ Qy QOCU= umtt 'OvDU}v
|v=tR |Q=mD@==Qi sD} Qwor= l} =Pr "s}vm xOy=Wt sD} Qwor= R= =Q |Dw=iDt OQmrta w
u} QDQ=PoQ}F-=D "OUQ@ |y@=Wt |=y?=wH x@ xO=iDU= Q=@ Qy QO xm Ovm|t pta ?wN
'�Pc� `]=kD MQv '�nPop� x}rw= C}atH O=OaD NSGA-II sD} Qwor= QO =yQDt=Q=B
x}rw= C}atH O=OaD MOVDO sD} Qwor= QO xm |r=L QO 'CU= �Pm� VyH MQv
u} QDQ=PoQ}F-=D �L� xvt=O Qy QO Q=QmD O=OaD u} QDW}@ w (A0) x}rw= |xvt=O '�nPop�
s}y=wN s}_vD =Q =ysD} Qwor= u}= |=yQDt=Q=B |Jwo =D VwQ R= xO=iDU= =@ "CU=yQDt=Q=B

"OQm
w Pc 'nPop QDt=Q=B/pt=a xU NSGA-II sD} Qwor= QO 'OW u=}@ xm u=vJ
xv}y@ Kw]U QO O}=@ L w A0 'nPoppt=a xU MOVDO sD} Qwor= QO w Pm

3 O=} R w 2\UwDt '1 sm K]U xU QDt=Q=B Qy |=Q@ =OD@= 'Qw_vt u}= |=Q@ "OvwW s}_vD
|=yV}=tR; xawtHtTBU "CU= xOW xOQw; 2 w 1 pwOH QO xm s} Q}o|t Q_v QO =Q
27 xm CU= xOW x@U=Lt K]U 3 QO pt=a 3 |=Q@ |Jwo =D VwQ |O=yvW}B
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"pL VwQ xU \UwD 9 xQ=tW |xr�Ut |=Q@ xOW pY=L |}wDQ=B |xy@H "8 pmW

OwHw |Q=O=vat hqDN= Q=}at 4 Qy Q_v x]kv R= VwQ xU G}=Dv u}ov=}t u}@ lJwm
"OQ=Ov

|Q=mD@==Qi sD} Qwor= wO CiQo xH}Dv u=wD|t 6 pwOH G}=Dv x@ O=vDU= =@ u}=Q@=v@
OwN R= |rw@k p@=k OQmrta 'uwr}UB= C}OwOLt VwQ =@ xU}=kt QO 'xOW x�=Q=
nQR@ w \UwDt O=a@= QO sD} Qwor= wO u}= G}=Dv x@ u=wD|t w Ov=xDW=Po |=H Q@
QO "CW=O Q=_Dv= =yv; R= xv}y@ x@ l}ORv |=y?=wH w OQm O=tDa= xr�Ut u}=
MOVDO w NSGA-II |=yVwQ \UwD xrY=L |} wDQ=B |xy@H 'xt=O=
xOW xOQw; 8 pmW QO 9 xQ=tW |xr�Ut |=Q@ (EC) �� Constraint w

"CU=
O=a@= =@ p�=Ut QO Ov=wD|t =yvD �� Constraint VwQ OW xDio xm u=vJ
=@ xr�Ut nQR@ w \UwDt O=a@= QO w OUQ@ xv}y@ ?=wH x@ |k]vt u=tR QO lJwm
u=tR x@ xHwD =@ =Q OwN |}=Q=m [5]'u; uOw@ NP-hard w xr�Ut |oO}J}B x@ xHwD
nQR@ w \UwDt p�=Ut pL |=Q@ VwQ u}= xH}Dv QO "OyO|t CUO R= |D=@U=Lt
QO =ysD} Qwor= |}=Q=m CLY |=Q@ \ki u; G}=Dv R= w OQ}o|tv Q=Qk |@=} RQ= OQwt

"s}OQm xO=iDU= lJwm p�=Ut pL VN@
xr�Ut 10 w \UwDt O=a@= =@ xr�Ut 10 pL |D=@U=Lt G}=Dv 7 pwOH QO
"CU= xOW C@F MOVDO w NSGA-II |=ysD} Qwor= \UwD nQR@ O=a@= =@
xOW xO=O K}[wD Q=}at Q=yJ '=ysD} Qwor= \UwD xOW pL |xr�Ut Qy |=Q@
R= xrY=L G}=Dv T=U= Q@ "CU= xOW x@U=Lt =ysD} Qwor= OQmrta |UQQ@ |=Q@
x@ Q=}at Qy Q_v x]kv R= =Q =ysD} Qwor= =t 'xr�Ut 20 u}= pL |=Q@ =ysD} Qwor=
s=Om QO sD} Qwor= s=Om s} wW xHwDt =D s}vm|t xU}=kt sy =@ xv=o =OH CQwY
|UQQ@ |=Q@ "CU= xDW=Po V}=tv x@ OwN R= |QD|wk OQmrta '|@=} RQ= OQwt Q=}at
G}=Dv x@ xHwD =@ "OW xDiQo xQy@ lr} w � wQ}B=W uwtR; R= =OOHt uOw@ p=tQv ZQi
|=yQ=}at xty G}=Dv uOw@ p=tQv OQ |=Q@ xm OW XNWt lr} w � wQ}B=W uwtR;
xOy=Wt |Q=O=vat Cw=iD w xDW=Ov OwHw |i=m p}qO 'pL |=yVwQ |@=} RQ= OQwt
p=tQv QwmPt |=yxO=O '=yxO=O uOw@ p=tQv uwtR; R= pY=L G}=Dv T=U= Q@ "OWv
|wO x@ wO |xU}=kt |=Q@ l} QDt=Q=B |=yuwtR; R= u=wD|t T=U= u}= Q@ w OvDUy
Qw_vt u}O@ &OQm xO=iDU= MOVDO w NSGA-II sD} Qwor= R= pY=L G}=Dv
xO=iDU= OQwt uwtR; u}= xm u}= R= p@k "s}vm|t xO=iDU= t-student uwtR; R=
"OwW|t xO=iDU= =yTv=} Q=w |voty |x}[Qi |UQQ@ |=Q@ |vwtR; R= OQ}o Q=Qk
OQ s}v=wD|tv =Q �=yTv=} Q=w |Q@=Q@� QiY ZQi xOt; CUO x@ G}=Dv x@ xHwD =@
xO=iDU= =yTv=} Q=w |Q@=Q@ ZQi R= O}=@ =Hu}= QO "CU= Q@=Q@ =yTv=} Q=w w s}vm

"NSGA-II sD} Qwor= |=Q@ xOW u}}aD |xv}y@ Kw]U "3 pwOH
x}rw= C}atH `]=kD MQv VyH MQv

sD} Qwor= 3 K]U 3 K]U 2 K]U
NSGA-II 150 0 7 0 2

"MOVDO sD} Qwor= |=Q@ xOW u}}aD |xv}y@ Kw]U "4 pwOH

x}rw= C}atH x}rw= |xvt=O Q=QmD u} QDW}@
xvt=O Qy QO

sD} Qwor= 1 K]U 2 K]U 3 K]U
MOVDO 50 6 7

|D=@U=Lt G}=Dv "10"4
QO xr�Ut 30 O=OaD |D=@U=Lt C=ar=]t s=Hv= w |O=yvW}B pOt R}r=v; Qw_vt x@
w O=H}= �xr�Ut 10� nQR@ w �xr�Ut 10� \UwDt '�xr�Ut 10� lJwm O=a@=
xR=@ QO |iO=YD CQwY x@ p�=Ut u}= QO =yC=}rta VR=OQB u=tR "OW |L=Q]
O=OaD R= u=QoQ=m O=OaD p�=Ut s=tD QO "CU= xOW xDiQo Q_v QO f1'99g |OOa
7 w 5 pwOH QO xOW O=H}= p�=Ut C=}�RH "CU= xOW ZQi QDsm Cq;u}W=t
xiOywO CQwY x@ xOW x�=Q= |[=} Q pOt 'OW xDio xm u=vJ "CU= xOW xO=O KQW
24"8"2 Q=Ri=sQv QO 'Qo}Om} x@ C@Uv h=Oy= Q=DiQ QO O=[D p}rO x@ w CU=
pL �� Constraint u=ty =} uwr}UB= C}OwOLt VwQ =@ GAMS win64
OQ@ Q=m |k]vt |D=@U=Lt u=tR l} QO pw= p=Ft 10 pL |=Q@ VwQ u}= "CU= xOW
"CU= xOW x�=Q= 5 pwOH QO u; |=Q@ xv=oQ=yJ |=yXN=W G}=Dv xm CU= xDW=O
xOW x�=Q= pwOH u}= QO MOVDO w NSGA-II sD} Qwor= wO |=Q@ G}=Dv u}vJty

"CU=
MATLAB Q=Ri=sQv |wQ Q@ 'VN@u}= QO xOW x�=Q= |=ysD} Qwor= OwW|t Qw;O=}
|xOvR=OQB wC}=@=o}o 8|rN=O |x_i=L =@ A=DAr |wQ w xOW|U} wvOm R2016b

"CU= xOW =QH= Core i7 2"40 |RmQt
|=QH= R= xOW pY=L G}=Dv R= QDj}kO |Q=t; p}rLD |x�=Q= Qw_vt x@ 'xt=O= QO
lJwm O=a@= =@ p�=Ut G}=Dv |=Q@ =Q uOw@ p=tQv uwtR; =OD@= '|O=yvW}B |=ysD} Qwor=
lr} w � wQ}B=W uwtR; R= Qw_vt u}= |=Q@ "s}vm|t =QH= =yXN=W pm x@ xHwD =@
p=tQv OQ |=Q@ xm OW XNWt lr} w � wQ}B=W uwtR; G}=Dv x@ xHwD =@ "s}DiQo xQy@
OwHw |i=m p}qO 'pL |=yVwQ *|@=} RQ= OQwt |=yXN=W R= |O=OaD G}=Dv uOw@
|QDt=Q=B Q}e |=yuwtR; R= =yxO=O uOw@ p=tQv ZQi uOW OQ p}rO x@ xH}Dv QO "OQ=O

"OW xO=iDU=
VwQ w NSGA-II 'MOVDO |=ysD} Qwor= R= pY=L G}=Dv |xU}=kt |=Q@
'|@=} RQ= OQwt Q=}at Q=yJ Qy QO lJwm |xR=Ov= =@ p�=Ut |wQ �� Constraint

QiY ZQi uwtR; u}= QO "OW xO=iDU= 15T}r=w � p=mUwQm |QDt=Q=B Q}e uwtR; R=
QmP x@ sRq "CU= xOW x�=Q= 6 pwOH QO G}=Dv "CU= =yxv=}t uOw@ Q@=Q@ R= |m =L
sOa "CU= xOW xDiQo Q_v QO 0 05 =@ Q@=Q@ =yV}=tR; s=tD QO � Q=Okt xm CU=
ZQi OQ w OvDUy Q@=Q@ sy =@ =yxv=}t xm CU= |vat u}= x@ H0 \QW �pw@k� OQ
=yv; u}@ |Q=O=vat hqDN= w xOw@v Q@=Q@ sy =@ =yxv=}t xm CU= |vat u}= x@ H0
Q=Okt 'Q=}at Q=yJ Qy QO T}r=w � p=mUwQm uwtR; G}=Dv x@ xHwD =@ "OQ=O OwHw
O=a@= =@ p�=Ut QO xH}Dv QO "CU= xOW 0 05 R= QDW}@ xOt; CUO x@ P-value
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Ot"uwr}UB= C}OwOLt VwQ w MOVDO w NSGA-II |=ysD} Qwor= R= pY=L lJwm O=a@= =@ xr�Ut 10 |=Q@ |D=@U=Lt G}=Dv "5 pwOH
�� Constraint MOVDO sD} Qwor= NSGA� II sD} Qwor= xr�Ut C=YNWt

=[a= O=OaD XN=W XN=W \UwDt
=[a= O=OaD XN=W XN=W \UwDt

=[a= O=OaD XN=W XN=W \UwDt
O=OaD O=OaD O=OaD xQ=tW

wDQ=B xy@H |oOvm =QB |DN=wvm} R= xrY=i
wDQ=B xy@H |oOvm =QB |DN=wvm} R= xrY=i

wDQ=B xy@H |oOvm =QB |DN=wvm} R= xrY=i
=yQoQ=m u}W=t/C=}rta =yQ=m xr�Ut=[i x]kv =[i x]kv =[i x]kv

p;xO}= p;O}= p;xO}=
2 29 24 1 03 115 15 2 29 24 1 03 115 15 2 29 24 1 03 115 15 1 2 2 1
2 5 23 0 001 58 34 2 5 23 1 23 58 34 2 5 23 1 23 58 34 2 3 2 2
3 25 35 2 38 104 4 3 10 60 4 3 112 11 2 9 70 2 01 107 4 3 4 2 3
2 7 86 2 2 104 47 2 7 86 2 2 104 47 2 7 86 2 2 104 47 1 2 3 4
2 13 57 1 98 91 89 2 13 57 1 98 91 89 2 13 57 1 98 91 89 2 3 3 5
4 11 86 2 16 60 82 4 7 17 2 44 78 12 5 14 10 2 28 63 04 3 4 3 6
4 18 52 5 46 93 70 4 20 92 6 32 142 09 4 16 32 5 87 96 9 2 3 4 7
10 16 94 1 62 87 59 8 12 89 1 60 129 8 14 78 1 78 92 83 3 4 4 8
16 14 85 0 59 74 56 9 12 98 1 23 107 23 13 13 2 1 01 88 4 4 5 4 9
16 19 33 2 18 105 12 9 17 81 2 34 112 89 11 19 33 2 18 105 12 3 4 5 10

"T}r=w � p=mUwQm uwtR; x@ \w@ Qt G}=Dv "6 pwOH
XN=W pL VwQ P� value xH}Dv Q=O|vat Cw=iD

p;xO}= x]kv R= xrY=i \UwDt NSGAII VS MOVDO 0 254 H0 ZQi OQ sOa �
� �VS Constraint

=[i |DN=wvm} XN=W NSGAII VS MOVDO 0 804 H0 ZQi OQ sOa �
� �VS Constraint

|oOvm =QB XN=W NSGAII VS MOVDO 0 546 H0 ZQi OQ sOa �
� �VS Constraint

wDQ=B xy@H =[a= O=OaD NSGAII VS MOVDO 0 971 H0 ZQi OQ sOa �
� �VS Constraint

OwHw |Q=O=vat hqDN= MOVDO w NSGA-II |=ysD} Qwor= G}=Dv u}ov=}t
"OQ=Ov

(Diversity) |oOvm =QB Q=}at �
u}@ '8 pwOH QO xOt; CUO x@ P-value Q=Okt T=U= Q@ R}v |oOvm =QB Q=}at QO

"OQ=Ov OwHw |Q=O=vat hqDN= pL |=yVwQ G}=Dv u}ov=}t
(NOS) wDQ=B xy@H =[a= O=OaD Q=}at �

P-value Q=Okt wDQ=B xy@H =[a= O=OaD Q=}at QO '8 pwOH QO OwHwt G}=Dv x@ xHwD =@
G}=Dv u}ov=}t u}@ |Q=O=vat hqDN= xH}Dv QO w xOW OQ H0 \QW w 0 05 R= QDsm
|D}y=t |=Q=O NOS Q=}at xm u}= x@ xHwD =@ T=U= u}= Q@ "OQ=O OwHw pL |=yVwQ
QO xm s}UQ|t xH}Dv u}= x@ 'CU= QDy@ OW=@ QDV}@ xJQy u; Q=Okt w xOw@ C@Ft
MOVDO sD} Qwor= x@ C@Uv |QDy@ |OQmrta NSGA-II sD} Qwor= Q=}at u}=

"CU= xDW=O nQR@ w \UwDt p�=Ut QO

sRq "CU= xOW |Qw;OQo 8 pwOH QOt-student uwtR; R= pY=L G}=Dv "s}vm
xOW xDiQo Q_v QO 0 05 =@ Q@=Q@ =yV}=tR; s=tD QO � Q=Okt xm CU= QmP x@

"CU=
(MID) p;xO}= |x]kv R= xrY=i \UwDt Q=}at �

\UwDt Q=}at QO '8 pwOH QO OwHwt t-student uwtR; G}=Dv x@ xHwD =@
xOW OQ H0 \QW w 0 05 R= QDsm P-value Q=Okt p;xO}= |x]kv R= xrY=i
=@ "OQ=O OwHw Q=O=vat hqDN= R}v pL |=yVwQ G}=Dv u}ov=}t u}@ &CU=
w xDW=O |ivt C}y=t p;xO}= |x]kv R= xrY=i \UwDt Q=}at xm u}= x@ xHwD
Q=}at u}= QO NSGA-II sD} Qwor= 'CU= QDy@ OW=@ xDW=O |QDsm Q=Okt xJQy
xDW=O nQR@ w \UwDt p�=Ut QO MOVDO sD} Qwor= x@ C@Uv |QDy@ |OQmrta

"CU=
(Spacing) =[i |DN=wvm} Q=}at �

u}@ '8 pwOH QO xrY=L P-value Q=Okt T=U= Q@ =[i |DN=wvm} Q=}at QO
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Ovyt "MOVDO w NSGA-II |=ysD} Qwor= R= pY=L nQR@ w \UwDt O=a@= =@ xr�Ut 20 |=Q@ |D=@U=Lt G}=Dv "7 pwOH
MOVDO sD} Qwor= NSGA� II sD} Qwor= xr�Ut C=YNWt

=[a= O=OaD XN=W XN=W \UwDt
=[a= O=OaD XN=W XN=W \UwDt

O=OaD O=OaD O=OaD xQ=tW
wDQ=B xy@H |oOvm =QB |DN=wvm} R= xrY=i

wDQ=B xy@H |oOvm =QB |DN=wvm} R= xrY=i
=yQoQ=m u}W=t/C=}rta =yQ=m xr�Ut=[i x]kv =[i x]kv

p;xO}= p;xO}=
8 32 12 5 98 94 23 9 34 21 5 32 90 09 4 5 5 11
4 32 91 3 2 120 3 5 35 87 4 3 91 70 5 6 5 12
6 15 23 7 3 561 12 11 16 40 6 7 302 8 3 5 6 13
6 37 09 7 92 413 17 10 41 16 7 48 225 48 4 6 6 14
9 42 9 8 34 456 78 10 44 2 7 56 238 5 5 7 6 15
8 45 6 9 45 490 01 9 50 01 8 56 267 3 4 6 7 16
10 51 20 9 86 512 48 10 58 92 8 97 279 11 5 7 7 17
9 57 27 9 93 524 07 11 67 36 9 28 291 49 6 8 7 18
8 65 39 10 38 548 39 10 74 39 9 56 301 2 4 7 8 19
7 76 47 10 87 586 28 13 89 03 10 34 320 9 5 8 8 20
9 93 28 13 29 678 1 11 110 92 12 39 389 01 6 9 8 21
10 107 93 14 92 699 22 12 123 4 13 28 409 8 5 8 9 22
10 123 29 15 63 719 29 / 10 137 2 13 83 431 29 6 9 9 23
12 145 8 16 48 763 04 14 160 1 14 27 451 46 7 10 9 24
11 160 38 16 78 791 04 11 189 2 15 09 492 19 5 9 10 25
7 176 5 17 48 806 48 9 202 38 16 28 528 5 6 10 10 26
11 198 41 17 79 839 02 12 231 23 17 09 560 49 7 11 10 27
10 212 31 18 01 851 7 12 247 29 17 20 573 2 6 10 11 28
10 220 2 18 58 890 1 10 258 9 18 19 611 2 7 11 11 29
9 267 2 19 37 945 08 12 309 38 19 28 656 8 12 11 30

"t-student uwtR; x@ \w@ Qt G}=Dv "8 pwOH
XN=W =ysD} Qwor= Pvalue xH}Dv Q=O|vat Cw=iD

p;xO}= x]kv R= xrY=i \UwDt NSGAII VS MOVDO 0 001 H0 ZQi OQ p
=[i |DN=wvm} XN=W NSGAII VS MOVDO 0 578 H0 ZQi OQ sOa �
|oOvm =QB XN=W NSGAII VS MOVDO 0 543 H0 ZQi OQ sOa �

wDQ=B xy@H =[a= O=OaD NSGAII VS MOVDO 0 004 H0 ZQi OQ p

O=OaD |=yXN=W R= 'QwmPt sD} Qwor= wO R= pY=L G}=Dv OQmrta |@=} RQ= |=Q@
XN=W w |oOvm =QB XN=W 'p;xO}= x]kv R= xrY=i \UwDt 'wDQ=B xy@H |=[a=
QO |iO=YD |OOa p=Ft 30 pL |=Q@ Q=}at Q=yJ Qy "OW xO=iDU= =[i |DN=wvm}
NSGA-II w MOVDO |=ysD} Qwor= \UwD nQR@ w \UwDt 'lJwm |=yxR=Ov=
Q=yJ Qy QO lJwm O=a@= =@ |=yp=Ft QO uwr}UB= C}OwOLt VwQ "OW |UQQ@
V}=Ri= =@ |rw 'CW=O Qo}O xOW x�=Q= sD} Qwor= wO x@ C@Uv |@ wN OQmrta XN=W
pL QO w Ci=} V}=Ri= |Q}otWJ pmW x@ VwQ u}= pL u=tR |xr�Ut O=a@=
\UwDt O=a@= =@ p�=Ut QO "O=O CUO R= =Q OwN x}rw= |}=Q=m nQR@ w \UwDt p�=Ut
|=yQ=}at QO MOVDO x@ C@Uv |QDy@ G}=Dv NSGA-II sD} Qwor= 'nQR@ w
|=yQ=}at QO w OQm x�=Q= wDQ=B xy@H |=[a= O=OaD w p; xO}= x]kv R= xrY=i \UwDt
sD} Qwor= wO u}@ OQmrta |QDQ@ CyH R= |Q=O=vat Cw=iD =[i |DN=wvm} w |oOvm =QB
|xRwL QO u}kkLt QDW}@ OW XNWt xOW s=Hv= C=}@O= QwQt QO "OWv xOy=Wt

|Q}oxH}Dv "5
|xr�Ut l} u=wva x@ xiOywO Cr=L QO =Q DRCOSSP |xr�Ut VywSB u}= QO
j}kLD uwvm =D xm OQmXNWt xar=]t u}= R= pY=L G}=Dv "s}OQm |UQQ@ Np-hard

=@ u}=Q@=v@ "CU= xDiQov s=Hv= DRCOSSP |xr�Ut pL |xv}tR QO |WywSB w
Qt= QO |v=Uv= `@=vt x@ xHwD CQwQ[ R}v w xv}tR u}= QO |D=k}kLD h=mW x@ xHwD
u}= QO VywSB w j}kLD x@ s}OW u; Q@ 'R=@ |y=oQ=m \}Lt QO =yQ=m s=Hv= |Ov@u=tR
|R=Uxv}tm Zk=vDt h=Oy= =@ xiOywO |[=} Q pOt l} =OD@= QO "s} R=OQB@ xv}tR
|xr�Ut |=Q@ =Q =yQ=m p}tmD u=tR u}ov=}t |R=Uxv}tm w =yQ=m OQm Q}O u}ov=}t
Q@ |vD@t xiOyOvJ |rt=mD sD} Qwor= wO j}kLD xt=O= QO "s}OQm x�=Q= DRCOSSP

"OW xO=O xaUwD xr�Ut u}= pL |=Q@ MOVDO w NSGAII |va} wDQ=B OQm} wQ
"CiQ}PB CQwY |Jwo =D VwQ T=U= Q@ sD} Qwor= wO u}= |=yQDt=Q=B s}_vD TBU
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|}=Hx@=H u=tR uDiQo Q_v QO =@ DRCOSSP |xr�Ut |[=} Q |R=UpOt "2
&u=QoQ=m |oDUN R= |W=v CL=QDU= |=yu=tR w =yu}W=t |wQ u=QoQ=m

=yu}W=t |@=QN w C=Q}taD w |Q=Oyov Q}_v |Ov}=Qi |=yC}OwOLt uOQm ^=Lr "3
"DRCOSSP |xr�Ut |=Q@ |}xR=@ |=yQDt=Q=B w

w OvQ}o|t Q_v QO OwOLt `@vt l} u=wva x@ =Q Cq;u}W=t =yvD |y=oQ=m |Ov@u=tR
xar=]t u}=Q@=v@ "Ov=xO=O u=Wv xRwL u}= QO |v=Uv= `@=vt uOQm p}NO x@ |QDsm p}t
u}W=t w u=Uv= OwOLt |xv=owO `@=vt =@ R=@ x=oQ=m |Ov@u=tR |xr�Ut XwYN QO
|Ov@u=tR p�=Ut OQwt QO QDW}@ C=ar=]t s=Hv= |=Q@ =Q xv}tR Ov=wD|t sy Q=vm QO

"Ovm sy=Qi DRC \}Lt QO
%OwW|t O=yvW}B Q} R OQ=wt |D; C=k}kLD s=Hv= |=Q@

=yCWwv=B
1. job shop
2. 
ow shop
3. open shop
4. dual resource constrained (DRC)
5. dual resource constrained job shop scheduling problem (DR-

CJSP)
6. dual resource constrained 
exible job shop scheduling problem

(DRCFJSP)
7. variable neighborhood search (VNS)
8. branch population genetic algorithm
9. dual resource constrained open shop scheduling problem (DR-

COSSP)
10. mixed-integer linear programming (MILP)
11. number of soltion (NOS)
12. mean of ideal distance (MID)
13. diversity
14. spacing
15. Kruskal{Wallis test

�References� `@=vt
1. ElMaraghy, H., Patel, V. and Ben Abdallah, I. \Schedul-

ing of manufacturing systems under dual-resource con-
straints using genetic algorithms", Journal of Manufac-
turing Systems, 19, pp. 186-198 (2000).

2. Jingyao, L., Shudong, S., Yuan, H. and Ganggang, N.
\Research on double-objective optimal scheduling algo-
rithm for dual resource constrained job shop", Arti�-
cial Intelligence and Computational Intelligence, Lecture
Notes in Computer Science , 6319, pp. 222-229 (2010).

3. Nelson, R.T., \Labor and machine limited production
systems", Management Science, 13 135(9), pp. 648-671
(1967).

4. Gonzalez, T. and Sahni, S. \Open shop scheduling to
minimize �nish time", Journal of the Association for
Computing Machinery, 23, pp. 665-679 (1976).

5. Khuri, S. and Miryala , S.R. \Genetic algorithms for
solving open shop scheduling problems", Lecture Notes
in Arti�cial Intelligence, Springer-Verlag, 1695, pp. 357-
368 (1999).

6. Zhijun, S. and Jianying, Zh. \Intelligent optimization
for job shop scheduling of dual-resources", Journal of

Southeast University (Natural Science Edition), 35, pp.
376-381 (2005).

7. Yazdani, M., Zandieh, M., Tavakkoli-Moghaddam, R.
and et al. \Two meta-heuristic algorithms for the dual-
resource constrained fexible job-shop scheduling prob-
lem", International Journal of Science and Technology,
22, pp. 1242-1257 (2015).

8. Lei, D. and Guo, X. \Variable neighbourhood search for
dual-resource constrained 
exible job shop scheduling",
International Journal of Production Research, 52(9), pp.
2519-2529 (2014).

9. Deming , L. and Xiuping , G. \An e�ective neighbor-
hood search for scheduling in dual-resource constrained
interval job shop with environmental objective", Inter-
national Journal of Production Economics, 159, pp. 296-
303 (2015).

10. Zhang, J., Wang, W. and Xu, X. \A hybrid discrete par-
ticle swarm optimization for dual-resource constrained
job shop scheduling with resource 
exibility", J Intell
Manuf, 28 , pp. 1961-1972 (2017).

11. Zhong, Q., Yang, H. and Tang, T. \Optimization algo-
rithm simulation for dual-resource constrained job-shop
scheduling", International Journal of Simulation Model-
ing, 17, pp. 147-1580 (2018).

12. Nouri, H., Dhi
aoui, M. and Belkahla-Driss, O. \Dual
resource constraints in classical and 
exible job shop
problems: a state of the art review" , Procedia Computer
Science, 126, pp. 1507-1515 (2019).

13. Deb, K., Agrawal, S., Pratap, A. and et al. \A fast eli-
tist non-dominated sorting genetic algorithm for multi-
objective optimization NSGA-II", Proceedings of the
Parallel Problem Solving From Nature VI (PPSN-VI)
Conference, pp. 849-858 (2000).

14. Hajipour, V., Mehdizadeh, E. and Tavakkoli-
Moghaddam, R. \A vibration damping-based
multi-objective optimization algorithm: MOVDO",
Iranian Conference on Fuzzy Systems, 13, pp. 71-80
(2013).

15. Behnamian, J., Fatemi Ghomi, S.M.T. and Zandieh, M.
\A multi-phase covering paretooptimal front method to
multi-objective scheduling in a realistic hybrid 
owshop
using a hybrid metaheuristic", Expert Systems with Ap-
plications, 36(8), pp. 11057-11069 (2009).

62



2/
1|

xQ=t
W'

36
�1|

xQwO
'�1

39
9u

=DUt
R�h

}QW
C}

Q}Ot
w`}

=vY
|U

Ovyt 16. Van Veldhuizen, D.A. \Multi-objective evolutionary al-
gorithms: classi�cations, analyses, and new innovations",
Faculty of the Graduate School of Engineering of the air
Force Institute of Technology, Air University, Disserta-
tion AFIT/DS/ENG/99-01 (1999).

17. Schott, J. \Fault tolerant design using single and multi-
criteria genetic algorithms optimization", Master's the-

sis. Department of Aeronautics and Astronautics. Mas-
sachusetts Institute of Technology. Cambridge., MA
(1995).

18. Zitzler, E., Thiele, L., Laumanns, M. and et al. \Per-
formance assessment of multiobjective optimizers", An
Analysis and Review, IEEE T Evolut Comput, 7(2), pp.
117-131 (2003).

63




