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QO 1 |x]@=Q j@=]t |DNU T} QD=t Twmat u=wvax@ u=wD|t =Q xR=U u}= |tQv

%CW=O Q_v

F = ���1�T (1)

Owt m |Owt pmW |=yQ=OQ@ pt=W T} QD=t � '|tQv T} QD=t F 'u; QO xm
`@ Qt Q@=Q@ u; |rY= Q]k |wQ |=yx}=QO xm 'CU= |Q]k |U} QD=t � w xR=U pw=
xm CU= u; |tQv T} QD=t |xYNWt u} QDsyt "CU= Owt m |a}@] |=yOt=U@
x@ C@Uv =Q |@U=vt x=oO}O 'xR=U pw= Owt OvJ \ki C=aq]= ltm =@ u=wD|t
uOQmTwmat =@ s}y=wN@ Qo = xm CU= |r=LQO u}= "OQm sUHD xR=U |DNU T} QD=t
CUOx@ xR=U p=Owt C=aq]= w |DNU T} QD=t u}@ s}kDUt |}x]@=Q '1 |x]@=Q
|t=tD p=Owt C=aq]= x@ R=}v '=yT} QD=t |x@DQt |=yC}OwOLt Q]=Nx@ ,qta 's} Qw;
C}a[w |UQQ@ QO |tQv T} QD=t |q=@ C}r@=k seQ|ra "CW=O s}y=wN =yOwt
=@ [25]'2010 p=U QO |WywSB QO 'xR=U u}}=B Owt OvJ C=aq]= ltm =@ xR=U
x@ |tQv T} QD=t |oDU@=w u=R}t =D CU= xOW |aU xDi=}s}taD |tQv T} QD=t |iQat
'pw= Owt 2 =} 1 C=aq]= ltm =@ \ki w OwW xO=O Vy=m ,=O}OW p=Owt C=aq]=
=Q xDi=}s}taD |tQv T} QD=t "OwW x�=Q= |DNU T} QD=t Twmat R= |@U=vt u}tND
%�2 |x]@=Q� OQw; CUOx@ 1 |x]@=Q QO (MF)l CQ=@a uOQm ?Q[TB =@ u=wD|t

f lm = F(MF)l (2)
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"xk@] 3 ?=k OwOLt <=RH= pOt "2 pmW
"xk@] 3 |Oa)@wO ?=k x@ \w@ Qt |@}U; |=ywor= "1 pwOH

2 ?}U; |wor= 1 ?}U; |wor=
��� ?}U; u=tr= ��� ?}U; u=tr=

10 2 15 4
5 5 10 7
20 9

Q@=Q@ ?}DQDx@ '=yQ}D |=Q@ w '3 3� 10�4 cm4 w 150 cm2 '117 7 kg=m =@
"OwW|t xDiQo Q_v QO 3 69 � 10�4 cm4 w 152 cm2 '119 32 kg/m =@
|@}U; |wor= wO '=y?}U; |}=U=vW QO |O=yvW}B |=yVwQ |};Q=m |UQQ@ Qw_vtx@
|R=UpOt =@ "OwW|t xDiQo Q_v QO 'CU= xOW x�=Q= 1 pwOH QO xm xJv; CQwYx@
O}rwD xO}O?}U; |xR=U R= R=}vOQwt C=aq]= '?rDt Q=Ri=sQv |=[i QO =y?}U;
xOt;CUOx@ G}=Dv |xU}=kt w |O=yvW}B |=yVwQ |R=UxO=}B =@ 'C}=yvQO w OwW|t
"OwW|tCw=[k xOWx�=Q= |=yVwQCkO w|};Q=m uwt=Q}B 'xOW|R=UpOt|=ywor= =@
�pw= Owt� Owt l} \ki C=aq]= R= 'p=Ft u}= QO xm CU= K}[wD x@ sRq
P=ND= CQwY u}= x@ |@=}xv}y@ sD} Qwor= |=yQDt=Q=B 'u}vJty "CU= xOW xO=iDU=
QoQ=taDU= |=yQwWm � x@Nv C}atH O=OaD '200 = x}rw= C}atH O=OaD %Ov=xOW

"2000 = Q=QmD O=OaD w 20 = �x}rw=
'xO}O?}U; |xR=U R= xOWC@F C=aq]= xm |Dr=L |=Q@ 'xOt;CUOx@ G}=Dv
|=ywor= |=Q@ ?}DQDx@ 'hr=4 w hr=3 |=ypmW QO 'OvW=@ xiwv xvwoQy R= |Q=a
|O=yvW}B |=yVwQ 'OwW|t x_Lqt xm Qw]u=ty "Ov=xOW xO=O u=Wv 2 w 1 |@}U;
\}=QW |R=UpOt Qw_vtx@ "Ovvm|}=U=vW j}kO,qt=m =Q?}U; COW w pLt =D OvQO=k
'=yQoTL \UwD xOWC@F |=yxO=O QO OwHwt |=yC}a]k sOa p=ta= w |ak=w
xO}O?}U; |xR=U x@ \w@ Qt |a}@] |=yOt=U@ x@ �5 COW =@ |iO=YD |=yxiwv
u}= QO xOt;CUOx@ G}=Dv "CU= xOW |UQQ@ xOWx�=Q= |=yVwQ |};Q=m w xOwRi=

2 |O=yvW}B VwQ "3"3
|tQv T} QD=t |Q]k <=[a= |UOvy j=@]v= |UQQ@ |x}=B Q@ '2 |O=yvW}B VwQ
VHvU Q=}at R= '|UOvy j=@]v= |UQQ@ |=Q@ "CU= Q=wDU= pw= |x@DQt |xDi=}s}taD
|YN=W u=wvax@ \ki =OD@= QO 'QDt=Q=B u}= "OwW|t xO=iDU= 16�MAC� |Owt
|xRwL |=yMU=B R}r=v; R= xOt;CUOx@ p=Owt C=aq]= CLY R= u=v}t]= CyH
xOW xO=iDU= =yxR=U CtqU X}NWD |=Q@ '=yOa@ w [28w27]'OW xO=O \U@ |Ot=U@
|=Q@ u=v}t]= VHvU Q=}at "CU= OwHwt b w a Q=OQ@ wO OwW|t ZQi [29]"CU=

%OwW|t h} QaD 8 |x]@=Q CQwYx@ 'Q=OQ@ wO u}=

MAC =
��aTb

��2
(aTa) (bTb)

(8)

0 u}@ |OOa w OHvU@ =Q Q=OQ@ wO j@=]D u=R}t Ov=wD|t 'MAC ?} Q[ 'u}=Q@=v@
"Ovm u=}@ 'OyO|t u=Wv =Q Q=OQ@ wO j@=]D u=R}t xm |}xYNWt u=wvax@ =Q 1 w
j@]vt sy Q@ b w a Q=OQ@ wO 'OW=@ 1 |w=Ut QwmPt XN=W Qo = xm CU= |y}O@
wO j=@]v= VHvU |=v@t Q@ 'CU= xOW u=}@ VN@ u}= QO xm |iOy `@=D "Ow@ Ovy=wN
XN=W w Ov=xOW h} QaD "2"3 VN@ QO'=yQ=OQ@ u}= "CU= Q=wDU= vm w vd Q=OQ@

%OwW|t h} QaD 9 |x]@=Q CQwYx@ =yu; |=Q@ MAC

MACv =

���(vd)T vm
���2�

(vd)T vd
��

(vm)T vm
� (9)

%OwW|t u=}@ 10 |x]@=Q CQwYx@ 2 |O=yvW}B hOy `@=D ',=D}=yv
J2(d1; d2; :::; dNe) = j1 0�MACvj (10)

x@ xHwD=@ w pw= |O=yvW}B VwQ Ovv=ty "CU= jr]tQOk O=tv 'j j Ctqa 'u; QO xm
|xr�Ut l} CQwYx@ ?}U; X}NWD |xr�Ut 'u}W}B VN@ QO xOWx�=Q= h} QaD

%�11 |x]@=Q� OwW|t h} QaD O}kt |@=}xv}y@
Find d =

n
d1 d2 ::: dNe

oT ) Minimize J2

Subject to : 0 � di � 1 0 (11)

C@=kQ|@=}xv}y@ sD} Qwor= 'xOWC@F p=Owt C=aq]=ltm =@ hOy `@=D p}mWD R= Oa@
"OwW|t xO=iDU= xv}y@ |=y?=wH u}}aD w hOy `@=D |@=} RQ= CyH |Q=taDU=

|OOa C=ar=]t "4
=yxR=U QO ?}U; |R=UQ=mW; CyH |O=yvW}B |=yVwQ |@=} RQ= x@ 'VN@ u}= QO
OQwt hrDNt |UOvyt |=yxR=U R= |OOa p=Ft 3 'xt=O= QO "CU= xOW xDN=OQB

"CU= xDiQo Q=Qk |UQQ@

xk@] 3 |Oa)@wO ?=k "1"4
j@=]t "OQ=O X=YDN= xk@] 3 |Oa)@ wO |Oqwi ?=k l} |xar=]t x@ 'p=Ft u}=
pwOt w |r=oJ "CU= u=tr= 9 pt=W '?=k u}= OwOLt <=RH= pOt '2 pmW
"OvDUy 200 GPa w 7850 kg/m3 =@ Q@=Q@ ?}DQD x@ '=[a= |x}rm |v=UWm
Q@=Q@ ?}DQDx@ '=yuwDU |=Q@ |UQv}= u=tt w '`]kt K]U 'pw] OL=w uRw 'u}vJty
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}QW
u=Qt

a|
UOv

yt xOW s}UQD ?4 w ?3 |=ypmW QO ?}DQDx@ '2 w 1 |@}U; |=ywor= |=Q@ 'Cr=L
"CU=

u=wvax@ x=@DW= x@ sr=U |=yu=tr= R=|NQ@ 'Q=OxiwvCr=L QO xm OwW|t xOy=Wt
sm Q=}U@ =yu=tr= R= xDUO u}= QO?}U; COW 'xD@r= "Ov=xOW VQ=Ro xO}O?}U; u=tr=
K}[wDx@ sRq "O};|tv OwHwx@ |O=yvW}B |=yVwQ |};Q=m QO |rmWt =Pr w CU=
VwQ R= QDW}@ ?D=Qtx@ pw= |O=yvW}B VwQ QO xiwv ?wr]t=v C=Q}F-=D xm CU=
|R=UxO=}B R= xOt;CUOx@ G}=Dv |q=@ CkO '=aO= u}= p}rO "CU= swO |O=yvW}B
|=y|vLvt |UQQ@ x@ 'xt=O= QO "CU= Q=Oxiwv Cq=L QO swO |O=yvW}B VwQ
|=y|vLvt '5 pmW QO xvwtv |=Q@ "CU= xOW xDN=OQB |@=}xv}y@ sD} Qwor= |}=Qosy
xOW s}UQD |UQQ@ CLD hrDNt Cq=L QO 'pw= ?}U; |wor= x@ \w@ Qt |}=Qosy
'OwW|t x_Lqt xm Qw]u=ty "OQ=O |tD} Q=or T=}kt 's�=k QwLt =yu; QO xm &CU=
"CU= xOW =Qosy QiY x@ l}ORv Q=}U@ |OOa x@ pw= hOy `@=D 'xiwv uwO@ Cr=L QO
�Q=QmD 250 R= Oa@ ,=OwOL� Q=QmD |O=OaD R= Oa@ 'swO hOy `@=D xm CU= |r=L QO u}=
Q=mx@ |k}@]D OQ@y=Q Q@ C}=va =@ xm OwW xHwD "CU= xOW =Qosy jr]t QiY OOa x@
jr]t QiY OOa =@ Q@=Q@ =yu; |xv}tm Q=Okt 'hOy `@=wD |R=Ux]@=Q QO xOWxOQ@
QDl}ORv QiY OOa x@ hOy `@=wD Q=Okt xJ Qy xm CU= |y}O@ =Pr "Ow@ Oy=wN
|xv}tm |x]kv x@ |QDW}@ CkO =@ xr�Ut |=yQ}eDt '|[=} Q s}y=it x=oO}O R= 'OwW
|m} R}i swyit 'Q=DWwv u}= QO xOWKQ] |xr�Ut QO "OW Ovy=wN l}ORv `@=wD jr]t
X}NWD CQwYx@ jr]t QiY x@ hOy `@=D Q=Okt QDW}@ xJ Qy uOWQDl}ORv

1 ?}U; |wor= |=Q@ |@=}xv}y@ hrDNt |=ys=o |}=Qosy |=y|vLvt "5 pmW
"xk@] 3 ?=k x@ \w@ Qt

"xk@] 3 ?=k x@ \w@ Qt '1 ?}U; |wor= x@ \w@ Qt ?}U; |}=U=vW G}=Dv "3 pmW

"xk@] 3 ?=k x@ \w@ Qt '2 ?}U; |wor= x@ \w@ Qt ?}U; |}=U=vW G}=Dv "4 pmW
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@=}OQ'Cq=L |t=tD QO CU= xDUv=wD ?=}xv}y@ 'OwW|t x_Lqt xm|Qw]u=ty "CU=
=@ ?=}xv}y@ ẁQW seQ|ra w OwW =Qosy QiY OOa x@ |m}ORv Q=}U@ |x]kv x@
O=Oa= R= =y|vLvt u}= ẁQW x@ QHvt xm � x}rw= |=y?=wH R= |irDNt |=yTOL
p@=k CkO =@ =Q jr]t |xv}tm |x]kv CU= xDUv=wD sD} Qwor= '�CU= xOW |Dw=iDt
sD} Qwor= u}= QO xm CU= |Y=N OvwQ p}rOx@ ẁ[wt u}= "OyO X}NWD |rw@k
QO xm CW=O xHwD O}=@ xD@r= "CU= xOW xO=iDU= MU=B |=[i |wHDUH CyH
'CU= xOWv =Qosy jr]t QiY OOa x@ sy swO |O=yvW}B VwQ 'xiwv OwHw Cr=L
'CU= pw@k p@=k xOWxOR u}tND |=y?}U; COW x@ xHwD =@ |@=}xv}y@ CkO |rw
xiwv OwHw Cr=L QO ?}U; |}=U=vW QO xOWx�=Q= VwQ |q=@ CQOk R= |m =L xm

"CU=

xw[a 15 |Oa)@wO |=B QN "2"4
"CU= xDiQo Q=Qk |UQQ@ OQwt xw[a 15 |=B QN l} '|OOa |xar=]t u}twO QO
pwOt w |r=oJ "CU= xOW xO=O u=Wv 7 pmW QO =B QN u}= OwOLt <=RH= pOt
"1"4 VN@ QO xOWxar=]t ?=k |=Q@ x@=Wt Q}O=kt =@ Q@=Q@ QwmPt |xR=U |v=UWm
=@ Q@=Q@ s�=k w |ki= |=yu=tr= |=Q@ ?}DQDx@ `]kt K]U w pw] OL=w sQH "CU=

hrDNt |=QH= 5 |=Q@ |Q=taDU= C@=kQ ?=}xv}y@ |}=Qosy |=y|vLvt "6 pmW
OwHw Cr=L QO xk@] 3 ?=k x@ \w@ Qt 2 ?}U; |wor= |wQ Q@ 2 |O=yvW}B VwQ

"xiwv �5

pLt u}tND QO =]N u} QDtm =@� xR=U QO xOWO=H}= |=y?}U; |ak=w Q}O=kt QDj}kO
x@ xHwD =@ jr]t QiY x@ |m}ORv w Vy=m u}= "CU= u=}@ p@=k �=y?}U; COW w
|xOvvmu=}=tv pt=a u} QDsyt '|@Uv stQDUm = \=kv OOaD w MU=B |=[i |oO}J}B
OwW|t x_Lqt QwmPt C=mv x@ xHwD =@ '=Pr "CU= xr�Ut |xv}y@ MU=B x@ |}=Qosy
=Qosy Q=_Dv= OQwt jr]t |xv}tm |x]kv x@ ,=k}kO CU= xDUv=wD swO hOy `@=D xm
|=]N =@ xD@r=� QwmPt |x]kv |m}ORv x@ 'pw= hOy `@=D xm CU= |r=L QO u}= "OwW
CU= x_Lqt p@=k sy Q=Oxiwv Cq=L QO |]}=QW u}vJ "CU= xO}UQ �sm Q=}U@
j}kO |wHDUH QO swO hOy `@=D xm CiQo xH}Dv u=wD|t 'u}=Q@=v@ "�?5 pmW�
x@ "CU= QDQ=O}=B xv}y@ MU=B u=wvax@ jr]t |xv}tm |x]kv uDi=} w ?=wH |xvt=O
C}U=UL '?}U; O=ONQ x@ q=@ C}U=UL seQ|ra swO |O=yvW}B VwQ 'Qo}O u=}@
p@=k |O=yvW}B hOy `@=wD C}y=t x@ xHwD =@ 'x}[k u}= "OQ=O xiwv x@ |tm Q=}U@
Q=wDU= =yQ=OQ@ |UOvy VHvU |=v@t Q@ swO hOy `@=D xmv}= x@ Q_v "CU= x}HwD
Oy=wNv =yQ=OQ@ |wor= |wHDUH OvwQ QO |O=} R Q}F-=D '|iO=YD |xiwv '=Pr 'CU=

"CW=O
|@=}xv}y@ sD} Qwor= |};Q=m w CkO |UQQ@ Qw_vtx@ 'VN@ u}= |xt=O= QO
|@=}xv}y@ sD} Qwor= w |Q=taDU=C@=kQ|@=}xv}y@ sD} Qwor= u}@|}xU}=kt 'xOWxO=iDU=
?=k x@ \w@ Qt 2 |xQ=tW ?}U; |wor= 'Qw_vt u}= |=Q@ "CU= xOW s=Hv= l}DvS
w OQ=O OwHw |a}@] |=yOt=U@ QO |iO=YD |xiwv �5 xm |]}=QW CLD 'xk@] 3
xDiQo Q=Qk |UQQ@ OQwt 'OwW xO=iDU= xr�Ut pL |=Q@ swO |O=yvW}B hOy `@=D R=
2 pwOH QO 'xOt;CUOx@ G}=Dv w =QH= Q=@ 5 '|@=}xv}y@ |=ysD} Qwor= R= s=Om Qy "CU=
'l}DvS|@=}xv}y@ QO Q=QmD O=OaD |xv}W}@ xmCU= K}[wD x@ sRq "CU= xOW xYqN
x@ \w@ Qt G}=Dv Q@ xwqa 'QwmPt pwOH QO "CU= xOW xDiQo Q_v QO Q=QmD 10000
COW u}ov=}t '�|@=}xv}y@ |=ysD} Qwor= R= s=Om Qy |=Q@� xv=oGvB |=y=QH= R= l} Qy
OwW|t x_Lqt 2 pwOH |UQQ@ R= "CU= xOW u=}@ sy xOWxOR u}tND |=y?}U;
MU=B R= |v=Um} ,=@} QkD ?=wH x@ '=y=QH= s=tD QO '|Q=taDU= C@=kQ sD} Qwor= xm
R= |NQ@ QO 'l}DvS sD} Qwor= xmCU= |r=L QO u}= "CU= xDi=}CUO xr�Ut |xv}y@
xOW |yDvt CUQO=v |=y?=wH x@ |@Uv |xv}tm \=kv QO |Q=DiQo p}rO x@ '=y=QH=
u=tr= 'l}DvS sD} Qwor= R= xOt;CUOx@ G}=Dv u}ov=}t |UQQ@ R= xm |Qw]x@ "CU=
u}=Q@=v@ "CU= xOW VQ=Ro �5 5 ?}U; COW =@ xO}O?}U; |v=tr= 'sDiy sr=U
'l}DvS sD} Qwor= =@ T=}k QO |Q=taDU= C@=kQ sD} Qwor= xm CiQo xH}Dv u=wD|t
|}=Qosy |vLvt "OwW|tv xvt=O QO OwHwt |@Uv |xv}tm \=kv Q=DiQo wCU= QDQ=O}=B
xOW s}UQD 6 pmW QO '|Q=taDU= C@=kQ ?=}xv}y@ x@ \w@ Qt |xv=oGvB |=y=QH=

"�OYQO ?UL Q@ ?}U; COW� 2|O=yvW}B VwQ =@ ?}U; X}NWD QO l}DvS w |Q=taDU= C@=kQ |@=}xv}y@ |=ysD} Qwor= |xU}=kt "2 pwOH
u}ov=}t u}ov=}t l}DvS sD} Qwor= x@ \w@ Qt G}=Dv |Q=taDU= C@=kQ sD} Qwor= x@ \w@ Qt G}=Dv |xQ=tW
�l}DvS� �C@=kQ� 5 |=QH= 4 |=QH= 3 |=QH= 2 |=QH= 1 |=QH= 5 |=QH= 4 |=QH= 3 |=QH= 2 |=QH= 1 |=QH= u=tr=

0 0 02 0 0 0 0 0 0 0 0 0 1 0 1
8 48 10 00 9 4 0 2 10 2 12 1 10 5 9 8 10 9 9 10 2 10 1 2
0 32 0 0 0 1 0 0 1 5 0 0 0 0 0 3
0 48 0 2 1 0 3 0 0 0 0 0 0 0 0 4
4 08 5 06 4 1 5 5 6 3 1 1 3 4 5 3 4 9 5 1 4 8 5 2 5
0 30 0 02 0 0 1 5 0 0 0 0 0 0 0 1 6
5 50 0 56 0 1 19 1 0 2 8 1 0 0 1 0 5 0 7 0 3 1 2 7
0 04 0 06 0 2 0 0 0 0 0 2 0 1 0 0 0 8
18 44 20 02 17 7 18 5 19 4 19 2 17 4 20 2 20 3 19 8 20 1 19 7 9
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"xv=tr= 15 |=B QN QO 1 ?}U; |wor= x@ \w@ Qt ?}U; |}=U=vW G}=Dv "8 pmW

"xv=tr= 15 |=B QN QO 2 ?}U; |wor= x@ \w@ Qt ?}U; |}=U=vW G}=Dv "9 pmW

xOW x�=Q= 'xO}O?}U; w sr=U |xR=U Cq=L QO xDi=}s}taD |tQv T} QD=t p[=iD
=@ 'VwQ |}=Q=m w xOW pL C=a@ Qt |xv}tm VwQ ltm =@ xr=Ut ' TBU "CU=
R= \ki xm |Dr=L QO 'xv=tr= 20 |xO=U Q}D l} |wQ Q@ |}=yw} Q=vU |xar=]t
OQwt 'OW=@ xOW xO=iDU= O=R; V=aDQ= pw= Owt QO Q}D s�=k |O=R; C=HQO C=aq]=
xOWxar=]t |=yp=Ft w QwmPt VwQ uwt=Q}B QDW}@ C=}�RH "CU= xDiQo Q=Qk |@=} RQ=
p=Ft '=yu; |xU}=kt Qw_vtx@ 'VN@ u}= QO =Pr &OQm xar=]t [25]`HQt QO u=wD|t =Q
"CU= xDiQo Q=Qk xar=]t OQwt u; QO xOW|R=UpOt |=yw} Q=vU CLD QwmPt `HQt
xOW xO=O u=Wv 10 pmW QO '[25]`HQt QO xOWxO=iDU= Q}D OwOLt <=RH= pOt

[25]%CU= KQW u}= x@ u; C=YNWt xm 'CU=
K]U &7800 kg/m3 w 200 GPa =@ Q@=Q@ ?}DQDx@ '|r=oJ w |v=UWm pwOt

"xv=tr= 15 |=B QN OwOLt <=RH= pOt "7 pmW
"xv=tr= 15 |=B QN x@ \w@ Qt |@}U; |=ywor= "3 pwOH

2 ?}U; |wor= 1 ?}U; |wor=
��� ?}U; u=tr= ��� ?}U; u=tr=

20 5 10 3
15 10 10 9
25 14

45 50 kg/m =@ Q@=Q@ |Q=vm ?Qwt |=yu=tr= |=Q@ '100 cm2 w 78 50 kg/m

80 cm2 w 62 80 kg/m =@ Q@=Q@ |rN=O ?Qwt |=yu=tr= |=Q@ w '50 cm2 w
xDiQo Q_v QO 'CU= xOW u=}@ 3 pwOH QO xm xJv; Ovv=t |@}U; |wor= wO "CU=
QO TQDUO QO |=yOwt O=OaD C=Q}F-=D |UQQ@ Qw_vtx@ 'xar=]t u}= QO "CU= xOW

%CU= xOW xDiQo Q_v QO Cr=L wO '|O=yvW}B |=yVwQ C}r@=k
'CU= TQDUO QO pw= Owt l} \ki C=aq]= u; QO xm |Dr=L "1

"OvDUy TQDUO QO xR=U pw= Owt xU C=aq]= xm |Dr=L "2
\ki |ak=w \}=QW C=Q}F-=D |UQQ@ Qw_vtx@ '�"1"4 VN@� |r@k p=Ft QO
sy C}ak=w QO xm CU= |r=L QO u}= "OvOw@ xOW Q=Oxiwv '|a}@] |=yOt=U@
p=Ft u}= QO 'T=U= u}= Q@ "OvDUy Q=Oxiwv |Owt |=ypmW sy w |a}@] |=yOt=U@
%swO ẁv &|a}@] |=yOt=U@ QO xiwv �7 %pw= ẁv %CU= xOW h} QaD xiwv ẁv wO

"|Owt |=ypmW QO xiwv �2 w |a}@] |=yOt=U@ QO xiwv �2
xDiQo Q_v QO p@k p=Ft =@ x@=Wt '|@=}xv}y@ |=yQDt=Q=B xm CU= K}[wD x@ sRq
m 'Ov=xOW xO=O u=Wv 9 w 8 |=ypmW QO xm 'xOt;CUOx@ G}=Dv QO "Ov=xOW
|=yVwQ 'OwW|t x_Lqt xm Qw]u=ty "CU= xOW xO=iDU= |=yOwt O=OaD Qou=Wv
X}NWD|@ wNx@ =Q xO=ONQ |=y?}U; COW w pLt =D OvQO=k ẁtHt QO |O=yvW}B
|=yOwt O=OaDV}=Ri= =@ 'QwmPt VwQ wO Qy QO xm OwW|t xOy=Wt u}= OwHw =@ "OvyO
xO}O?}U; sy sr=U |=yu=tr= R= |NQ@ w xOW QDW}@ =yxiwv C=Q}F-=D 'xOWxO=iDU=
sm ,=D@Uv xOWQmP |=y?}U; COW xm CU= K}[wD x@ sRq xD@r= "Ov=xOW |iQat
|UQQ@ 'u}vJty "O};|tv OwHwx@ xO}O?}U; |=yu=tr=X}NWD QO |rmWt wCU=
|k=iD= |=yxiwv x@ C@Uv swO |O=yvW}B VwQ C}U=UL xm CU= u; R= |m =L G}=Dv
VwQ xm CiQo xH}Dv u=wD|t 'T=U= u}= Q@ "CU= pw= |O=yvW}B VwQ R= QDtm
u}= "OyO|t u=Wv OwN R= |ak=w \}=QW Q@=Q@ QO |QDW}@ |Q=O}=B 'swO |O=yvW}B

"CU= xOy=Wt p@=k xOW|R=UpOt |xiwv ẁv wO Qy QO 'x}[k

|w[a 20 |xO=U Q}D "3"4
|O=yvW}B VwQ w Q=DWwv u}= QO |O=yvW}B |=yVwQCkO |xU}=kt x@ 'Q[=L p=Ft
|tQv T} QD=t |iQat ut[ u; QO xm 'OQ=O X=YDN= [25]xOW s=Hv= C=k}kLD QO
w Qwr}D \U@ ltm =@ =yxR=U QO ?}U; u}tND |=Q@ |@} QkD |}x]@=Q 'xDi=}s}taD
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@=}OQp@=k 'Q[=L Q=DWwv QO |O=yvW}B hOy `@=wD QO xDiQQ=mx@ OQ@y=Q x@ xHwD =@ 'syt u}=
|O=yvW}B hOy `@=D |q=@ CkO O} -wt sy xar=]t u}= G}=Dv 'xwqax@ "CU= x}HwD

"CU= pw= hOy `@=D =@ T=}k QO swO

|Q}oxH}Dv "5
<=[a= ltm =@ =yxR=U QO ?}U; X}NWD CyH O}OH VwQ wO 'Q=DWwv u}= QO
|x}=B Q@ =yVwQ u}= "CU= xOW x�=Q= xDi=}s}taD |tQv T} QD=t |rY= Q]k |wQ
|iOy `@=D 'pw= VwQ QO "OvDUy Q=wDU= |@=}xv}y@ |xr�Ut CQwYx@ xr�Ut h} QaD
hOy `@=D xm CU= |r=L QO u}= "CU= xOW x�=Q= |}x]kv j=@]v= OQ@y=Q T=U=Q@
pL |=Q@ "CU= xOW |R=Ux]@=Q Q=OQ@ wO |UOvy j@=]D VHvU |=v@t Q@ 'swO
u}= "CU= xOW xO=iDU= |Q=taDU= C@=kQ |rt=mD sD} Qwor= R= '|@=}xv}y@ |xr�Ut
'|Dq=tDL= w |Q=t; \@=wQ R= xO=iDU= Q]=Nx@ w OQ=O |}q=@ |�=QH= CaQU 'sD} Qwor=
|UQQ@ Qw_vtx@ "CU= xO=O Q=Qk |UQQ@ OQwt |DN=wvm} OQ@y=Q =@ =Q MU=B |=[i
w |@=} RQ= hrDNt |@}U; |=ywor= =@ |OOa p=Ft 3 '|O=yvW}B |=yVwQ |};Q=m
KQW u}= x@ 'xOt;CUOx@ G}=Dv "CU= xDiQo Q=Qk xar=]t OQwt |irDNt |=yVr=J

%OvDUy
Q=}U@ CkO =@ =Q ?}U; COW w pLt =D OvQO=k |O=yvW}B hOy `@=D wO Qy "1

"OvyO X}NWD |}q=@
pLt R= |@U=vt u}tND 'pw= Owt \ki C=aq]= ltm =@ =D OvQO=k VwQ wO Qy "2

"OvyO x�=Q= ?}U; COW w
Qw]x@ "CU= sm ,=D@Uv |k=iD= |=yxiwv x@ |O=yvW}B |=yVwQ |rm C}U=UL "3

"OwW|t O}OWD =yxiwv C=Q}F-=D 'xOWxO=iDU= |=yOwt O=OaD V}=Ri= =@ '|rm
`@=D C}U=UL uwJ |}=yQ=}at '2 w 1 |O=yvW}B hOy `@=wD |xU}=kt Qw_vtx@ "4
w xDiQo Q=Qk |UQQ@ OQwt jr]t QiY x@ |}=Qosy w |k=iD= |=yxiwv x@ hOy
u=wD|t "OQ=O |QDW}@ |Q=O}=B '2 |O=yvW}B hOy `@=D xm CU= xOW x_Lqt
Q=OQ@ wO |UOvy j=@]v= u=R}t |UQQ@ T=U=Q@ 'swO hOy `@=D xm CiQo xH}Dv
|rm |k=@]v= |Q=QkQ@ QO |rmWt '|iO=YD |=yxiwv Qw[L '=Pr w CU= Q=wDU=

"OvQw;|tv OwHwx@
Q=DiQo w CU= QDQ=O}=B 'l}DvS sD} Qwor= =@ T=}k QO |Q=taDU= C@=kQ sD} Qwor= "5
u}= QO xDiQQ=mx@ |Dq=tDL= w Q=t; OvwQ 'u}vJty "OwW|tv |@Uv |xv}tm \=kv
ẁQW QO xOWxOR TOL |=yMU=B x@ =Q sD} Qwor= |oDU@=w \ki xv 'sD} Qwor=
R}v u; QDq=@ |}=Qosy CaQU Ea=@ xmr@ 'CU= xOQm |iDvt |@=}xv}y@ C=}rta

"CU= xOW

"|w[a 20 |xO=U Q}D OwOLt <=RH= pOt "10 pmW

"xv=tr= 20 Q}D x@ \w@ Qt ?}U; |}=U=vW G}=Dv "11 pmW

"4 17 � 10�9 m4 w 10 � 50 mm =@ Q@=Q@ ?}DQDx@ '|UQv}= u=tt w `]kt
u=tr= QO ?}U; �15 �hr= %OvDUy KQW u}= x@ xOWxar=]t |w} Q=vU wO 'u}vJty
?}U; �10 �? &syORwv u=tr= QO ?}U; �10 w 'syOR=} u=tr= QO ?}U; �20 'swO

"pw= u=tr= QO
QwmPt VwQ w Q=DWwv u}= QO |O=yvW}B |=yVwQ T=U=Q@ xOt;CUOx@ G}=Dv
|R=UxO=}B QO xm OwW|t Qw;O=} "CU= xOW xO=O u=Wv 11 pmW QO [25]`HQt QO
'[25]`HQtj@=]t '?U=vt|}xU}=kt\}=QWuOQw;sy=Qi Qw_vtx@ '|O=yvW}B|=yVwQ
xO=iDU= xiwv uwO@ Cr=L QO pw= Owt \ki s�=k |O=R; C=HQO =@ Q_=vDt C=aq]= R=
x_Lqt "CU= |r@k |=yp=Ft Ovv=t '?=}xv}y@ |=yQDt=Q=B 'u}vJty "CU= xOW
x@ C@Uv |QDW}@ CkO =@ Ov=xDUv=wD Q=DWwv u}= QO |O=yvW}B |=yVwQ xm OwW|t
xm &OvyOX}NWD =Q xOW|R=UpOt |=y?}U; COW '[25]`HQt QO xOWxQ=W= VwQ

=yCWwv=B
1. direct strategy
2. signal processing
3. inverse problem

4. mathematical regularization
5. Ill-condition
6. cost function
7. genetic algorithm (GA)
8. pattern search optimization algorithm (PSOA)
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9. gravitational search optimization algorithm (GSOA)
10. grey coe�cients
11. charged system search (CSS)
12. Noise
13. generalized exibility matrix (GFMt)
14. imperialist competitive optimization algorithm (ICOA)
15. evolutionary optimization algorithm
16. modal assurance criterion (MAC)
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