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� L=[\v-hl[\]Z�yNJckEa] I�`o[oGJL `oEMck`oW�uHGihkEaItL"K1I�]=[ou�Eav�]�[\xt[\uaItn3[o] r Itc1hlQ=[ XZ`\IJhlEaGJL XZQ�[ouMr GJL�]
GJ]��kGi`o[oLqh%v-uaItn3[J��� Q�[6L�[ov-hk[o]pK1I�]=[\u=`oItL�vkEav,hlv IJrRG��;L=[��yck[\vkItuMW�hlEMItL EaL�L=[oc KpIZ]�[ou�[\K�j3[o]=]=[\]
EaL�vkEa]�[ G)`oIqGJc-vk[��yck[\vkItuMW�hlEMItL ItW�hk[oc%KpIZ]=[\u���� Q=[(EaL=L�[oc KpIZ]=[\u�`\I xJ[oc-v hkQ=[�XZ`oIJhkEHGJL1XZQ�[ouMr~GJL�]
vkuMItn3[JS �(EMhkQ"G c-[ovkIJuaW�hkEaItL IJrFGJn=n=c-Ig}�EMK�G
hl[�����Ke��� Q�[_IJW�hl[\cpKpI�]=[ou�EMv�hlQ=[@L=IJc-hlQq�B[ov,h
� hluaGJLqhlEM`6s)`\[gGJL�K1I�]=[ou;]�[\xt[\uaItn3[o]1jqV�X�Q=[oL=N [\h�GJu�� �"!�#�#���$�Sq�(E{hlQ1G Q=Itc-Ea�\ItLqhbGJu;c-[ovkIJuaW�hkEaItL
IJrFGJn=n=c-Ig}�EMK�G
hl[�!&%���K_��� Q=[eW�L=E('�W=[�r [oGihlW=c-[@IJr�hkQ=[@L=[ov,hl[\]Z�yNtc-Ea] K1I�]=[\u�Eav E{hlv�W=v-[eIir
hlQ�[�vk[\K1E��yn=c-ItNtL=Itv,hlEM`�Kp[\hlQ�IZ]ChkI)[�}Z`bQ;GJL�Nt[(EaL�r Itc-K�G
hlEaIJL j3[\hy�B[o[\L1hlQ�[�hy��I)]=E*)R[\ck[\L�h%NJckEa]�vo�
� Q=[ L=[ov,hl[\]Z�yNtc-Ea] IZ`\[gGJL�K1I�]=[\uqEav�r Itck`\[o] j�V)hkQ=[ K1ItLqhkQ=uMV)Kp[gGiL�� s � mfX+�T��ItKpn=ck[\Q=[oL=v-EMxJ[
s/`o[oGJLZ� � hkK1IJvkn=Q=[\ck[ m)GihlG XZ[\h,$1�(EaL=] v,hlck[\vkveGJL=] vkW�c-r|GJ`\[ Q=[gGih�-;W�}R�.� Q=[ K1I�]=[ou�vk[oG
vkW�c-r|GJ`\[/vlGJuMEaL=E{hyV EavBck[\v-hlIJck[o]�hkIChlQ�[/K1IJL�hkQ=uMVpKp[gGJL�`ouaEMK�G
hlItuMItNJVt�/� Q=[FL=[ov,hl[o]��yNtc-Ea]�KpIZ]�[ou
EavBEaLqhl[\NtclG
hl[o]�r IJcBhy�BIPVJ[gGJc-v(GJL=]�hkQ=[)K1I�]=[\u~c-[ovkW�uMhlv�EaL�hlQ�[/vk[\`oItL=]�VJ[gGJc(GJc-[/n=c-[ovk[\Lqhl[o]_EaL
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� Q=[ XZ`oIJhkEHGJL8XZQ�[ouMr7��X=X8$@GiL=]�Gi]��kGJ`o[\Lqh XZuMItn3[ �	Gihk[oc9��X��:$@Gick[ j~IJW=L=]=[\]�jqV hlQ=[
;�GJW=c-[oLqhlEaGJL1��Q;GJL=L=[\u;hlI)hlQ=[([oGJv-hoS�hkQ=[6��Itc,hlQ=[oGJv-h���Q;GiL=L=[ou;hkI�hkQ=[ ��[\v-hgSZGJL=]p]=[\[onP��Gihk[oc-v
hlIphlQ=[ vkItWZhlQ<�>= EaNtW�ck[P��$��?� Q=[�XZ`oIihlEHGiL XZQ=[\uMr EMvFGij~ItWZh@��#�#A��K�uaItL=N1GJL=]�!�#&#A��K �(EM]=[JS
�(EMhkQCGiL Ggxt[ockGJNt[B]=[on�hkQ�IJr�Gin=n=ckIg}ZEaK1Gihk[CB�#�K_��� Q=[Bj~IihkhlIJK�hlItn3ItNtckGJn=QqVfEav#`bQ;GJckGJ`\hk[ockEM�o[\]
jqV�]=[\[onPj;GJv-EaL=v�GJL=] K1GJckNtEML;GJu�hlc-ItW=NtQ=v IJr3Ntck[oGihl[\c hlQ;GiL���%�#FK ]=[on�hkQPI xJ[oc�hkQ=[ EaL=L�[oc�v-Q=[ou{r
GJL=] uaItL=NY`bQ;GJEaL�vCIJr6vkQ=GJuauMI � j;GJLD��v I�xt[\cChlQ=[�ItW�hl[\c�vkQ�[ouMr��E� Q�[�I�)~vkQ=Itc-[�j;GJL8��v IJL hlQ=[
X=X r ItckK'G@L=GihlW=ckGJu j;GJc-ckEM[oc/hlI_[�}Z`bQ;GiL=Nt[�j3[\hy�B[o[\L	I�`o[gGiL=Ea`PGJL�]�`\IqGJv-hlGJu ��G
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'�W�[oLqhlu{V�Gy)~[o`�hl[\]
jqVpv-hlIJckKpvoS�[ov-n~[\`oEHGiuauMV�]=W=ckEML=NfhlQ=[6�(EaLqhl[\cBKpItLqhlQ=v\����hBr IJuauaI��(v�hkQ;Gih hlQ=[�IZ`\[gGJL1`oEac-`oW=uaGihlEMItL
GJL=]�hk[oKpn~[\clGihkW=ck[��ivlGJuMEaL=E{hyV ]�Eav-hkckEMj=W�hlEMItL=v�IJL hkQ=[eX=X GiL=] X�� Q;Ggxt[_vkEMNtL=E*�;`gGJLqhPv-n;GihlEaGJu
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s/`o[gGiL `oEMck`oW�uHGihkEaItL@KpIZ]=[\uav�GJck[ W=vk[�r W=u�hlI�Ituav(r Itc6W=L=]=[\ckv-hlGJL=]=EML=N�GJL�]Y[\xJ[oLqhlW=GJuau{VYn=c-[��
]=EM`\hlEML=N�`\Eack`\W=uHG
hlEaIJL�I�xt[\c(hkQ=[)vkQ�[ouMr#v-[gGJv\��X�EaNtL=E*�;`gGiL�h�[
)~Itc-h Q=GJv j~[\[oL_K�Gi]=[/I�xt[\c�hlQ=[)uaGJv-h
hy�B[oLqhyV VJ[gGJc-v EaL ]�[\xt[\uaItn�EaL=N L�W=Kp[oc-Ea`oGJuBv-Q=[ou{r(`oEMck`oW�uHGihkEaItL K1I�]=[\uavfr Itc hkQ=[�X=X	GiL=] X���S
clGiL=NtEaL�N�r ckItK hy�BIi��]=EaKp[oL=v-EaItL=GJu�j;GJc-IJhlc-Itn=EM`)K1I�]=[ouMv�hlIpvkItn�Q=Eav,hlEa`oGihl[\]_hkQ=ck[\[���]=EaKp[oL=v-EaItL=GJu
KpIZ]=[\uav���d)ck[o[\L�j~[\ckN=S��^B��t����� c-EaNtQqh�[�h6GJu��{S3��B�������zFGJL�L;GJQ�[\h6Giu��{S~��B�B����=z�GJL�[\h6Giu��{S~��B�Bi���
� Q=ItKpn=v-ItL GiL=]�XZQ�[oL=N=SB��B&Bi��� XZQ=[\L=NY[�h�Giu��{SW!y#&#���$����eIJv-h IJr�hkQ=[ov-[�KpIZ]=[\uavfQ;Ggxt[1Gec-[��
NtEMItL;GJuZvkQ=[\uMr~]=ItK1GJEaL��(E{hlQ1Gfv-n~[\`oE*�;`gGihkEaItLPIJr3hlQ�[(hkclGJL�vkn3Itc-hBGJL=] ��Gihl[\cBK1GJv-v ]=Eav,hlckEMj=W�hkEaItL
Gih6hlQ=[�KpIZ]=[\u�Itn~[\LYj3ItW=L=]=GJckEM[ovo��XZEML=`o[�hlQ=[�n=QqV�vkEM`gGJu#n=ckI�`o[\vkv-[ovfGy)~[o`�hlEaL�N1`\Eack`\W=uHG
hlEaIJLeItL
hlQ�[)X=X�GJL�]@X�� Itn3[oclG
hl[FI�xJ[oc(G �(EM]=[FckGJL=Nt[�IJr�hl[\K1n3ItclGiu~GiL=]�vkn;G
hlEHGiu3v-`gGJuM[ov\S�hlICr W�uauMVPc-[��
vkIJuMxt[�GJuMu�hlQ=[\vk[�]=E�)~[oc-[oLqh�v-`gGJuM[ovBW=vkEML=NCG�vkEML=Ntua[��yNtc-Ea] KpIZ]�[ou;Eav Gfr ItckKpEa];Gij=ua[�hlGJvX��� =;Itc GJLqV
vkEML=NtuM[��yNJckEa]pL�W=Kp[ockEM`gGJu3KpIZ]=[\u�S�ItL=[FEav�W�vkW;GJuMuMVPr|GJ`\[o]��(EMhkQ@GC`bQ=ItEM`o[/j3[\hy�B[o[\LYG uHGJc-Nt[���vk`gGiua[
vkEMK�W=uaGihlEMItL�Gih GPc-[ouaGihlE{xt[ou{V�`\IqGJc-vk[fck[\vkItuMW�hlEMItL�S�IJc G uaEaKpEMhk[o]Z�yGJck[oG�v-EaK�W�uHGihkEaItL��(E{hlQ@G�xt[\c-V
Q=EMNtQ�c-[ovkIJuaW�hkEaItLpEaL��(Q�Ea`bQ�GCn�ckEaIJc ��L=I��(uM[o]=Nt[FEav�c-[ '�W=EMck[o]1r ItcBn�Q�V�v-Ea`gGiuRn=c-IZ`\[ovkv-[ov(GihB��IJcX�
GJuMItL=NPhlQ=[ K1I�]=[ou�Itn3[oLYj~ItW�L=];GJc-Ea[ov ��d)EaL�Eav([\h/GJu��{S���B&B��i$�� =�W�c-hlQ�[ockKpItc-[JS�EaLeuaEaKpEMhk[o]Z�yGJck[oG
vkEMK�W=uaGihlEMItL=voS~hlQ=[puHGJc-Nt[���vk`oGJua[ `\Eack`\W=uHG
hlEaIJL r [oGihlW�ck[ov�K�W=v,hCj3[Pvkn3[o`\E��;[\]�S�GJL�] EaLqhk[oclGi`\hlEMItL=v
j3[\hy�B[o[oL_hlQ=[fuaGJckNt[fGiL=]@vkK1GJuau�v-`gGJuM[ov6GJc-[)n=ckItQ�Eaj=E{hl[o]R�

� Q=[CK1GJEMLeGi]�xiGJLqhbGJNt[ IJr GpL=[ov,hl[\]Z�yNtc-Ea]eK1I�]=[ou�EMv6hkQ;Gih6EMhFGJuauMI��(v(hkQ=[�uHGJc-Nt[���vk`gGiua[@-;I��
I�xt[\cFGpuHGJc-Nt[f]=ItK1GJEaL�hlIpj3[ v-EaK�W=uaGihl[\]@j�VeGP`oIqGickvk[ ck[\vkItuMW�hlEMItL@K1I�]=[ouTS=�(Q=EauM[f`oEac-`oW=uaGihlEMItL
I�xt[\c�G vkK1GJuMu6]�ItK�GiEaL EMv�v-EaK�W=uaGihl[\] Gih�G Q=EMNtQ=[oc1ck[\vkItuMW�hlEMItL jqV G vkW=j�K1I�]=[ou6hlQ;G
h�Q;GJv
[ov-vk[\L�hkEHGJuMuMVPhlQ�[/vlGJKp[Fn�Q�V�v-Ea`ov(GiL=]�L�W=K1[\ckEM`gGJu3v-hkckW=`�hlW=c-[fGJvBhkQ=[/`oItGJckv-[��yc-[ov-ItuaW�hkEaItL�K1I�]=[ouT�
� Q=[6hy��Ii����GgV�EaLqhl[\clGJ`�hlEaIJL�j3[\hy�B[o[oL�hy�BI�]=E*)R[\ck[oLqh�K1I�]=[ou3Ntc-Ea]=v `gGJL�j~[FGJ`bQ=Ea[�xt[\]�EaL�K1GJLqV
��G�V�v\� � r|GiEacku{V `\ItK1KpItL�L=[ov,hlEaL�Nehl[\`bQ=L=E�'�W�[�EavfhlI [�}Z`bQ;GJL=Nt[�EaL�r Itc-K�G
hlEaIJL j~[�hy��[\[oL�hlQ=[
hy�BI�NJckEa]�v�EaLPG/L;GickckI��"�oItL�[ � ]�V�L;GJKpEa`�EMLqhl[oc,r|GJ`o[^$+L=[oGJc�hlQ=[ NJckEa] EMLqhl[oc,r|GJ`o[ � [J��N=�{S��fW�ckEaQ=GJclG
[\h�GJuT�MS;��B&��Bi$���� Q=[F`\IqGJc-vk[FNJckEa]PKpIZ]�[ou;xiGJckEaGJj=ua[\voSqv-W=`bQ�GJv%xt[\uaI�`oEMhyVJS�hk[oKpn~[\clGihkW=ck[iS�vlGJuMEaL=E{hyV
GJL=] GJvkv-IZ`\EHGihk[o] -=WZ}Z[ovoS%Gick[pEaLqhl[\ckn3ItuHGihk[o] Gih hkQ=[�]ZVZL=GJK1EM`1EMLqhl[oc,r|GJ`o[1ItLqhlI_hlQ=[A�;L=[�Ntc-Ea]
hlIYn=ckI�x�Ea]=[\vChlQ�[�hlEaKp[���]=[on3[oL�]=[oLqh�j3ItW=L�];GJc-V�`oIJL=]=EMhkEaItL�v r Itc�hlQ=[+�=L=[���NtckEM]	K1I�]=[\u���� Q=[
�;L=[��yNtc-Ea]�K1I�]=[ou xiGJc-EHGJj=uM[ov�GJc-[�EaLqhk[ockn3ItuaGihl[\] j;GJ`,� ItLqhkIYhlQ=[1`oIqGickvk[�NtckEM]�hlIeW=n3];Gihl[phlQ=[
`oIJEaL=`\Ea]=[\L�h�`oIqGJc-vk[��yNtc-Ea]�xiGJuaW�[ov EaL�hkQ=[)L;GJc-ckI����\ItL=[i� � Q�[�K1GJEML�]=E
	p`\W=uMhyV�IJr+hkQ=Eav�L=[ov,hlEaL�N
vk`bQ�[oKp[ Eav�G `oItKpn;GihkEaj=EMuaE{hyV	n=c-Itj=ua[\K � [J��N=�{S K�GJv-v�`oIJL=vk[\c-xiGihlEMItL $pGih�hkQ=[ Ntc-Ea] EMLqhl[oc,r|GJ`o[
��d)EaL�Eav [�hBGJu��{S=��B&B��i$��W=�W�c-hlQ�[ockKpItc-[JSthlQ�[ock[(EMv�W=L=]=[\vkEMclGJj=uM[ L�W=K1[\ckEM`gGJu=L�ItEav-[ ck[ov-W=uMhkEaL=N)r c-ItK
hlQ�[e`bQ;GiL=Nt[YIirFhlQ�[eNtc-Ea] ck[\vkItuMW�hlEMItL Gih1hkQ=[_NtckEM]"EML�hk[oc,r|GJ`o[eGJL=] GJ]=]=E{hlEaIJL;GJu�];GiK1n=EML=N Eav
ck[
'�W=Eac-[o]:�P=;Ig} GJL�]��eGJvX�i[ouauTS(��B&Bi%&$�� ��hPv-Q=ItW=uM]�j~[�L�IJhl[\] hkQ;Gih hkQ=[�]�V�L;GJKpEa`�EMLqhl[oc,r|GJ`o[
IJr+hlQ=EMv6L�[ov-hkEaL=Npvk`bQ�[oKp[C`gGiLej3[ `\ItL=v-Ea]=[\ck[o]YGJv�GJLeEMLqhl[oc-L;GJu�j3ItW=L=];Gic-V@IJr#hlQ=[�`oItGJckv-[��yNJckEa]
KpIZ]=[\u�S�GJL�]�hlQ�[p`\IqGJc-vk[���NtckEM]�EMLqhl[oNJclGihkEaItL EavfL=Iih L�[o`o[\vkvkGJc-V�I�xt[ocfhlQ�[1v-W=j=ck[\NtEaIJL�`\I xJ[oc-[o]
jqV�hlQ�[ �=L=[���NtckEM]_]�ItK�GiEaL��

� L�GiuMhl[\ckL;G
hlEMxJ[�L�[ov-hkEaL=N�hl[\`bQ=L=E('�W=[F]=[\xJ[ouaIJn~[\]�j�V�s/[\V�GJL=]���Q=[oL ����B&Bi!�$%EMv hkIC[oKCj~[\]
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uHG
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�(Q=[\ck[ � � � # 0  � # $%GJck[6hlQ=[/Q�ItckEM�oItLqhbGiu3`\ItKpn~ItL�[oLqhlvBIJr�hlQ�[/Itj=v-[oc-xJ[o]�L=[oGJc,��vkW=c,r|GJ`o[F`oW=c-ck[oLqhkvGih�hkQ=[���hlQ uaI�`gG
hlEaIJL [ov-hkEaK1Gihl[\] jqV =�ckGihbGiL�hkItL=E �P!�#&#���$�S � � ��	 09 ��	 $�GJck[ hkQ=[ Q=Itc-Ea�oIJL�hlGJu`oIJK1n3ItL=[\L�hkvfIJrBhkQ=[PvkEMK�W=uHG
hl[o] L�[gGJc��yvkW�c-r|GJ`\[p`\W=ckc-[oLqhlv GihfhlQ�[pvkGJKp[ uaI�`gGihkEaItL GivfhkQ=[PItjZ�
vk[\c-xiGihkEaItL=v\S(GJL=]�� EMv1hkQ=[YhlIihbGJu6L�W=K�j3[oc�IJrfuMIZ`oGihlEMItL=v �(Q=[\ck[ Itj=v-[oc,xt[o] [\v-hlEMK�G
hl[ov�GJck[
GgxiGJEauaGJj=ua[i����ua[gGickuMVJS3hkQ=[�v-K�GJuMua[\c�� � S3hlQ=[�j3[\h-hl[\cFhlQ=[ K1I�]=[\u+c-[ovkW�uMhlv �=h/hlQ�[CItj=v-[oc,xJG
hlEaIJL=vo�
=;Itc�hkQ=[)hy��Ii����GgV@L=[\v-hk[o]Z��NtckEM]_KpI�]=[ouMuaEaL�NCv-V�v,hl[oK W=v-EaL=N hkQ=[ X=X�� L=[\v-hkEaL=N hl[\`bQ=L=E�'�W�[JS;hlQ=[
xiGJuaW�[�IJr�� � EMv�GJj3ItW�h #��~�J��r Itc hlQ=[FItW�hl[\c�KpIZ]�[ou3GJL=]�#�� �i!)r ItcBhkQ=[FEML=L=[ocBK1I�]=[\u���� GJj�ua[C��$�S
EaL�]=Ea`oGihlEML=N�hkQ;Gih hlQ�[6EML=L=[\c K1I�]=[ouZn~[\c-r Itc-K1v j3[\h-hl[\c%hkQ;GJL hlQ�[6IJW�hl[\c K1I�]=[ouZEaLPck[\n=ckI�]=W=`\EaL=N
=;clGihlGJLqhlItL�E 
�v�Itj=v-[oc-xJ[o] `\W=ckc-[oLqhlv\�

� Q=[ I�xt[\clGJuMu+]=EMv-hkckEaj�W�hlEMItL=vFIir hlQ=[ GiL=L�W;GJu Kp[gGiL L=[gGic,�yv-W=c-r|Gi`o[ `oW�ckck[\Lqhlv)n=c-IZ]=W�`o[o] jqV
hlQ�[�EaL�L=[oc�K1I�]=[\u W�vkEaL�NehlQ�[�sfX���hl[\`bQ=L=E('�W=[�GJNtck[\[1�(E{hlQ�hkQ=Itv-[�n=c-IZ]=W�`o[o] j�V hlQ�[�EaL�L=[oc
KpIZ]=[\u W=vkEML=N hkQ=[ X=X �:hk[o`bQ=L�E('�W=[JS �(E{hlQ v-ItKp[e]=E*)R[\ck[\L=`o[\v�EaL hlQ=[evkK1GJuau��yvk`oGJua[�r [oGihlW�ck[ov
�P=+EaNtW=c-[��J`^$�� � Q=[ EML=L=[ocFK1I�]=[ou#W=v-EaL=N�hkQ=[PsfX�� hk[o`bQ=L�E('�W=[ Nt[\L=[ockGihl[\v�c-[ouaGihlE{xt[ou{V@��[oG��J[\c
vkIJW�hlQq�B[ov-hy��GJc-] `oW=c-ck[oLqhkv+I�xt[\c�hlQ=[%��[\v-hk[ockL�XZ`oIihlEHGiLCX�Q=[ou{r=GJL�] c-[ouHG
hlEMxJ[ou{VF�B[gG��i[oc#[gGJv,hy��GJc-]
`oW�ckck[\Lqhlv�EML�hlQ�[�]=[\[on	��Gihl[\cCI�) hlQ=[�X�� ck[\NtEaIJL�S+EML `\ItK1n=GJckEMvkItL �(EMhlQ hlQ=IJvk[�W=v-EaL=N_hlQ=[
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hbGJLqhlIJL=E 
�v�hlEMK1[��yKp[gGJL@Itj=v-[oc,xt[o] `\W=ckc-[oLqhlv�EaL@hlQ=[CX=X_GJL=] X�� ck[\NtEaItL
ck[oGJvkIJL;GJj=u{VY�B[ouauTS��(EMhlQ hkQ=[�� � xiGJuaW�[ IJr GJj3ItW�h #Z� �i% ��� GJj�ua[���$�S��(Q�Ea`bQ EavfvkuMEaNtQqhlu{VYuaGJckNJ[oc
hlQ=GJL�hlQ=[)xiGJuaW�[/r Itc�hlQ=[ X=X � hl[o`bQ�L=E('�W=[i�

� Q=[eGJL=L�W;GJu Kp[gGJL L=[oGJc,��vkW=c,r|GJ`o[@`\W=ckc-[oLqhlv�Gih@� � K n=c-IZ]=W�`o[o]"jqV�hlQ=[@EaL�L=[oc KpIZ]�[ou
W=v-EaL=N_hlQ=[@� s � L=[ov,hlEaL�NYhl[\`bQ=L=E('�W=[�]=E�)~[oc vkEaNJL=E��;`oGJLqhlu{V r ckItK'hkQ=[�EaL�L=[oc K1I�]=[ou%c-[ovkW�uMhlv
W=v-EaL=N)hlQ�[Fs � XPGJL=]1X=X�� L�[ov-hkEaL=Nfhl[\`bQ=L=E�'�W�[ov �P= EMNtW=ck[(�i] $�� �yL�GJ]�]=EMhkEaItL�SihlQ=[(EaL�L=[oc KpIZ]�[ou
ck[\vkW=u{hlv�W�vkEaL�N/hlQ=[6� s � hk[o`bQ=L=E�'�W=[6GJNtck[\[�n3IZItc-uMVf�(EMhkQ =;clGihlGJLqhlItL=E 
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100 cm/s

(a) OUTER

100 cm/s

(b) SSP

(c) OSP (d) COW
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