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pOt R= OwN |=yQ=m QO �w=S w |=@ xrtH R=� u}kkLt R= |NQ@ [14]"CU= xOW |UQQ@
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xi=[= sDU}U x@ |O=R; xHQO l} 'pYit QO |kr OwHw x@ xHwD =@ xrLQt u}=
pL l}Uqm Q}Ut O}rwD |xr�Ut l} x@=Wt =Q u; u=wD|tv Qo}O =Pr w OwW|t
"Ow@ Oy=wN pL p@=k xr�Ut '|O=R; xHQO u}= pQDvm CQwY QO =yvD u}=Q@=v@ "OQm
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Ow@ Ovy=wN CQ=@a R}v sR}v=mt 4 w 3 |=yw[a |}x} w=R ?=DW w CaQU 'u}vJty
%R=

_�i = _�2
@�i
@�2

+ _
 @�i
@


; i = 3; 4 (14)

��i= ��2
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+ _�22
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|}xr}tQ=yJ sR}v=mt `@=D O}rwD RDvU "3"2
=yw[a pw] %R= Ov=CQ=@a |L=Q] |=yQ}eDt '|}xr}tQ=yJ sR}v=mt `@=D O}rwD RDvU QO
C@=F w[a |x} w=R '�|OwQw QwLt� C=YDNt -=O@t '(�) \@=Q |xr}t ErFt |x} w=R w

%hOy \=kv O=OaD =@ ?U=vDt �i2 (i = 1; 2; :::; N) |OwQw |=}=wR w �u}tR�
x1 =

h
L1; L2; L3; L4; A0P ; x0; y0; �; �1; �12; :::�N2

iT
(16)

?U=vt |=]N `@=D h} QaD 'sU}v=mt l} |R=Uxv}y@ QO OwHwt |xr�Ut u} QDsyt
"CU= xOW p}mWD VN@ wO R= sD} Qwor= u}= QO xO=iDU= OQwt |=]N `@=D "CU=
`@=wD R= xO=iDU= =@ swO VN@ QO w CU= CkO \=kv C}akwt |=]N pw= VN@
'xt} QH `@=wD u}= R= xO=iDU= =@ `k=w QO "OQ}o|t Q=Qk Q_v Ot xr�Ut Ow}k 'xt} QH
=} =[Q= C=QF= w OwW|t p}O@D O}kt=v |xr�Ut l} x@ O}kt |R=Uxv}y@ |xr�Ut
'hW=Qo uwv=k O}k Q=yJ R= =Hv}= QO "OwW|t p=ta= =]N `@=D QO 'Ow}k |=[Q= sOa
\UwD hW=Qo uwv=k "OwW|t xO=iDU= |Q=Ot w |}xN=W '|@}DQD |=y?}a RwQ@ sOa

%OwW|t p=ta= 18 w 17 \@=wQ
l = max fL1; L2; L3; L4g ; s = min fL1; L2; L3; L4g

(17)

g1(x1) = ((s+ l)� (p+ q)) < 0 (18)

'|OwQw w[a pt=m u=QwO |=Q@ "OvDUy sR}v=mt Qo}O w[a wO pw] q w p =yv; QO xm
%CW=O s}y=wN hW=Qo uwv=k T=U=Q@

g2(x1) = s� L2 = 0 (19)

OQoCa=UO=B u=QwOZQi =@ |Q=Ot w|}xN=W '|@}DQD ?w}a x@ \w@ Qt\@=wQu}vJty
%R= Ov=CQ=@a |OwQw w[a

g3(x1) = �i2 � �i+1
2 < 0; i = 1; 2; :::N: (20)

g4(x1) = �i4 � �i3 > 0; i = 1; 2; :::N: (21)

g5(x1) = �i2 � �i3 > 0; i = 1; 2; :::N: (22)

|m}D=tv}U p}rLD "2"2
w CaQU '|}=Hx@=H p}rLD pt=W |m}D=tv}U p}rLD R= |}xYqN 'VN@ u}= QO
|x]@=Q "OW Oy=wN x�=Q= jr pYitl} =@ |}xLiY |}xr}tQ=yJ sR}v=mt |=Q@ ?=DW

%R= Ow@ Oy=wN CQ=@a ?1 pmW x@ \w@ Qt |Q=OQ@
L2ei�2 + rei
 + L3ei�

1c
3 � L1ei�1 � L4ei�

1c
4 = 0 (2)

|x} w=R w pw] R}v 
 w r w s=i w[a |x} w=R w pw] ?}DQDx@ �i w Li u; QO xm
pL w jwi |x]@=Q |twywt w |k}kL |=yxir-wt uOQm =OH =@ "Ov=|kr |R=Ht w[a

%CW=O s}y=wN u;

�3 = 2 tan�1 �(�B1 �pB2 � 4AC)=2A
�

(3)

�4 = cos�1((L2 cos(�2) + r cos(
) + L3 cos(�3)

� L1 cos(�1))=L4) (4)

A =� (L1 + L3)(2L2 cos �2 + 2r cos 
) + 2L2r cos(�2 � 
)

+ 2L1L3 + L21 + L22 + r2 + L23 � L24 (5)

B = 4L3(L2 sin �2 + r sin 
) (6)

C =(L3 � L1)(2L2 cos �2 + 2r cos 
) + L21 + L22 + r2 + L23

� L24 � 2L1L3 + 2L2r cos(�2 � 
) (7)

%=@ CU= Q@=Q@ \@=Q |xr}t P |x]kv C}akwt u}vJty 
Px
Py

!
=

 
x0
y0

!
+ L2

 
cos(�2)
sin(�2)

!
+ r

 
cos(
)

sin(
)

!
+A0P

 
cos(�3 + �)

sin(�3 + �)

!
(8)

%Ow@ Oy=wN Q} R CQwYx@ R}v sR}v=mt |=yw[a sQH RmQt C}akwt 
xG2
yG2

!
=

 
x0
y0

!
+

"
cos �2 sin �2
� sin �2 cos �2

#"
u2
v2

#
(9) 

xG3
yG3

!
=

 
x0
y0

!
+ L2

 
cos(�2)
sin(�2)

!
+ r

 
cos(
)

sin(
)

!
+

"
cos �3 sin �3
� sin �3 cos �3

#"
u3
v3

#
(10) 

xG4
yG4

!
=

 
x0
y0

!
+ L1

 
cos(�1)
sin(�1)

!
+

"
cos �4 sin �4
� sin �4 cos �4

#"
u4
v4

#
(11)

"�hr=1 pmW� OvDUy |rLt x=oDUO QO s=i w[a sQH RmQt C=YDNt vi w ui xm
R}v �|kr |R=Ht w[a |x} w=R� 
 R= |a@=D '�2 Q@ xwqa jwi CqO=at xm OwW xHwD

"OvDUy
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"|}xrLQtwO |R=Uxv}y@ sD} Qwor= CQ=Jwri "3 pmW

w O=O s=Hv= =Q |m}D=tv}U RDvU u=wD|t uwvm = "OwW|t ZQi (
id = f(�2))
"OQw; CUO x@ =Q 16 |xrO=at |O=a@= |=yQDt=Q=B

|x]@=Q Q@ xm OwW|t pQDvm |}xvwox@ |kr |x} w=R 'sD} Qwor= swO |xrLQt QO
s=Hv= =yw[a |tQH |=yQDt=Q=B Q}}eD =@ Q=m u}= &OwW j@]vt p@k |xrLQt ZwQit

"OwW|t
x@ |kr |x} w=R Q=Owtv 28 |xrO=at pL =@ 'OW u=}@ "4"2 VN@ QO xm u=vJ
=@ w u; C=kDWt w |OwQw w[a |x} w=R uOw@ XNWt =@ u}=Q@=v@ "O};|t CUO
u=wvax@ =yw[a |tQH |=yQDt=Q=B Q}}eD 'p@k |xrLQt |O=a@= |=yQDt=Q=B R= xO=iDU=
T=U= u}=Q@ "OwW|t ?U=vt |kr |x} w=R x@ QHvt 'swO |xrLQt |L=Q] |=yQ}eDt

%R= Ov=CQ=@a swO |xrLQt QO |L=Q] |=yQDt=Q=B
x2 = [m3; u3; v3; I3; m4; u4; v4; I4]T (29)

|w=Ut CtUk n x@ �u=}O=Q 2�� |OwQw w[a pt=m u=QwO l} 'sD} Qwor= u}= QO
|kr |x} w=R |xU}=kt R= |W=v |=]N 'swO |xrLQt QO hOy `@=D "OwW|t s}UkD
%OyO|t CUO x@ =Q ?wr]t |kr |x} w=R w xOW |L=Q] sR}v=mt R= xOt; CUO x@

F2(X2) = 1
n

vuut NX
q=1

(
q(x2; �2q)� 
id(�2q)]2 (30)

xOW ZQi pw= |xrLQt QO xm CU= |kr |x} w=R p;xO}= Q}O=kt 
id(�2q) u; QO xm
X2 |L=Q] |=yQDt=Q=B R= xOt; CUO x@ |kr |x} w=R Q}O=kt 
q(x2; �2q) w CU=

"CU= �u=}O=Q 2�� |OwQw w[a pt=m u=QwO |] QO

%R= Ow@ Oy=wN CQ=@a Q}Ut O}rwD |xr�Ut hOy `@=D u}=Q@=v@

F1(x1) = ( 1
N

)

vuut NX
i=1

((P ixd � P ix(x1))2 + (P iyd � P iy(x1))2)

+
mX
j=1

MjGj(x1) (23)

\=kv w ?wr]t \=kv ?}DQDx@ pi = [pix; piy]T w pid = [pixd; piyd]T u; QO xm
xm OvDUy |D@=F ?}=Q[ =yMj u}vJty "OvDUy sR}v=mt \UwD Q}Ut QO xOWO}rwD
Gj = 1 'OwWv =[Q= gj(X1) O}k Qo = "OW Ovy=wN hOy `@=D uOWxt} QH ?Hwt

"CU= Gj = 0 CQwY u}= Q}e QO w

|kr |x}w=R |x@U=Lt "4"2
'sQH 'pw] uOw@ swrat ZQi =@ |kr |x} w=R uOQw; CUO x@ hOy VN@ u}= QO
CmQL |xrO=at R= Qw_vtu}O@ "CU=yw[a |tQH |UQv}= u=tt w |tQH Rm =Qt

"s}vm|t xO=iDU= 'OwW|t GDvt Sv=Qo q |x]@=Q R= xm sDU}U
d
dt

�
@T
@ _


�
� @T
@


+ @U
@


+ @D
@ _


= 0 (24)

w OvDUy hqD= `@=D w p}Uv=DB |SQv= '|W@vH |SQv= ?}DQDx@ D w U 'T u; QO xm
[13]%=@ OvQ@=Q@

T = 1
2

4X
i=2

Ii _�2
i + 1

2
4X
i=2

mi

�
_x2
Gi + _y2

Gi

�
(25)

U =
4X
i=2

migyGi (26)

D = 1
2

4X
i=2

C�i _�2
i + 1

2C
 _
2 (27)

w x@P=H ?=DW '=yw[a |UQv}= u=tt w sQH ?}DQDx@ R}v C w g 'li 'mi u; QO xm
w 24 |xrO=at QO 27 =D 25 CqO=at uO=OQ=Qk =@ "OvDUy RwmU} w |}=Q}t ?}=Q[
[13]%O};|t CUO x@ u}vJ sDU}U |rm CmQL |xrO=at 'R=}v OQwt |=y|Q}ojDWt

4X
i=2

(Ii��i
@�i
@


+mi

�
�xGi

@xGi
@


+ �yGi
@yGi
@


�
+ gmi

@yGi
@


+C�i _�i
@�i
@


) + C
 _
 = 0 (28)

w |kr |x} w=R '��2 w _�2 u; C=kDWt w �2 |OwQw w[a |x} w=R uOw@ XNWt =@
"Ov};|t CUO x@ jwi |xrO=at |OOa pL =@ (�
; _
; 
) u; C=kDWt

O}OH sD} Qwor= "3
sR}v=mt |R=Uxv}y@ |=Q@ O}OH sD} Qwor= l} R= xar=]t u}= QO OW u=}@ xm u=vJ
CqO=at =@ j@=]t |O=a@= RDvU '=OD@= QO "�3 pmW� OwW|t xO=iDU= xrLQt wO QO
xHQO 'pY=it R= |m} QO |kr OwHw CQwY QO "OwW|t s=Hv= 3 w 2 |=yVN@
pL |=Q@ "CU= pwyHt |kr |x} w=R w O@=}|t V}=Ri= 2 x@ 1 R= sR}v=mt |O=R;
|OwQw w[a |x} w=R ?ULQ@ |kr |x} w=R Q}O=kt pw= |xrLQt QO 'pmWt u}=
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"""w
|r=}

v=O
|Ot

Lt
=[Q

O}tL
'|}q

wm|
OQ=w

|@D
HtO

}U [28w4]%OwW|t w[a Qy CaQU w C}akwt sw=Ot KqY= ?Hwt '=[a= s=tD |x]kv
Xj(i) = Xj(i� 1) + Vj(i); j = 1; 2; :::; N (31)

Vj(i) =�(i)Vj(i� 1) + c1r1 (Pbest;j �Xj(i� 1))

+ c2r2 (Gbest;j �Xj(i� 1)) ; j = 1; 2; :::; N (32)

xDiQo Q_v QO 2 Q@=Q@ xm OvDUy |ywQo w |YNW C=aq]= Ci=} QO MQv c2 w c1
x]kv u} QDy@ Pbest;j "OvDUy 1 w QiY u}@ |iO=YD O=Oa= R}v r2 w r1 "OvwW|t
x]kv u} QDy@ Gbest;j w s=j w[a |=Q@ hOy `@=D Q=Okt u} QDq=@ uOw@=Q=O ^=Lr R=
0 9 =D 0 4 R= |]N Qw]x@ xm CU= |vRw ?} Q[ �(i) "CU=[a= pm u=}t QO
u; u}}=B Q=Okt w '|rm |wHwCUH x@ QHvt |vRw ?} Q[ |q=@ Q=Okt "Ovm|t Q}}eD
pL=Qt |] u}=Q@=v@ "OwW|t xv}y@ |x]kv u}}aD |=Q@ |rLt |wHwCUH x@ QHvt
|x]@=Q j@] w |]N CQwYx@ ?} Q[ u}= 'xv}y@ |x]kv uDi=} |=Q@ VwQ Q=QmD
[28w4]%OUQ|t OwN Q=Okt u} QDsm x@ xrLQt u} QN; QO xm u}= =D O@=}|t Vy=m 33

�(i) = �max �
�
�max � �min

imax

�
i (33)

u}}aD pL=Qt xv}W}@ imax w Q=QmD xrLQt xQ=tW i '0 4 Q@=Q@ �min '0 9 Q@=Q@ �max

|xrY=i =} 'OvwW l}ORv x]kv l} x@ =[a= |t=tD Qo = "CU= xr�Ut Q=QmD |=Q@ xOW
xv}y@ |x]kv w xOW =Qoty xr�Ut pL 'O@=} Vy=m |v}at Q=Okt =D Qo}Om} R= =[a=

"O};|t CUO x@

|OOa p=Ft "5
pYit l} |=Q=O |xLiY |}xr}tQ=yJ sR}v=mt |L=Q] hOy 'p=Ft u}= KQ] QO
|x} w=R Q=Owtv w Ovm |] =]N u} QDsm =@ =Q ?wr]t Q}Ut xm |}xvwox@ CU= jr
Cr=L wO QO |m}D=tv}U |R=Uxv}y@ =OD@= QO "OW=@v |v=yo =v C=Q}}eD |=Q=O u; |kr
"OwW|t xU}=kt Qo}Om} =@ xrY=L G}=Dv w xOW s=Hv= �|kr uDiQo Q_v QO uwO@/=@�
=t= '�p;xO}= Cr=L� OwW|tv xDiQo Q_v QO |L=Q] |xrLQt QO |kr 1 |L=Q] QO

%OwW|t ZQi 34 |x]@=Q CQwYx@ |kr |x} w=R 2 |L=Q] QO

id = �2 + 10 (deg) (34)

p=L "OwW|t QHvt 1 pwOH QO xOW x�=Q= G}=Dv x@ Cr=L wO u}= QO |m}D=tv}U RDvU
u}=Q@=v@ "OvwW|t xU}=kt Qo}Om} =@ '|kr Qw[L QO |va} 'C}ak=w QO |L=Q] wO
OwW Qw_vt |kr QF= O}=@ '=y|L=Q] R= l} Qy \UwD |O}rwD Q}Ut sUQ s=ovy QO
'2 |L=Q] |=Q@ "Ow@ s}y=wN |L=Q] wO Qy QO |kr |x} w=R OvtR=}v Qw_vtu}O@ w
O};|t CUO x@ �sD} Qwor= swO |xrLQt� |m}t=v}O |R=Uxv}y@ R= TB |kr |x} w=R

"Ovm =[Q= =Q 34 |xrO=at O}=@ xm
OwHw |kr xJQo = 'CU= xOWv Qw_vt |L=Q] |xrLQt QO |kr '1 |L=Q] QO
<=Wvt xm 1 |L=Q] QO |kr |x} w=R "s} Q=Ov u; C=Q}}eD |wQ |rQDvm I}y =t w xDW=O
|=yQDt=Q=B uOw@ swrat =@ w 4 VN@ QO xOW x�=Q= VwQ R= xO=iDU= =@ 'CU=]N

"�4 pmW� CU= xOt; CUO x@ 2 pwOH |tQH
x@ uOW l}ORv |=Q@ |kr |x} w=R '|tQH |=yQDt=Q=B Q}}eD =@ 2 |L=Q] QO =t=
|tQH |=yQDt=Q=B |xv}y@ Q}O=kt "OwW|t |R=Uxv}y@ 'p@k |xrLQt ZwQit |x} w=R
'p=L "Ovvm|t O}rwD =Q 5 pmW |kr |x} w=R 'Q}O=kt u}= "CU= xOW x�=Q= 3 pwOH QO

|R=Uxv}y@ "4
|R=Uxv}y@ |=yVwQ "1"4

uOQm xv}tm =} xv}W}@ x@ |oDU@� xv} Ry `@=D =} hOy `@=D l} '|R=Uxv}y@ |xr�Ut QO
|}xvwox@ =Q =ypwyHt u=wD|t hrDNt |=yVwQ R= xO=iDU= =@ "OwW|t h} QaD �`@=D
Ovv=ty |Ow}k u=wD|t u}vJty "OwW xv}W}@ =} xv}tm Q_v OQwt `@=D xm OQw; CUO x@
pw] |=Q@ |ivt Q}O=kt ?=NDv= sOa '=yw[a pw] C@Uv '|OwQw w[a pt=m u=QwO
|xr�Ut QO xt} QH `@=D =} |Dr=vB `@=D R= xO=iDU= =@ R=}v CQwY QO =Q """w =yw[a

"OQm ^=Lr |R=Uxv}y@
w |v=}O=Qo |=yVwQ xwQo wO x@ |rm Qw]x@ u=wD|t =Q |R=Uxv}y@ |=yVwQ
pta hOy `@=D jDWt |=v@tQ@ |v=}O=Qo |=yVwQ "OQm s}UkD wHwCUH |=yVwQ
CQwYx@ hOy `@=D =yv; QO xm OvwQ|t Q=m x@ |r�=Ut QO =yVwQ u}= "Ovvm|t
"CiQo jDWt =yu; R= |oO=Ux@ u=wD@ u}vJty w 'OW=@ OwHwt XNWt `@=D l}
"OQ=Ov OwHw hOy `@=D |=Q@ |YNWt |xrO=at OQ=wt R= |Q=}U@ QO 'pta QO =t=
C=@U=Lt u; R= |Q}ojDWt xm CU= s}HL QOku; OwHwt |xrO=at |OQ=wt QO =}
xOW QDW}@ wHwCUH |=yVwQ x@ p}=tD ,=Q}N= u}=Q@=v@ "O@r]|t =Q |}xO}J}B

"CU=
=@ p�=Ut |=Q@ w CU}v |R=}v hOy `@=D jDWt x@ wHwCUH |=yVwQ QO
'CU= Q=wWO hOy `@=D R= |Q}ojDWt =yv; QO xm |r�=Ut u}vJty w nQR@ sHL
l}DvS sD} Qwor= |=yVwQ Ovv=ty uQOt |wHwCUH |=yVwQ "OvQ=O |O=} R|}=Q=m
�PSO� u=oOvQB `=tDH= VwQ w 4xOW |R=Ux}@W O} Q@D '3u=oxJQwt|vwrm '2�GA�
|R=Uxv}y@ |=yVwQ u}= |xrtH R= 'OwW|t O=} |rt=mD |=yVwQ x@ =yv; R= xm
x@ C@Uv jwi |rt=mD |=yVwQ |QDQ@ OQwt QO CL=QYx@ u=wD|tv xJQo = "OvDUy
u=wD |tv xm CU= u}= Qov=}@ xm � 5 LNF |x}[k j@] Qt= u}= w 'O=O Q_v Qo}Om}
p�=Ut R= |}xDUO |=Q@ |WwQ Qy w OQ@ Q=m x@ p�=Ut xty |=Q@ =Q |rm VwQ l}
=t= ' [27]CU= Cw=iDt Qo}O |xr�Ut x@ |}xr�Ut R= �CU= QD ?U=vt |R=U xv}y@
|}xr�Ut =@ xm VywSB u}= QO "Ov=xOw@ x}k@ R= QDOQ@ Q=mQB PSO w GA |=yVwQ
"OwW|t xO=iDU= PSO VwQ R= 's} Q=O Q=mwQU u=w=Qi Ow}k =@ x=Qty|]NQ}e COWx@
|QDsm |oO}J}B u; xO=iDU= OQwt \@=wQ w xOw@ QDxO=U GA VwQ x@ C@Uv VwQ u}=

"CN=OQB s}y=wN VwQ u}= K}[wD x@ xt=O= QO u}=Q@=v@ "OvQ=O

PSO VwQ "2"4
|Ovm\UwD 1995 p=U QO xmCU= uQOt w |rt=mD |=yVwQ xrtH R= PSO VwQ
u=oJQwt '=yQw@vR 'C=QWL pFt |D=OwHwt |atHxDUO Q=DiQ R= s=yr= =@ CQ=yQ@= w
OwN |y=o ; w C=aq]= T=U=Q@ xwQo u}= w[a Qy [28]"CU= xOW O=H}= u=oOvQB w
Ovm =O}B =Pe R= |a@vt =[a= R= |m} Qo = ,qFt "Ovm|t CmQL xwQo |rm C=aq]= w
x@ |OwOL =D R}v =Q xwQo |=[a= |x}k@ 'OwQ|t u; p=@vO x@ OwN xm u}= Q@ xwqa
Q_v QO =[a= R= |ywQo T=U=Q@ u=wD|t =Q VwQ u}= u}=Q@=v@ "Ov=Wm|t OwN p=@vO
=[a= u}= R= s=OmQy "Ovvm|t CmQL hOy `@=D |=Q@ Q=Okt u} QDy@ p=@vO x@ xm CiQo
"OvwW|t KqY= w xOQm Q}}eD ,=t�=O xm Ov=CaQU w C}akwt |xYNWt wO |=Q=O
Qo}O |wU R= w 'OOQo|t xv}y@ |x]kv p=@vO x@ xr�Ut |L=Q] |=[i QO w[a Qy
wOQ "OQ=O|t xov x_i=L QO w xDiQo Q_v QO R}v =Q OwN C}akwt u} QDy@ w[a Qy
u} QDy@ w w[a Qy |=Q@ x]kv u} QDy@ T=U=Q@ =[a= u}= u=}t C=aq]= uOW pO@
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"""s
R}v=m

t|
m}t

=v}O
w|

m}D=
tv}U

|R=
Uxv

}y@

"2 |L=Q] QO |kr |x}w=R |=Q@ xOt; CUO x@ w ?wr]t Q}O=kt |xU}=kt "5 pmW

"|kr Qw[L QO 2 |L=Q] w 1 |L=Q] R= |W=v Q}Ut w ?wr]t Q}Ut "6 pmW

u=wD|t '|L=Q] wO |=Q@ |kr |=}=wR Q=Owtv w �1 pwOH� =yw[a pw] x@ xHwD =@
"�6 pmW� OQm xU}=kt Qo}Om} =@ =Q |L=Q] wO Q}Ut

pYit QO |kr uDiQo Q_v QO uwO@ sR}v=mt 1 |L=Q] QO 'OW u=}@ xm u=vJ
R= |W=v |=]N w |kr 'Q=Owtv sUQ s=ovy QO CU= |y}O@ =t= 'OwW|t |L=Q]
xOW ^=Lr R}v |L=Q] |xrLQt QO |kr '2 |L=Q] QO =t= "OW Oy=wN ^=Lr u;
sR}v=mt |m}t=v}O OQmrta w |m}D=tv}U CkO Ow@y@ ?Hwt Qt= u}ty xm CU=

"OwW|t
?wr]t Q}Ut x@ 2 |L=Q] x@ \w@ Qt Q=Owtv 'Q=_Dv= j@=]t '6 pmW x@ xHwD =@
u=Wv jwi |=yQ=Owtv |xU}=kt u}vJty "OQ=O |QDsm |=]N w xOw@ QDl}ORv
|x} w=R Q=Okt QO |v=yo =v C=Q}}eD |=Q=O 5 Q=Owtv hqNQ@ 4 Q=Owtv xm OyO|t
1 |L=Q] QO sR}v=mt CmQL QO lwW w V=aDQ= O=H}= ?Hwt Qt= u}= "CU= |kr
QDQ=wty |kr |x} w=R Q=Owtv xm u}= p}rOx@ '2 |L=Q] QO xm |r=L QO "OW Oy=wN
Ow@y@ sR}v=mt |m}t=v}O OQmrta w CkO 'CU}v |v=yo =v C=Q}}eD |=Q=O w xOw@

"O@=}|t
|=yw[a sQH RmQt |]N ?=DW w |v=QwO ?=DW Q}O=kt 10 =D 7 |=ypmW QO
XNWt =yQ=Owtv u}= |t=tD QO "CU= xOW xU}=kt sy =@ |L=Q] wO |=Q@ 4 w 3
QO u}vJty "CU= nQR@ Q=}U@ Q=Okt l} '1 |L=Q] QO ?=DW Q}O=kt xm CU=
Q=Qk xOwOLt l} QO |L=Q] wO Qy |=Q@ ?=DW Q}O=kt xm =yQ=Owtv u}= R= |DtUk
|O=} R C=Q}}eD w u=Uwv |=Q=O 1 |L=Q] R= |W=v ?=DW xm OwW|t xOy=Wt 'OQ=O
u}= x@ xHwD =@ "CU= Q=wty Q=}U@ 2 |L=Q] QO ?=DW Q=Owtv xm |r=L QO 'CU=

"Cr=L wO QO pw= |xrLQt |L=Q] |=yQDt=Q=B |xv}y@ Q}O=kt "1 pwOH
�|kr =@� 2 |L=Q] �|kr uwO@� 1 |L=Q] |L=Q] |=yQ}eDt
r2 = 1 mm r2 = 0 x1

0 19004 0 x0 (mm)

�1 1355 0 y0 (mm)

202 7109 200 a1 (mm)

99 4677 100 a2 (mm)

200 9446 200 a3 (mm)

250 6397 250 a4 (mm)

100 8002 100 AP (mm)

0 51 0 �1 (deg)

44 9 45 � (deg)

"1 |L=Q] x@ \w@ Qt |tQH |=yQDt=Q=B "2 pwOH
m3 u3 v3 I3
(kg) (mm) (mm) (kg.m2)

0 0737 0 09 0 0 000202
m4 u4 v4 I4
(kg) (mm) (mm) (kg.m2)
0 049 0 06 0 0 0000619

"1 |L=Q] |=Q@ |kr |x} w=R Q=Owtv "4 pmW

"2 |L=Q] |=Q@ swO |xrLQt |L=Q] |=yQDt=Q=B |xv}y@ Q}O=kt "3 pwOH
m3 u3 v3 I3
(kg) (mm) (mm) (kg.m2)

0 0654 0 00038 0 0 0000145
m4 u4 v4 I4
(kg) (mm) (mm) (kg.m2)
0 052 0 00435 0 0 0000245
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"|L=Q] wO QO swU w[a sQH RmQt |]N ?=DW "9 pmW

" |L=Q] wO QO sQ=yJ w[a sQH RmQt |]N ?=DW "10 pmW

XNWt |=Q@ Q}Ut O}rwD |xr�Ut =OD@= QO "CU= xOW xO=iDU= jr pYit |=Q=O
|tQH |=yQDt=Q=B Q}}eD =@ TBU "CU= xOW pL xr�Ut |O=a@= |=yQDt=Q=B uOW
"OW=@v |v=yo =v C=Q}}eD |=Q=O xm xOW pQDvm |}xvwox@ |kr |x} w=R C=Q}}eD '=yw[a
u}=Q@=v@ "CU= xOW s=Hv= u=tRty Qw]x@ |m}t=v}O w |m}D=tv}U |R=Uxv}y@ `k=w QO
sy w 'Ovm|t |] =]N u} QDsm =@ =Q ?wr]t Q}Ut sy xm xOW |L=Q] |tU}v=mt

"CU= sR}v=mt CmQL pw] QO V=aDQ= Vy=m ?Hwt

"|L=Q] wO QO swU w[a |v=QwO ?=DW "7 pmW

"|L=Q] wO QO sQ=yJ w[a |v=QwO ?=DW "8 pmW

QO =OY w V=aDQ= Vy=m xrtH R= |m}t=v}O C=}YwYN Ow@y@ R= u=wD|t =yQ=Owtv
"OQm pY=L u=v}t]= �1 |L=Q]� x@ C@Uv �2 |L=Q]�

|Q}oxH}Dv "6
|xLiY |}xr}tQ=yJ sR}v=mt |R=Uxv}y@ |=Q@ |O}OH sD} Qwor= R= Q=DWwv u}= QO

=yCWwv=B
1. particle swarm optimization (PSO) method
2. genetic algorithm (GA)
3. ant colony
4. simulated annealing
5. theorem (NFLT) no free lunch
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