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u=tR V}=Ri= =@ =yxSwQB R= |Q=}U@ QO Q=m |wQ}v =} u}ovU |=yu}W=t |xv} Ry ,qFt

"Ci=} Oy=wN V}=Ri= =yu; R= xO=iDU=
|xRwL QO xOW xDN=vW p�=Ut `=wv= R= |m} `@=vt |xQ=H= |xr�Ut ?}DQDu}O@
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|R} Qxt=vQ@ '|]N |R} Qxt=vQ@ |=yVwQ `=wv= "OQ=O|awvDt pL |=yVwQ w OwW|t
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u=tR QO ,qwtat =yVwQ u}= =t= "Ov=j}kO pL |=yVwQ xrtH R= """"w u=Qm w xN=W
|=ysD} Qwor= x@ p�=Ut xvwou}= pL |=Q@ w O=O Ovy=wNv x�=Q= =Q xv}y@ ?=wH pwkat
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p=@vOx@ QN-=D w sOkD \@=wQ w `@=vt C}OwOLt x@ xHwD =@ p�=Ut u}= R= |NQ@ QO
xSwQB s=Hv= |=yxv} Ry Vy=m p=@vO x@ Qo}O |NQ@ QO w 'xSwQB s=tD= u=tR uOQmxv}tm
ẁv w =yQ}eDt ẁv Q}}eD =@ p�=Ut ẁv u}= hOy `@=D QO Cw=iD Q@ xwqa "s}DUy

|=}vO QO |Owtv s=OmQy xm CN=U |QDO}OH p�=Ut u=wD|t xr�Ut |=yC}OwOLt
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|v=tR OL=w l} |=Q@ OL=w x u}= xm u}= R= Q_vhQY 'OQ=O R=}v `@vt l} R= OL=w x
xDiQo Q_v QO u=Um} u; |xv} Ry 'xSwQB |=QH= u=tR pm |=Q@ =} OwW|t xO=iDU=
"CU=yu; |Q=O} QN |=vatx@ `@=vt |=yOL=w |x}yD =Hv}= QO u}=Q@=v@ [6]"CU= xOW
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C}r=ai xm |}xQwO QO iC}r=ai \UwD xm CU= k ẁv R= |a@vt Q=Okt u; w s}yO|t

"OwW|t hQYt CU= s=Hv= p=L QO
|Ov@u=tR OQ=Ov=DU= |xr�Ut =@ |Dw=iD I}y xr�Ut u}= |R=UpOt =Hv}= =D
xS} wx@ 'p�=Ut Q}=U =@ xr�Ut u}= RQ=@ Cw=iD =t= "OQ=Ov OwOLt `@=vt =@ xSwQB
R= xO=iDU= Ot=}B ZQi xr�Ut u}= QO xm CU= u}= '`@=vt |Q=Pox}=tQU |xr�Ut
sRq |xv} Ry pt=W (Cp) lQ=OD |xv} Ry "1 %OwW|t ZQi xv} Ry ẁv wO `@=vt
xwqa w OvDUy u=tR R= pkDUt ,qt=m xm |D@=F |=yxv} Ry Qo}O w VQ=iU |=Q@
xm CU= |}xv} Ry u; w (Cr) xQ=H= |xv} Ry "2 &s} R=OQB@ O}=@ `@=vt |xQ=H= Q@
xO=iDU= `@vt u}= R= xm |v=tR OL=w Qy |=R=x@ 'xQ=H= |=Q@ `@vt lQ=OD R= TB
|xv} Ry uDiQo Q_v QO "QDW}@ |xv} Ry 'QDW}@ hQYt u=tR �� s} R=OQB@ O}=@ OwW
Qo = &CU= `@=vt |xQ=H= |xr�Ut w `@=vt |Q=Pox}=tQU |xr�Ut R}=tD |x]kv xQ=H=
Oy=wN p}O@D `@=vt |Q=Pox}=tQU |xr�Ut l} x@ xr�Ut u}= OwW QiY xv} Ry u}=

"OW
s=k `@vt |x}rw= lQ=OD |xv} Ry Cpk %R= CU= CQ=@a =yxv} Ry u}= j}kO h} QaD
CN=OQB xv} Ry u}= O}=@ s}vm xi=[= =Q `@vt xm `kwt Qy w CU}v u=tR x@ xDU@=w xm
`@vt R= xm |t=O=t w CU= u=tR x@ xDU@=w xm s=k `@vt |xQ=H= |xv} Ry Crk "OwW

"s} R=OQB@ =Q u; O}=@ s}=xOQmv sm =Q `@vt w s}vm|t xO=iDU=
ZQi OwW sm xr�Ut C}rm R= xm u}= uwO@ 'QDCL=Q w QDy@ |R=UpOt |=Q@
Qy QO |va} &CU= `@vt Vy=m |xOv}=tv ! w `@vt V}=Ri= |xOv}=tv � s}vm|t
xm |v=R}t �kt %OwW|t h} QaD `@=vt R= s=Om Qy |=Q@ Q}eDt wO u}= u=tR R= x_Lr
sm t u=tR QO s=k `@vt R= xm |v=R}t !kt &OwW|t xi=[= t u=tR QO s=k `@vt R=
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%R= Ow@ Oy=wN

min(
X
k2R

Cpk
dX
t=0

�kt +
X
k2R

Crk
dX
t=0

t(!kt � �kt))

s:t: :

S 2 F (1)

rk(S; t) �
tX

�=0
(�k� � !k�) (2)

dX
t=0

�kt�
dX
t=0

!kt = 0 (3)

�kt; !kt 2 Z � 0 (4)

\@=wQ |va} &CU= xOt; CUO x@ |R} Qxt=vQ@ uOw@ xHwt Qou}t[D 1 C}OwOLt
"CU= xOW C}=aQ =yC}r=ai u}@ OwHwt |v=tR pY=wi w |QN-=D w |tOkD

CtU "CU= xQwO Qy |=Q@ R=}v OQwt `@vt u} QDsm |xOvvmu}t-=D 2 C}OwOLt
CU=Q CtU w CU= t |v=tR xQwO QO `@vt Qy R= R=}v OQwt Q=Okt CQ=@a u}= AJ
x@ pk=OL O}=@ Q=Okt u}= w xOW u}t-=D xm CU= |awv u=ty R= `@vt Q=Okt CQ=@a

"OW=@ Q_v OQwt |xQwO QO R=}v OQwt Q=Okt xR=Ov=
xQNq=@ xOW xi=[= xm |a@vt Qy w CU= xOW xQ=H= `@=vt Qou=Wv 3 C}OwOLt

"OW Oy=wN xO=O TB |v=tR xQwO l} QO

|=yVwQ xrtHR= |rt=mD |R=Uxv}y@ |=ysD} Qwor= Q}_v |Q=mD@==Qi |=yVwQ
"OvyO|t x�=Q= =Q xv}y@ x@ l}ORv ?=wH xm Ov=p�=Ut u}= pL |=Q@ j}kO=v

KQ]t Q=mD@= l} u=wvax@ QDW}@ xr�Ut pL |=Q@ ?U=vt sD} Qwor= l} O=H}=
u; R= w OQ=O uOQm s}_vD |=Q@ |O=} R |=yQDt=Q=B l}DvS sD} Qwor= VwQ "OwW|t
|Q}PBh=]av= Ov=wD|t u; OQ@ Q=m =Pr w 'OQm xO=iDU= Cw=iDt Q=}U@ |=yVwQ x@ u=wD|t
|=Q@ ?U=vt VwQ l} u=wvax@ |v=tR =yvD VwQ u}= "OyO@ sD} Qwor= u}= x@ |O=} R
=@lLt QO w OW=@ xOW xOy=Wt u; G}=Dv xm OwW|t KQ]t X=N |xr�Ut l} pL
sD} Qwor= OQ@ Q=m |xv}tR QO "OW=@ xDW=O xOW C=@F= |=yC}r@=k OwHwt |=yVwQQo}O
|=Q@ "CU= xOW x@ QHD |@ wN G}=Dv `@=vt X}YND w |R} Qxt=vQ@ p�=Ut QO l}DvS
`@=vt X}YND |=Q@ xm OQm xQ=W= [11w10]utDQ=y l}DvS sD} Qwor= x@ u=wD|t p=Ft
xOW KQ] �� OQ=O OwHw =QH= VwQ OvJ C}r=ai Qy |=Q@ xm |Dr=L QO �� OwOLt
xO=iDU= =@ w l}DvS sD} Qwor= |=yQDt=Q=B QO ?U=vt KQ] l} R= xO=iDU= =@ w= "CU=
p�=Ut ẁv u}= QO xm Ci=} CUO |H}=Dv x@ |a[wt |wHwCUH VwQ l} R=

[12]"CN=U R=Dtt =Q w= VwQ
|R} Qxt=vQ@ p�=Ut pL QO l}DvS sD} Qwor= R= xO=iDU= C@Ft C=}@ QHD x@ xHwD=@
|=Q@ ?U=vt sD} Qwor= l} R= xO=iDU= =@ xm OwW|t KQ]t Vr=J u}= [14w13]xSwQB
nQR@ p�=Ut |=Q@ xv}y@ ?=wH uDi=} QO nQR@ |t=o u=wD|t `@=vt |xQ=H= |xr�Ut

"CW=OQ@ xv}tR u}= QO

|[=} Q |R=UpOt w xr�Ut |iQat "2
|=vatx@ `@=vt |=yOL=w |x}yD '`@=vt |Q=Pox}=tQU |xr�Ut QO OW xQ=W= xm Qw]v=ty
`@=vt R= xO=iDU= |ak=w |=yxSwQB R= |r}N |=Q@ xm |DQwY QO CU=yu; |Q=O} QN
|=yxv} Ry |xOvQ=OQ@ QO �� |DavY nQR@ |=yxSwQB QO Q@xv} Ry C=R}yHD Q}_v ��
|xr�Ut |R=Ux}@W 'u=tR x@ xDU@=w |=yxv} Ry uDiQo Q_v QO "CU= u=tR x@ xDU@=w
R= |D}rm xr�Ut |R=UpOt |=Q@ Cra u}tyx@ "OR=U|t umtt =Q `@=vt |xQ=H=
|=yxv} Ry Q=vm QO u; QO xm s}yO|t x�=Q= =Q �RIP� `@=vt |Q=Pox}=tQU |xr�Ut
Q_v QO `@=vt |=Q@ R}v �u=tR x@ xDU@=w� 5xQ=H= |xv} Ry '�u=tR R= pkDUt� 4C=mQ=OD
|iQat p@ wv \UwD Q=@u}rw= 6`@=vt |xQ=H= x@ swUwt |xr�Ut u}= "CU= xOW xDiQo
|i=m |UQDUO C}OwOLt u}rw= OwOLt `@=vt =@ xSwQB |R} Qxt=vQ@ |xr�Ut QO "OW
u=wD|t =Q xr�Ut |=Q@ xOW h} QaD `@=vt p=L "CU= xQwO Qy |=Q@ R=}v OQwt `@=vt x@

"CW=O Q=}DN= QO =yu; |xQ=H= j} Q] R=
u}= =@ CU= `@=vt |Q=Pox}=tQU |xr�Ut x@ x}@W Q=}U@ `@=vt |xQ=H= |xr�Ut
`@=vt R= xO=iDU= u=tR COt w s} Q=O Q=mwQU `@=vt |xQ=H= =@ =Hv}= QO xm Cw=iD
QO xm |a@vt |=Q@ OwW|t ZQi `@=vt |Q=Pox}=tQU |xr�Ut QO =t= 'OQ=O C}ty=

"s} R=OQB|tv u; |Q=Oxov C@=@ |}xv} Ry s} Q}o|t Q=}DN=
xHwt |Ov@u=tR l} uDi=} pw= xHQO QO |Ov@u=tR |xr�Ut Qy pL R= hOy
C}=aQ |v=tR pY=wi xv}W}@ w xv}tm \}=QW |Ov@u=tR QO Qo = "CU= xr�Ut |=Q@
xr�Ut xHwt |=y?=wH xawtHt [15]"CW=O s}y=wN 7xHwt |R} Qxt=vQ@ l} OwW
CQwY u}= QO OW=@ F |xawtHt w[a S ZwQit |Ov@u=tR Qo = "s}t=v|t F =Q
xSwQB |Ov@u=tR OQ=Ov=DU= |xr�Ut QO xm `@=vt C}OwOLt "s}} wo|t xHwt =Q S
s=tD= |=Q@ 8|v=tR C}OwOLt =t= 'OQ=Ov OwHw =Hv}= QO CU= C}OwOLt u} QDsyt

"OQ=O OwHw (d) xOW u}}aD u=tR QO xSwQB
u}= R= l} Qy s=Hv= xm xOW p}mWD =QHq=sRq C}r=ai |O=OaD R= xSwQB Qy
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`@=wD u}= |=R=x@ hOy `@=D xm |Qw]x@ CU= (S; �; !) Q}eDt xU u=tRsy uDi=}
"OQ}o@ =Q OwN Q=Okt u} QDy@

|R=Uxv}W}@ hOy =@ `@=vt |xQ=H= |xr�Ut |]N |R} Qxt=vQ@ pOt xt=O= QO
QO =yxv} Ry \ki xr�Ut hOy `@=D QO xm =Hv; R= "OwW|t x�=Q= |rai Xr=N VRQ=
Xr=N VRQ= |R=Uxv}W}@ |=Hx@ 'CU= |ivt ,qt=m |Okv u=} QH w xOW xDiQo Q_v

"CU= xOW xv}tm xOW p} RvD |Okv u=} QH |rai

min[(
X
k2K

Cpk
dX
t=0

�kt:ei(d�t) +
X
k2K

Crk
dX
t=0

ei(d�t):akt)] (6)

s:t: :

akt =
tX

�=0
(�k� � !k� ); 8k 2 K (7)

dX
t=0

t:xit + dmin
ij �

dX
t=0

t:xjt; j 2 Seci; i = 1; :::; n+ 1 (8)

nX
i=1

tX
u=t�Di+1

rik � xiu � akt; t = 0; 1; :::; d; k 2 K (9)

dX
t=0

�kt�
dX
t=0

!kt = 0 (10)

dX
t=0

xit = 1; i = 1; :::; n+ 1 (11)

x01 = 1 (12)
dX
t=0

t:x(n+1)t � d (13)

dX
t=0

t:xit = Si (14)

�k� ; !k� 2 Z � 0 (15)

xm CU= 1 w QiY Q}eDt Xit %R= Ov=CQ=@a pOt QO xOW xO=iDU= O}OH |=yQ}eDt
u=tR Si &CU= QiY CQwYv}= Q}e QO w '1 Q@=Q@ OwW ẁQW t u=tR QO iC}r=ai Qo =
R=}vV}B xm C}r=ai wO ẁQW u}@ |v=tR |xrY=i u} QDsm dmin

ij &s=i C}r=ai ẁQW
|=yC}r=ai xawtHt Seci &s=i C}r=ai s=Hv= |=Q@ sRq u=tR Di &OvDUy sy

"OwW s=tD u; |] Ov=wD|t xSwQB xm R=Ht u=tR xv}W}@ d &s=i C}r=ai R=}vTB
hOy `@=D 6 CQ=@a %OwW|t K} QWD u}vJ R}v pOt |=yC}OwOLt w hOy `@=D
=Hv}= QO "CU= xOW xOQ@ T u=tR x@ xm CU= `@vt lQ=OD w xQ=H= |=yxv} Ry pt=W
OwW xOQ@ umtt u=tR u} QDQ}O x@ =yxv} Ry xm OwW|t Ea=@ pOt QO xQy@ MQv OwHw
Ea=@ `@=vt |xQ=H= |xv} Ry OwHw "OwW |Ov@u=tR umtt u=tR u} QDQ}O QO xSwQB w

"OW Oy=wN |Ov@u=tR QO `@=vt K}]UD
Q=Okt Q@=Q@ w CU= Q[=L |xQwO =D xOW sy=Qi `@=vt Qou=Wv 7 C}OwOLt

"CU= Q_v OQwt |xQwO =D xOW sm `@=vt |=yvt xOW xi=[= `@=vt |atHD
CU= 1 w QiY Q}eDt l} ltmx@ |QN-=D w |tOkD \@=wQ Qou=}@ 8 C}OwOLt
SSij |x]@=Q CQwYx@ Ov=C}r=ai l} R=}vTB |xawtHt wRH xm |}=yC}r=ai w
\@=wQ |t=tD uOQm ^=Lr p}rO "CU= xOW ^=Lr Q_v OQwt C}r=ai ẁQW u=ty =}
OQwt u=WpL |=Q@ xm |OQ=Ov=DU= p�=Ut QO \@=wQ u}= xm CU= u; CQwY u}O@

Q}O=kt w Ov=K}LY O=Oa= |Q=PoCU=}U |=yQ}eDt xm Ovm|t u=}@ 4 C}OwOLt
"OvQ}o|tv |Q=Wa=

T=U=Q@ xOQm |iQat `@=vt |xQ=H= |xr�Ut |=Q@ [7]p@ wv xm |iOy `@=wD
lQ=OD |xv} Ry wO `tH =@ CU= Q@=Q@ w CU= `@=vt x@ |UQDUO |xv} Ry |R=Uxv}tm

%`@vt |xQ=H= wX
k2R

Cpk
dX
t=0

�kt +
X
k2R

Crk
dX
t=0

t(!kt � �kt) (5)
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VyH Qorta ẁv l} OwW|t xDiQo Q_v QO j}kLD u}= QO xm |WyH Qorta
C} wrw= w '?=NDv= p |iO=YD |x]kv %Ovm|t pta u}vJ xm [21]CU= 21xrO=@t
u}= Qo = "OwW|t Z} waD p + 1 u=mt QO OwHwt C} wrw= =@ p u=mt QO OwHwt
|x]kv w OwW|tv s=Hv= Z} waD OR} Q@ sy Q@ =Q |R=}vV}B |=yC}OwOLt Z} waD

QO SSij |x]@=Q CQwYx@ \ki w xOW OQ=Ov=DU= CQwYx@ OvQ}o|t Q=Qk xO=iDU=
xrY=i sy R= dij min |xR=Ov=x@ O}=@ C}r=ai wO ẁQW =Hv}= QO "OwW|t xDiQo Q_v
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xtRq |=yV}=tR; O=OaD xm xDiQo Q=Qk xO=iDU= OQwt |QUm |rt=a |=yKQ] 'pmWt
|=yT} QD=t R= |}xO=wv=N |Jwo =D "Ovm|t OwOLt xvmtt C=@}mQD pm R= |QUm x@ =Q
|=Q@ Ot=aDt |=yx}=Q; R= w= VwQ QO [22]"O=O xaUwD =Q =yV}=tR; O=OaD |xOvy=m
"OwW|t xO=iDU=V}=tR;|tm O=OaD R= xO=iDU= =@ s}tYD Q}eDt |O=} R O=OaD |xar=]t
Q=Okt R= w XNWt O}=@ u; Kw]U xm xOW xDiQo Q_v QO pt=a 4 j}kLD u}= |=Q@
|=yQ=QmD O=OaD 'x}rw= C}atH %R= Ov=CQ=@a pt=wa u}= "OwW xO=iDU= u; ?U=vt

"=yQ=QmD pm O=OaD w VyH p=tDL= 'xDi=}vOw@y@
ProGen OQ=Ov=DU= p�=Ut |xv=N@=Dm R=V}=tR; s=Hv= |=Q@ Q_v OQwt |=yp=Ft
|xv} Ry \UwDt u}vJty "CU= xOW xO=O K}[wD Oa@ VN@ QO xm [23]xOW ?=NDv=
CUO x@ R= TB "CU= xOW xDiQo Q_v QO MU=B Q}eDt u=wvax@ �xr�Ut hOy `@=D� pm
CUO x@ Q_v OQwt pt=wa R= l} Qy |xv}y@ Q}O=kt |Jwo =D V}=tR; G}=Dv uOQw;

"O};|t
CU=}U O}=@ �� =yC}r=ai |Ov@u=tR swRwtwQm �� swRwtwQm l} O}rwD R= TB
uDi=} |=Q@ xt=O= QO "O}; CUO x@ xOW G=QNDU= |Ov@u=tR |=Q@ `@vt |xv}y@ |xQ=H=
CU=}U u}= xm OwW|t C=@F= w 'x�=Q= |tD} Qwor= `@=vt |xv}y@ |xQ=H= CU=}U

[7]"CU= xv}y@
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u=Wv =Q lQ=OD |xv} Ry x@ xQ=H= |xv} Ry C@Uv CQ OOa "CU= xOW C@F x}v=F

"OyO|t
Q=Ri=sQv \UwD xOWx�=Q= u}}=B OL R= h=QLv= u}ov=}t QDnQR@ p�=Ut OQwtQO
"�5 pwOH�CU= xOW xDiQo Q_v QO sD} Qwor=|}=Q=m|UQQ@ w|@=} RQ= Q=}atTmrB}U
hrDNt |=yC}r=ai O=OaD |=R=x@ l}DvS sD} Qwor= \UwD pL u=tR 3 pmW QO

"CU= xOW xO=O u=Wv xSwQB
OL R= h=QLv= u}ov=}t 'swO uwDU w =yC}r=ai O=OaD pw= uwDU 5 pwOH QO
xm u=vJ "CU= xOW pL |=yp=Ft |=Q@ TmrB}U Q=Ri=sQv \UwD xOW x�=Q= u}}=B
|L=Q] l}DvS sD} Qwor= R}v q=@ |=yC}r=ai O=OaD =@ |=yp=Ft |=Q@ OwW|t xOy=Wt
OL R= |rw@k p@=k h=QLv= OYQO xm xv}y@ x@ l}ORv |=y?=wH CU= QO=k xOW

"OyO x�=Q= OvQ=O u}}=B

xr�Ut Q@ xQy@ MQv QF= |UQQ@ "1"4
s}vm|t ZQi "OQ}o|t Q=Qk |UQQ@ OQwt xr�Ut u}= Q@ xQy@ MQv Q}F-=D VN@ u}= QO
CQ = 0 6 w d = 1 5� d0;n+1 w OQ=O OwHw `@vt 4 w C}r=ai 10 =@ |}xSwQB
j@=]t =yu; |=Q@ `@vt R=}v OQwt u=R}t w =yC}r=ai \@=wQ "CU= xOW xDiQo Q_v QO

"CU= 6 pwOH
QO 'xr�Ut u}= pw= `@vt |=Q@ xv}y@ |xQ=H= CU=}U w |Ov@u=tR 4 pmW QO
|xQ=H= QDxO=U |xr�Ut x@ xrO=at j@] xr�Ut u}= w CU= QiY xQy@ MQv xm |Dr=L

"CU= xOW xO=O u=Wv 'xOW p}O@D `@=vt
CUO x@ xQ=@ wO =Q xv}y@ |Ov@u=tR w s}yO|t Q=Qk OYQO 30 =Q xQy@ MQv p=L
OwW|t Ea=@ q=@ xQy@ MQv OwHw OwW|t xOy=Wt xm u=vJ "�5 pmW� s} Qw;|t
OyO|t u=Wv ẁ[wt u}= "OvwW |Ov@u=tR |QDnQR@ u=tR QO u=mt= OL =D =yC}r=ai
`@=vt hQYt u=ty xm xSwQB |=yxv} Ry 'pOt QO xQy@ MQv uOW^=Lr CQwYQO xm
xQy@ MQv xm |ak=wt QO w O@=}|t p=kDv= |QD?ka u=tR x@ CU=yC}r=ai s=Hv= |=Q@
V}=Ri= xQ=H= |xv} Ry =D CiQ Ovy=wN V}B QDW}@ K}]UD CtU x@ `@=vt CU= QiY
l} Qy R= xO=iDU= K]U C=Q}}eD uOWxv}tm R= CU= CQ=@a `@=vt K}]UD "Ovmv =O}B
w u=Uwv uOWsm |=DU=Q QO VqD QDW}@ `@=vt K}]UD C=}@O= QO w [26w25]'`@=vt R=

"CU= `@vt K]U Q}}eD
umtt u=tR u} QDQ}O QO =yC}r=ai |xOta 'q=@ |xQy@ MQv OwHw CQwYQO
pkDvt xSwQB |=OD@= x@ d0;n+1 w d Cw=iD R= pY=L |Qw=vW w OvwW|t |Ov@u=tR

"l}DvS sD} Qwor= =@ hrDNt p�=Ut pL u=tR "3 pmW

xawtHt w 'ProGen OQ=Ov=DU= p�=Ut |xv=N@=Dm R= xOW xO=iDU= p�=Ut
xOW ?=NDv= j10; j20; j30; j60; j90; j120 s=v CLD xOW xDN=vW p�=Ut

"CU=
OQ=O OwHw |}=yXN=W xSwQB |Ov@u=tR p�=Ut |oO}J}B u=R}t VHvU |=Q@
|oQR@ R= |@} QkD xm =yQDt=Q=B u}= R= |m} "Ovm|t Q}}eD Qo}O |xr�Ut x@ |}xr�Ut R= xm
pL OW=@ QDW}@ xJQy xm CU= xSwQB |=yC}r=ai O=OaD OyO|t x�=Q= =Q xr�Ut l}
CU= �RF� �24`@vt O=OaD� '=yQDt=Q=B u}= R= Qo}O |m} "OW Oy=wN QDQ@u=tR xr�Ut
|oO}J}B� QDt=Q=B &OyO|t u=Wv =Q C}r=ai Qy |=Q@ R=}vV}B \@=wQ O=OaD \UwDt xm
&OQ=O sRq C}r=ai Qy xm CU= |a@=vt Q=Okt OYQO \UwDt hQat �NC� �25xm@W
xO=iDU= |xR=Ov=x@ Q_v OQwt `@vt Qo = OQ}o|t QiY Q=Okt 26�RS� `@vt CQOk QDt=Q=B
Q=Okt Qo = OQ}o|t 1 Q=Okt R}v w 'OQ@|t u; R= =Q xO=iDU= u} QDW}@ xm OW=@ |D}r=ai

"OW=@ OwOLt=v `@vt Cr=L pO=at xm OW=@ |}xR=Ov=x@ Q_v OQwt `@vt
d QDt=Q=B u}rw= "CU= KQ]t R}v |Qo}O |=yQDt=Q=B `@=vt |xQ=H= |xr�Ut |=Q@
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u}@ R=}vV}B \@=wQ R= xm u=tR u}= "O};|t CUO x@ R=}vV}B \@=wQ R= xm OW=@ |v=}=B
d0;n+1 R= QDW}@ d xJQy "CU= xOW |Q=Pos=v d0;n+1 O};|t CUO x@ =yC}r=ai
u}= w [7]Ovm|t QDQ@u=tR =Q wHwCUH w OyO|t xr�Ut x@ |QDW}@ |=[i OW=@
lQ=OD x@ xQ=H= |xv} Ry C@Uv Qo}O QDt=Q=B "OW Oy=wN xr�Ut uOW QDCNU Ea=@

%OwW|t h} QaD u}vJ xm CU= `@=vt |=Q@ 27�CQ�

CQ = Cr
Cp

u}= |Dkw xm |Qw]x@ [7]OwW|t xOwRi= xr�Ut u}= |oO}J}B x@ C@Uv u}= V}=Ri= =@
"OwW|t p}O@D `@=vt |Q=Pox}=tQU QDxO=U |xr�Ut x@ xr�Ut u}= CU= QiY C@Uv
p�=Ut OwW|t xOy=Wt TmrB}U Q=Ri=sQv \UwD xOWQmP |=yp=Ft pL =@
"O};|t CUO x@ xv}y@ ?=wH w OwW|t pL pwkat u=tR QO u}}=B |oO}J}B =@ lJwm
w q=@ OL Q=Ri=sQv |vqw] ,=D@Uv |v=tR CWPo R= TB R}v nQR@ p�=Ut XwYNQO
u}}=B OL xm OyO|t x�=Q= sy x@ C@Uv OYQO2 QFm =OL hqDN= =@ =Q xr�Ut u}}=B

"CU= xOW xO=iDU= l}DvS sD} Qwor= |=y?=wH =@ xU}=kt |=Q@ u;
Q=Ri=sQv \UwD xr�Ut u}= pL |=Q@ x}v=F ?ULQ@ R=}v OQwt u=tR 3 pwOH QO

"CU= xOW C@F u=Wv xSwQB hrDNt |=yC}r=ai O=OaD |=R=x@ Cplex

O@=}|t V}=Ri= pL u=tR =yC}r=ai O=OaD V}=Ri= =@ OyO|t u=Wv pwOH u}=
p�=Ut R= QDW}@ ?D=Qtx@ |v=tR C}r=ai 60 =@ |=yp=Ft pL |=Q@ Q=Ri=sQv xm |Qw]x@
wO Qy 'C}r=ai 20 w 10 =@ lJwm p�=Ut OQwtQO xm =Hv; R= "Ovm|t hQY lJwm
x@ uO}UQ OQ=wt OYQO 'Ov=xr�Ut pL x@ QO=k OwOLt |v=tR QO |Q=mD@= w j}kO VwQ
l}DvS sD} Qwor= OQmrta |UQQ@ |=Q@ |Q=}at u=wvax@ OwOLt u=tR QO xv}y@ ?=wH

"CU= xOW xDiQo Q_v QO
pY=wi T=U=Q@ xOW |L=Q] l}DvS sD} Qwor= xm |OQ=wt OYQO 4 pwOH QO

"TmrB}U Q=Ri=sQv R= xO=iDU= =@ xr�Ut pL |=Q@ R=}v OQwt u=tR "3 pwOH
�s� R=}v OQwt u=tR C}r=ai O=OaD

1 17 10
1 58 20
2 28 30
459 60
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d = 1 5d0;n+1 d = 1 25d0;n+1 d = 1 1d0;n+1 d = d0;n+1
CQ = 0 5��� ��� ��� ���

76 0 81 0 84 0 96 0 n = 10
Opt�11 0 19 0 25 0 37 0 n = 20

"OYQO 30 xQy@ MQv =@ Cr=L QO `@=vt R= xO=iDU= |xwLv w |Ov@u=tR "5 pmW

K}]UD |=Q@ |Qw=vW u}= R= =yC}r=ai CU= u}}=B xQy@ MQv |Dkw =t= "OW Oy=wN
QO 4 w 3 C}r=ai wO |Ov@u=tR |xwLv "OQm Ovy=wN xO=iDU= `@=vt QDW}@ xJQy
Vy=m w `@=vt K}]UD u}@ `k=w QO "CU= ?r]t u}= O} -wt |vWwQx@ 'xOW x�=Q= p=Ft
|wQ =yC}r=ai `}tHD w xSwQB QN; x@ |Ov@u=tR p=kDv= w 'wU l} R= xQ=H= |xv} Ry
|ov=owO u}= "OQ=O OwHw |ov=owO |awv 'Qo}O |wU R= xQy@ MQv OwHw p}rOx@ sy

"CU= Q=PoQ}F-=D xr�Ut |oO}J}B QO OwN |x@ wvx@

|Q}oxH}Dv "5
xO}O |ak=w |=yxSwQB QFm = QO xm u=vJ �� xSwQB l} |iQYt `@=vt u}t-=D |=Q@
|=yxv} Ry uDiQo Q_v QO R}v `@=vt |xQ=H= QO "OQm xQ=H= =Q `@=vt u=wD|t �� OwW|t
|=Q@ xv}y@ |Q}os}tYD Ea=@ u=tR R= pkDUt |=yxv} Ry Q=vm QO u=tR x@ xDU@=w
QO xm |rOt x@ u; p}O@D w xr�Ut u}= pL w |R=UpOt =Pr "OwW|t `@=vt u}t-=D

"CU= C}ty= R�=L Q=}U@ OW=@ xDW=O OQ@ Q=m |ak=w |=yxSwQB
?Um x@ QHvt xr�Ut u}= pL |=Q@ ?U=vt w =Q=m l}DvS sD} Qwor= l} |x�=Q=
sD} Qwor= u}= OQmrta "OwW|t pwkat |v=tR QO xv}y@ x@ l}ORv w ?weQt |=y?=wH
w xv}y@ |=y?=wH uOQw; CUO x@ QO 'OW pY=L |D=@U=Lt G}=Dv R= xm u=vJ
|=Q@ u; R= u=wD|t p}rO u}ty x@ &CU= xHwD p@=k lJwm p�=Ut |=Q@ xv}y@ l}ORv
u}vJty "OQm xO=iDU= nQR@ w |ak=w p�=Ut |=Q@ ?wN |=y?=wH uOQw; CUO x@
C}ak=w x@ |R=UpOt |=[i uOW QDl}ORv Ea=@ xr�Ut QO xQy@ MQv uDiQo Q_v QO
C=Q}}eD xvwoJ xm s}OQm xOy=Wt pOt x@ xQy@ MQv OwQw =@ "OwW|t =yxSwQB QO OwHwt
|DL w =yQ=m s=Hv= |Ov@u=tR Q}}eD w u; x@ xr�Ut Vvm =w ?Hwt xQy@ MQv QO

"OwW|t `@=vt |xQ=H= |=yu=tR

"hrDNt |=yC}r=ai O=OaD |=R= x@ xv}y@ ?=wH R= h=QLv= w pL u=tR "5 pwOH
CQ = 0 5; Mean Deviation from

d = d0;n+1 lower bound (LB) ���
30 Activity 1 32
60 Activity 2 92
90 Activity 3 42
120 Activity 3 23

"xOW QmP p=Ft |=Q@ `@vt R=}v OQwt u=R}t w =yC}r=ai \@=wQ "6 pwOH
OQ@ Q=m |=yR=}vTB COt C}r=ai`@vt C}r=ai u=tR

(0; 0; 0; 0) (1; 2; 3) 0 Task0
(5; 4; 0; 0) 4 2 Task1
(4; 0; 0; 5) 5 5 Task2
(5; 5; 1; 0) (5; 7) 3 Task3
(0; 5; 0; 5) (6; 7; 8) 4 Task4
(2; 2; 2; 2) 11 1 Task5
(5; 2; 3; 1) (8; 9; 10) 5 Task6
(4; 0; 0; 0) 9 6 Task7
(5; 0; 0; 2) 10 1 Task8
(2; 5; 3; 1) (10; 11) 3 Task9
(0; 0; 5; 3) 11 2 Task10
(0; 0; 0; 0) 0 Task11

"xQy@ MQv uwO@ Cr=L QO `@=vt R= xO=iDU= |xwLv w |Ov@u=tR "4 pmW
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1. resource investment
2. resource renting
3. Hartwig Nubel
4. procurement cost
5. renting cost
6. resource renting problem
7. feasible
8. deadline
9. interruption
10. �ctitious
11. minimum time lag
12. maximum time lag
13. deadline
14. lump-sum payment
15. earliest start
16. latest start
17. after �nished activity
18. active schedule
19. one point ordered crossover (OX)
20. two-point ordered crossover (2OX)
21. swap mutation
22. modi�ed swap mutation
23. CPLEX
24. resource factor
25. network complexity
26. resource strength
27. cost quotient
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