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ZhOPJL�ghL^Jhd� ifi^Pai�hx^PL�]KbP�aKLf�LhL�dNLPKJ� PdPaPL^i�Ki�

N^i�_KJ^i)�aKNLdf�^h�_JhbNOP�_Jh_PJ^NPi�KLO�h__hJ^cLN^NPi)�cLKbKNdKedP�xhJ�

dNLPKJ� ifi^Pa"� Mc^� NL� ihaP� ghLON^NhL� icg]� gha_dP|� ifi^Pai� ^PLOi� ^h�

OPahLi^JK^P� g]Kh^Ng� eP]KbNhcJ"� �L� ihaP� gKiPi� g]Kh^Ng� OfLKaNgi� Ni�

^JPK^PO�Ki�eKO�KLO� NLKOaNiiNedP"� �L�h^]PJi�C�aKf�_JhbNOP�JP�cNJPO�xPK�

^cJPi"��h)�^]P�_JhedPai�hx�iNacdK^NhL�icg]�ifi^Pai�KLO�h_PJK^NhL�ahOP�

NLbPi^NvK^NhL�KJP�Kg^cKd"�

G[\]�^TX�\WX_`�

�P^�i� ghLiNOPJ� LhLdNLPKJ� higNddK^NLv� ifi^Pa�tN^]� JPdKf�KdNSP� ]fi�

^PJPiNi�NL�JP^cJL�xhJgP$�

( ) ( ),x cx r x u t+ + =�� � � )� � ����

t]PJP�A� C� ghhJONLK^P)� �� C�Oca_NLv� ghPxxNgNPL^)� ��AB777�� C� JP^cJL�

xhJgP�tN^]�]fi^PJPiNi)� ( ) ( )sinin inu t U tω= �C�]KJahLNg�P|^PJLKd�xhJgP"�

�P^cJL�xhJgP�Ni�ghaeNLPO�xJha�^th�_KJ^i$��

K�� �NLPKJ$� ( ) , 0lr x ax a= − > "� �]Ni� _KJ^� dPKO� ^h� NLi^KeNdN^f� Ni� KJPK�

LPKJ�}PJh�_hNL^"�

e���PdKf�i^KeNdN}K^NhL�_KJ^"��]Ni�_KJ^�Ni�}PJh�LPKJ�A\�)�ec^�ePvKL�

^h�dNaN^�ifi^Pa�OfLKaNgi�LPKJ� sx x≈ "��cP�^h�JPdKf�]fi^PJPiNi�tN^]�vNbPL�

tN^]�tNO^]� 0x )�^]Ni�_KJ^�Kg^NbK^Pi�t]PL� 0sx x x= + )�KLO�OPKg^NbK^Pi�t]PL�

0sx x x= − "� �Px^� eJKLg]� hx� vJK_]NgKd� JP_JPiPL^K^NhL� Ni� ifaaP^JNgKd� ^h�

JNv]^"��P^�JP^cJL�xhJgP�JP_JPiPL^PO�NL�xNv"��"�
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�
�Nv���C��P^cJL�xhJgP���A)T��

�

�]ci)� ifi^Pa� ����OPahLi^JK^Pi� NLi^KeNdN^f�LPKJ�A\�)�ec^� N^i�ah�

^NhL�Ni�dNaN^PO�NL�vPLPJKd"��]Ni�ghLON^NhL�_JhbNOPi�vhhO�eKgSvJhcLO�xhJ�

g]Kh^Ng� OfLKaNgi� K__PKJKLgP"� �L� KeiPLgP� hx� P|^PJLKd� _PJ^cJeK^NhL)� ifi�

^Pa� cLOPJ� ghLiNOPJK^NhL� aKf� i]ht� ONxxPJPL^� SNLOi� hx� iPdx�higNddK^NhL�

ahbPaPL^"��L�gKiP�hx�]KJahLNg�P|^PJLKd�xhJgP)�ONxxPJPL^�ahOPi�hx�NL^PJ�

Kg^NhL� eP^tPPL� higNddK^NhLi�tNdd� hggcJ)� KLO�aKf� dPKO� ^h� g]Kh^Ng� eP]Kb�

NhcJ"�

�h)� ^]P� aKNL� KNa� hx� ^]Ni� _K_PJ� Ni� ^h� iNacdK^P� ^]P� OfLKaNg� hx�

vNbPL� ifi^Pa� ���� NL� ONxxPJPL^� ghLON^NhLi)� KLO� ^h� OP^PJaNLP)� Ni� g]Kh^Ng�

ahOPi�hggcJi"��L�^]Ni�gKiP)�^]P�KNa�Ni�^h�NLbPi^NvK^P�KLO�ONighbPJ�bKdcPi�

hx�_KJKaP^PJi)�t]Ng]�JPicd^�^h�icg]�eP]KbNhcJ"�

M[\Y`^U[WT�

�NacdK^NhL�hx�OfLKaNg�ifi^Pa�����tKi�OhLP�ef� ^]P�aPKLi�hx�OP�

bPdh_PO�gha_c^PJ� iNacdK^NhL�_JhvJKa���ah��"��]Ni�_JhvJKa�K__hNL^PO�

^h�iNacdK^NhL�hx�ONxxPJPL^�SNLi�hx�OfLKaNg�ifi^Pai"��]P�aKNL�ONxxPJPLgP�

eP^tPPL�^]Ni�_JhvJKa�KLO�KLKdhvi� Ni� i_PgNKdN}K^NhL�hL�PiiPL^NKd�LhLdNL�

PKJ� ifi^Pai"��]P�bNPt�hx� ^]P� iNacdK^PO� ifi^Pa�tN^]� P|Ka_dP� hx� JPicd^�

_dh^�Ni�i]htL�NL�xNv"��"�
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�
�Nv"��C��NacdK^NhL�hx�ifi^Pa�����NL���ah���_JhvJKa�

�

�NJi^� hx� Kdd)� ^]P� iNacdK^NhL� NL� gKiP� hx� }PJh� P|^PJLKd� xhJgP� tKi�

OhLP"��haP�JPicd^i��_]KiP�_hJ^JKN^�KLO�i_Pg^Jca��KJP�i]ht�NL�xNv"�	"�

� �

� �
�Nv"�	�C��fi^Pa�OfLKaNg�NL�gKiP�hx� 0inU = �
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�]PiP� JPicd^i� i]hti)� ^]K^� iaKdd� Kd^PJK^NhL� hx� ifi^Pa�_KJKaP^PJi�

JPicd^i� ^h� PiiPL^NKd� JPKdNvLaPL^� hx� ^JK�Pg^hJNPi"� �PbPJ^]PdPii)� ^]P� Of�

LKaNg�Ni��cN^P�iNa_dP)�t]Ng]�ghLxNJaPO�tN^]�_cJP�i_Pg^Jca)�tN^]�_PKSi�

hL�	)��)�#�hJOPJ�hx�eKiP�xJP�cPLgf"�

�]PL�iPJNPi�hx�iNacdK^NhL�tKi�]PdO�tN^]�xN|PO�Ka_dN^cOP�KLO�xJP�

�cPLgf�hx�NL_c^�iNvLKd ( )u t "��]P�bKdcPi�hx� inω �tKi�g]hiPL��cN^P�xKJ�K_KJ^�

hx�ifi^Pa�eKiP�xJP�cPLgf"��]P�bKdcP�hx�_KJKaP^PJ� 0x �C�tN^]�hx�]fi^PJP�

iNi�tKi�Kd^PJPO�NL�KJPK ( )0, sx "�Zhi^�_JhaNLPL^�JPicd^i�KJP�i]ht�hL�xNv"��"�

� �

� �

� �
�Nv"���C��fi^Pa�OfLKaNg�NL�gKiP�hx� 0.2, 0.7in inU ω= = �

�

�NJi^�hx�Kdd)�N^�thJ^]�^h�aPL^NhL)�^]K^�NL�gKiP�hx�PbPL�iaKdd�NL_c^�

iNvLKd�^th�dhh_PO�_]KiP�_hJ^JKN^�Ni�K__PKJi�hL�dPiiPJ�bKdcPi�hx� 0x "�ZhJP�

hbPJ)�^]P�ifi^Pa�JPi_hLiP�NL� inω �Ni�NLgJPKiNLv�t]NdP� 0x �JKNiPO"��^�aKf�eP�

OcP� ^h� xKg^)� ^]K^� bKdcP� hx� 0x � OP^PJaNLPi� ^]P� i�cKJP� hx� dhh_� NL� xNv"��"�
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�]Ni)� NL�hJOPJ)�OPxNLPO� ^]P� KahcL^�hx� PLPJvf)�t]K^� ifi^Pa�JPgPNbPi� K^�

hLP�higNddK^NhL"�

�]P� gha_dP|N^f�hx� _]KiP�_hJ^JKN^i� KLO� ghL^Nvchci� i_Pg^Jca� Ni� K�

vhhO� NLONgK^hJ� hx� g]Kh^Ng� OfLKaNg"�G]NdP� 0x � JKNiPi� ^h�aK|Naca� � sx �)�

^]P� NLxdcPLgP� hx� ^]P� NL_c^� iNvLKd� ePgKaP� ahJP� LPvdNvNedP)� KLO� ifi^Pa�

OPahLi^JK^Pi�gha_dP|�_PJNhONg�ahbPaPL^"�

�P|^�iPJNPi�hx�iNacdK^NhL�tKi�]PdO�hL�xN|PO 0x )� inω )�KLO�Kd^PJNLv�

inU ��xNv"���"��

� �

� �

� �
�Nv���C��fi^Pa�OfLKaNg�tN^]�ONxxPJPL^� inU �

�

{i�K�_JPONg^PO)�N^�P|Ni^�K��cN^P�iaKdd�JKLvP�hx� inU )�NL�t]Ng]�ifi�

^Pa�ONi_dKfi� g]Kh^Ng� OfLKaNg"�{^� iaKdd� bKdcPi� hx� inU � ^]P� NLxdcPLgP� hx�

NL_c^�iNvLKd�Ni�LPvdNvNedP"��^]PJtNiP)�K^�dKJvP�bKdcPi�hx� inU )�NL_c^�iNvLKd�

xcddf��cPddi�^]Ni�NLLPJ�ifi^Pa�OfLKaNg"�
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�]P� dKi^� iPJNPi� hx� iNacdK^NhL� tKi� ]PdO� tN^]� xN|PO� 0x )� inU )� KLO�

bKJNK^NhL�hx� inω �tKi�OhLP"�

�^� tKi� xhcLO)� ^]K^� NL� ^]Ni� gKiP� acd^N_dP� Kd^PJLK^NhLi� hx� ifi^Pa�

ahOP� hggcJi"� �]P� ifi^Pa� eP]KbNhcJ� g]KLvPi� xJha� gha_dP|�_PJNhONg� ^h�

g]Kh^Ng�KLO�bNgP�bPJiK"��L�gKiP�hx��xJP�cPLgf�gK_^cJP��NLLPJ�KLO�P|^PJLKd�

higNddK^NhLi�ePgKaP�ifLg]JhLhci)�t]Ng]�dPKO�^h�_cJP�i_Pg^Jca�KLO�iNa�

_dP�_]KiP�_hJ^JKN^"��L�ONxxPJPL^�ghLON^NhL�g]Kh^Ng�ahbPaPL^�tKi�K__PKJi"�

�L�gha_KJNihL�tN^]�tPdd�SLhtL�zKL�OPJ��hdP�ifi^Pa)�ifi^Pa�cL�

OPJ� ghLiNOPJK^NhL� i]ht� g]Kh^Ng� eP]KbNhcJ� NL� acg]� tNOP� JKLvPi� hx� _K�

JKaP^PJi"��hJ�P|Ka_dP)�Kdd�iNacdK^NhL�i]htL�KehbP�JPicd^i�tKi�iNacdK^PO�

tN^]�bKdcP�hx�OKa_NLv�ghPxxNgNPL^� 0.4c = "��]Ni�bKdcP�Ni�dKJvP�PLhcv]�^h�

ic__JPii�gha_dP|�OfLKaNg�hx�aKLf�ifi^Pai"��cg]�tNOP�JKLvP�hx�g]Kh^Ng�

ahOP� NL� ifi^Pa� ���� Ni� ghLON^NhLPO� ef� PiiPL^NKd� LhL�dNLPKJN^f� hx� JP^cJL�

xhJgP"�

KWTZ`Y][WT]�

�Picd^i�hx�iNacdK^NhL�Kddht�ci�^h�aKSP�ihaP�ghLgdciNhLi$�

• ifi^Pa�����OPahLi^JK^Pi�eh^]�gha_dP|�_PJNhONg�KLO�g]Kh^Ng�OfLKaNgH�

• ^]P�ahi^�hJOPJ�hx�NLxdcPLgP�^h�OfLKaNg�ePdhLv�^h�_KJKaP^PJi� 0x �KLO�

inω H�

• OcP�^h�PiiPL^NKd�LhL�dNLPKJN^f�hx�JP^cJL�xhJgP�^]P�JKLvPi�hx�_KJKaP�

^PJi�bKdcPi)�NL�t]Ng]�g]Kh^Ng�ahOP�Ni�heiPJbPO)�Ni�gha_KJK^NbPdf�dKJvP"�
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