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|xt=vQ@ l} u}}aD |=Q@ =OD@= QO x}rw= VQ=iU OvJ `k=w QO "CU= xOW xDiQo Q_v QO
u=tR COt Ovv=t =yQ=m u}= C=aq]= w OvQ=O Qw[L x=oQ=m QO u} R=e; |Ov@u=tR
'u=tR QwQtx@ x}rw= |=yQ=m Q@xwqa "CU=XNWt =yQ=m p} wLD u=tR w =yQ=m VR=OQB
=yv; R= |D=aq]= I}y xm OvwW|t x=oQ=m OQ=w xQ_DvtQ}e CQwYx@ R}v |}=yVQ=iU
OwHw u; R= |v}@V}B xvwoI}y xm O}OH VQ=iU l} OwQw `k=w QO "CU}v Q=}DN= QO
=@ OQwNQ@ |=Q@ ?U=vt OQm} wQ O}=@ xm CU= xQ_DvtQ}e pqDN= l} 'CU= xDW=Ov
OwQw =@ xr@=kt |=Q@ VN@ u}= QO "OwW u}}aD O}OH Q=m |v; OwQw s=ovy QO O=ONQ u}=
"CU= xOW O=yvW}B xiOy OvJ |Wvm =w OQm} wQ l} sDU}U x@ =yQ=m |xQ_DvtQ}e
xt=vQ@ |=QH= u=tR QO '|UQQ@ CLD |xr�Ut QO OW xQ=W= xm Qw]u=ty
|xQ=@ QO x}rw= C=aq]= xvwoI}y p@k R= "OwW|t x=oQ=m OQ=w |O}OH |=yVQ=iU
|=yVQ=iU u}= R= s=OmQy =}; xm OwW XNWt O}=@ "CU= xDW=Ov OwHw VQ=iU u}=
`k=wQO "OwW s=Hv= |m O}=@ uOWxDiQ}PB CQwYQO w Q}N =} OwW|t xDiQ}PB O}OH
"OQ=O sDU}U |}=Q=m QO |O=} R C}ty= O}OH |=yQ=m s=Hv= |=Q@ ?U=vt C@ wv uDi=}
R= |QDy@ ?=wH CU= umtt xJQo 'O}OH |=yQ=m uDiQoQ_vQO =@ |r@k |r=wD Q}}eD
O=H}= w C=@F Vy=m Ea=@ CU= umtt p=L u}a QO =t= Ovm O=H}= hOy `@=D x=oO}O
�2�LW� wQW}B ji=� OQm} wQ |D=@F|@ u}= Vy=m |=Q@ "OwW sDU}U QO |oDiW;
C@=F Qw]x@ |}xOWu}}aD V}B R= |v=tR |=yxR=@ xm ?}DQDu}O@ "OwW|t O=yvW}B
C@=F OOa |xR=Ov= x@ |v=tR |xR=@ u}= COt pw] O}vm ZQi "OwW|t xDiQoQ_vQO
VQ=iU xJv=vJ � u=tR s=tD= =D OwHwt |=yQ=m VR=OQB ẁQW |=OD@= R= "OW=@ �

'� u=tR COt CWPo R= TB "OwW|t |Q=Oyov sDU}U QO OUQ@ x=oQ=m x@ |O}OH
|=yVQ=iU x=Qty x@ CU= xOWv ẁQW =yu; VR=OQB Rwvy xm |r@k |=yQ=m s=tD
Q=Qk |UQQ@ OQwt =yQ=m |xawtHt pm u=wvax@ Ov=xOW C@F COt u}= QO xm O}OH
VwQ j@] |r=wD u} QDy@ O}OH |=yQ=m |=Q@ VQ}PB sOa =} VQ}PB\QW =@ w OQ}o|t

"�2 pmW� OwW|t u}}aD |O=yvW}B
u}rw= uO}UQQU COt pw] "s}yO|t V}=tv LWr =@ =Q s=r |v=tR |xR=@
s}y=wN xR=@ u}= uOw@C@=F ZQi =@ w CU= � =@ Q@=Q@ |rai |x_Lr R= |v=tR |xR=@

%CW=O
LWr = r� (1)

|t=ovy |va} "OW=@ r + 1 w r |v=tR |xR=@ QO =yQ=m pm O=OaD Jr xm O}vm ZQi
|wQ OOHt |Ov@u=tR O}=@ xm |}=yQ=m pm O=OaD OUQ|t =Qi LWr |v=tR |x]kv xm
xm CU= |}=yQ=m O=OaD =@ Q@=Q@ =yQ=m u}= pm O=OaD "OyO|t u=Wv =Q OwW s=Hv= =yv;
pm O=OaD R}v w CU= xOWv s=Hv= =yv; VR=OQB w Ov=xOv=t |k=@ |r@k |Ov@u=tR R=
s}tYD =yv; x@ `H=Q O}=@ w Ov=xOW C@F sDU}U QO x_Lr u}= =D xm |O}OH |=yQ=m

"C@=F |v=tR |=yxR=@ QO OOHt |Ov@u=tR "2 pmW
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"""|
v;|

Ov@u
=tR

|=Q@
C=@

F=@|
Wvm

=wO
Qm}w

QuOWxH=wt s=ovy |}xt=vQ@ Qo = "=yu; OQmrta xv OQ=O xHwD |Ov@u=tR |ak=w w x}rw=
C=@F =@ |xt=vQ@ 'Ovmv Q}}eD O=} R |rY= |xt=vQ@ x@ C@Uv 'pqDN= =} |@=QN =@
h} QaD Q} R CQwYx@ w |r=wD QO Q}}eD u=R}t CQwYx@ xm T=}kt u}= "OwW|t xO}t=v

%Ow@ Oy=wN swO hOy `@=D 'OwW|t
Stability :

X
i

X
j2J0r

���Srji � Sr�1
ji

��� (5)

%Ow@ Oy=wN Q} R CQwYx@ xiOyxU |O=yvW}B |}=yv pOt
Maximize fr1 =

X
j2Jr

Y rj (aj � wjT rj ) (6)

Minimize fr2 =
X
i

X
j2J0r

���Srji � Sr�1
ji

��� (7)

Minimize fr3 = Max8j2JrCrjm (8)

S:t :
nX

k=0;j 6=k
Xr
kji = 1 8j 2 Jr; 8i (9)X

j2Jr;j 6=k
Xr
kji � 1 8k 2 f1; 2; :::; ng; 8i (10)X

j2Jr
Xr0ji = mi 8i (11)

Xr
kji +Xr

jki � 1 8k; 8j > k; 8i (12)

Xr
kji � Y rj � Y rk 8j; k 2 Jr; 8i (13)

Srji � Y rj Srji�1 + Y rj pji�1 8j 2 Jr; 8i > 1 (14)

Srji � Srki + pki � Y rj (1�Xr
kji):M 8k 2 f1; 2; :::; ng; 8i;

8j; k 2 Jr; k 6= j (15)

T rj � Srjm + pjm � dj 8j 2 Jr (16)

Crji = Srj0i + Pji 8j; i (17)

Sr0i = max
j2J000r

(Sr�1
ji + pji) (18)

Y rj = 1; 8j 2 J 0r (19)

Y rj = f0; 1g; 8j 2 J 00r (20)

Srji; T
r
j � 0 8j 2 Jr; 8i (21)

Xr
kji 2 f0; 1g 8i; 8j; k 2 Jr; k 6= j (22)

xm CU= |}=yQ=m R= pY=L OwU uOQmxv}W}@ 6 |UQQ@ OQwt hOy `@=D u}rw=
C}akwt Q}}eD O=OaD xm CU= C=@F Q=}at x@ \w@ Qt 7 swO hOy "OvwW|t |Ov@u=tR
x@ \w@ Qt 8 swU hOy "OyO|t u=Wv =Q OOHt |Ov@u=tR R= Oa@ |r=wD QO =yQ=m
Qy xm Ovm|t XNWt 9 C}OwOLt xawtHt "CU=yQ=m pm s=tD= u=tR |UQQ@
,=D}=yv Q=m Qy xm Ovm|t u=}@ 10 C}OwOLt xawtHt "OQ=O Ot=}B Q=m l} ,=k}kO |Q=m
4|R=Ht Q=m xm Ovm|t XNWt 11 C}OwOLt xawtHt "OQ=O 3wQV}B Q=m l}
C}OwOLt xawtHt "CU= xrLQt u; QO |R=Ht |=yQ=m O=OaD Q@=Q@ xrLQt Qy QO
"OW=@ wQV}B sy w 5wQTB sy Ov=wD|tv u=tRsy Q=m l} xm Ovm|t u}t[D 12
|wO Qy xm OQ}o@ Q=Qk k Q=m R= Oa@ Ov=wD|t j Q=m |v=tR Ovm|t u=}@ 13 C}OwOLt
O}=@ Q=m Qy ẁQW u=tR xm Ovm|t u=}@ 14 C}OwOLt "OvW=@ xOW xDiQ}PB =yQ=m u}=

`k=w QO "CU= xOW x�=Q= Jr |xawtHt |=yQ=m OOHt |Ov@u=tR |=Q@ Q} R pOt
"ODi=|t j=iD= s=r OOHt |Ov@u=tR w |QovR=@ u=tR uO}UQ R= Oa@

|[=} Q pOt "1"2
"OwW|t x�=Q= Q} R CQwYx@ xiOyOvJ |[=} Q pOt

=yxawtHt "1"1"2
=yT}Ov=

&=yQ=m T}Ov= %k; j
&pL=Qt T}Ov= %i

"OOHt |Ov@u=tR C=aiO x@ \w@ Qt T}Ov= %r
=yQ}eDt w =yQDt=Q=B

&pL=Qt O=OaD %m
&s=r OOHt |Ov@u=tR |=Q@ =yQ=m O=OaD %nr

&i |xrLQt QO =yu}W=t O=OaD %mi

&s=r OOHt |Ov@u=tR QO i |xrLQt QO j Q=m VR=OQB u=tR COt %prji
&s=j Q=m OQmQ}O R= pY=L |Okv |xt} QH %wj

&j Q=m VQ}PB R= pY=L Ot;QO %aj
xrY=iq@ j Q=m Qo = xm|Qw]x@ s=r OOHt |Ov@u=tR QO |} wOwO s}tYD Q}eDt %Xr

kji

CU= QiY Q@=Q@ CQwY u}= Q}eQO w 1 Q@=Q@ OwW VR=OQB i |xrLQt QO k Q=m R= Oa@
&(k 6= j)

OQwt j O}OH Q=m Qo = xm|Qw]x@ s=r OOHt |Ov@u=tR QO |} wOwO s}tYD Q}eDt %Y rj
&CU= QiY Q@=Q@ CQwY u}= Q}eQO w 1 Q@=Q@ OQ}o Q=Qk VQ}PB

&s=r OOHt |Ov@u=tR QO i |xrLQt QO j Q=m ẁQW u=tR %Srji
&r OOHt |Ov@u=tR QO m u}W=t |wQ j Q=m s=tD= u=tR %Crjm

"s=r OOHt |Ov@u=tR QO j Q=m OQmQ}O u=tR %T rj
xJv=vJ '=yQ=m |x}rw= |r=wD u}}aD R= Oa@ |O=yvW}B |Wvm =w OQm} wQ QO
l} CWPo R= Oa@ "OwW|t |Q=Oyov sDU}U QO OUQ@ x=oQ=m x@ |O}OH |=yVQ=iU
xawtHt l} QO O}OH |=yQ=m w xOv=t|k=@ |r@k |=yQ=m 'XNWt |v=tR |xR=@
"OvDUy =Q=O =Q uOW OQ =} VQ}PBC}r@=k O}OH |=yQ=m xm|Qw]x@ OwW|t xDiQoQ_vQO
|=y?=wH|xawtHt w s=Hv= OOHt|Ov@u=tR Q} R pOtj@] '=yQ=m R= xawtHtu}=|=Q@
=Q QDy@ |r=wD l} OwN Q_v j@] Ovv=wD|t u=oOvQ}os}tYD xm OwW|t O=H}= |} wD=Q=B
u}}aD OOHt |=y|Ov@u=tR u=wvax@ =Q |}=y?=wH 'pOt u}= `k=w QO "Ovvm ?=NDv=
`@=D "Ow@ Oy=wN u=oOvQ}os}tYD OwN |xOya x@ =yu; R= |m} ?=NDv= xm Ovm|t
�C=@F� T=}kt u}= "CU= O}OH,qt=m |O=yvW}B T=}kt l} pOt u}= QO swO hOy

%OwW|t h} QaD Q} R CQwYx@ w OwW|t xO}t=v
|r=wD w |Ov@u=tR 'OyO|t MQ O}OH |=yQ=m uO}UQ pFt pqDN= l} xm|v=tR
,=twRr =yQ=m xm OwW|t Ea=@ pqDN= OwHw `k=w QO "Ovm Q}}eD CU= umtt |ak=w
|Q}}eD =yv; s=Hv= ?}DQD QO w OvwWv VR=OQB ?}DQDx@ |}=OD@= |r=wD |xt=vQ@ j@]
|}=yxv} Ry O=H}= Ea=@ '|rqDN= Qy R= Oa@ =yQ=m s=Hv= |r=wD Q}}eD "OwW O=H}=
'x}rw= O=wt VQ=iU OOHt |xv} Ry 'p}=Uw w Q=R@= OOHt X}YND |xv} Ry pFt
x}rw= |Ov@u=tR |xt=vQ@ x@ |ak=w |xt=vQ@ pqDN= R= Oa@ xm|v=tR =t= "OwW|t """w
"O@=}|t Vy=m =yxv} Ry u}= w xOw@ O=} R |Ov@u=tR C=@F xm s}} wo|t OW=@ QDl}ORv
pqDN=l} O=ONQ R= Oa@ OOHt |Ov@u=tR\UwD =yQ=m|r=wD Q}}eD u=R}t 'u}=Q@=v@
|=yxt=vQ@ OwN u}@ Cw=iD x@ C=@F Q=}at 'u}=Q@=v@ "s}} wo|t �|Ov@u=tR C=@F� =Q
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�13
96

u=DU
tR�

h}
QW

C}
Q}Ot

w`}
=vY

|U
Ovyt |=yuwtR; w |UQR=@ C=}rta R= TB w xOW|QoxDN} Q =OD@= Cq;Q}W u}= s=tD

s=Hv= xa]k |wQ Q@ |Q=mV=QD C=}rta =OD@= QO "OvwW|t O}rwD \N OQ=w '|m}v=mt
"OwW|t

Qy KQ] T=U= Q@ O}=@ TBU "OQ=O OwHw |R=wt u}W=t Q=yJ xrLQt u}= QO
|Q=mM=QwU u}W=t wO xrLQt u}= QO OwW s=Hv= sRq |Q=mM=QwU C=}rta 'pwYLt
"OQ}o|t s=Hv= C=a]k |wQ |Q=mR} wqk C=}rta u}W=tl}\UwDTBU "OQ=O OwHw
|wQ Q@ pwYLt ẁv ?UL Q@ OOHt |Q=mV=QD C=}rta |xt=O= '|Oa@ |xrLQt QO
"OQ=O OwHw C=}rta u}= s=Hv= |=Q@ R}v |R=wt u}W=t 3 xm OQ}o|t CQwY xa]k

"OQ}o|t s=Hv= |Q=mRQi C=}rta |R=wt u}W=t wO \UwD C}=yv QO
C=aq]= R= '|O=yvW}B OQm} wQ OQmrta |xwLv uO=Ou=Wv w |UQQ@ |=Q@
u}= "s}=xOQm xO=iDU= O}rwD \N u}= x@ \w@ Qt xDWPo p=U QO CmQW |xOWC@F
QO R=o w Civ `}=vY R= |irDNt u=} QDWt R= =Q OwN hrDNt |=yVQ=iU 'CmQW
|=yVQ=iU x@ \w@ Qt C=aq]= "OOv@|t O=OQ=Qk =yu; =@ w Ovm|tCi=} QO p=U |]
"CU= xOW xOQw; 1 pwOH QO |v=tR |xR=@ u}= QO CmQW u}= QO xOW C@F hrDNt
Iv}= x@ Q_v OQwt Q}W Q]k |xR=Ov= R= Qw_vt VywSB u}= QO xOW x�=Q= |=ypwOH QO

"CU= VQ=iU Qy QO Q}W Qy R= Q_v OQwt O=OaD xDUO R= Qw_vt w
CU= xOQm Ci=} QO u=} QDWt R= 'p@k R= =Q VQ=iU 6 CmQW u}= 'p=U |=OD@= QO
2 pwOH QO =yVQ=iU u}= "OyO s=Hv= w Ovm |R} Qxt=vQ@ p=U u}= |] QO O}=@ xm

"Ov=xOW xOQw;
=} wB CQwYx@ 'u=tR |] QO =yVQ=iU u}= |r=wD u}}aD w |R} Qxt=vQ@ R= TB
p=L "Ovm|t Ci=} QO Qo}O u=} QDWt R= p=U |] QO R}v |Qo}O |=yVQ=iU CmQW
=yv; OwQw R= |v}@V}B I}y p@k R= xm O}OH |=yQ=m u}= OQ w VQ}PB x@ C@Uv O}=@

"CiQo s}tYD OwHwt |xt=vQ@ QO =yv; s=Hv= ?}DQD R}v w CU= xOw@v

"CmQW QO xOWGQwi |Oqwi CqwYLt `=wv= VR=OQB u=tR COt "1 pwOH
O}rwD Ov}=Qi |xrLQt xDUO xR=Ov= Cq;Q}W

5 4 3 2 1
110 250 35 115 290 150 1"

Ball
135 270 40 120 325 150 1 4"

150 275 45 150 340 300 2"

180 310 55 150 370 150 4"

85 280 45 160 310 150 1 4"

Check100 290 65 175 335 150 2"

90 310 70 175 330 300 2"

85 110 40 95 160 150 2"

Gate
90 120 40 100 190 300 2"

95 180 58 125 200 300 3"

125 180 65 133 265 300 6"

60 85 40 85 180 150 2"
Globe

75 85 45 90 180 250 2"

O}OH Q=m u; xmu; \QW x@ OW=@ p@k |xrLQt QO Q=m u=ty p}tmD u=tR R= QDnQR@
xrY=iq@ j Q=m Qo = xm Ovm|t u=}@ 15 C}OwOLt xawtHt "OQ}o Q=Qk VQ}PB OQwt
VR=OQB R= p@k Ov=wD|tv i u}W=t Qy |wQ u; VR=OQB 'OwW |Ov@u=tR k Q=m R= Oa@
x@U=Lt =Q Q=m Qy Q}N-=D 16 C}OwOLt xawtHt "OwW ẁQW i u}W=t |wQ k Q=m
u=}@ sy 18 |xrO=at "Ovm|t x@U=Lt =Q =yQ=m s=tD= u=tR 17 C}OwOLt "Ovm|t
s=tD= u=tR =@ Q@=Q@ s=r |xt=vQ@ QO u}W=t Qy |wQ pw= Q=m ẁQW |x_Lr xm Ovm|t
xm |}=yQ=m Ovm|t u=}@ 19 C}OwOLt "CU= |r@k |xt=vQ@ QO xOWs=Hv= Q=m u} QN;
u}=Q@=v@ "Ov=xDiQo Q=Qk VQ}PB OQwt ,q@k 'Ov=xDW=O OwHw |r@k |Ov@u=tR |xt=vQ@ QO
23 =D 20 |=yC}OwOLt xawtHt "OW=@ 1 =@ Q@=Q@ yrj Q}eDt O}=@ =yQ=m u}= |=R=x@

"Ovm|t u}}aD =Q s}tYD |=yQ}eDt R=Ht |xOwOLt
hOy "CU= xOW u}}aD hOy xU u}@ |k]vt O=[D OwHw EL@ p@=k |xDmv
xm =Hv; R= "Ow@ Oy=wN OQmQ}O T=}kt T=U= Q@ CU= x=oQ=m QO pY=L OwU xm pw=
O}OH w |r@k |=yQ=m R= |O=} R O=OaD '=yQ=m OQmQ}O u=R}t Vy=m |=Q@ CU= umtt
,=a]k OQmQ}O Vy=m 'OwW O=H}= |O=} R Q}}eD =yQ=m ?}DQD QO w OvwW |Ov@u=tR ,=OOHt
?wr]t=v QF= w OwW|t C=@F T=}kt uOW QDO@ |va} swO hOy `@=D V}=Ri= Ea=@
C=@F T=}kt w =yQ=m s=tD= u=tR =@ \=@DQ= QO xr�Ut u}ty "CW=O Oy=wN u; |wQ
CU= umtt =yvD xv '=yQ=m s=tD= u=tR =} OwU hOy `@=wD Ow@y@ 'u}=Q@=v@ "ODi=|t j=iD=
"OW Oy=wNv C=@F T=}kt Ow@y@ Ea=@ ,=twRr =yv; Ow@y@ xmr@ OvW=@v =DU=Qty OwN u}@

|OQwt |xar=]t "3
u=yiY= u=DU= QO `k=w O=@;hHv QyW |DavY |xk]vt QO u=y=BU R}yHD wQDB CmQW
XwYNx@ |DavY C=R}yHD O}rwDwCN=U CmQW u}= hOy "CU= xOW E=OL=
u=Q}= |}=imOwN w |t}WwQDB w V}q=B 'R=o 'Civ CavY R=}v OQwt Cq;Q}W `=wv=
w ?QHt |D} Q}Ot |vi sDU}U uDW=O Q=}DN= QO =@ CmQWu}= "CU= |tqU=
R}v w sRq |vi Vv=O u}vJsy w xDN}yQi u=Q=mQOv=CUO w u=UOvyt R= |atH
w ?U=vt C}i}m pQDvm x=oW}=tR; C=R}yHD w '|Q=Ri=sQv '|Q=Ri=CNU C=v=mt=
R= |m} "Ovm|t C}r=ai |t}WwQDB CavY Cq;Q}W O}rwD QO '=yx}O}}-=D Ci=} QO
O}rwD \N u}= "CU= xOW GQwi Cq;Q}W O}rwD x@ \w@ Qt CmQW u}= O}rwD \w]N
xOW xO=O u=Wv 4 pmW QO xm CU= Q}PBh=]av= |y=oQ=m u=} QH sDU}U |=Q=O

"CU=

"xOWGQwi |Oqwi Cq;Q}W O}rwD \N Q=Owtv "4 pmW
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=wO
Qm}w

QCw=iDt V}=tv KQ] l} xrLQt Qy QO =yu}W=t x@ =yQ=m X}YND |=Q@ 'Q}PBh=]av=
l} xm 'xDWQ l} QO =yQ=m R= xO=U CWo}=H l} 'xar=]t u}= QO "CU= R=}v OQwt
xO=iDU= 3 pwOH j@=]t Seq VN@ |=Q@ 'CU= ?=wH V}=tv R= |rta Q=}U@ VwQ
|xOvyOu=Wv =yu; ?}mQD w Q=m l} |xOvyOu=Wv RH Qy '?=wH KQ] QO "OwW|t
VQ=iU |=Q@ =yQ=m O=OaD n0r w x}rw= |=yQ=m O=OaD n xm|Qw]x@� &CU=yQ=m |r=wD
R= Oa@ w CU=} wB swRwtwQm |xR=Ov= 'u}=Q@=v@ "OwW|t xO=O u=Wv �CU= s=r |ywQo
J [j] "OwW xDiQoQ_vQO O}=@ Q=m O=OaD n0r =@ O}OH VQ=iU l} |v=tR |xQHvB Qy
|y=oQ=m u=} QH |xr�Ut QO xrLQt Qy QO "OyO|t u=Wv =Q |r=wD s=j C} wrw= QO Q=m
TQDUO QO u}W=t u}rw= |x}=B Q@ =yu}W=t x@ =yQ=m X}YND '(FFS) Q}PBh=]av=
l} |=Q@ VR=OQB u=tR COt =Q} R &OwW|t u}}aD VR=OQB p=L QO |=yQ=m |=Q@
|y=oQ=m u=} QH |xr�Ut QO "CU= u=Um} '=yu}W=t |xty |wQ Q@ XNWt Q=m
"OwW|t Q=m p}tmD u=tR u} QD`} QU x@ GDvt TQDUO QO u}W=t u}rw= 'Q}PBh=]av=
xm|Qw]x@ OyO|t u=Wv =Q =yQ=m OQ =} VQ}PB 'Rej VN@ QO uS Qy Q=Okt
V}=tv 4 pwOH j@=]t Seq VN@ x@=Wt |xR=Ov= =@ |Qv}=@ |xDWQ l} |xr}Uwx@
O}OH VQ=iU xwQo QO O}OH Q=m l} OQ QiY Q=Okt w VQ}PB 1 Q=Okt "OwW|t xO=O
u=Wv Y jr = 1 w CU= |} wOwO OOa l} Y jr 'p=Ft |=Q@ "OyO|t u=Wv =Q

"OwW|t xDiQ}PB O}rwD |=Q@ r |ywQo VQ=iU j Q=m xm OyO|t
xwQo |=yQ=m |xR=Ov= x@ =} wB Qw]x@ swRwtwQm |xR=Ov= '|v=tR |xQHvB Qy R= Oa@

"O@=}|t V}=Ri= 'xO}UQ O}OH VQ=iU
QO xm CU= |}=yQ=m |x}rw= VQ=iU |xOvyOu=Wv r = 0 xm OwW xHwD O}=@
VQ}PB Q}eDt Q=Okt Qo = "CU= xOW xDiQ}PB xOvvmO}rwD \UwD |R} Qxt=vQ@ ji= |=OD@=

"CU= |twywt Q=m l} Seq VN@ QO Q=m u}= OW=@ QiY 'XNWt Q=m l}
'|v=tR |xQHvB Qy R= Oa@ 'OwW|t xOy=Wt 4 w 3 |=ypwOH QO xm Qw]u=ty
V}=Ri= 'xO}UQ O}OH VQ=iU xwQo |=yQ=m |xR=Ov= x@ =} wB Qw]x@ swRwtwQm |xR=Ov=

"O@=}|t
x}rw= |yOQ=Okt "3"1"4

xO=iDU= x}rw=C}atH O}rwD |=Q@ Ov=wD|t|iO=YD O}rwD uwJty|irDNt |=yOQm} wQ
x@ O}OH |=yQ=m uO}UQ 'OW K} QWD xr=kt u}= QO xm |}xr�Ut x@ xHwD =@ "OwW
l} VR=OQB Qo = 'u}=Q@=v@ "OwW u}}aD O}=@ CqwYLt |r=wD |wQ Q@ u; QF= w x=oQ=m
u}}aD =@ "OwW p}tmD O}=@ u; VR=OQB 'OW=@ xOW ẁQW O}OH Q=m uO}UQ R= p@k Q=m
XNWt |v=tR |xQHvB QO xO}UQ O}OH |=yQ=m w =yu; |r=wD 'xOv=t|k=@ |=yQ=m
w �WEDD� �|vRw p} wLD u=tR u} QDOwR� '�|iO=YD� |=yQopta R= xO=iDU= =@
CQwYx@ x}rw= C}atH 'Rej VN@ |=Q@ "OwW|t O}rwD �PO� �xt} QH |xv} Ry�
Q}eDt xH}Dv QO OW=@ rand � 0 5 Qo = "OwW|t O}rwD 0 5 p=tDL= =@ |iO=YD
'x}rw= C}atH R= |OYQO |=Q@ "OQ}o|t QiY CQwYu}= Q}e QO w 1 Q=Okt VQ}PB
'u}=Q@=v@ &OW Ovy=wN xDiQ}PB O}OH |=yVQ=iU |=yQ=m |xty xm s} Q}o|t Q_v QO

"OvQ}o|t =Q 1 Q=Okt VQ}PB |=yQ}eDt s=tD
VyH w s=eO= |=yQopta "4"1"4

pY=L OvRQi "Ovm|t ?}mQD xJ@ O=OaD l} O}rwD |=Q@ =Q swRwtwQm wO 's=eO= Qopta
|=yQ=DN=UQ} R ?}mQD pY=L xm OW=@ |}=y?=wH |xOvyOu=Wv O}=@ s=eO= R=

"OW=@ u=Wv}Or=w |=y?=wH
xO=iDU= ?=wH KQ] <RH wO |=Q@ xm CU= |}x]kvwO s=eO= 's=eO= Qopta
1 Or=w?}DQDx@ w ?=NDv= |} wOwOCvtvQwD =@ swRwtwQm wO '|r=wDVN@ |=Q@ "OwW|t
?=NDv= |iO=YD CQwYx@ swRwtwQm QO uS wO 's=eO= jkLD |=Q@ "OvwW|t xO}t=v 2 w

"x}rw= |Ov@u=tR R=e; QO OwHwt |=yQ=m "2 pwOH

OwU |xv} Ry M} Q=D xR=Ov= Q=m
xt} QH p}wLD xDW=@v= xDUO xR=Ov= Q}W�RwQ� �O=OaD�

4700 1600 60 38 150 2" Check

3550 1400 70 25 150 1" Ball

4750 1950 90 10 300 2" Ball

2500 500 65 90 150 2" Globe

3500 900 100 47 250 2" Globe

3200 1250 95 24 300 2" Gate

|D=@U=Lt G}=Dv w xr�Ut pL "4
CLD |xv=NQ=m |=Q@ |O=yvW}B VwQ pL G}=Dv w xr�Ut pL VwQ VN@ u}= QO

"OOQo|t x�=Q= |UQQ@

NSGA-II VwQ "1"4
u=kkLt \UwD xiOyOvJ Cr=L QO Q}PBh=]av= |y=oQ=m u=} QH |Ov@u=tR p�=Ut
CU= umtt h=Oy= u}= xm =Hu; R= "Ov=xDiQo Q=Qk |UQQ@ OQwt Q}N= |=yp=U QO
CU= umtt hOy l} |=Q@ ?wN Q=}U@ ?=wH l} 'OvW=@ O=[D QO Qo}Om} =@
|m} NSGA-II sD} Qwor= "Ovm O=H}= Qo}O hOy |=Q@ |@ wr]t=v Q=}U@ |xH}Dv
|R=Uxv}y@ p�=Ut pL |=Q@ OwHwt |=ysD} Qwor= u} QDOvtDQOk w u} QDOQ@ Q=mQB R=
u}= QO "CU= xO}UQ C=@F= x@ 'hrDNt p�=Ut pL QO u; |}=Q=m w CU= xiOyOvJ
xO=iDU= NSGA-II sD} Qwor= R= u}W}B VN@ QO xOWx�=Q= |xr�Ut pL |=Q@ xr=kt

"OwW|t xO=O K}[wD xt=O= QO xm CU= xOW
sD} Qwor= "1"1"4

xr}Uwx@ xm (NSGA-II) `} QU |=Qox@Nv Q}PB=vxQ}J |R=U?DQt =@ l}DvS sD} Qwor=
xm CU= C}atH |x}=B Q@ l}DvS sD} Qwor= l} CU= xOW x�=Q= [22]u=Q=mty w ?*O
"Ovm|t xO=iDU= |rLt |}=Qosy R= ?=vDH= |=Q@ � ẁvD O=H}=� |}=Qo =w |x} wQ l} R=
=@ Q}PB=vxQ}J |=yRQt QO hrDNt |=y?=wH |R=U?DQt 'sD} Qwor= |rY= |x} wQ
^iL Qw_vtx@ |tm =QD |xU}=kt OQm} wQ w `} QU Q}PB=vxQ}J |R=U?DQt OQm} wQ

"OwW|t xOQ@ Q=mx@ RQt QO |}=Qo =w
V}=tv VwQ "2"1"4

V}=tv VwQ l} "OwW|t x�=Q= CtUk u}= QO xar=]t OQwt |xr�Ut V}=tv VwQ
VwQ OQmrta Q@ |yHwD p@=k Q}F-=D 'OyO u=Wv =Q ?=wH l} C=YNWt xm '?U=vt
VQ}PB w =yQ=m |r=wD s}tYD Q}eDt wO 'xar=]t OQwt |xr�Ut j@] Q@ "OQ=O |Q=mD@= =Qi
Q=DN=U '3 pwOH "OvwW u}}aD O}=@ xm OvQ=O OwHw x=oQ=m x@ xO}UQ O}OH |=yVQ=iU
u}= "OyO|t V}=tv CU= xDiQ Q=mx@ sD} Qwor= |=QH= |=Q@ xm =Q ?=wH V}=tv |rm
xOW xDN=U Ov=xOW |Q=Pos=v Rej w Seq |=RH= CQwYx@ xm |WN@ wO =@ Q=DN=U
VQ=iU w |r@k |=yQ=m � =yQ=m s=tD |r=wD ?}DQDx@ Rej w Seq |=y?UJQ@ "CU=

"OyO|t u=Wv =Q =yQ=m OQ =} VQ}PB w �xO}UQ O}OH
=yQ=m X}YND |Q}os}tYD R= |@}mQD Q}PBh=]av= |y=oQ=m u=} QH |xr�Ut
|y=oQ=m u=} QH |=Q@ 'u}=Q@=v@ "CU=yQ=m |r=wD u}}aD w xrLQt Qy QO =yu}W=t x@
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=vY

|U
Ovyt "=yQ=m |r=wD V}=tv "3 pwOH

Seq R VQ=iU xwQo """ Seq 1 VQ=iU xwQo x}rw= |=yVQ=iU
J[1] ... J[n] |R} Qxt=vQ@ ji= R=e;

J[n+1] ... J[n+n01] J[1] ... J[n] 1 |v=tR |xQHvB
. . .

...

J
[n+

R�1P
r=1

n0r+1]
... J

[n+
R�1P
r=1

n0r ]
::: J[n+1] ... J[n+n01] J[1] ... J[n] R |v=tR xQHvB

"|O=yvW}B VwQ |wD=Q=B |=y?=wH "5 pmW

x@ O}OH |=yQ=m |xawtHt |=Q@ O}OH |r=wD xiOyOvJ |O=yvW}B pOt j@] w
"OyO|t u=Wv =Q xOW O=H}= |wDQ=B |=y?=wH xawtHt 6 pwOH "O};|t CUO
u}= QO ,=@r=e xm |Q=mD@= VwQ GvB =@ xr�Ut pL R= pY=L G}=Dv pwOH u}= QO
Q}O=kt xmv}= x@ xHwD =@ "CU= xOW xU}=kt 'OQ}o|t Q=Qk xO=iDU= OQwt CmQW
?=NDv= =Q xv} Ro u} QDy@ Ov=wD|t xOvQ}os}tYD CU= XNWt ,qt=m =RH= R= l} Qy

"Ovm
l} xOWKQ]t |R=i VwQ R= xO=iDU= =@ 'pY=L |wDQ=B |=y?=wH u}@ R=
7 pwOH QO =Q =yQ=m OQ =} VQ}PB Q=OQ@ w =yQ=m |r=wD Q=OQ@ w ?=NDv= =Q ?=wH
\UwD xOWO=H}= |r=wD w |O=yvW}B VwQ \UwD xOW?=NDv= |r=wD "s}yO|t V}=tv
Q=OQ@ VwQ Qy R= swO Q]U "CU= xOW xO=O u=Wv 7 pwOH QO Qo}O |=yVwQ
w 7 |=yQ=m |O=yvW}B VwQ ,qFt "OyO|t u=Wv =Q O}OH VQ=iU Qy OQ =} VQ}PB
10 Q=m =yvD FIFO VwQ xm|DQwY QO "CU= xOQm O=H}= |O}OH |r=wD w OQ =Q 8

"CU= xOQm OQ =Q
x@ =Q |O=yvW}B VwQ \UwD xOW O=H}= |wDQ=B |=y?=wH xawtHt 5 pmW

"OyO|t u=Wv |m}i=QoQw]
s}vm|t ZQi pL |=yVwQ w |O=yvW}B VwQ QDW}@ |xU}=kt w |UQQ@ |=Q@
=Q 100 ?} Q[ w OQ=O CmQW |=Q@ |O=} R C}ty= C=@F `@=D |va} swO hOy `@=D xm
u=Wv 8 pwOH G}=Dv xm Qw]u=ty "OwW|t pL xr�Ut ,=OOHt w s}vm|t ?Q[ u; QO
C}ty= =Q} R "Ovm|t ?wret =Q FIFO VwQ ?NDvt |wDQ=B ?=wH u}rw= OyO|t
u}= QO "CU= xOQm O=H}= 'Ovm sm =Q C=@F sOa xm |@=wH pOt w xOW QDW}@ C=@F `@=D
u}= "CU= xOQm ?wret =Q |Oa@ |O=yvW}B VwQ xU R}v swO ?NDvt ?=wH pwOH
"CU= Qo}O |=yVwQ s=tD x@ C@Uv |O=yvW}B VwQ |QDQ@ |xOvyOu=Wv xr�Ut
|=y?=wH CU= u=Um} |O=yvW}B pOt QO hOy xU Qy ?}=Q[ xm 7 pwOH QO =t=

"?=wH V}=tv KQ] "4 pwOH
""" Rej 1 VQ=iU xwQo x}rw= |=yVQ=iU =yQ=m
""" J1 J2 ... Jn01 J1 J2 ... Jn

1 """ 1 1 |R} Qxt=vQ@ ji=
0 =} 1 """ 0 =} 1 0 =} 1 1 """ 1 1 1 |v=tR |xQHvB

. . .
...

""" 0 =} 1 0 =} 1 1 """ 1 1 R |v=tR |xQHvB

u}Or=w \@DQt |=yx=o}=H QO =yQ=m |r=wD |xDWQQ} R uOQm|Bm =@ OvRQi wO "OwW|t
|=yQ=m |r=wD |xOv=t|k=@ |=Q@ x=o}=H u}rw= R= ẁQW =@ "OwW|t O}rwD xOW?=NDv=
"OwW|t hPL 'CU= �pw=� swO Or=w |xDWQQ} R QO xm|}=yQ=m '�1 Or=w� 2 Or=w
Or=w |r=wD j@] Q@ CU=Q x@ AJ R= xJ@ |r=N |=yx=o}=H QO xOv=t|k=@ |=yQ=m
"OwW|t xO=iDU= OQ =} VQ}PB VN@ |=Q@ |y@=Wt |x} wQ "OQ}o|t Q=Qk �pw=� swO
QO |iO=YD Qw]x@ uS wO %CU= xrO=@t VyH 'VyH Qopta '|r=wD VN@ |=Q@
VQ}PB VN@ |=Q@ "OvwW|t Zwa Qo}Om} =@ =yu; Q}O=kt TBU w ?=NDv= swRwtwQm
|iO=YD Qw]x@ swRwtwQm R= uS l} %CU= |}x]kv l} VyH 'VyH Qopta 'OQ =}
'Cw=iDt Cq=tDL= =@ j@=]t �QiY� l} x@ �l}� QiY R= u; Q=Okt w OwW|t ?=NDv=

"Ovm|t Q}}eD
ji= |=OD@= QO Q=m 8 =@ Q}PBh=]av= |y=oQ=m u=} QH |Ov@u=tR |xr�Ut l}
Q=m 5 =@ xO}UQ O}OH |=yVQ=iU xwQo VQ}PB w |r=wD "O} Q}o@ Q_v QO =Q |R} Qxt=vQ@
4 '|v=tR |xQHvB u}rw= QO O}vm ZQi "OwW|t |UQQ@ |v=tR |xQHvB u}rw= R= Oa@

"CU= xOW VR=OQB x}rw= |r=wD R= Q=m
hkwD \QW "5"1"4

R= O}rwD O=OaD |xv}W}@ R= =yQ=QmD O=OaD Qo = OwW|t hkwDt wHwCUH Ov}=Qi
|xt=vQ@x@W j@=]t xDi=}xaUwD NSGA-II |=ys=o "OwW QDnQR@ xOWu}}aD p@k

"OwW xYqN Ov=wD|t 5 pwOH QO xOWxO=Ou=Wv

|D=@U=Lt G}=Dv "2"4
|xQwO u}rw= |=Q@ |O=yvW}B OQm} wQ OQmrta |xwLv uO=Ou=Wv |=Q@ =OD@= QO
|=Q@ x}rw= |r=wD l} xm O}vm ZQi "s}vm|t pL =Q xr�Ut LW1 |va} |QovR=@
|va} "� = 10 xm s}vm|t ZQi =Hv}= QO "OQ=O OwHw x=oQ=m QO OwHwt |=yQ=m
QO w Ov=xO}UQ CmQW x@ xm |O}OH |=yQ=m s=tD |Q=m RwQ 10 CWPo R= TB
OwW|t xDiQoQ_vQO sy =@ |r@k |xOWvVR=OQB |=yQ=m x=Qty x@ Ov=xOW C@F sDU}U
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"""|
v;|

Ov@u
=tR

|=Q@
C=@

F=@|
Wvm

=wO
Qm}w

Q

"VQ=iU OQ uDiQoQ_vQO =@ =}wB Q}PBh=]av= |y=oQ=m u=} QH |xr�Ut |=Q@ pL |x}wQ "5 pwOH
ngen; popsize; P c; Pm %=yQDt=Q=B |x}rw= |yOQ=Okt

?=wH popsize O=OaD x@ (P0) x}rw= C}atH O}rwD
x}rw= C}atH QO ?=wH Qy |=Q@ hOy k Q=Okt |x@U=Lt

(P0) Q}PB=vxQ}J |=yRQt s=tD F = (F1; F2; :::) (P0) `} QU Q}PB=vxQ}J |R=U?DQt = F

(Fi) �|t=eO= |xrY=i X}YND
t = 0

(t < ngen) xm|v=tR =D
t = t+ 1

(Qt) O}OH C}atH l} O=H}= |=Q@ VyH w 's=eO= '?=NDv= xO=iDU= (Pt�1) O}OH C}atH CN=U = Qt
�n |} RH ?}DQD |x}=B Q@ OOHt ?}mQD |=Q@ u}Or=w ?=NDv= |=Q@ |} wOwO CvtvQwD ?=NDv= Qopta R= xO=iDU= %?=NDv=

�� �|tm =QD |xU}=kt Qopta�
"Pc p=tDL= =@ xOW?=NDv= Or=w ?=wH Qy OQ =} VQ}PB w |r=wD |=yVN@ |=Q@ |}x]kvwO s=eO= Qopta R= xO=iDU= %s=eO=

"OwW|t O}rwD Or=w ?=wH Qy R= O}OH ?=wH wO
|=Q@ OQ =} VQ}PB VN@ |=Q@ |}x]kv lD VyH Qopta w |r=wD VN@ |=Q@ x[w=at VyH Qopta R= xO=iDU= %VyH

Pm p=tDL= =@ O}OH |=y?=wH O}rwD
u=OvRQi w u}Or=w ?}mQD Rt = Pt�1 [Qt

(Rt) Q}PB=vxQ}J |=yRQt s=tD F = (F1; F2; :::) (Rt) `} QU Q}PB=vxQ}J |R=U?DQt = F

Pt = ;
i = 1

jPtj+ jFij � popsize =D
(Fi) |t=eO= |xrY=i X}YND

Pt = Pt [ Fi
i = i+ 1

=D u=}=B
�n R= xO=iDU= =@ |rwRv ?}DQD =@ |R=U?DQt |R=U?DQt
Fi R= QYva (N � jPtj) u}rw= ?=NDv= Pt = Pt [ Fi[1 : (N � jPtj)]

xm|v=tR =D u=}=B
xOWxDi=} Q}PB=vxQ}J |xawtHt u} QDy@ V}=tv

� crowding-distance-assignment
�� crowded-comparison operator

Q@ R}v |}=yv ?=NDv= w OvwW|tv R}v ?wret w xOQmv ?wret =Q FIFO VwQ wDQ=B
"Ow@ Oy=wN xOvQ}os}tYD |xOya

xOW pL xr�Ut R}v swO xwQo |=yVQ=iU |xawtHt |=Q@ QDW}@ |UQQ@ |=Q@
=@ x=Qty xOv=t|k=@ p@k R= xm |}=yQ=m |xawtHt sDU}@ RwQ QO u}=Q@=v@ "CU=

"OvwW|t |Ov@u=tR ,=OOHt xwQo l} QO O}OH |=yQ=m |xawtHt
R= |}xawtHt xm |O=yvW}B VwQ x@ xr�Ut pL R= pY=L G}=Dv 9 pwOH
R= xm Qw]u=ty "OyO|t u=Wv =Q Qo}O |=yVwQ R}v w CU= |} wDQ=B |=y?=wH
|=y?=wH R= |m} pk=OL \UwD |Q=mD@= |=yVwQ s=tD 'CU= XNWt =y?=wH

"OyO|t u=Wv =Q |O=yvW}B VwQ |QDQ@ u}= w OwW|t ?wret wDQ=B
|r=wD "CU= xOW ?=NDv= '|R=i VwQ j} Q] R= wDQ=B |=y?=wH u}= R= |m}
|Q=mD@= |=yVwQ Q}=U w |O=yvW}B VwQ R= pY=L OQ w VQ}PB Q=OQ@ w xOW?=NDv=

"CU= xOW x�=Q= 10 pwOH QO
u=Wv =Q |O=yvW}B VwQ \UwD xOWO=H}= |} wDQ=B |=y?=wH xawtHt 6 pmW

"OyO|t

"pL |=yVwQ OQmrta |xU}=kt "6 pwOH
pL u=tR C=@F Cmax OwU OQm}wQ

10 5

119 01 252 50 11825

|O=yvW}B
99 06 229 58 6340

�wDQ=B |=y?=wH�
0 00 252 50 7015
29 06 246 87 6115

115 983 206 87 7330
83 48 261 14 14515
42 50 235 93 10350

1 0 00 255 93 11055 FIFO

1 2 103 48 264 37 12205 SPT

1 1 99 06 250 31 10690 LPT

2 99 06 260 00 10865 WEDD
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=vY

|U
Ovyt

|D; |=yO=yvW}B w |Q}oxH}Dv "5
Q}PBh=]av= |y=oQ=m u=} QH \}Lt l} QO |Ov@u=tR |xr�Ut l} xr=kt u}= QO
=yQ=m |xQ_Dvt Q}e OwQw CQwYx@ xm |rqDN= QF= Vy=m |=Q@ w OW xDiQoQ_vQO
OQ =} VQ}PB u=mt= pOt u}= QO xD@r= "OW x�=Q= |Wvm =w OQm} wQ 'Ow@ xOW xDiQoQ_vQO
xiOyOvJ pOt l} CQwYx@ |Wvm =w OQm} wQ w xOW xDiQoQ_v QO R}v O}OH |=yQ=m
CqqDN= Q}=U OQwt QO xOW x�=Q= OQm} wQ OQ@ Q=m |UQQ@ OUQ|t Q_vx@ "OW x�=Q=
R}v """w '=yQ=m VR=OQB u=tR Q}}eD 'Cq;u}W=t |@=QN '=yVQ=iU wer Ovv=t |iO=YD
C=k}kLD |=Q@ R}v =Q Q} R OQ=wt |rm Qw]x@ u=wD|t u}vJty "OW=@ O}it w QF-wt Ov=wD|t

%O=O |O=yvW}B QDW}@
Q@ xQ_DvtQ}e w |iO=YD CqqDN= C=QF= Vy=m |=Q@ OQmrta |=yT=}kt p}rLD �
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