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"OvDUy xv}W}@ =} xv}tm

|=QH= hrDNt |=yCr=L |xawtHt Mi 'xSwQB QO i 2 V C}r=ai |=Q@
(t; c; q) |}=DxU ?}mQD l} 'k Ovv=t =QH= Cr=L Qy |=Q@ u; QO xm CU= i C}r=ai
Cr=L u; QO C}r=ai l} C}i}m w xv} Ry 'u=tR Qou=}@ ?}DQDx@ xm OwW|t |iQat
|xawtHt Z w 0 � q 2 Z � 100 'c 2 Z 't 2 Z xm |}xvwox@ 'CU=QH=

"CU= K}LY O=Oa=
|Qw]x@ OvW=@ i C}r=ai s=Hv= |=Q@ =QH= Cr=L wO k w r Qo = xm ZQi u}= =@
x@ |@=}CUO hOy x=ov; 'qik 6= qir w cik < cir 'tik > tir x=ov; 'r < k xm

"Ovvm|t p}O@D xiOylD p�=Ut x@ |[=} Q Cq}O@D R= xO=iDU= =@ =Q xiOyOvJ p�=Ut
xO=iDU= |} wDQ=B |=y?=wH uDi=} |=Q@ ?r=e |=yxawtHt swyit R= wDQ=B |=yVwQ
QO xDUUo Cr=L QO C}i}m � xv} Ry � u=tR |xvR=wt |xr�Ut xm =Hv; R= "Ovvm|t
xDi=}s}taD |R=}vV}B |=yC}OwOLt uOwRi= =@ 'OQ=O Q=Qk NP-hard p�=Ut |xOQ
QO pw@k p@=k |=y?=wH uOQw; CUO x@ |=Q@ =Pr "OwW|t xOwRi= xr�Ut |oO}J}B Q@
xO=iDU= u; pL |=Q@ |Q=mD@==Qi =} |Q=mD@= |=ysD} Qwor= R= O}=@ |k]vt |=yu=tR
w NSGA-II sD} Qwor= wO R= xr�Ut pL |=Q@ Q[=L Q=DWwv QO Qw_vt u}O@ "OwW
|QU l} R= |Q}oxQy@ =@ =yu; R= pY=L G}=Dv xm CU= xOW xO=iDU= FastPGA

"CU= xOW xU}=kt OvQ=O O}m -=D =y?=wH VQDUo w C}i}m Q@ xm =yXN=W
X=YDN= C=}@O= QwQt x@ xr=kt swO VN@ %CU= u}vJ Q[=L Q=DWwv Q=DN=U
sQ=yJ VN@ QO "CU= xOW x�=Q= xr�Ut pOt |Ov@pwtQi 'swU VN@ QO w OQ=O
=yVwQ u}= |}xU}=kt w |@=} RQ= |=yQ=}at R}v w 'pOt pL |=Q@ umtt |=yVwQ
QO ,=D}=yv w CN=OQB s}y=wN |D=@U=Lt G}=Dv x@ sHvB VN@ QO "OwW|t K} QWD

"OwW|t x�=Q= xrY=L *|Q}oxH}Dv w |Ov@`tH sWW VN@

j}kLD |xv}W}B "2
|=ypOt 'u; |=QH= u=tR Q}}eD p=@vOx@ C}r=ai l} s}kDUt |xv} Ry Q}}eD ZQi =@
p�=Ut u}= "CU= xDi=} xaUwD s}kDUt |=yxv} Ry uOQmxv}tm |=Q@ |[=} Q |R} Qxt=vQ@
"OwW|t xDN=vW xDUw}B |xv} Ry � u=tR |xvR=wt p�=Ut u=wvax@ ẁ[wt C=}@O= QO
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&xv}W}@ ẁv R= FF |R=}vV}B \@=wQ R= pY=L |xawtHt %Emax
FF

"i 2 V 'i C}r=ai |=Q@ =QH= |=yCr=L |xawtHt %Mi

=yQDt=Q=B "2"3
&k = 1; :::; jMij 'k Cr=L QO i C}r=ai s=Hv= u=tR %tik

&k = 1; :::; jMij 'k Cr=L QO i C}r=ai s=Hv= |xv} Ry %cik
k = 1; :::; jMij; l = 'kCr=L QO i C}r=ai s=Hv= QO l C}i}m XN=W %qikl

&1; :::; L
&i C}r=ai C}i}m u}}=B u=Qm %Qi

&i C}r=ai uRw %wi
&i C}r=ai |=Q@ l C}i}m XN=W uRw %wil

&xSwQB s}kDUt Q}e |=yxv} Ry %CI
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ẁtHt pk=OL Qy C}i}m O=OaD
xv} Ry u=tR

O=OaD O=OaD xQ=tWC}i}m |=yXN=W Qy QO XN=W |=yXN=W |=yCr=L =yC}r=ai xr�Ut
=QH= Cr=L Qy QO =QH= Cr=L C}i}m =QH=

1 43 [60; 75] [60; 99] 2 [120; 190] [5; 30] [2; 9] 7 1
1 56 [60; 75] [60; 99] 5 [10; 20] [1; 15] [2; 4] 9 2
2 06 [60; 75] [60; 99] 2 [30; 60] [1; 20] [2; 7] 15 3
2 29 [60; 75] [60; 99] 3 [250; 480] [5; 40] [2; 6] 21 4

2 [60; 75] [60; 99] 4 [50; 140] [15; 50] [2; 6] 31 5
1 9 [60; 75] [60; 99] 4 [50; 120] [10; 60] [2; 5] 40 6
1 8 [60; 75] [60; 99] 3 [80; 180] [30; 80] [2; 5] 50 7

u}= QO xm CU= QmP x@ sRq "CU= xOW u=}@ FastPGA w NSGA-II VwQ
"CU= xr�Ut Qy \w@ Qt |=yC}r=ai O=OaD Qou=}@ n pwOH

s}_vD w |UQQ@ Qw_vtx@ xOW O}rwD 6 xQ=tW w 2 xQ=tW p�=Ut |wQ C=W}=tR;
O=a@= =@ p�=Ut w �4 w 3 '2 '1 xQ=tW p�=Ut� lJwm O=a@= =@ p�=Ut |=Q@ =yQDt=Q=B
4 w 3 pw=OH QO "CU= xDiQo s=Hv= �7 w 6 '5 xQ=tW p�=Ut� nQR@ ,=D@Uv w \UwDt
C@=F =@ QDt=Q=B Qy Q=Okt =yu; QO xm xOW x�=Q= VwQ wO |=Q@ QDt=Q=B s}_vD Q}O=kt
|}=U=vW ?wret=v \=kv O=OaD T=U=Q@ 'OwN Q=Okt u} QDsm QO =yQDt=Q=B Q}=U uDW=Oxov

"CU= xOW s}_vD 'Q=QmD |YNWt O=OaD QO xOW

|O=yvW}B |=ysD} Qwor= |HvUQ=@Da= "3"5
|xy@H CtU x@ ,qt=m pOt R= pY=L G}=Dv xm u}= R= u=v}t]= pwYL Qw_vtx@
u=R}t O}=@ 'OvQ=OQwNQ@ sRq |oOvm =QB R= =yMU=B w Ovm|t p}v xr�Ut |ak=w |} wDQ=B
x@ |=y?=wH Q=@Da= u}vJty w =ysD} Qwor= |=RH= QO xO=iDU= OQwt |=yVwQ |}=Q=m
lJwm ,=D@Uv O=a@= QO p=Ft xU Qw_vt u}tyx@ "OQ}o Q=Qk VHvU OQwt xOt; CUO
=yu; |ak=w |xy@H p�=Ut u}= QO umtt |=[i s=tD |wHwCUH =@ w xOW O}rwD
6 pmW QO "OvwW|t xU}=kt =ysD} Qwor= |=QH= R= pY=L G}=Dv =@ w xOW |}=U=vW
G}=Dv w |O}rwD |=yp=Ft C=YNWt 5 pwOH QO w 'p=Ft u}rw= x@ \w@ Qt |xm@W
wO R= xO=iDU= =@ =yu; pL u}vJty w ?=wH |=[i pt=m |wHwCUH x@ \w@ Qt

"pL |=ysD} Qwor= |@=} RQ= CyH pw= |O}rwD p=Ft xm@W "6 pmW
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|D=@U=Lt G}=Dv "5"5
NSGA-II sD} Qwor= wO =@ "1"5 VN@ QO xOW O}rwD |=yp=Ft pL x@ VN@ u}= QO
|=yQ=}at R= 'sD} Qwor= wO |xU}=kt w |@=} RQ= Qw_vtx@ "s} R=OQB|t FastPGA w
w xOW =QH= Q=@10 sD} Qwor= Qy \UwD p=Ft Qy "OwW|t xO=iDU= "4"5 VN@
|xU}=kt "OwW|t xDiQo Q_v QO G}=Dv |xU}=kt |=Q@ =QH= 10 u}= ?wret=v |=y?=wH
w \UwDt |=yp=Ft w �4 =D 1 |=yp=Ft� lJwm |=yp=Ft VN@ wO QO =ysD} Qwor=

"CU= xOW x�=Q= �7 =D 5 |=yp=Ft� nQR@
lJwm p�=Ut QO |O=yvW}B |=ysD} Qwor= OQmrta |@=} RQ= "1"5"5

|=Q@ FastPGA w NSGA-II sD} Qwor= wO |}=Q=m w OQmrta CtUk u}= QO
u} QDy@ 7 pwOH QO "OQ}o|t Q=Qk xU}=kt w VHvU OQwt 4 w 3 '2 '1 |=yp=Ft
x@DQt 10 QO �C}i}m w xv} Ry 'u=tR R= |}=DxU |=y?}mQD� xOW?Um |=y?=wH
sD} Qwor= wO |=Q@ =QH= O=OaD u}= R= xOt; CUO x@ |=y?=wH u}ov=}t u}vJty w =QH=
|=yXN=W x@ \w@ Qt Q}O=kt 8 pwOH QO u}vJty "CU= xOW x�=Q= 'xO=iDU= OQwt
u=Um} sD} Qwor= wO |=Q@ =QH= u=tR "CU= xOW x�=Q= sD} Qwor= wO Qy |=Q@ |}xU}=kt

"NSGA-II sD} Qwor= |=yQDt=Q=B |=Q@ QDt=Q=B s}_vD Q}O=kt "4 pwOH
C}atH O=OaD MQv MQv
pUv Qy `]=kD VyH
10n 0 4 0 2 lJwm |=yp=Ft
7n 0 5 0 3 nQR@ ,=D@Uv w \UwDt |=yp=Ft

"?wret=v \=kv |oOvm =QB "7 pmW

42



"""w
|kw

Q=i
=w}y

'|O
}a=

[Q}
ra "pL |=ysD} Qwor= |HvUQ=@Da= CyH xOW O}rwD |=yp=Ft x@ \w@ Qt G}=Dv w C=YNWt "5 pwOH

O=OaD O=OaD ?} Q[ pm O=OaD pm O=OaD u=tR pm hWm ?wret=v \=kv O=OaD |=QH= u=tR
=yC}r=ai =yOt |oOJ}B |vOW \=kv \=kv pL sD} Qwor= \UwD xOW sD} Qwor= wO

?=wH |=[i ?wret=v �x}v=F� NSGA-II FastPGA �x}v=F�
8 [2; 5] 1 38 5760 15 287 14 13 4
9 [2; 5] 1 5 40500 37 2370 31 28 30

12 [4; 2] 1 42 186624 12 20720 12 11 35

Q}O=kt =yvD w CU= xOW Q_vhQY =QH= |=yu=tR |xU}=kt R= =Pr 'xOW xDiQo Q_v QO
"CU= xOW xO=O u=Wv swO uwDU QO hrDNt |=yp=Ft QO =yu;

\=kv O=OaD uDi=} QO FastPGA sD} Qwor= xm Ci=} QO u=wD|t 8 pwOH R=
NSGA-II sD} Qwor= R= QDjiwt 4 xQ=tW |xr�Ut RHx@ p�=Ut |t=tD QO |} wDQ=B
|QDQ@ OQwtQO u=wD|tv p;xO}= ?=wH R= xrY=i u}ov=}t =@ \=@DQ= QO "Ovm|t pta
u} QDW}@ |=yQ=}at |=Q@ "OQm |a]k Q_v Q=y_= |Qo}O x@ C@Uv sD} Qwor= l}
sD} Qwor= |QDQ@ OvQ=O =y?=wH ?U=vt `} RwD w |oOvm =QB Q@ CrqO xm ẁvD w VQDUo
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"CU= xOW x�=Q= sD} Qwor= wO |=Q@ xOt; CUO x@ |=y?=wH u}ov=}t u}vJty w xOW
V}=tv 10 pwOH QO R}v sD} Qwor= wO |=Q@ |}xU}=kt |=yXN=W x@ \w@ Qt Q}O=kt

"CU= xOW xO=O
NSGA-II VwQ xm Ci=} QO u=wD|t 10 pwOH QO xOW x�=Q= G}=Dv x@ xHwD =@
xO=O u=Wv OwN R= =Q |QDy@ G}=Dv ?wret=v |=y?=wH O=OaD w C}i}m =@ \=@DQ= QO
jO=Y =y?=wH VQDUo =@ \=@DQ= QO FastPGA VwQ QO Qt= u}= xm |r=L QO
VwQ ?=wH |=[i uOW QDnQR@ w p�=Ut O=a@= V}=Ri= =@ 'Q=_Dv= j@=]t "CU=
�wDQ=B RQt x@l}ORv�|} wDQ=B \=kv O=OaD FastPGA VwQ =@xU}=kt QO NSGA-II

"pw= p=Ft ?wret=v \=kv x@ \w@ Qt hOy `@=wD Q}O=kt "6 pwOH

C}i}m xv} Ry u=tR ?wret=v \=kv
83 96 1275 99 1
83 66 1249 97 2
83 48 1224 95 3
81 8 1163 90 4
83 18 1198 93 5

82 1173 91 6
81 5 1137 88 7
82 76 1179 92 8
81 57 1154 90 9
81 07 1118 87 10
80 51 1104 86 11
82 07 1174 92 12
79 82 1099 86 13
78 07 1093 86 14
77 7 1087 86 15

"4 =D 1 |=yp=Ft |=Q@ sD} Qwor= wO |D=@U=Lt G}=Dv "7 pwOH
xOt;CUO x@ |=y?=wH u}ov=}t xOt;CUO x@ |=y?=wH u} QDy@ sD} Qwor= ẁv xr�UtC}i}m xv} Ry u=tR C}i}m xv} Ry u=tR

83 03 1951 37 76 82 85 47 1936 59 73 09 NSGA-II 1
82 31 1947 73 75 53 83 33 1937 82 73 43 Fast-PGA

88 68 610 88 42 34 91 3 600 1 40 44 NSGA-II 2
88 94 614 55 42 74 89 79 607 41 73 Fast-PGA

84 79 1348 68 58 99 85 262 1339 52 57 6 NSGA-II 3
84 68 1345 18 58 57 84 89 1336 33 57 183 Fast-PGA

86 46 10316 41 172 27 86 96 10253 21 171 405 NSGA-II 4
86 29 10310 15 172 87 86 62 10288 13 171 37 Fast-PGA
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x�=Q="4 =D 1 |=yp=Ft |=Q@ FastPGA w NSGA-II sD} Qwor= wO |xU}=kt |=yQ=}at "8 pwOH

ẁvD R= xrY=i u}ov=}t u} QDW}@ |=y?=wH O=OaD =QH= u=tR sD} Qwor= ẁv xr�Utp;xO}= ?=wH VQDUo wDQ=B �x}v=F�
12 32 50 46 113 52 29 10 NSGA-II 112 5 44 76 114 22 30 10 Fast-PGA

10 06 27 34 77 72 23 10 NSGA-II 210 24 30 08 80 93 24 10 Fast-PGA

8 94 31 46 63 29 17 30 NSGA-II 39 02 27 79 65 21 25 30 Fast-PGA

22 96 202 7 471 12 122 180 NSGA-II 424 01 217 62 540 19 118 180 Fast-PGA

"7 =D 5 |=yp=Ft |=Q@ sD} Qwor= wO |D=@U=Lt G}=Dv "9 pwOH
xOt;CUO x@ |=y?=wH u}ov=}t xOt;CUO x@ |=y?=wH u} QDy@ sD} Qwor= ẁv xr�UtC}i}m xv} Ry u=tR C}i}m xv} Ry u=tR
87 13 6195 8 286 56 87 54 6128 7 283 NSGA-II 587 08 6240 5 291 7 87 34 6209 5 289 71 Fast-PGA

82 65 8100 3 421 01 82 78 8056 9 416 38 NSGA-II 682 66 8198 2 430 82 82 73 8141 4 426 54 Fast-PGA

85 32 12477 568 98 85 94 8110 7 421 36 NSGA-II 785 51 13498 606 71 85 65 13446 22 782 Fast-PGA

"7 =D 5 |=yp=Ft |=Q@ FastPGA w NSGA-II sD} Qwor= wO |xU}=kt |=yQ=}at "10 pwOH
ẁvD R= xrY=i u}ov=}t u} QDW}@ |=y?=wH O=OaD =QH= u=tR sD} Qwor= ẁv xr�Utp;xO}= ?=wH VQDUo wDQ=B �x}v=F�

20 05 114 18 378 6 53 600 NSGA-II 524 3 159 09 545 82 51 600 Fast-PGA

23 81 183 89 525 06 104 900 NSGA-II 629 12 271 32 761 58 53 900 Fast-PGA

23 35 204 09 493 13 114 1000 NSGA-II 728 07 249 95 724 6 43 1000 Fast-PGA

R= =y?=wH |@=} RQ= xm OQ=O OQ@ Q=m |OQ=wt QO FastPGA VwQ 'sD} Qwor= |q=@
COt l} QO ?wN |=y?=wH uDi=} p=@vOx@ =} 'CU= Q@xv} Ry |r=t =} |D=@U=Lt Q_v

"s}DUy x=Dwm u=tR

|Q}oxH}Dv "6
'u=tR pt=a xU O=} R Q=}U@ C}ty= x@ u=wD|t xOW s=Hv= C=ar=]t x@ xHwD =@
Qw]x@ pt=a xU Qy uDiQo Q_v QO =@ "OQ@ |B |RwQt= |=yO=OQ=Qk QO C}i}m w xv} Ry

x@ |@=}CUO QO FastPGA VwQ `} QU |}=Qoty u; Cra xm 'O@=}|t =Q |QDW}@
|Q=QmD |=y?=wH O}rwD x@ QHvt VwQ u}= QO QDq=@ |=yQ=QmD w CU= ?wret=v \=kv
,=@} QkD sD} Qwor= wO 'lJwm O=a@= =@ |=yp=Ft OQwt QO OW xOy=Wt xm u=vJ "OwW|t
p@=k =yu; G}=Dv QO OwHwt hqDN= w OvDW=Po V}=tv x@ OwN R= =Q |Q@=Q@ OQmrta
"Ci=} RwQ@ QDW}@ =yCw=iD u}= xDiQxDiQ 'xr�Ut O=a@= V}=Ri= =@ =t= 'CU= |WwBsWJ
xO}O=v ?wN |=y?=wH x@ |@=}CUO QO =Q =QH= u=tR COt Vkv u=wD|tv xD@r=
VwQ OwU x@ `k=w QO s}yO V}=Ri= =Q =QH= u=tR QOkQy xm CU= K[=w "CiQo
`ivx@ C@=kQ |xvwOQo =QH= COt Vy=m CQwY QO w s}vm|t pta NSGA-II

|}=Qoty x@ xHwD =@ 'OW u=wva xm u=vJ xD@r= "O}NQJ Oy=wN FastPGA VwQ
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ra 'x]w@ Qt |=yQDt=Q=B s}_vD R=TB "s}OQm xO=iDU= 'OvDUy xiOyOvJ p�=Ut QO xO=iDU=

xO=iDU= =@ w hrDNt O=a@= QO xOWO}rwD p=Ft u}OvJ |=Q@ sD} Qwor= wO |xU}=kt x@
=yu; p}rLD w |D=@U=Lt G}=Dv C}=yv QO "s}DN=OQB |}xU}=kt XN=W u}OvJ R=

"OW x�=Q= hrDNt |=yp=Ft |=Q@
j}kLD u}= QO xOW x�=Q= pOt u=wD|t |D; |=yVywSB |=Q@ |}xaUwD u=wvax@
w pOt |}=Q=m u=R}t |UQQ@ x@ w OQm |R=UxO=}B |ak=w |OQwt xar=]t l} QO =Q
'u=tR pt=wa R= s=Om Qy CU= umtt |iQ] R= "CN=OQB xOW x�=Q= pL |=yVwQ
|R=i j]vt R= xO=iDU= CQwYu}= QO xm OvW=@ x=Qty C}a]k sOa =@ C}i}m w xv} Ry

"OQ}o Q=Qk xHwD OQwt Ov=wD|t =yC}a]k sOa |UQQ@ QO |wk Q=R@= l} u=wvax@

xr�Ut |=yC}OwOLt |R=Ul}ORv =@ u}vJty w '|R} Qxt=vQ@ |=ypOt QO u=tRty
w OvtOwU G}=Dv u=wD|t O}OQD uwO@ 'C}ak=w sr=a QO OwHwt |=yC}OwOLt x@
� u=tR pO=@D |xr�Ut xr=kt u}= QO Qw_vt u}tyx@ "OQm Ci=} QO |QDj}kO |=y?=wH
OQwt xDi=}s}taD |R=}vV}B |=yC}OwOLt =@ w xDUUo Cr=LQO C}i}m � xv} Ry
xOW h} QaD =QH= xw}W u}OvJ C}r=ai Qy |=Q@ u; QO xm 'CU= xDiQo Q=Qk xar=]t
xm u}= p}rOx@ "CU= |Dw=iDt C}i}m w xv} Ry 'u=tR |=Q=O R}v =QH= |xw}W Qy w
NP-hard p�=Ut <RH xDUUo Cr=L QO C}i}m � xv} Ry � u=tR |xvR=wt |xr�Ut
R= 'O@=}|t V}=Ri= |}=tv CQwYx@ u; pL u=tR 'xr�Ut O=a@= V}=Ri= =@ w xOw@
OQwt |=ysD} Qwor= xrtHR= xm FastPGA w NSGA-II |Q=mD@==Qi |=ysD} Qwor=

=yCWwv=B
1. non-dominated sorting genetic algorithm (NSGA-II)
2. fast Pareto genetic algorithm
3. critical path method
4. crash activity time
5. lag
6. discrete time-cost trade-o� problem
7. the multi-mode problem with generalized precedence relations
8. time-switch constraints
9. discrete time-cost-quality trade-o� problem
10. front
11. crowding distance
12. diversity
13. net strength value
14. exploitation
15. uniform crossover
16. random resetting
17. Binary tournament selection
18. complexity
19. number of Pareto solution
20. maximum spread or diversity
21. diversi�cation metric
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