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|xr�Ut l} x@ p=YD= QO |@=QN |}=U=vW |xr�Ut 'xt=O= QO "CU= xOW h} QaD
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xtOkt "1
|@} QkD QDt=Q=B Q}}eD VwQ wO ?}mQD R= xO=iDU= =@ '1998 p=U QO |WywSB QO
'p=Owt |=yQDt=Q=B R= |Q}oxQy@ u}vJty w 3�DSM� ?}U; QF= j}@]D w 2�APC�
xOW QmP |@}mQD VwQ xm O=O u=Wv G}=Dv "OW |}=U=vW xR=U |=yp=YD= QO |@=QN
|@=QN Q=Okt ,=k}kO =t= 'Ovm|t |}=U=vW =Q xv=oOvJ w |mD |=y?}U; pLt |@ wN x@
w |@Ya |=yxm@W R= xO=iDU= =@ '2001 p=U QO u}vJty [2]"OyO|tv u=Wv =Q
|Oqwi |=y?=k |=yp=YD= QO |@=QN u=mt w COW 'p=Owt |=yQDt=Q=B |Q}oxR=Ov=
OvOW pw] Ok=i |=yQvi x@ p}O@D =yp=YD= s=tD 'QwmPt VwQ QO "OW xO=O X}NWD
'xOt; CUOx@ G}=Dv "OW pOt p=YD= |v=QwO |DNU QO Vy=m R= xO=iDU= =@ ?}U; w

[3]"Ow@ =yp=YD= QO |@=QN |}=U=vW QO |O=yvW}B VwQ CkO |xOvyOu=Wv
R= |Q}oxQy@ w |i}] u=tr= Q@ |vD@t |WwQ '2006 p=U QO |Qo}O VywSB QO
OW O=yvW}B |@=QN COW w pLt |}=U=vW |=Q@ 4�PZT� l} QDmr=wR}B |=yQoTL
u=Wv G}=Dv w OW |R=Ux}@W p=YD= |=yI}B uOQm pW R= xO=iDU= =@ ?}U; u; QO xm
x@ ?}U; COW =t= 'CU= xOW |}=U=vW |rw@k p@=k CkO =@ ?}U; pLt xm O=O
QO u}vJty [4]"OQ=O |oDU@ =yu; O=OaD w l} QDmr=wR}B |=yQoTL |Q}oQ=Qk pLt
|R=Uxv}y@ VwQ l} w xR=U |Owt |=ypmW w Ot=U@ QO C=Q}}eD R= '2009 p=U
"CU= xOW xO=iDU= |Oqwi ?=k |=yp=YD= QO |@=QN |}=U=vW |=Q@ |y=Q u=wvax@
Vy=m R= xO=iDU= =@ =y?}U; w pOt pw] Ok=i |WJ}B |=yQvi \UwD =yp=YD=
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vWC}iQ_ '=yp=YD= QDW}@ 'C}ak=w QO xm |DQwY QO "OvwW|t xDiQo Q_v QO |rYit
pOt VwQ x@ =yp=YD= 'Q[=L Q=DWwv QO "OvQ=O =Q xOWQmP Cr=L wO u}@ |}x_Lr
R= xO=iDU= =@ p=YD= =} xQo |R=Ux}@W Q@ |vD@t xm Ov=xOW |R=UpOt |m}v=mt
?rY |=yp=YD= s=tD '|m}v=mt pOt VwQ =@ "CU= �Qvi� Q}PBh=]av= |=yu=tr=
?rYxt}v p=YD= l}D=tW KQ] '1 pmW "OvwW|t ?rYxt}v |=yp=YD= x@ p}O@D

[9]"OyO|t u=Wv =Q uwDU x@ Q}D
pOt pw] Ok=i |WJ}B |=yQvi =@ =yp=YD= s=tD 'QwmPt pOt R= xO=iDU= =@
\@DQt xm OwW|th} QaD p=YD= Qy QO |}=yDv=C}@rY?} Q[l}TBU 'OvwW|t

[11w9]%CU= K |WJ}B Qvi |DNU w El=L w[a |WtN |DNU =@

Pi = 1
1 + 3EI

LKi

(1)

Q=Okt "CU= 8p=YD= Qov=}@ j w w[a |=yDv= wO Qov=}@(i = 1; 2) Q}eDt 'u; QO xm
\w@ Qt 1 Q=Okt w |rYit p=YD= x@ \w@ Qt 0 Q=Okt xm 'CU= 1 =D 0 u}@ Pi |Qw�D
|}=yDv= C}@rY ?} Q[ '?rYxt}v w[a l} u}=Q@=v@ "CU= ?rY,qt=m p=YD= x@
p=YD= =@ |WtN ?=k QO ?}U; |}=U=vW CyH swyit u}= R= xm OQ=O 1 w 0 u}@
P Q=Okt '?rY p=YD= =@ xR=U l} QO Qo = xm CQwY u}= x@ "OwW|t xO=iDU= ?rY
|DNU "CU= xOW |@=QN Q=JO p=YD= w CU}v ?rY p=YD= Qo}O 'OwW QDtm 1 R=
%O};|t CUOx@ 2 |x]@=Q R= Q}D |WtN |DNU =@ \@DQt ?rYxt}v p=YD= |v=QwO

Ki = 
EL
L

(2)

'|v=UWm pwOt ?}DQDx@ L w I 'E '?rYxt}v p=YD= |v=QwO |DNUKi 'u; QO xm
"OvDUy ?U=vD ?} Q[ l} 
 u}vJty w Q}D u=tr= pw] w |UQv}= u=tt

sQH T} QD=t 'OvW=@ Pf w Pe 'p=YD= Qy |=Q@ |}=yDv= C}@rY ?}=Q[ Qo =
'u; QO xm [11]"O};|t CUOx@ 3 |x]@=Q R= ?rYxt}v |=yp=YD= =@ ?=k u=tr= l}
10|}=yDv= w 9|}=OD@= QU wO |xOvyOu=Wv e w f |=yT}Ov= w pw] OL=w sQH m
"Ov};|t CUOx@ [12]'2004 p=U QO |Q=DWwv R= R}v =yfi \@=wQ "OvDUy uwDU w Q}D
4 |x]@=Q R=?rYxt}v |=yp=YD= uDiQo Q_vQO =@ R}v ?=k u=tr=l}|DNUT} QD=t

"uwDU x@ Q}D ?rYxt}v p=YD= l}D=tW KQ] "1 pmW

|O=yvW}B VwQ CkO |xOvyOu=Wv G}=Dv "OvOW |R=Ux}@W p=YD= |v=QwO |DNU
xO=iDU= =@ '2010 p=U QO R}v u=QoWywSB|NQ@ [5]"Ow@|@=QN COW w pLt uDi=} QO
=@ =Q uwDU x@ Q}D |=yp=YD= QO |rLt |=y?}U; 'sm =QDt |}xWwN |=yQoUL R=

[6]"OvOQm |}=U=vW |@ wN CkO
|@=QN CaUw w u=mt |}=U=vW CyH |WwQ 'p=U u=ty QO |Qo}O VywSB QO
CyH xOvwWQ=QmD sD} Qwor= l} w Ot=U@ C=Q}}eD R= u; QO xm 'OW x�=Q= =yp=YD= QO
|}=U=vW =Q |@=QN CUv=wD sm |=]N OYQO =@ xm OW xO=iDU= |@=QN |}=U=vW
|H=DvDU= pOt VwQ w p=Owt p}rLD R= |Q}oxQy@ =@ R}v '2012 p=U QO [7]"Ovm
?}U; w xDN=OQB |Oqwi ?=k |=yp=YD= QO |@=QN |}=U=vW x@ 5xOW xQ@}r=m u}U}=@
p=Owt X=wN R= u}vJty "OW pOt ?=k p=YD= |=ypYit R= |NQ@ hPL?r=k QO
p=YD= |v=QwO |DNU Vy=m R}v w �|a}@] |=yOt=U@ pw= Owt 4 QO C=Q}}eD� xR=U
xO=iDU= |@=QN u=mt |}=U=vW |=Q@ �p=YD= C}@rY ?} Q[ |OYQO 39 Vy=m �
C=QP s=LOR= |R=Uxv}y@ VwQ R= xO=iDU= =@ R}v '2014 p=U QO [8]"CU= xOW
u=R}t '�|a}@] |=yOt=U@ w |Owt |=ypmW� xR=U p=Owt |=yQDt=Q=B w 6�PSO�
[9]"CU= xOW OQw;Q@ |rw@k p@=k CkO =@ |Oqwi |=y?=k |=yp=YD= QO ?}U;
pOtVy=m w u}U}=@ |H=DvDU= VwQ R= '2016 p=U QO |Qo}OVywSB QO u}vJty
|Oqwi ?=k |J}B |=yp=YD= QO |@=QN pLt |}=U=vW Qw_vt x@ |OwOLt u=tr=
pOt uwDU x@ Q}D |=yp=YD= |NQ@ |=yI}B uOQmpW R= xO=iDU= =@ ?}U; w xO=iDU=
[10]"Ow@ |@=QN u=mt |}=U=vW QO |O=yvW}B VwQ CkO |xOvyOu=Wv G}=Dv "OW
|=y?=k |=yp=YD= QO|@=QN COW w pLt|}=U=vW 'Q[=L |xar=]t R= hOy
pwY= R= Qw_vt u}O@ "CU= xR=U |m}t=v}O |=yMU=B |xv}tm R= xO=iDU= =@ |WtN
QO |@=QN |}=U=vW |xr�Ut =OD@= "CU= xOW xO=iDU= OwOLt <=RH= w xR=U l}t=v}O
|=yMU=B R= u; QO xm 'CU= xOW h} QaD |R=Uxv}y@ |xr�Ut l} CQwYx@ 'p=YD=
|R=Uxv}y@ QO hOy `@=D h} QaD |=Q@ '�|}xQo \=kv QO ?=DW� xR=U u=tR |xRwL
pw] Ok=i |=yQvi R= xO=iDU= =@ =yp=YD= |R=Ux}@W u}vJty "CU= xOW xO=iDU=
xR=U ?=DW u}}aD CyH lQ=tw}v VwQ R= w xDiQo CQwY 7?rDt Q=Ri=sQv \}Lt QO
CyH xDi=}Ow@y@ |r[=iD pt=mD sD} Qwor= |Q}oQ=mx@ =@ TBU "CU= xOW xO=iDU=
|}q=@ CkO =@ xv=oOvJ w |mD |=y?}U; COW w pLt '|R=Uxv}y@ |xr�Ut pL
|Q}oQ=Qk pLt Q}F-=D 'Q[=L |xar=]t QO u}vJty "CU= xOW u}}aD =yp=YD= QO

"CU= xOW |UQQ@ R}v |@=QN |}=U=vW QO QoUL

=yp=YD= |R=UpOt "2
uwDU x@ Q}D |=yp=YD= '|Oqwi ?=k |xR=U l} |=yCtUk u} QDT=UL R= |m}
=} ?rY ,qt=m CQwYx@ =} ,=twta |Oqwi |=y?=k QO QwmPt |=yp=YD= "CU= u;

Me = mL
420D2

2666666666664

140D2

0 4f1(PePf ) Symmetric

0 2Lf2(Pe; Pf ) 4L2f5(Pe; Pf )

70D2 0 0 140D2

0 2f3(Pe; Pf ) Lf4(Pf ; Pe) 0 4f1(Pf ; Pe)

0 �Lf4(Pe; Pf ) �L2f6(Pe; Pf ) 0 �2Lf2(Pf ; Pe) 4L2f5(Pf ; Pe)

3777777777775
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2666666666664

A=I

0 4(B11+B12+B22)
L2 Symmetric

0 2(2B11+B12)
L 4B11

�A=I 0 0 A=I

0 �4(B11+B12+B22)
L2

�2(2B11+B12)
L 0 4(B11+B12+B22)

L2
0 2(B12+2B22)

L 2B12 0 �2(B12+2B22)
L 4B22

3777777777775
(4)

R= ?}DQD x@ xm OvDUy pO=at |wQ}v w |DNU ?}DQDx@ Fe w Ke 'u; QO xm
%Ov};|t CUOx@ 12 w 11 |=yxrO=at

Ke = �0M + �1C +K (11)

Fe = F +M(�0Xn � �2 _Xn � �3 �Xn) + C(�1Xn � �4 _Xn

��5 �Xn) (12)

%OwW|t xO=iDU= 13 |x]@=Q R= ?=DW Q=OQ@ uOQw; CUOx@ |=Q@ p=L
�Xn+1 = �0(Xn+1 �Xn)� �2 _Xn � �3 �Xn (13)

[13]"Ov};|t CUOx@ '1993 p=U QO |Q=DWwv R= lQ=tw}v ?}=Q[ 'u; QO xm

|R=Uxv}y@ VwQ x@ |@=QN |}=U=vW "4
|xr}Uw x@ |WtN |=y?=k |=yp=YD= QO |@=QN |}=U=vW 'Q[=L VywSB R= hOy
|}=U=vW x@ \w@ Qt |R=Uxv}y@ |xr�Ut |rm pmW "CU= |R=Uxv}y@ VwQ l}

[14]%OwW|t h} QaD 14 |x]@=Q CQwYx@ |@=QN
Find : XT = fx1; x2; :::; xng
Minimize : W (X)

Xl � X � Xu (14)

Xl 'CU= swrat=v |=y|@=QN COW w u=mt pt=W |@=QN Q}eDt Q=OQ@ X 'u; QO xm
xv}tm O}=@ xm CU= hOy `@=D W w OvDUy |@=QN Q=OQ@ |q=@ w u}}=B OL Xu w

"OwW

|@=QN Q}eDt "1"4
C@Uv Vy=m CQwYx@ i |x]kv Qy QO p=YD= ?}U; COW 'Q[=L|xar=]t QO
x]kv u=ty |}=yDv= C}@rY ?} Q[ x@ xO}O ?}U; pLt |}=yDv= C}@rY ?} Q[

%�15 |x]@=Q� CU= xOW h} QaD sr=U Cr=L QO

xi = 1� Pix
Pih

; i = 1; 2 (15)

\}=QW QO |}=yDv= C}@rY ?} Q[ |xOvyOu=Wv ?}DQDx@ Pih w Pix 'u; QO xm
"CU= Q}eDt 1 =D 0 R= xi u=R}t Pih = 1 ZQi =@ "OvDUy sr=U w xO}O?}U;
"OQ=O OQ@ Q=m xO}O?}U; ,qt=m \}=QW |=Q@ '1 Q=Okt w sr=U \}=QW |=Q@ '0 Q=Okt

%Ov};|t CUOx@ 5 |=yx]@=Q R= B11 w B12 'B22 u; QO xm [12w11]"O};|t CUOx@
B11 = 3Pe

4� PePf ; B12 = 3PePf
4� PePf ; B22 = 3Pf

4� PePf (5)

VwQ u} QDOt;Q=m w u} QDQF-wt '|r}=Q |}=Q}t VwQ 'C=aq]= uOw@ OwOLtCra x@
[13]%O};|t CUOx@ 6 |xrO=at j@] xm CU= xR=U |}=Q}t uDi=} CyH

[C] = �0[M ] + �1[K] (6)

T} QD=t '|}=Q}t T} QD=t hQat ?}DQDx@ |=yT} QD=t [K] '[M ] '[C] 'u; QO xm
|r}=Q ?}=Q[ |=yQDt=Q=B �1 w �0 u}vJty "OvDUy xR=U |DNU T} QD=t w sQH

%Ov};|t CUOx@ 8 w 7 |=yxrO=at R= �1 w �0 w OvDUy

�0 = 2�(!1!2)
(!1 + !2)

(7)

�1 = 2�
(!1 + !2)

(8)

swO w pw= |=yOwt QO |}x} w=R |=yOt=U@ !2 w !1 '|}=Q}t C@Uv � '=yu; QO xm
"CU= xOW xDiQo Q_v QO �5 'Q[=L |xar=]t QO |}=Q}t "OvDUy Q_vOQwt |xR=U

?rYxt}v p=YD= =@ ?=k |m}t=v}O p}rLD "3
xOW xO=iDU= |}xQo \=kv QO ?=DW R= |@=QN |}=U=vW CyH 'Q[=L Q=DWwv QO
p@=k |m}t=v}O |=yMU=B Q}=U =@ xU}=kt QO QDtm |xv} Ry =@ w ,=t}kDUt xm CU=
|xrO=at pL x@ R=}v 'u=tR |xRwL QO =yMU=B uOQw; CUOx@ |=Q@ "CU= |Q}oxR=Ov=
j@=]t |O=R; |xHQO OvJ |=yxR=U |m}t=v}O Q=DiQ Q@ sm =L swO |x@DQt p}Uv=Qi}O

[13]%CU= 9 |x]@=Q

[M ] �X(t) + [C] _X(t) + [K]X(t) = F (t) (9)

?}DQDx@ X(t) w _X(t) ' �X(t) w CU= xR=U x@ xOQ=w |wQ}v F (t) 'u; QO xm
|vwo =vwo |=yVwQ "OvDUy t |x_Lr QO xR=U |}=Hx@=H wCaQU '?=DW |=yQ=OQ@
?=DW w CaQU '|}=Hx@=H |=yxir-wt |x@U=Lt w |m}t=v}O |xrO=at pL CyH
9 |xrO=at pL |=Q@ 'Q[=L Q=DWwv QO "CU= xOW x�=Q= hrDNt u=QoWywSB \UwD
"CU= xOW xO=iDU= =yVwQ Q}=U x@ C@Uv QDtm |=]N p}rOx@ lQ=tw}v VwQ R=
%OwW|t xO=iDU= 10 |x]@=Q R= 'lQ=tw}v VwQ QO |}=Hx@=H uOQw; CUOx@ |=Q@
Xn+1 = K�1

e :Fe (10)
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vWO}OH pUv O}rwD |=Q@ ?=NDv= w `]=kD |=yQorta R= =Pr [16]"OwW|t O}rwD Vi;G+1
"CU= xDi=} xt=O= |}=Qosy pwYL =D Ov}=Qi u}= w xOW xO=iDU=

xDi=}Ow@y@ |r[=iD pt=mD sD} Qwor= "4"4
w 'VyH ?} Q[ 'C}atH |xR=Ov= 'DE |R=Uxv}y@ sD} Qwor= QO syt QDt=Q=B xU
'CkO� |}=Q=m QO Ov=wD|tl} Qy |=Q@ xv} Ro u} QDy@ ?=NDv= xm OvDUy `]=kD?} Q[
pUv O}rwD |=Q@ 'Q[=L |xar=]t QO "OW=@ QF-wt DE sD} Qwor= �CaQU w CQOk
xOW xO=iDU= |Dw=iDt VyH Q=OQ@ R= 'sD} Qwor= |}=Q=m uOQ@ q=@ hOy =@ w O}OH

[17]%�17 |x]@=Q� CU=

Vi;G+1 =

8>>>><>>>>:
Xr1;G +mf(Xr2;G �Xr3;G) if W (Xr1;G)

< W (Xr1;G)

Xr2;G +mf(Xr1;G �Xr3;G) otherwise

(17)

|NU=B O=H}=?@U xm O};|tCUOx@ 18 |x]@=Q R= `]=kD?} Q[ cr u}vJty
[18]%OwW|t sD} Qwor= |=Q@ QDy@

cr = 0 2exp� K
Kmax (18)

|OOap=Ft "5
|UQQ@ |OOa p=Ft wO =@ =yp=YD= QO |@=QN |}=U=vW QO |O=yvW}B VwQ C}r@=k
wO Qy xm CU= xv=yO 3 w 1 |Oa@ wO ?=k wO %pt=W '|OOa |=yp=Ft "CU= xOW

"Ov=xDiQo Q=Qk 3 pmW j@=]t |}x@ Q[ Q=@ ZQat QO ?=k

xv=yO l} |xk@] 6 ?=k %pw= p=Ft "1"5
xOW |UQQ@ pw= p=Ft u=wvax@ 4 pmW j@=]t u=tr= 18 =@ ?=kl} 'Q[=LVN@ QO
QO O}kt |O=R; |=yxHQO hPL =@ QwmPt |xR=U pm |O=R; |=yxHQO O=OaD "CU=
"OwW|t OQ=w ?=k x@ �|ki= |O=R; |xHQO� 7 xQo QO |}x@ Q[ Q=@ "CU= 36 'x=ox}mD
1 |=ypwOH QO ?}DQD x@ xOWQmP ?=k |=Q@ |@=QN |wor= wO w `]=kt C=YNWt
R= cr w mf = 0 5 'NP = 50 |R=Uxv}y@ |=yQDt=Q=B "CU= xOW x�=Q= 2 w
|UQQ@ x@ '=OD@= QO "CU= kmax = 10000 Q=Okt "Ov};|t CUOx@ 18 |x]@=Q

"CU= xOW xDN=OQB u; O=OaD w QoUL |Q}oQ=Qk pLt

"|}xkvRwP |}x@ Q[ Q=@ "3 pmW

hOy `@=D "2"4
hkwD u=tR w sD} Qwor= |}=Qosy Q=Okt u; |xr}Uw x@ xm CU= |Q=}at 'hOy `@=D
R= xO=iDU= OQwt hOy `@=D 'Q[=L |xar=]t QO "OwW|t XNWt sD} Qwor= |=QH=

%OwW|t h} QaD 16 |x]@=Q j} Q]

W (X) = �1
2
� jaTd :a(X)j2

(aTd :d)(a(X)T :a(X))
+ 1
n

nmX
i=1

min j(axi; adi)j
max j(axi; adi)j

�
(16)

w |r}rLD pOt ?=DW Q=OQ@ a(X) 'xO}O ?}U; |xR=U ?=DW Q=OQ@ ad 'u; QO xm
?=DW |=yMU=B R= xO=iDU= CQwY QO "OvDUy ?=DW Q=OQ@ |=yxir-wt O=OaD nm
OL=w |vwDU Q=OQ@ l} CQwYx@ '|}xQo ?=DW |=yQ=OQ@ 'xR=U R= xQo 1 R= V}@

"OW Ovy=wN xDiQo Q_vQO
OQ=Ov=DU= |R=Uxv}y@ |xr�Ut l} pmW x@ |@=QN |}=U=vW |xr�Ut uwvm =
`@=D '?U=vt |R=Uxv}y@ sD} Qwor= l} R= xO=iDU= =@ O}=@ p=L "CU= xOW p}O@D
VywSB QO "O}; CUOx@ p=YD= QO |@=QN Q=Okt w C}akwt =D 'OwW xv}tm QwmPt
|@=QN |}=U=vW |xr�Ut pL |=Q@ xDi=} Ow@y@ |r[=iD pt=mD sD} Qwor= R= 'Q[=L

"CU= xOW xO=iDU=

|r[=iD pt=mD sD} Qwor= "3"4
xm CU= C}atH Q@ |vD@t |r=tDL= OQ@y=Q l} '11�DE� |r[=iD pt=mD sD} Qwor=
|R=Uxv}y@ Ov}=Qi '|O=yvW}B pL |QU l} R= xO=iDU= =@ w OQ=O |iO=YD |Q=DiQ
'sD} Qwor= Q=mx@ ẁQW CyH "O};|t CUOx@ |r=wDt |=yQ=QmD |] QO xH}Dv w R=e;
=} C}atH |xR=Ov= NP %R= Ov=CQ=@a xm CU= OvtR=}v |rQDvm QDt=Q=B 3 x@ \ki
p=tDL= OYQO cr w �VyH |xOvvm pQDvm QDt=Q=B� VyH ?} Q[ mf 'x}rw= pUv
sD} Qwor= |twta Ov}=Qi "�`]=kD |xOvvm pQDvm QDt=Q=B� Q=QmD Qy QO VyH u=mt=

[15]"OwW|t xOy=Wt 2 pmW QO |r[=iD pt=mD
Q}eDt Qy |=Q@ xuj |}q=@ w xlj |v}}=B RQt =OD@= 'x}rw= C}atH O=H}= |=Q@
O}rwD [xlj ; xuj ] |xOwOLt QO |iO=YD Qw] x@ x}rw= C}atH TBU "OvwW|t |iQat
w Xr2;G 'Xr1;G Q=OQ@ xU 's)=G pUv R= Xi;G 'swrat Q=OQ@ Qy <=R= x@ "OwW|t
w r2 'r1 xm |Qw]x@ 'OvwW|t ?=NDv= x}rw= C}atH u=}t R= |iO=YD Qw]x@Xr3;G
|xDi=}VyH Q=OQ@ 'QwmPt C}atH xO=iDU= =@ "OvW=@ Cw=iDt i =@ w Qo}Om} =@ O}=@ r3

"|r[=iD pt=mD sD} Qwor= |twta Ov}=Qi "2 pmW
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"QoUL |Q}oQ=Qk 2 Cr=L w G1 Cr=L QO |@=QN |}=U=vW Q=Owtv "6 pmW

"QoUL |Q}oQ=Qk 3 Cr=L w G1 Cr=L QO |@=QN |}=U=vW Q=Owtv "7 pmW

"QoUL |Q}oQ=Qk 4 Cr=L w G1 Cr=L QO |@=QN |}=U=vW Q=Owtv "8 pmW

"u=tr= 18 =@ xk@] 6 |Oqwi ?=k pOt "4 pmW
"xk@] 6 |Oqwi ?=k `]=kt C=YNWt "1 pwOH

�( kg
m3 ) E(GPa) I(m4) A(m2)

1 ?=k
7850 210 5 62� 10�4 1 04� 10�2 Q}D
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"u=tr= 18 =@ ?=k x@ xOW p=ta= |oO}O?}U; |=yCr=L "2 pwOH
�u=tr= |xQ=tW 'xQo |xQ=tW�

� (14; 2) = 0 20 (14; 1) = 0 15 G1
(14; 1) = 0 30 (6; 1) = 0 10 (5; 2) = 0 25 G2

"=yQoUL |Q}oQ=Qk |=yCr=L "3 pwOH
xQo |xQ=tW Cr=L

� � 7 1
� 12 10 2
� 14 13 3
9 4 3 4
14 12 7 5

|}=U=vW QO =yu; O=OaD w =yQoUL |Q}oQ=Qk pLt Q}F-=D |UQQ@ "1"1"5
|@=QN

O=OaD w =yQoUL |Q}oQ=Qk pLt x@ u=wD|t '|O=yvW}B VwQ QO Q=PoQ}F-=D pt=wa R=
Q=DWwv QO "OQ=O =]N w uwtR; x@ R=}v 'Cr=L u} QDy@ uOQw; CUOx@ "OQm xQ=W= =yu;
=yQoUL |x}rm "CU= xOW|UQQ@ 3 pwOH j@=]t QoUL |Q}oQ=QkCr=L 5 'Q[=L
5 =@ G1 Cr=L QO |@=QN |}=U=vW Q=Owtv "Ov=xDiQo Q=Qk |ki= |O=R; |xHQO QO

%OwW|t xOy=Wt 9 |r= 5 |=ypmW QO QoUL |Q}oQ=Qk Cr=L
C}akwt x@ =yQoUL |m}ORv 'OwW|t xOy=Wt QwmPt |=ypmW QO xm Qw]u=ty
COW w pLt |}=U=vW QO CkO V}=Ri= ?Hwt '|@=QN C}akwt w |}x@ Q[ Q=@
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|}=Hx@=H =Q} R 'Ow@ Oy=wN |@=QN u=R}t w pLt QDy@ |}=U=vW x@ QO=k |O=yvW}B
�u}}=B C=k@]� |v=DLD CtUk QO |}=Hx@=H R= QDW}@ �q=@ C=k@]� ?=k |q=@ QO
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VwQ CkO =yQoUL O=OaD V}=Ri= u}vJty w OwW|t |@=QN COW w pLt QDy@
|x@vH R= "OwW ?Yv ?U=vt pLt QO xm \QW u}= =@ 'OQ@ Oy=wN q=@ =Q |}=U=vW
=D 'OW=@ xDW=O =yu; QO |QDW}@ QF= '|@=QN xm OQ}o Q=Qk |}=H QO O}=@ QoUL '|Qw�D
w CU}v XNWt |@=QN C}akwt '|rta Cr=L QO =t= &OQ}o CQwY QDy@ |}=U=vW

"OQm xO=iDU= u=wDv xOW u=wva |xO}= R= O}=W
u=tr= 18 =@ xk@] 6 ?=k QO |@=QN |}=U=vW "2"1"5

w G1 |@=QN Cr=L wO QO QoUL |Q}oQ=Qk |=yCr=L u} QDy@ '=]N w uwtR; =@
x@ �QoUL wO =@� 3 Cr=L Q[=L |xar=]t QO xm CU= 5 w 3 |=yCr=L 'G2
|@=QN |}=U=vW Q=Owtv "CU= xOW ?=NDv= Q=m |xt=O= |=Q@ QDtm QoUL O=OaD p}rO
Cr=L QO R} wv uDiQo Q_vQO uwO@ |R=Uxv}y@ sD} Qwor= |}=Qosy Q=Owtv w p=YD= QO
QO ?}DQDx@ G2 |@=QN Cr=L QO w 16 w 15 |=ypmW QO ?}DQDx@ G1 |@=QN

"Ov=xOW xO=O u=Wv 18 w 17 |=ypmW
=Q |@=QN COW w C}akwt '|O=yvW}B VwQ xm OwW|t xOy=Wt xm Qw]v=ty
O} -wt xOt; CUOx@ G}=Dv w Ovm|t =O}B |}q=@ Q=}U@ CkO =@ R} wv uDiQo Q_vQO uwO@
1600 ,=@} QkD =@ xm OwW|t xOy=Wt u}vJty w CU= QwmPt VwQ |q=@ |}=Q=m
x@ sD} Qw�or= w xOWv O=H}= |UwULt Q}}eD QN; Q=QmD 400 QO 'sD} Qwor= Q=QmD Q=@
|=]N OYQO =@ |Q}oxR=Ov= R} wv p=ta= =@ pY=L G}=Dv p=L "CU= xO}UQ |}=Qosy
|=Q@ "CU= xOW |UQQ@ QwmPt |@=QN Cr=L wO |=Q@ �5 w �3 '�1 OQ=Ov=DU=
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QDlJwmC@Ft|k=iD= Q}O=kt O}rwD `@=D random w |Q}oxR=Ov= R} wv Q=Okt noise xm
Q=Ri=sQv \UwD xO}O ?}U; |xR=U |}xQo ?=D�W Q=OQ@ =@ xR=Ov= sy xm CU= 1 R=
"CU= xO}O?}U; |xR=U |}xQo |=y?=DW Q=OQ@ ad u}vJty "OwW|t O}rwD ?rDt
G2 w G1 |@=QN Cr=L wO QO |@=QN |}=U=vW |=yQ=Owtv '20 w 19 |=ypmW
'OwW|t xOy=Wt xm Qw]u=ty "OvyO|t u=Wv =Q �5 w �3 '�1 R} wv uDiQo Q_vQO =@
pLt =t= 'CU= xOW ?}U; COW uDi=} QO pqDN= uOt; OwHwx@ ?@U R} wv OwHw

"CU= xOQm =O}B |@ wN CkO =@ =Q |@=QN

xv=yO 3 |xk@] 7 ?=k %swO p=Ft "2"5
|UQQ@ swO p=Ft u=wvax@ 21 pmW j@=]t u=tr= 49 =@ ?=k 'Q[=L VywSB QO
|O=R; |=yxHQO hPL =@ QwmPt |xR=U pm |O=R; |=yxHQO O=OaD "CU= xOW
?=k x@ �|ki= |O=R; |xHQO� 8 xQo QO |}x@ Q[ Q=@ "CU= 84 'x=ox}mD QO O}kt
QO ?}DQDx@ QwmPt ?=k |=Q@ |@=QN |w} Q=vU wO w `]=kt C=YNWt "OwW|t OQ=w
mf = 0 6 'NP = 60 |R=Uxv}y@ |=yQDt=Q=B "CU= xOW x�=Q= 5 w 4 |=ypwOH

"CU= kmax = 10000 Q=Okt "O};|t CUOx@ 18 |x]@=Q R= cr w
|}=U=vW QO =yu; O=OaD w =yQoTL |Q}oQ=Qk pLt Q}F-=D |UQQ@ "1"2"5

|@=QN
'CU= xOW xDiQo Q_v QO 6 pwOH j@] QoTL |Q}oQ=Qk Cr=L 5 R}v |vwvm p=Ft QO
CU= sRq QmP x@ "OwW XNWt QoUL |Q}oQ=Qk Cr=L u} QDy@ =]N w uwtR; =@ =D

"R}wv uDiQo Q_vQO =@ G1 |@=QN Cr=L QO |@=QN |}=U=vW Q=Owtv "19 pmW

"R}wv uDiQo Q_vQO =@ G2 |@=QN Cr=L QO |@=QN |}=U=vW Q=Owtv "20 pmW

"G1 |@=QN Cr=L QO |@=QN |}=U=vW Q=Owtv "15 pmW

"G1 |@=QN Cr=L QO |R=Uxv}y@ sD} Qwor= |}=Qosy Q=Owtv "16 pmW

"G2 |@=QN Cr=L QO |@=QN |}=U=vW Q=Owtv "17 pmW

"G2 |@=QN Cr=L QO |R=Uxv}y@ sD} Qwor= |}=Qosy Q=Owtv "18 pmW
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"u=tr= 49 =@ xk@] 7 |Oqwi ?=k pOt "21 pmW
"xk@] 7 |Oqwi ?=k `]=kt C=YNWt "4 pwOH

�( kg
m3 ) E(GPa) I(m4) A(m2)

2 ?=k
7850 210 5 62� 10�4 1 04� 10�2 Q}D
7850 210 7 12� 10�4 2 78� 10�2 uwDU

"u=tr= 49 =@ ?=k x@ xOW p=ta= |oO}O?}U; |=yCr=L "5 pwOH
�u=tr= |xQ=tW 'xQo |xQ=tW�

� (30; 1) = 0 2 (30; 2) = 0 45 G1
(31; 1) = 0 35 (6; 1) = 0 25 (5; 2) = 0 1 G2

"=yQoUL |Q}oQ=Qk |=yCr=L "6 pwOH
xQo |xQ=tW Cr=L

� � 31 1
� 32 22 2
� 21 30 3
� 31 16 4

31 23 16 5

G}=Dv 'Q[=L VN@ QO "Ov=xDiQo Q=Qk |ki= |O=R; |xHQO QO =yQoUL |x}rm xm
"CU= xOW x�=Q= G1 |@=QN Cr=L |=Q@ \ki

QO QoUL |Q}oQ=Qk Cr=L 5 =@ G1 Cr=L QO |@=QN |}=U=vW Q=Owtv
26 |r= 22 |=ypmW QO xm Qw]u=ty "CU= xOW xO=O u=Wv 26 |r= 22 |=ypmW
'|@=QNC}akwt x@ =yu;|m}ORv w q=@ C=k@] QO =yQoUL |Q}oQ=Qk 'OwW|t xOy=Wt
x=Qty x@ =yQoUL O=OaD V}=Ri= w OwW|t |@=QN COW w pLt QDy@ |}=U=vW ?@U
|Q}oQ=Qk w OQ@ Oy=wN q=@ =Q |}=U=vW VwQ CkO '?U=vt pLt QO =yu; |x}@aD
|=yQoUL O=OaD OwHw =@ |DL =]N uOt; O}OB ?@U ?U=vt=v pLt QO QoUL

"OwW|t QDW}@
u=tr= 49 =@ xk@] 7 ?=k QO |@=QN |}=U=vW "2"2"5

QO xm CU= 5 w 4 |=yCr=L 'QoUL |Q}oQ=Qk |=yCr=L u} QDy@ '=]N w uwtR; =@
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QoUL O=OaD w pLt Q}F-=D s=Om Qy QO xm CU= xOW x�=Q= |Oa@ wO ?=k R= p=Ft
|q=@ CkO w |}=Q=m Qov=Wv 'xOt; CUOx@ G}=Dv "OW |UQQ@ |@=QN |}=U=vW QO
"CU= R} wv uwO@ Cr=L QO |@=QN COW w C}akwt |}=U=vW QO |O=yvW}B VwQ
COW uDi=} QO =]N RwQ@ Ea=@ |Q}oxR=Ov= R} wv xm OwW|t xOy=Wt u}= Q@ xwqa
j}kO pLt uDi=} `v=t =t= 'OwW|t �5 w �3 R} wv QO XwYNx@ xR=U |=y?}U;
V}=Ri= u}vJty "OQ=O R}v |@ wN |}=Qosy 'xOWx�=Q= pL u=m =tm w OwW|tv =yu;
|@=QN |}=U=vW CkO V}=Ri= ?@U '?U=vt |rLt QO u; |}=tv=H w QoTL O=OaD

"OwW|t

COW u}}aD QO =t= 'CU= xOW =O}B |@ wN x@ |@=QN pLt R} wv OwHw =@ xm OwW|t
"CU= xOt; OwHw x@ pqDN= |@=QN

|Q}oxH}Dv "6
?=DW xrtH R= |m}t=v}O |=yMU=B QO |D=Q}}eD Ea=@ =yxR=U QO |@=QN OwHw
X}NWD =Q |@=QN COW w pLt '=yu; R= xO=iDU= =@ u=wD|t xm OwW|t xR=U
|@=}?}a |xN=W R= Ot;Q=m |WwQ xm CU= xOW |aU Q[=L |xar=]t QO "O=O
u=mt w xDU=m Q=m u}= x@ \w@ Qt |=yxv} Ry R= =D OwW x�=Q= =yxR=U ?QNtQ}e
QO |QDxO=U \@=wQ R= =D CU= xOW VqD =DU=Q u}= QO "OwW OQw;Q@ |@=QN j}kO
pLt w u=R}t u}tND w |}=U=vW Qw_vt x@ "OwW xO=iDU= =yVwQ Qo}O =@ xU}=kt
QO xOW x�=Q= OvwQ T=U=Q@ |WtN ?=k QO uwDU x@ Q}D |=yp=YD= QO ?}U;

=yCWwv=B
1. improved di�erential evolution algorithm
2. approximate parameter change (APC)
3. damage signature matching (DSM)
4. piezoelectric sensors
5. bayesian calibration technique
6. particle swarm optimization (PSO)
7. Matlab
8. joint
9. �rst
10. end
11. di�erential evolution
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