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&pm u=tR %T

&hqD�= |=[a= O=OaD %Cm
&cm hqD�= Tv=} Q=w %V (cm)

&=[a= pm O=OaD %N
&k um} R=@ Qw[L uwO@ c hqD�= VRQ= %#(c=k)

"s=k um} R=@ x@ xDi=}X}YND Q=Okt %bk

pOt |Ov@pwtQi "3
pw] QO X=N `@=vt |NQ@ |=Q@ =y=[=kD uOQmK]Usy |R} Qxt=vQ@ u}= R= hOy
x@ `@=vt K}]UD |=ypOt "CUq=@ =yv; u=Uwv |xv} Ry xm CU= KQ] |=QH= u=tR
=Q =yxSwQB u=wD|t OwW QDW}@ tn R= xSwQB u=tR xmv}= uwO@ =}; xm OvR=OQB|t Qt= u}=
xOWKQ]t |xr�Ut QO X=N Qw]x@ &OwW xv}tm `@=vt C=v=Uwv xm O=O s=Hv= |}xvwox@
`@=vt |}=Q=m V}=Ri= w xv}y@ |xO=iDU= |=Q@ `@=vt K}]UD |=ypOt xr=kt u}= QO

"CU=yCmQW QO |iQYt lQDWt
"CU= xOt; 2 pmW QO OwW|t |Ov@pwtQi u; pOt xm |}xr�Ut |xQ=wKQ]

xDiQo Q_v QO `@vt 5 'CmQW Qy |=Q@� =yCmQW Q=}DN= QO `@=vt u=R}t "2 pmW
"pwYLt O}rwD |=Q@ `@=vt R=}v OQwt u=R}t w �xOW

|=yVywSB QO [16]nv=w w [15]uDUQ=m xrtH R= &CiQo xQy@ =yu; R= u=wD|t xm
=@ pkv w ptL CmQW l} |@v=H C=a]k |OwHwt s=eO= =@ OvOW jiwt |}xv=o =OH
QO R}v |OwHwt C} Q}Ot ?}DQDu}O@ "Ovvm hPL =Q |i=[= |=yxv} Ry 'Qo}O CmQW

"OQ=O C}ty= Q=}U@ pm |xv} Ry |R=Uxv}tm
[18]|U}i}U=B w 2001 p=U QO [17]u=Q=mty w T}Dvo = pFt |Qo}O u=kkLt
|rOt |DmQWOvJ |Ov@u=tR |xv}tR QO |}xv=o =OH C=k}kLD QO 2004 p=U QO
CmQWwO xm Ov=xOQm |UQQ@ =Q |y=oWwQi xr�Ut u; QO w Ov=xO=O O=yvW}B |[=} Q
w Ovvm|t C@=kQ sy =@ OwHwt `@=vt R= xv}y@ |xO=iDU= |=Q@ w OvDUy u; lr=t
=@ CmQW OvJ pt=aD |xv}tR QO R}v |}=yQ=m "OvQ=O hOy `@=D |R=Uxv}y@ QO |aU
QO [21]u=} w [20]nvJ w 2009 p=U QO [19]u=Q=mty w T}Dvo = \UwD `@vt l}
|k}kO |[=} Q |=yVwQ OvDUv=wD =yv; "CU= xOW s=Hv= 2008 w 2006 |=yp=U

"Ovvm G=QNDU= 'OwHwt |=y|oO}J}B |xty OwHw =@ =Q
u=yvB C@=kQ =@ s-=wD xv=W x@ xv=W |Q=mty 'xOv}=Ri VRQ= =@ hqD�= l} QO
uwvm =D 'CU= xOW xDWwv |Q=}U@ ?Dm w Cq=kt xv}tR u}= QO xJQo = "OQ}o|t pmW
CqwYLt O}rwD |=Q@ �xDUw}B |=[i QO� CmQW OvJ |Q=mty |xv}tR QO |k}kLD
QO "CU= xOWv s=Hv= X=N |v=tR |=yxR=@ QO w OOaDt `@=vt R= xO=iDU= =@ hrDNt
|} wHxiQY |vat x@ OwN u}= w CU}v `@=vt |xty |Q=Pol =QDW= x@ |R=}v pOt u}=

"CU= �Q}PB=v O}OHD |iQYt `@=vt XwYNx@� OwHwt `@=vt hQYt QO
CQwYx@ xOWQmP OQ=wt s=tDuDiQoQ_vQO OwW|t?wULt xr=ktu}= |Qw;wv xJv;
xOWv s=Hv= |r@k C=k}kLD QO xm CU= u; pL w |R=UpOt w xr�Ut QO u=tRsy

"CU=

=yR=}vV}B w =yZQi "2
"CU= xOW sUQ 1 pmW QO xr�Ut |xQ=wKQ]

C=}[Qi "1"2
xSwQB |=QH= pw] QO xm =vat u}O@ &OwW|t ZQi C@=F =yC}r=ai |=QH= |xm@W �

"Ovm|tv Q}}eD |R=}vTB w |R=}vV}B \@=wQ
"CU= XNWt w |a]k C}r=ai Qy |=QH= u=tR �

OwHw |v=tR Q}N-=D I}y B CmQW x@ A CmQW R= 'Q_v OQwt `@vt X}YND QO �

w x@=Wt `@=vt R= hqD�= p}mWD =@ 'hrDNt |v=tR |=yxR=@ QO CmQW OvJ "1 pmW
"Ovvm|t xO=iDU= pwYLt O}rwD |=Q@ lQDWt
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"""Ov
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Ol
QDW

t`@
=vt

K}]
UD|

R=Ux
v}y@w '|RmQt |xDUy '|rBW |=yVwQ R= hqD�= Qy x@ X}YND u=R}t u}}aD |=Q@

"CU= xOt; 1 pwOH QO G}=Dv "CU= xOW xO=iDU= xDUy |xv}tm
|R=Uxv}tm VwQ� xr=kt u}= |O=yvW}B pOt R= xO=iDU= =@ xr�Ut pL |=Q@
pL |=Q@ ?rDt Q=Ri=sQv R= u=wD|t pOt uOw@|]NQ}e x@ xHwD =@ '�Tv=} Q=w
?=wH uOQm =O}B |=Q@ R}v |QDxO=U VwQ xD@r= "OQm xO=iDU= |]NQ}e |R} Qxt=vQ@
R= w OQm p}O@D |]N sQi x@ =Q xr�Ut 'Q}eDt Q}}eD =@ u=wD|t &OQ=O OwHw xv}y@
xr�Ut pL |=Q@ =Hv}= QO "OQm xO=iDU= wov}r Ovv=t |]N p�=Ut pL |=yQ=Ri=sQv

"CU= xOW xO=iDU= swO VwQ R=

MinV(cm) =
X
t

X
i

�
+
d
it

+
�
d
it

�
(4)

Subject to :
+
dit� �dit �= qxit � E �qxi� (5)X

k2cm qxikt �
X
k2cm

Sxikt 8t; 8i (6)

E(qx)ik =
P
t qxikt
T

+
dit;

�
dit � 0 (7)

|iQat x@ 5 |x]@=Q "OyO|t u=Wv xOW|]N Cr=L QO =Q xr�Ut pOt 4 |x]@=Q
Ov=|r@k |=yC}OwOLt u=ty R}v 7 w 6 |=yx]@=Q "OR=OQB|t xr�Ut Q}eDt Q}}eD
x@ xDi=}X}YND Q}O=kt |x}rm B Q=OQ@ OwW ZQi Qo = p=L "Ov=xOQmv |Q}}eD w

%OW=@ u=vm} R=@ pm O=OaD P w OyO u=Wv =Q =yhqD�=
~B = (b1; b2; b3; b12; b13; b23; b123) (8)
NX
i=1

bi � # (p) (9)

EU (Cm) = #(cm)� X
pi2cm

� (pi) 8Cm 2 P (10)

Synergy (Cm) = EU (Cm)
# (Cm)

(11)

VRQ= R= Ov=wD|tv u=vm} R=@ lDlD x@ xDi=}X}YND ẁtHt '9 |x]@=Q T=U= Q@
w |i=[= C}@ wr]t Q}O=kt R}v 11 w 10 |=yx]@=Q QO "OW=@ QDtm u=v; |xOW?Um
hqD�= Qy x@ |Y}YND u=R}t Qo = ,qFt "Ov=xOW x@U=Lt hqD�= R= pY=L |}=Ri=sy

%OQm p}tmD =Q �1 pwOH� u=wD|t \@=wQ u}= x@ xHwD =@ OW=@ Q} R KQW x@
~B = (73 75; 55; 54 25; 132 75; 136; 167 75; 243 25)

xm =Hv; R= s}vm xO=iDU= |RmQt |xDUy VwQ R= xv}y@ pL u}}aD |=Q@ s}y=wN@ Qo =
|yD xDUy xm |}=H 'CU=yhqD�= |=yX}YND s=tD R= |}xawtHt `k=w QO xDUy

"CU= C=@F x@ uO}UQ |vat x@ OW=@v
Core(0) =

n
b 2 ~B

���e�C;~b� � 0; 8C � po =n
~b 2 B

����(c) �XN

i=1 bi 8C � P
o

(12)

|QwQ[ Q} R h} QaD R= xO=iDU= xDUy |xv}tm VwQ ltm x@ pL |=Q@ u}vJty

MinV(cm) =
X
t

X
i2cm

X
x

�
qxit � E (qx)it

�2 (1)

subject to :
X
k2cm

qxikt �
X
k2cm

Sxikt (2)

E (qx)it =
P
t qxit
T

(3)

u=R}t s} Q=O OYk u; QO xm OyO|t u=Wv =Q xr�Ut hOy `@=D 1 |xQ=tW |x]@=Q
xv}tm =Q pwYLt O}rwD |=Q@ R=}vOQwt `@=vt u}ov=}t w OwHwt `@=vt u=}t hqDN=
u=R}t R= QDtm TQDUO QO `@=vt u=R}t CU= umtt OQ=wt |NQ@ QO xm =Hv; R= "s}vm
&OW=@ |ivt =} C@Ft Ov=wD|t CQ=@a u}= pY=L 'TmaQ@ w OW=@ R=}v OQwt `@=vt
'pOt QO |ivt w C@Ft C=v=Uwv uOW|FvN R= |Q}owrH |=Q@ w =DU=Q u}= QO u}=Q@=v@
w 2 |=yx]@=Q "s}=xDWwv |]NQ}e CQwYx@ =Q pOt w s}=xOQm xO=iDU= Tv=} Q=w R=
OQwt `@=vt u=R}t 2 C}OwOLt T=U= Q@ "Ovvm|t u=}@ =Q xr�Ut |=yC}OwOLt 3
3 |xQ=tW C}OwOLt w OwW QDW}@ TQDUO QO `@vt |xv}W}@ R= Ov=wD|tv xO=iDU=

"Ovm|t u=}@ =Q xO=iDU= OQwt `@=vt u}ov=}t |x@U=Lt |xwLv R}v
u}@ |Q=mty CQwY QO xmv}= x@ xHwD =@ '`@=vt |:tm X}YND |xr�Ut QO
QDq=@ R}v um} R=@ Qy OwU xH}DvQO w OwW|t pY=L |QDq=@ OwU ẁtHt 'u}iQ]

"CU= |@U=vt OQ@ Q=m |=Q=O =y|R=@ |x} Q_v 'OwQ|t
OQwt `@=vtX}YND QO um} R=@ n pO=at '=y|R=@ |x} Q_v OQm} wQ QOCmQW n
R= =yum} R=@ u}= x@ `@=vt X}YND u} QDy@ uOQm =O}B |=Q@ "CU= j}kLD u}= QO Q_v
"OwW|t xO=iDU= xv=Q=mty |SD=QDU= R= =y|R=@ |x} Q_v QO OwHwt |=y|SD=QDU= u=}t
OwU X}YND |=Q@ ?U=vt |WwQ uDi=} =y|R=@ |x} Q_v QO syt p�=Ut R= |m}
xOW O=yvW}B u=kkLt \UwD xm |irDNt |=yVwQ u=}t R= "CU= |Q=mty R= |W=v
u}= "OvUQ|t Q_vx@ ?U=vt w=D VRQ= w '|rBW '|RmQt |xDUy |=yVwQ CU=
x@ uO}UQ QO um} R=@ |Q=PoQ}F-=D u=R}t C@Uv x@ =Q OwU R= |YNWt Q=Okt =yVwQ

"OvyO|t X}YND um} R=@ Qy x@ hrDNt |=yhqD�= QO '|R=@ hOy
2n p}mWD p@=k |=yhqD�= pm O=OaD xr�Ut u}= QO um} R=@ n OwHw x@ xHwD =@
'|w[a n '""" '|w[a xU '|w[awO '|O=Qiv= |=yhqD�= pt=W xm CU= hqD�=
xi=[= pOt x@ =Q |}=yC}OwOLt hqD�= Qy CW=O xHwD O}=@ "CU= |yD xawtHt w
u=vm} R=@ |xty xm umtt |=yX}YND |xty =yVwQ u}= R= l} Qy QO "Ovm|t
pw@k OQwt X}YND |=Q@ =yVwQ u}= "O};|t CUOx@ 'OvDUy u; VQ}PB x@ Q[=L
O}=@v hqD�= R= xOW?Um VRQ= �hr= %Ovvm|t =[Q= =Q Q=}at wO u=vm} R=@ |xty
QO xOW?Um VRQ= �? "OW=@ u=vm} R=@ lDlD |xOW?Um VRQ= ẁtHt R= QDtm
u=vm} R=@ lDlD |xOW?Um VRQ= ẁtHt R= QDtm O}=@v sy =@ =[a= |xty hqD�=

%CU= Q} R CQwYx@ xOWQmP \wQW |[=} Q u=}@ "OW=@
Z1 � � (1)

Z2 � � (2)

...

Zn � � (n)

Z1 + Z2 � � (1; 2)

...

Zn�1 + Zn � � (n� 1; n)

Zn�1 + :::+ Zn = � (1; 2; :::; n)
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Q}Ot

w`}
=vY

|U
Ovyt "hqD�= Qy u}ov=}t w VRQ= |xv}y@ Q=Okt "1 pwOH

|}=Ri=sy u=R}t |i=[= |O}=a u=R}t VRQ= `@vt u}ov=}t Tv=} Q=w hqD�=hqD�= hqD�= R= pY=L xOW?Um 4 3 2 1 hqD�=
0 0 73 75 1 75 5 1 3 73 75 C1
0 0 55 1 4 1 2 55 C2
0 0 54 25 0 25 3 2 4 54 25 C3

0 030 4 132 75 2 75 6 4 9 132 75 C12
0 058 8 136 2 7 3 11 136 C13
0 349 58 5 167 75 1 75 10 4 12 167 75 C23
0 248 60 25 240 3 25 15 5 16 240 C123

"hrDNt |=yVwQ =@ hqD�= Qy VRQ= |xv}y@ Q=Okt "2 pwOH
Q@=Q@ C}@wr]t VwQ xDUy |xv}tm |RmQt |xDUy w=D VRQ= |rBW VRQ= hqD�=

75 50 75 50 74 6302 74 6400 76 3333 |w[a lD
|Q=O}=B |Q=O}=B |Q=O}=B |Q=O}=B |Q=O}=B |Q=O}=B sOa/|Q=O}=B

84 4508 107 25 82 6849 82 6800 82 8333 |w[awO
|Q=O}=B |Q=O}=B |Q=O}=B |Q=O}=B |Q=O}=B |Q=O}=B sOa/|Q=O}=B

83 2992 60 50 85 9349 85 9300 84 0833 |w[a xU
|Q=O}=B |Q=O}=B |Q=O}=B |Q=O}=B |Q=O}=B |Q=O}=B sOa/|Q=O}=B

K}[wD x@ sRq "OQm xOy=Wt u=wD|t =Q xOWx@U=Lt |xv}y@ Q}O=kt 2 pwOH QO
?=wH w xOW xDWwv |]N CQwYx@ xDUy |xv}tm w Q@=Q@ C}@ wr]t \@=wQ xm CU=
|=yVwQ Q}=U |xv}y@ ?=wH "CU= xOt; CUOx@ wov}r Q=Ri=sQv ltm =@ |}=yv
?rDt Q=Ri=sQv 5|=yQ=R@=x@aH ltm x@ OwHwt \@=wQ x@ xHwD =@ '2 pwOH QO xOWQmP

"CU= xOW pY=L
Min Z

subject to :

Z � bi
�(i)

� bk
�(k)

8i; k 2 P (16)X
i2C

bi = �(p) (17)

u=vm} R=@ |wOx@ wO C}@ wr]t u}@ hqDN= |xv}W}@ |R=Uxv}tm |=Q@ =yx]@=Q u}=
u=vm} R=@ u}@ =Q hrDNt |=yC}@ wr]t 16 |x]@=Q "OwW|t xO=iDU= 6�EUM�
QO xm |iqDN= |xv}W}@ R= C}@ wr]t u}= |xR=Ov= xm|Qw]x@ Ovm|t Q=QkQ@ wOx@ wO
ẁtHt 17 |x]@=Q QO "OwWv QDW}@ 'OQ}o|t Q=Qk |R=Uxv}tm `@=D CLD hOy `@=D

u=vm} R=@ u; \UwD xOW?Um VRQ= =@ O}=@ u=vm} R=@ |xDi=}X}YND |=yC}@ wr]t
"OW=@ Q@=Q@

3 pmW QO X}YND u}= R= pY=L |xDUy w u=vm} R=@ x@ xDi=}X}YND Q=Okt
"CU= xOW sUQ ?rDt Q=Ri=sQv ltm x@ pmW u}= "CU= xOW XNWt

|Q}oxH}Dv "4
Vy=m QO |Q=PoQ}F-=D Q=}at Ov=wD|t `@=vt u}t-=D QO K}LY C} Q}Ot xm =Hv; R=
=yCmQW x@ h=Ro |=yxv} Ry p}tLD R= |Q}oV}B |=Q@ 'OW=@ CmQW Qy |=yxv} Ry

%CU=
Core(") =

n
~b 2 ~B

���e�C;~b� � "; 8C � P ;C 6= P;C 6= �
o
(13)

=Hv; R= "OR=OQB|t xDUy |xv}W}@ |R=Uxv}tm x@ xDUy |xv}tm VwQ `k=w QO
|O}=a u=wvax@ =Q OQix@ QYLvt |x]kv l} Ov=wDv CU= umtt xDUy VwQ xm
X}YND =Q |yD Q}e |x]kv u}rw= 'Ovm |}=U=vW s=i um} R=@ hqD�= R= pY=L

"OyO|t
(") |mJwm |r}N Q=Okt '12 |x]@=Q QO (0) Q=Okt |=H x@ Qo = u}=Q@=v@
|=[i |=yRQt R= xDUw}B Qw]x@ xDUy |=[i pY=L CQ=@a uOQmxv}tm =@ 's}yOQ=Qk
s}y=wN|t Q=mu}= =@ Qo}O CQ=@a x@ "OUQ@ x]kv l} x@ =D OQ}o|t xrY=i ?=wH
xm =Hv; R= "s}vm xv}tm Q_v OQwt hqD�= QO Qw[L R= =Q u=vm} R=@ |OwvWN=v u=R}t
wov}r Q=Ri=sQv R= pL |=Q@ u=wD|t 'CU= |]N |DQ=@a |R=Uxv}tm `@=D CLD CQ=@a

"OQm xO=iDU=
Min "

s:t : e
�
C;~b

�
= �(C)�X

i2c bi � " 8C 2 P; C 6= P

(14)

CU= u=vm} R=@ s=Om R= pmWDt |UQQ@ OQwt hqD�= xmv}= x@ xHwD =@ R}v |rBW VwQ
"Ovm x@U=Lt =Q |O}=a X}YND |xv}y@ Q=Okt Ov=wD|t

'i =

hP
i2cm (C � 1)! (N � C)!

i
[# (c)� # (cni)]

N !
(15)

=@ s=i um} R=@ x@ xDi=}X}YND Q=Okt u=ty xOWx@U=Lt 'i Q=Okt 15 |x]@=Q QO
"(bi) CU= |rBW VwQ R= xO=iDU=
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R=Ux
v}y@`@=vt w OwHwt `@=vt MQv u}@ hqDN= |xv}tm x@ |@=}CUO |B QO xr�Ut pOt

p@k |xrLQt x@ C@Uv xrLQt Qy QO `@=vt K}]UD u}@ hqDN= |R=Uxv}tm '?wr]t
x@ p}t Ow@y@ Q}_v |rm h=Oy= x@ |@=}CUO p=@vO x@ xr=kt u}= "CU= xOW x�=Q=
|�RH h=Oy= w 'uqm K]U QO |Q=m p}Uv=DB Ow@y@ '=yCmQW u=}t QO |Q=mty
Vy=m 'pY=L OwU V}=Ri= '|Q=m |xR}ov= V}=Ri= '|QwxQy@ MQv V}=Ri= uwJty
=yCmQW u}@ |viVv=O |Q=Pol =QDW= x@ 'Q}PB=vO}OHD `@=vt hQYtVy=m '=yxv} Ry
'|rBW VRQ= Q}_v VwQ u}OvJ h=Oy= u}= x@ |@=}CUO |UQQ@ |=Q@ w CU= xOw@
l} QO '�EUM� Q@=Q@ C}@ wr]t VwQ 'w=D VRQ= 'xDUy |xv}tm '|RmQt |xDUy

"CU= xOW xO=iDU= |OOa p=Ft
|=[i |v=tR s}v=O|t xm xvwou=ty R}v |UQQ@ OQwt |=[i ?OLD OQwt QO
xU |Q=mty R= pY=L |=[i uwQO xDUy |=[i xm CU= ?OLt xv=Q=mty |R=@
3 pmW R= xm xvwou=ty xr=kt u}= |xOWx�=Q= p=Ft QO u}=Q@=v@ "OW=@ \}Lt um} R=@

"CU}v ?OLt |R=@ u}= xm CiQo xH}Dv u=wD|t CU= XNWt
u=R}t |UQQ@ '|a]kQ}e w |r=tDL= |rOt x@ xr=kt u}= QO xOWx�=Q= pOt p}O@D
'7|rD=o VwQ Ovv=t |Qo}O |=yVwQ =@ hqD�= QO Qw[L R= O=Qi= |Q=O}=B w C}=[Q
CU= |O=yvW}B Q[=L |xr=kt QO xOt;CUOx@ |xH}Dv =@ pY=L G}=Dv |xU}=kt w

"OwW|t x�=Q= xv}tR u}= QO |D; C=k}kLD |=Q@ xm

"um} R=@ xU =@ hqD�= Cr=L QO xDUy "3 pmW

\@=wQ O=H}= =@ Ovv=wD|t K]Usy |=yCmQW u; R= |W=v OwU Vy=m ,=@k=aDt w
VqD hOy l} x@ |@=}CUO |=Q@ Qo}Om} R=}v OQwt `@=vt QO uOWs}yU w xv=Q=mty
xv=Q=mty |R=@ =@ CU= u=}=tv G}=Dv w xr=kt u}= xOWx�=Q= pOt QO xm xvwou=ty w Ovvm
u=mt= u}= u=vm} R=@ w CU= xOW C}=aQ |Q}PB`tH pY= lQDWt `@=vt |xrO=@t w

"OvQw; CUOx@ |QDW}@ |O}=a QDnQR@ |=yhqD�= QO CmQ=Wt =@ xm OvQ=O =Q

=yCWwv=B
1. Split
2. particle swarm optimization
3. resource-constrained project scheduling problem
4. direction ant colony optimization
5. toolbox
6. equal utility method
7. Gatly
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