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´¶µ6·9¸%¹qºA» ¸
¼ X`Mg<¨½A>I½cY%F0EGYU<N¾9FNMg@�Y%<)KL¿`F0Z8KLFNaÀMPDÁ½`FNKLhIF?Y%<?<�KIDÁ_}ÂgY�Ãc;=>L¾HX`YIT�>fÄÅFH> eCY9Z=KIF?a¶ÄÅKLF)ÆAY9ÃmÇ
MP@`ÂgYITÈ¾9KIeC½`MgÂPY%FChIY9DAY9FH>SONYUEÉE`> O?>�¾9>I¾HXAMPD`hc]�_}ÂgY�Ãc;=>L¾HX`Y#<N¿`@A<WONMPON¿`ONY%<'O?X`Y#O?>Ih Ç�e'Y%eCKIF?Ê
> DAEÀ¾9>I¾HXAY.¾�KLDLO?FNKLÂPÂgY9F8XA> FHEGZ�> F?Y)Z�MPONXÀ>�¾�KLe'½AMPÂgY9F=ef> DA>IhIY%EfO?> hIÇ ÂgMgaIY.E`> O?>�<tO?FN¿A¾�ON¿`F?YIT
>IE`EGF?Y%<?<�ONFH> DA<NÂg> ONMgKID¤T6> DcEÉOH> h Çu¾HX`YU¾Ha�] ¼ X`M±<'>IÂPÂgKSZ)<�ONX`Y&EGMgË�Mg<NMPKLDÌKIÄ)ONX`Y&E`> O?> Ç�>IFNFH>qÊ
MPDmONKf<NY9½A>IF?> ONY%ÂPÊ¶¾9KIDmONF?KIÂgÂPYUEÍ½c> FNONMPONMgKIDA<%T`> ÂgÂPKSZ)<8O?X`Y�<WY%ÂPYU¾^O?MPKLDÀKIÄ6¾%>I¾HX`Y�ÂgMPD`Y�<NMPQ%Y%<%TGONXAY
<W¿`½A½cKLFWO�KIÄ�XAMPhLX`ÂPÊC>I<?<NK�¾9Mg> ONMgËIY�ef> ½`½AMPD`hm<9TL> DAE�ONXAY.<WY%ÂPYU¾^O?MPKLDfK ÄÎËq>IFNMgKI¿c<�FNY%½`Â±>I¾�Y%eCY9DmO
½cKLÂPM±¾�MgY%<�KLD�>'½�Y9F�½`F?KIhLF?>IeÏ@A>I<NM±<9]

_}ÂgY�Ãc;=>L¾HX`Y¨ÂgY9ËLY9FH> hLY%<�¾9KIeC½`MgÂPY9ÇyO?MPeCY�<WO?>SO?Mg¾0MgDGÄÅKIF?ef>SO?MPKLDÍO?K'<NY9ÂgY%¾�ONMgËIY9ÂgÊ¶Ë�MgFWO?¿A> ÂgMPQ%Y
e'Y%eCKIF?ÊIT�ONK#Y9ÂgMPeCMgDA>SO?Y'¾%>I¾HX`Y9ÇyOH> h#>I¾9¾9Y%<?<WYU<9TÎ> DcE&ONK#hI¿AMgEGY�ONXAY'F?Y9½AÂg>L¾�Y9eCY%DLO0K Ä�¾�KID`Ç
ÆAMg¾�ONMgD`h�¾%>I¾HX`YfÂgMPDAY%<%]}_`KLF�ONXAYÍ> ½`½AÂPM±¾9> ONMgKIDA<�<WON¿cEGMPYUE�ONX`YÀ_}ÂgY�Ãc;=>L¾HX`Y¶¾�KLe'½AMPÂgY9F�O?Y%¾HXGÇ
D`MgÐm¿`YU<�Y9ÂgMPeCMgDA>SO?YfMPDÑ>qËLY9FH> hIY�e'KLFNY'O?XA> DÓÒIÔ�ÕÖK Ä8ONX`Y¶¾%>I¾HX`Y9ÇyOH> h#ÂPK�KIa�¿`½c<9T×Y%DA> @`ÂgMgD`h
ONX`YC<W¿A½`½cKLFWO¨K ÄÈX`MghIX`ÂgÊ&>I<?<WKG¾9Mg> ONMgËIY�¾%>I¾HX`MgD`hÍ<?¾HX`Y9eCYU<9]�ØÈËIY%D&Z�M�O?X`KI¿`O�>IDmÊ#XA>IF?EGZ�> F?Y
<W¿`½A½cKLFWOUTI_1ÂPY9ÃA;=>L¾HX`Y)¾9>IDCKI¿GO?½cY%FWÄÅKLFNeÚÙ`ÃGY%ECXA>IF?EGZ�> F?Y�¾9>I¾HXAY%<�@�Ê�MgeC½`F?KSËmMgD`h�¾9>L¾HX`MgD`h
Y�ÛÎY%¾^O?MPËLY9D`YU<N<%TmY9ÂgMPeCMgDA>SO?MPD`h�ef> ½`½`MgD`h'¾�KID`ÆAMg¾�O?<%Tm>IDAEfY%ÂPMgeCMPDA> ONMgD`h�ONX`Y0¾9>I¾HXAY.½�KIÂgÂP¿GO?MPKLD
¾9> ¿c<WYUEÑ@�Ê�F?Y9hLMg<WONY%F�<N½`MgÂPÂ±<9] ¼ X`YÀ@cYU> ¿GOtÊÑKIÄ._}ÂgY�Ãc;=>L¾HX`YÍM±<�O?XA>SO'M�OH<C¾�KIF?YfO?Y%¾HX`D`M±Ðm¿`Y%<
¾�KI¿AÂgE&@�Y�>I¿`hIeCY%DLO?Y%E�Z�MPONX�>LE`EGMPONMgKIDA>IÂ1<NK ÄÜOtZ�> F?Y�ONYU¾HX`D`M±Ðm¿`Y%<¨> DAEcÝSKIF¨XA> FHEGZ�> F?Y�<N¿`½GÇ
½cKLFWO)ÞÅM ] YI]gTI<W½�Y%¾9Mg>IÂGMPDc<tO?FN¿A¾�ONMgKIDA<Hß}ONK�ÂgK�KIa�MgDmONK�KI½GO?MPeCMgQ9MgD`h�E`> O?>0¾9>I¾HXAMPD`h�MgDf> F?Y%>I<1<N¿A¾HX
>I<�ÂgKSZ�Ç ½�KSZ8Y%F%TmF?Y%> ÂPÇ ONMge'Y�<NÊG<tO?Y9ef<9T`>IDAE#X`MghIXGÇ�½cY%FWÄÅKLFNef>IDA¾�Y0eCMg¾9FNKL½`FNKG¾9Y%<?<WKLF?<%]

à ámâ�ãGä`å�æ¨ç.è�ã`étå�â

d�Y9ËLY9FH> Â=FNYU¾�Y9DmO'½`FNKIêtY%¾�O'½`F?KI½�KL<?> Â±<�ÄÅKG¾9¿A<CKIDÉM±<?<W¿`YU<'FNY%Âg> ONY%EÉONK�eCY9eCKIF?ÊÓFNYU<WKL¿`F?¾9Y%<%T
>I<0eCY9eCKIF?Ê&FNYU<WKL¿`FH¾�Y%<0<WONMgÂPÂÈF?Y9½AFNYU<WY%DLO¨ONX`YfeCKm<tO�MPeC½�KIFNO?>IDLO�@�K ONONÂgY9D`YU¾HaVMPDÓ¾�KLeC½`¿GOWÇ
MPD`h&EGY%Ë�Mg¾9Y%<%T×MPDÓF?Y%<N½cYU¾^O�ONK�½�KSZ8Y%FWÇu¾�KLDA<W¿Ae'½`ONMgKID¤TÎ½�Y9FNÄÅKIF?eC>IDA¾�YLT×> DAE�> F?Y%>ÀKG¾9¾�¿A½`MPYUE
ë ìIí ]mî8YU¾9>I¿A<WY�KIÄÎFH> ½AMgEGÂgÊ�¾HXc> D`hLMPD`h�F?Y%Ðm¿`MgF?Y9eCY9DmO?<1ÄÅKLFÈKI½`ONMgeC>IÂcEGYU<WMghIDc<9TSO?X`Y%<NY)½`F?K êtYU¾^OH<
Y9eC½`XA>L<WMgQ9YfKLD�eCY%e'KLFNÊÁ<WÊG<WONY9ef<�O?XA>SO�>IFNYCF?Y%¾9KIDGÙAhL¿`FH> @`ÂgY�KLF�KI½`ONMge'MgQ%>I@`ÂgYCONKV<NKIeCY
Y�Ã�ONY%DLOU]6ï0K�KGEÉY9Ã`> eC½`ÂgY¶Mg<Cd�ef> FNO'JVY9eCKIF?MPYU< ë ðSí ONXA> OC<N¿A¾%¾�Y%<?<WÄÅ¿`ÂPÂgÊÓef> ½A<�> FH¾HX`M�O?Y%¾�Ç
ON¿`F?Y%<¨Z�M�O?X�EGMPÛ�Y%FNY%DmO¨eCY9eCKIF?Ê#FNYUÐL¿AMPF?Y9eCY9DmOH<�ONK#>¶ÂgKSZ�Ç ÂgY9ËLY9Â�¾9KIeC½`¿GO?MPD`hÍÄ�> @`F?M±¾ ] ¼ XAY



î8Y%FNaLY9ÂgY9Ê&[tñ)B¨Jò½AFNKIêtY%¾^O ë Ò í Mge'½AFNKSËLY%<0eCY9eCKIF?Ê&Âg> ONY%DA¾�ÊV@�ÊVEGYU<WMghIDAMPD`h&>À½`F?K�¾9Y%<?<WKLF
MPDôó0ñ)B¨Jõ½`F?K�¾9Y%<?<¶> DcEöMPDc¾�Âg¿AEGY%<¶ONX`Y�ó¨ñ.B.JõeCY9eCKLFNÊ÷KIDGÇu¾HX`Mg½¤] ¼ XAY�J&[ ¼ ñ)>qZ
½`FNKIêtY%¾�O ëPø Ô í ÄÅKG¾9¿A<WYU<'MPDA<WONYU>IEùKID÷¾�KIeC½`MgÂgY9FCONYU¾HX`D`KLÂPKLhIÊ�ONKÓ¾�KLDLO?FNKLÂ�ÂPKSZ�Ç�ÂPY%ËIY%Â8XA>IF?EGÇ
Z=>IFNY¨FNYU<WKL¿`F?¾9Y%<�ONKCKI½`ONMge'MgQ9Y¨ONXAY0½�Y9FNÄÅKIF?ef> DA¾9Y¨KIÄ}eCY9eCKLFNÊ¶>L¾9¾�YU<N<NY%<%] ¼ X`Y0_1ÂgY�Ã`ñ)B¨J
½`FNKIêtY%¾�O ë úSí eCKSËIYU<×¾�KIeC½`¿`O?>SO?MPKLD�¾�ÂgKL<NY9F×O?K�ONX`Y=ó¨ñ.B.JûMgD�> D�>SONONY%e'½`O�ONK.FNYUEG¿A¾�Y�eCY%e�Ç
KIF?Ê�Âg> ONY9Dc¾�Ê�ÄÅKLF1eCY%e'KLFNÊ�@�KI¿ADAEC> ½`½`ÂgM±¾9>SO?MPKLDA<1@�Ê�¾�KIe�@`MgD`MPDAh0½AFNKG¾�YU<N<NMgD`h¨>IDAE�ó0ñ)B¨J
KID�O?X`Y8<?> eCY�¾HX`Mg½¤] ¼ X`Y8B¨¾^O?MPËLY8ü�> hLY%<¤<NÊG<tO?Y9e ëwýUí <WX`MPÄÜO?<1E`> O?>SÇ�MgDLO?Y9DA<NMgËIY�¾9KIeC½`¿GOH>SONMgKIDc<
ONK)O?X`Y�eCY%e'KLFNÊ�<NÊ�<WONY%eþ@mÊ�¾�KLe�@`MgD`MgD`h._6ü8ï�B¨<�Z�MPONX�ó¨ñ)B¨JÑ]SBÉD`Y%ZÑXA> FHEGZ�> F?YÈ¾9>L¾HX`Y
Mg<=<WXAKSZ�D¶MPD ë ÿ í O?XA>SO�EGMgËmM±EGYU<ÈO?X`Y0dGñ.B.J <WONKLF?>IhIY)MgDmONK'<WY%ËIY9FH> ÂA½A> FNONMPONMgKIDA<8> DAEÍ¿A<NY.MPO
>I<�½`F?Y�ÄÅY9O?¾HX�@`¿GÛÎY9FUTA¾9KIeC½`MgÂPY%F.¾�KLDLO?FNKLÂPÂgY%EÀeCY9eCKIF?ÊITGKLF)ÂgKmKLa�¿`½�@`¿GÛÎY9FU] ¼ X`M±<)EGY%<NMghID�Mg<
<WX`KSZ�DÍONK'@cY%D`Y�ÙAO�eCYUEGMg>C>I½`½`ÂgMg¾%>SONMgKIDc<�Z�MPONX#¿`½ÀONK � ÔmÕ ½�Y9FNÄÅKIF?ef> DA¾9Y.MgeC½`FNKSËLY9eCY9DmOU]
ó.MghIMPO?>IÂ}d�MghIDA>IÂ¤üÈF?K�¾9Y%<?<WKLF?<=<N¿A¾HX#>L<=ONX`Y ¼ Y9ÃG>L<=[uDA<tO?FN¿Ae'Y%DmO?< ¼ J�d�� � Ô�; ð ����� >IE`EGYUE
XA> FHEGZ�> F?Y�<N¿`½`½�KIFNO)O?K¶¿A<NY�dGñ)B¨J E`>SOH>f<tO?KIFH> hLY�>L<)@�K O?XV¾9>I¾HXAY�> DAE�ef>IMPD&eCY9eCKLFNÊL]
¼ K&¾�KL½cY'Z�MPONXÁONX`YfÂgKID`h�ó0ñ)B.J Â±>SONY%DA¾�MgY%<0MgD�ÄÅ¿`ON¿`F?YCe'M±¾�F?KI½AFNKG¾�YU<N<NKIFH<.>ÍÄÅ¿`ÂgÂPÊ�>I<?<WKIÇ
¾�M±>SONMgËIY0<WYU¾�KLDAE`> F?ÊC¾9>I¾HXAY.Z�MPONXÀ<NK ÄÜOtZ�> F?Y)F?Y9½`Â±>I¾9Y9eCY9DmO�ÝS¾�KLDmONF?KIÂAM±<=<W¿`hLhIYU<tO?Y%EfMgD ë � í ]GB
<WKIÄÜOtZ=>IFNYfF?Y9½`Â±>I¾9Y9eCY9DmO�>IÂPhLKIF?M�O?X`e5M±<�<NX`KSZ�DÓO?K�>I¾HX`MgY9ËLYfeCMg<?<tÇ�FH>SONYÍFNYUEG¿A¾^O?MPKLDA<�ÄÅF?KIe
ÿ Õ O?K ÿLú ÕÏ¾�KIeC½A>IFNYUEfO?K¶> ì Ç Z�>qÊ���ñ
	�]

¼ X`Mg<6½c> ½�Y9FÈEGYU<N¾9FNMg@cYU<�_1ÂPY9ÃA;=>L¾HX`YITS>¨ÄÅFH> eCY9Z=KIF?a�ÄÅKIF6ÆAY9ÃGMP@`ÂgYIT ¾9KIeC½`MgÂPY%F�hIY%D`Y9FH>SO?Y%E
E`>SOH>�¾9>L¾HX`MgD`hA]1_}ÂgY�Ãc;=>L¾HX`YfO?>IaIYU<�ONXAYÍÆAY9ÃGMP@`MgÂgM�OtÊÓK Ä�O?X`Y�> @�KSËIY¶eCY9DmO?MPKLD`Y%EÑeCY%e'KLFNÊ
<WÊG<WONY9ef<0KIDAY'<WONY%½�ÄÅ¿`FNONXAY9FU]×[uDA<tO?Y%>LEVK Ä=@`¿`MgÂgE`MPD`h#¿`½�KIDÓ¾�KLDmËLY9DmONMgKIDc> Â6¾9>I¾HXAMPD`h#> FH¾HX`MPÇ
ONY%¾�ON¿`F?Y%<%TL_1ÂgY�Ãc;=>I¾HXAY)@`¿`MgÂgEA<È¿`½�KIDÍ>�ÆAY�ÃGMg@`ÂPY¨<WKIÄÜOtZ=>IFNY�½`Â±>SONÄÅKIF?e Z�MPONX¶ONX`Y)½�KL<?<NMP@`MgÂgM�OtÊ
K Ä�>LE`EGMgD`h�XA> FHEGZ�> F?Y�F?Y%<NKI¿`FH¾�YU<}>L<1D`Y9YUEGY%E×]��¨> FHEGZ�> F?Y8<N¿`½`½�KIFNO�¾%> D'@cY�>LE`EGY%E�MgD�ÄÅKLFNe
K Ä¤D`Y%ZöMPDA<WONF?¿A¾�ONMgKIDA<�ONK�FNYUEG¿A¾�Y.ONX`Y¨KSËIY%FNX`YU>IE'K Ä×O?X`Y�<WKIÄÜOtZ=>IFNY)<?¾HX`Y9eCYU<9Tm@`¿GO�Z�M�O?X`KI¿`O
> ÂPONY9F?MgD`h'ONX`Y�ÆAY9ÃGMP@`MgÂgM�OtÊÍ>IDAE#½`F?KIhIFH> eCef> @AMPÂgM�OtÊC½`F?KSË�MgE`Y%E×]

_}ÂgY�Ãc;=>L¾HX`Y¨<N¿`@A<WONMPON¿GO?Y%<�O?X`Y0O?>Ih Ç�e'Y%eCKIF?ÊC>IDAEfO?X`Y�¾9>L¾HX`Y0¾9KIDmONF?KIÂgÂgY9F=Z�M�O?X#>C¾�KLe'Ç
½`MPÂgY9FÍeC>IDA> hLY%EÉO?> hIÇ ÂgMgaIY&E`>SOH>Ó<tO?FN¿A¾�ON¿`F?YIT8>IE`EGF?Y%<?<�ONFH> DA<NÂ±>SONMgKID�TÈ> DAEùO?>Ih Çu¾HX`Y%¾HaG<%]6[�O
> ÂgÂPKSZ)<�ONX`Y#EGMPË�M±<WMgKIDÌK Ä�ONXAYÀE`> O?>SÇu> F?FH>qÊVMPDmO?KÁ<NY9½A>IF?> ONY9ÂgÊÁ¾9KIDmONF?KIÂgÂgY%EÓ½A>IFWO?M�O?MPKLDA<9T}ONXAY
<WY%ÂPYU¾^ONMgKID KIÄ�¾%>I¾HX`Y�ÂgMPD`YV<NMgQ9Y%<%T�O?X`YV<W¿A½`½cKLFWO¶KIÄ0XAMPhLX`ÂPÊ÷>I<?<WKG¾9Mg> ONMgËIY�ef> ½`½`MgD`hm<9TÈ>IDAE
ONX`Y0<WY%ÂPYU¾^ONMgKIDfKIÄ×Ëq>IFNMgKI¿c<�FNY%½`Â±>I¾�Y%eCY9DmOÈ½cKLÂPM±¾�MgY%<%]Lî=YU¾9> ¿c<WY._1ÂgY�Ãc;=>I¾HXAY�ÂPY%ËIY9FH> hLY%<�<WO?> ONM±¾
MPDGÄÅKLFNef> ONMgKID¶>qËS> MgÂg>I@`ÂgY)EG¿`F?MPD`h�¾�KIeC½`MgÂ±>SONMgKID�TIMPO8¾9>IDfMPeC½`F?KSËIY)¾%>I¾HX`MgD`h�Y
�¶¾9MPY%DA¾�Êf¾�KLe'Ç
½A> F?Y%E�ONK�¾�KLD�ËIY9DmO?MPKLDA> ÂG¾9>L¾HX`Y%<%]SØÈÂgMPeCMgDA>SO?MPDAh�ONX`Y�XA>IF?EGZ�> F?Y8ÄÅKIF�ef> DA>IhIMgD`h�¾9>I¾HXAY�Ç O?> hm<
> DAEÀ½`F?KSËmM±EGMgD`h�E`MPF?Y%¾�O�>L¾9¾9Y%<?<�O?K�Ä�>L<tO.dGñ.B.J+¾9>IDÀ> Â±<NK'<NMPeC½`ÂgMPÄÅÊfONX`Y�½AMP½�Y9ÂgMPDAY�>IDAEÀFNY9Ç
EG¿A¾�Y�EGYU<WMghIDÉKSËLY9F?X`Y%>LE×]�_1ÂgY�Ãc;=>I¾HX`YÍMPDA¾9KIF?½cKLF?> ONYU<�D`Y%Z ¾�KIeC½`MgÂgY9F�ONY%¾HXAD`MgÐm¿`YU<�¾%> ÂgÂPYUE
�)K OVü�>IhIY%<%T8<N¿A¾%¾�Y%<WÄÅ¿`ÂgÂPÊöY%ÂPMgeCMPDc>SONMgD`hùO?>Ih Çu¾HX`Y%¾HaG<%T8ef> a�MgD`hÌ½�KL<?<NMP@`ÂgYÁONX`YÑEGYU<WMghID K Ä
X`MPhLX`ÂgÊ¶>I<?<WKG¾�M±>SO?MPËLY)¾9>L¾HX`Y%<%] ¼ XAY0_1ÂgY�Ãc;=>I¾HX`Y0> ½`½AFNKm>I¾HXfM±<8EGMPÛÎY9F?Y9DmO8ÄÅF?KIeûef> D�ÊfKIONX`Y%F
¾�KIeC½`MgÂgY9F�<WÊG<WONY9ef<¨ONXc>SO�> Mge'YUE�¾9KIeC½`MgÂPY%F¨KL½GONMgeCMPQU>SONMgKIDc<0> O¨F?Y%EG¿c¾�MgD`hÍO?X`Y'MPeC½A>L¾^O�K Ä
e'Y%eCKIF?Ê¶Âg> ONY%DA¾�Ê¶MgD#ONX`Y�¾9KIDmONY9Ã�O�KIÄ6¾9KID�ËIY%DmONMgKIDA>IÂcXA>IF?E`Z=>IFNY�¾9>L¾HX`Y%<%]

_}ÂgY�Ãc;=>L¾HX`Yf¿A<NY%<�ÄÅKL¿`F�ef> MgDÓONYU¾HX`D`M±ÐL¿AY%<�MgDÑMPO?<�@c>I<NYfMPeC½`ÂgY9eCY9DmOH>SONMgKIDÓO?K&FNYUEG¿A¾9Y
KSËIY9F?X`YU>IE`<�EG¿AFNMgD`hVO?X`YÍXAM�OC¾9>I<NYI]1_1MPFH<tOUT�MPO'¾%> DÌ>qËLKIM±E�¾%>I¾HX`MgD`h&Z�X`Y%DÉD`KIO�D`YU¾�Y%<?<?> F?Ê
@mÊ�eC>I½`½`MgD`hÓÞ�>SO�¾9KIeC½`MgÂPY'ONMgeCYUß0<NKIeCY�eCY%e'KLFNÊV>L¾9¾9Y%<?<WYU<0E`MPF?Y%¾�ONÂgÊ&MPDmONK#Ä�>L<tO�dGñ)B¨J
e'Y%eCKIF?ÊI]9ØÈÃG>IeC½`ÂPY�KIÄ`<W¿A¾HX�>L¾9¾�YU<N<NY%<×>IFNY�F?Y9hLMg<WONY%F¤<W½AMPÂgÂg<¤ONXA> O�K O?X`Y9F?Z�M±<WY�½�KIÂgÂP¿`ONY�¾%>I¾HX`YU<
> DAEÑ¾%> DÉ¾9>I¿A<NYÍ<WMghIDAM�Ùc¾%> DmO�½�Y9FNÄÅKIF?ef> DA¾9Y¶EGY9hLF?>LE`>SO?MPKLD ë � í ]1dGY%¾�KLDAE×T}M�O'¿A<WYU<�ÄÅKLF�ONXAY
ÙAF?<WO�O?MPeCY�¾�KLeC½`MPÂgY9F�ONYU¾HX`D`M±ÐL¿AY%<=Y9DA>I@`ÂgY%Ef@�ÊfhIÂgKI@c> ÂA½�KIMgDmONY%F=>IDA> ÂgÊG<WM±<ÈO?K�M±EGY9DmO?M�ÄÅÊ¶>IDAE
<W½�Y%¾9¿`Âg> ONMgËIY%ÂPÊ�F?Y9¿A<NY=½`FNY%Ë�MPKL¿A<WÂgÊ�¾9>IÂg¾9¿`Âg> ONYUE�¾%>I¾HX`Y8eC>I½`½`MgD`hL<6> O6F?¿`DmONMgeCYI]S[uD�KI¿`F�<NK ÄÜOWÇ
Z=>IFNY�Mge'½AÂPY%e'Y%DmO?>SO?MPKLDCONX`M±<ÈKL½GONMgeCMPQU>SO?MPKLDfFNYUEG¿A¾�YU<6ONXAY.<WKIÄÜOtZ=>IFNY�KSËLY9F?X`Y%>LE�ÄÅKLF�ONX`Y.X`M�O



Reconfigurability
�

Compiler managed
�
hit−case overhead reduction

Compiler Managed
�
User Defined

Runtime Defined

Compiler managed miss−case
�

o. Pointer analysis

o. Hot Pages analysis

o. Adaptive Strip Mining

o. Other: Data reuse & occupancy analysis

o. Partition types 
    (i.e. system area,
    non−mapped,  register spills,
    statically predictable area, 
    mapped areas)

o. Cache−line sizes

o. Partition sizes

o. Associativity

o. Replacement techniques

o. Address translation

Hardware support 
�

o. Hybrid: combine with hardware cache control

o. Dedicated Hot Page registers

o. Special memory  instructions:   
    speculative Hot Page check  = speculative
    load/store & check HP register, trap if misspredicted

o. Other special instructions:
     access SRAM directly, tag−check on/off, ...

o. ILP exploited in superscalars 

o. Replacement policies leveraging static 
    information

o. Prefetching

������������� nqp?rtn lop��Éz%{�vt�mp � � p�!m�6~%�W�mp�{PrW~%��p��1z%r#"%$&� � p'!��6~9�N�Lp��^~%k'�HzU�¨¦mlokmp8�HzU���Ll � p?r8~9k�~ �)(xIsulosH�Î�Lsup?r)lokm�L�Lv^�cz%r)rt�mkSvtlo��p0�Irtz+* � lokm��{±z%r¨�^~9�N�Lp��HzUk,*��U�IrW~9vtlozUk&sup � p?�?vtlozUk�$.-=p��ô�Hz%���ml � p?rvtp?�N�Lkml0/S�mpHs1~9rtp=�IrtzU�Gz%sup^��vtz)rtp^�L�L�Hp�suz%{gv1��~�rtp�z9nUp?rt�mp^~%�Ls}l�k�suz%{Pv2�6~9rtp���~%km~%�%p^���^~%�W�mlokm�I� vtz
��~9k�~9�Up�vt�mp���losus ( �^~9sup�p'3��HlopHkSv � xS�Î~9k��Àvtzfp � lo��lok�~�vtp�vW~%� ( �W�mpH�4" s5$76=~9rW�,�6~9rtp�su�m�L�Gz%ruv.�^~9k
¦Gp0~U�L�Lp^�¶lokÀ{±z9rt�ûz%{6kmp��ösu�Gp?�H� � ~9vtlonqp0��pH��z%ruxflokLs�vurt�m�?vtlozUkLsH�c�LlwrtpH�?v.~9�H�HpHsus�vtz�vt�mp��^~9�N�Lp
�L~9vW~ ( ~�rurW~HxS�1~9k���l�k�{±z9rt� z%{)�Ip^�Llo�^~�vtp^�868z%v:9×~9�UpCrtpH�%l�s�vtpNrts5$ � �L�LlwvtlozUkm~ �o� xS�1~;� � p�!m�6~%�W�mp�IrtzU�Gz%supHs�vtz'lokm�Hz9rt�Gz%rW~�vtp��m~9rW����~9rtp0�^~%�W�mp ( �Hz%kSvurtz � �Lrtz�n lP�Ilokm��vt�Lp�~%¦Ll � lwvyxÍvtz���~9k�� � p�suz%��p
��p?��z%rux�~%�?�HpHsusupHs�lokC�HzUk nqp?k vtloz%k�~ � ��~%kLkmp?r<$

¾9>I<NYCONK�ÄÅKL¿`F�MgDA<WONF?¿A¾^O?MPKLDA<�½�Y9F�ÂgKL>LE ÞÅMgDÉ>�½`¿`F?Y¶<WKIÄÜOtZ=>IFNYCMge'½AÂPY%e'Y%DmO?>SO?MPKLDÓFN¿`DAD`MPDAh
KIDÀ>C<NMPDAhIÂgY�Ç�Mg<?<W¿AY.½`F?KG¾�Y%<?<NKIF^ß^TmMPDAE`Y9½�Y9DAEGY%DmO�KIÄ�O?X`Y�<WKL½`X`M±<tO?Mg¾%>SONMgKIDÀK Ä}ONX`Y�¿`DAE`Y9F?ÂPÊ�MgD`h
¾9>I¾HXAMPD`hÀ<tO?F?> ONY9hLÊI] ¼ XAY�ÄÅKI¿AF¨MgDA<WONF?¿A¾^O?MPKLD&KSËIY9F?X`YU>IE�¾9>ID&@cY�FNYUEG¿A¾�YUE�ONK¶OtZ8K¶MgDA<WONF?¿A¾^Ç
ONMgKIDA<6KLD�e�¿AÂ�O?MP½`ÂgY�M±<N<N¿`Y�½`F?K�¾9Y%<?<WKLF?<%T%>IDAE'¾9> D'@�Y�¾9KIeC½`ÂgY�O?Y9ÂgÊ�Y9ÂgMPeCMgDA>SO?Y%E�Z�M�O?X'<N½�Y%¾�M±> Â
[uDA<tO?FN¿c¾^ONMgKIDÌdGY�O'B.F?¾HXAM�O?Y%¾^O?¿`F?Y�ÞÅ[WdGB0ß�Y9ÃmO?Y9DA<NMgKIDA<%] ¼ X`MgFHE×T¤ÄÅKLF�EGY%DA<WY#> F?F?>qÊÁ>I¾9¾9Y%<?<WYU<
ONX`Y�<NÊG<tO?Y9eÖ¿A<NY%<:=?>,=�@7A1BDC�EGF<A2H<B @JIGBDKLBDK�M�ONKfF?Y%E`¿A¾�Y�O?X`Y�D�¿`e�@cY%F)K Ä6O?>Ih¶¾HX`Y%¾HaG<=ÄÅF?KIe
KIDA¾9Y�½�Y9F�eCY9eCKLFNÊ&>I¾%¾�YU<N<¨ONK#KIDc¾�Y'½cY%F�¾9>I¾HXAY�ÂgMPD`YL]¤_1MPDA>IÂPÂgÊITÎO?X`Yf_1ÂPY9ÃA;=>L¾HX`Y�<NÊG<tO?Y9e
> ÂgÂPKSZ)<�ONX`Y0¿A<NY9F8ONKC<WY%ÂPYU¾^O�¾9>L¾HX`Y�Ç�ÂPMgD`Y0<WMgQ9YLTm>L<N<NKG¾�M±>SONMgË�M�OtÊf>IDAE¶F?Y9½`Â±>I¾9Y9eCY9DmO=½cKLÂPM±¾�ÊCÄÅKLF
Y%>I¾HX#½`F?KIhLF?>Ie#TmF?Y%EG¿A¾9MPDAh�O?X`Y�eCMg<?<�FH>SO?YI]

B.E`EGMPONMgKIDc> ÂA¾9KIeC½`MgÂPY%F6ONY%¾HXAD`MgÐm¿`YU<È¾�KL¿`Â±E�@�Y)EGY%ËIY9ÂgKI½�Y%E�O?K�> ¿GO?KIef>SO?Y8O?X`Y)<NY9ÂgY%¾^O?MPKLD
K Ä`O?X`Y%<NY8½c> FH> eCY�O?Y9FH<9] ¼ X`M±<}½c> ½�Y9F6ef> MgD`ÂPÊ�ÄÅKG¾9¿A<WYU<�KLD�M±EGY9DmO?M�ÄÅÊ�MgD`h0ONX`Y�¾�F?M�O?Mg¾%> ÂG¾�KLeC½cKIÇ



D`Y9DmO?<.K Ä6ONXAY�_1ÂPY9ÃA;=>L¾HX`Y�<NÊ�<WONY%e >IDAE�ÂPYU>qËIYU<�KI¿GO)O?X`Y�¾9KIeC½`MgÂPY%F�ONYU¾HX`D`M±ÐL¿AY%<)F?Y%Ðm¿`MgF?Y%E
ONK¶> ¿`ONKIef> ONY¨ONX`Y�¾9KIDGÙAhL¿`FH>SONMgKID#<WY%ÂPYU¾^O?MPKLD#½AFNKG¾�YU<N<%]

B)D�KSËIY9F?Ë�MPY%ZþK ÄÈO?X`Yf_}ÂgY�Ãc;=>L¾HX`Y�ÄÅFH> eCY%Z8KLFNa#Mg<�½AFNYU<WY%DLO?Y%E�MPD�_}MghI¿AFNY ø ]×Bû_1ÂPY9ÃmÇ
;=>I¾HX`Y¨@A>I<NY%E¶¾%>I¾HX`Y0¾9>IDÀ¾�KLe�@`MgD`Y0¾�KIeC½`MgÂgY9F�> DA>IÂPÊG<NMg<%TI¿A<NY9F�MgD`½`¿GOUT�KIF=FN¿`DmO?MPeCY0½`FNKIÙAÂPÇ
MPD`h'ÄÅKLF)KI½GO?MPef>IÂ¤¾9>I¾HXAY�¾9KIDGÙchI¿`FH>SO?MPKLDÀ<NY9ÂgY%¾^O?MPKLD¤]`_1ÂPY9Ãc;=>I¾HX`Y�MgDA¾�KLFN½�KIFH>SO?Y%<=D`Y9Zþ¾�KLe'Ç
½`MPÂgY9F�O?Y%¾HX`DAMgÐm¿`YU<0ONK�FNYUEG¿A¾9YC<NK ÄÜOtZ�> F?Y'KSËIY9F?X`YU>IE`<¨MPDÓ<NK ÄÜOtZ�> F?Y�ef> Dc> hIYUE�¾%>I¾HX`MgD`hAT�O?K
eC>IDA> hLY�ONX`Y�eCMg<?<tÇu¾9>L<WY�YN�¶¾�MgY9DmONÂgÊ�Þ�My] YI]gT�@mÊ#ÂgY9ËIY%F?>IhIMgD`h¶¾�KLeC½`MPÂgY9F.amDAKSZ�ÂPYUEGhIY�Z=Y�¾9>ID
EGY%<NMPhLD�> ½`½AÂPM±¾9> ONMgKID�<N½cYU¾�MPÙc¾VF?Y9½`Â±>I¾9Y9eCY9DmOÍ½�KIÂgM±¾�MgY%<Hß^T8>IDAE O?KÉY9ÂgMPeCMgDA>SO?YÁ¾%>I¾HX`Y&OH> hIÇ
¾HX`Y%¾HaG<%]O�.>IF?EGZ�> F?YV<N¿`½`½�KIFNOÀ¾9>ID÷@�YÁ>LE`EGYUE MPDöÄÅKLFNe K Ä�D`Y%Z!<W½�Y%¾9¿`Âg> ONMgËIYVeCY%e'KLFNÊ
MPDA<WONF?¿A¾�ONMgKIDA<%T×EGMPF?Y%¾�O�>L¾9¾9Y%<?<)O?K¶ONXAYC¾%>I¾HX`Y'E`>SOH>SÇu> F?F?>qÊLTA<N¿`½`½�KIFNO¨ÄÅKLF0>L¾9¾�YU<N<.ONK�EGMPÛ�Y%FWÇ
Y9DmOfOtÊ�½cY&KIÄ0eCY9eCKLFNÊÉ½c> FNONMPONMgKIDA<%T�> DcEùMgD÷ÄÅKIF?e K Ä�EGYUEGMg¾%>SO?Y%EP�)KIOÀü�> hLYÀF?Y9hLMg<WONY%F?<%]
B.E`EGMPONMgKIDc> ÂgÂPÊLTÈ_}ÂgY�Ãc;=>L¾HX`YÀ½AFNKL½cKm<WYU<�O?KÁMgDA¾�KLFN½�KIFH>SO?YÍXA>IF?E`Z=>IFNY#¾9>I¾HXAY�Çu¾�KIDmO?FNKLÂyT}MPD÷>
XmÊ�@`F?M±E#¾%>I¾HX`Y�<NKIÂg¿GONMgKID�T`½`F?KSËmM±EGMgD`h�ONX`Y�>I@`MgÂPMPOtÊfONKfXc> DAEGÂgY�<NKIeCY�eCY9eCKIF?ÊÍ>I¾%¾�YU<N<NY%<�MgD
¾�KID�ËLY9DmONMgKIDA>IÂÎZ=>qÊVÞ�My] YI]gTA<?> eCY�eC>ID`D`Y%F)>I<�MgD�>'XA>IF?E`Z=>IFNY�¾9>L¾HX`YUß�]

Q¨¿`F�½`F?Y9ÂgMge'MgDA>IFNÊ0FNYU<W¿AÂ�OH<�EGY%e'KLDA<WONFH>SONYÈONXA> O1¾�KLeC½`MPÂgYÈO?MPeCY�> DA>IÂPÊG<NMg<�¾9> D�Y9ÂgMPeCMgDA>SO?Y
>&Âg>IFNhLYC½cKLFWO?MPKLD�Þ�ÒIÔ�Õ!MgDÉ>qËIY%F?>IhIY�ÄÅKIF�ONX`YÍ>I½`½`ÂgMg¾%>SO?MPKLDA<�<WON¿AE`MPYUEAß�K Ä�O?X`YÀ¾%>I¾HX`Y9ÇyOH> h
ÂPK�KIa�¿`½c<9]�ØÈËIY%DVZ�MPONX`KL¿GO0>IDmÊ�XA>IF?E`Z=>IFNY�<N¿`½`½�KIFNO%TÎ_1ÂPY9ÃA;=>L¾HX`Y�¾%> D&KI¿`ON½�Y9FNÄÅKIF?e ÙAÃ�YUE
XA> FHEGZ�> F?Y�¾9>L¾HX`Y%<�@�ÊVMgeC½`F?KSËmMgD`h�¾9>L¾HX`MPDAhÀY9Û�YU¾^ONMgËIY%D`Y%<?<%T×Y9ÂgMPeCMgDA>SO?MPD`h&ef>I½`½`MgD`h&¾�KID`Ç
ÆAMg¾�O?<%T×> DAE&Y%ÂPMgeCMPDc>SONMgD`hÍONX`YC¾9>L¾HX`Y�½�KIÂgÂP¿GO?MPKLD�¾9>I¿A<NY%E&@�Ê�FNY%hIM±<tO?Y9F0<W½`MgÂgÂg<%]�î=YU¾9> ¿c<WY�>IÂPÂ
ONX`Y�eC>IMPDV_1ÂgY�Ãc;=>I¾HXAY�ÄÅY%>SO?¿`F?Y%<)>IFNY�<NK ÄÜOtZ�> F?Y�@A>I<NY%E¤Tc>f_1ÂPY9Ãc;=>I¾HX`Y�<NKIÂg¿GO?MPKLD#M±<.>I½`½`ÂgM�Ç
¾9>SO?MPKLDV<W½�Y%¾9M�Ù�¾�> DAE&¾%> D&@�Y�Y%>L<WMgÂgÊÀF?Y�OH> F?hIY�O?Y%EÍONKfÄÅKG¾9¿A<.KLD&EGM�ÛÎY9F?Y9DmO�EGY%<NMPhLD&>I<N½cYU¾^O?<
<W¿A¾HX�>L<¤ÂgKSZÁ½�KSZ=Y9F�¾9KIDA<N¿`eC½GONMgKID�T%X`MghIX�½�Y9FNÄÅKIF?ef> DA¾9YIT�KLF�X`MghIX�½AFNYUEGMg¾�O?>I@`MPÂgMPOtÊ¨KIÄ�eCY%e�Ç
KIF?ÊV>I¾9¾9Y%<?<WYU<9]Î_1ÂPY9Ãc;=>I¾HX`YC¾9>ID�>IÂg<NKÍ@�Y'ONX`YfF?MPhLXmO�<NKIÂg¿GONMgKID�ONK&>IEAE�E`> O?>�¾9>L¾HX`MPDAhÍÄÅKLF
_1ü=ï�BÚ@c>I<NY%E�<NÊG<tO?Y9ef<¨M�Ä�MPO�Mg<0MgDA¾�KLFN½�KIFH>SO?Y%E�MgDÁ>#<WMgÂgMg¾9KID�¾9KIeC½`MgÂg> ONMgKIDÁ<NÊG<tO?Y9e!<N¿A¾HX
>I<�EGYU<N¾9FNMg@cYUEÍMgD ëPø�í ]

¼ X`Y�FNY%eC>IMPDcEGY9F6K Ä�ONXAMg<�½c> ½�Y9F�M±<6KIF?hL> DAMPQ%Y%E�>L<}ÄÅKIÂgÂPKSZ)<%]Id�Y%¾�ONMgKID � > DAER��EGY%<?¾�F?Mg@cYU<
ONX`YÓ¾�KLe'½�KIDAY9DmO?<ÍK Ä�ONXAY�_1ÂgY�Ãc;=>I¾HX`YÁ<WÊG<WONY9e�]�d�Y%¾�ONMgKID ì ½`F?Y%<NY9DmO?<À<W¿`hLhIYU<tO?MPKLDA<fÄÅKLF
XA> FHEGZ�> F?Y6<N¿`½`½�KIFNO%]qd�Y%¾�ONMgKID ú hIMgËIY%<¤KI¿`F¤½AFNY%ÂPMgeCMPDA>IFNÊ0Y�ÃG½�Y9F?MPeCY%DLOH> Â F?Y%<N¿`ÂPO?<%]Ud�YU¾^O?MPKLD ð
¾�KIDc¾�Âg¿AEGY%<=O?X`Y�½A>I½cY%F%]

S T�U4VXWZY8[�èL\]V_^öç.â8ã`é4`aVcbed]fLã�Vg`

¼ X`Mg<È½A> ½�Y9F�>L<N<N¿`eCY%<�>IDf> FH¾HX`M�O?Y%¾�ON¿`F?Y�Z�M�O?XC>�ÂgKG¾9>IÂcdGñ)B¨J e'Y%eCKIF?Ê�> DAEC>ID'Y9Ã�ONY9F?DA>IÂ
Âg>IFNhLY�ó¨ñ.B.JÑ]�B.EAEGFNYU<N<ÍONFH> Dc<WÂ±>SO?MPKLDöMg<ÍONX`YÁef> ½`½`MgD`hùK Ä�½`F?KIhLF?>Ie >LE`EGF?Y%<?<WYU<fMPDmO?K
dGñ)B.J�>IE`EGF?Y%<?<NY%<%] ¼ X`M±<�ef> ½A½`MPDAhÁ¾9>IDÑ@cYÀMPeC½`ÂgY9eCY%DLO?Y%EÌ@mÊ�¿A<NMPDAh�>&OH> @`ÂgY¶ÂgKmKLa�¿`½
<WMgeCMPÂ±> F�O?K�O?X`Y�½A>IhIY0O?>I@`ÂPY�ÂgK�KIa�¿`½#¿A<WYUEÍMgD�Ë�MPFNON¿A>IÂ×eCY9eCKIF?ÊÍ<NÊ�<WONY%ef<9] ¼ X`Y�ef> ½A½`MPDAh
Mg<8EGKID`Y0>SO8>ihjBDK.E�hIFH> D�¿`Â±> F?M�OtÊL] B�ÂgMPDAY.M±<�>�¾9KIDmONMghI¿`KL¿A<È>LE`EGF?Y%<?<ÈFH> D`hLY�MPDf@�K O?XÀdGñ)B¨J
> DAE�½`F?KIhLF?>IeÖeCY%e'KLFNÊL]�Ø�>L¾HXVO?F?>IDA<WÂ±>SO?MPKLD�OH> @`ÂgYfY9DmO?FNÊ�¾9KIDmO?>IMPDc<�@cKIONXÑ>#O?>Ih�>IDAE�>
ONFH> DA<NÂg> ONMgKIDÍONK¶>'½`X�ÊG<WM±¾9>IÂ�dGñ)B.J+>LE`EGF?Y%<?<9]

¼ X`Y�O?F?>IDA<NÂg> ONMgKIDVKSËLY9F?X`Y%>LE�M�Ä�EGKID`Y'MgDÁ<NK ÄÜOtZ�> F?Y�ËS> F?MPYU<)ÄÅKLF�EGM�ÛÎY9F?Y9DmO0O?>I@`ÂPY'KIF?hL> Ç
D`MPQU>SO?MPKLDA<9T}@`¿GOCFNYUÐm¿`MPF?Y%<�>SO�eCMgD`Mge�¿`e�T�Þ ø ß�¾9>IÂg¾9¿`Â±>SONMgD`h&O?X`YÍÂgMgD`YÍD�¿`e�@cY%F�ÄÅF?KIe,ONXAY
½`FNKLhIFH> eû>IE`E`FNYU<N<%T�Þ � ß8¾9>IÂg¾9¿`Âg> ONMgD`hC> DÍ>LE`EGF?Y%<?<�MgDmONK�ONX`Y0ONFH> Dc<WÂ±>SO?MPKLDfO?>I@`ÂPYLT�@A>I<NY%EfKLD
ONX`Y¶ÂgMgD`Y¶D�¿`e�@�Y9FUT�Þ1�Lß�ÂgKL>LEGMPDAhÀO?X`YfOH> hAT8Þ ì ß�¾�KIeC½A>IFNMgD`h#ONXAY¶ÂPMgD`YfD�¿`e�@cY%F�Z�MPONXÓONXAY
O?> hcTAÞ ú ß6¾9>IÂg¾9¿`Âg> ONMgD`h�ONXAY)K Û×<WY9OÈZ�M�O?X`MgDCONX`Y)ÂgMgD`YITAÞ ð ß6ÂgKL>LEGMgD`h0ONX`Y�O?F?>IDA<NÂg> ONMgKID¤T`Þ ý ß�¾%> ÂPÇ
¾�¿`Â±>SO?MPD`h¶ONX`Y�>L¾^O?¿A> Â¤½AXmÊG<NMg¾%> Â}d`ñ)B.J >LE`EGF?Y%<?<�ÄÅFNKLe O?X`Y�O?F?>IDA<WÂ±>SO?MPKLD#>IDAE�K Û×<NY�O%T1Þ ÿ ß



>I¾^O?¿A> ÂgÂgÊ�ÂgKL>LEGMPDAh�ONX`Y0E`>SOH>�ÄÅF?KIeÏdGñ)B.JÉ]mB¨<N<NKG¾�M±>SONMgËIY¨¾9>I¾HXAMPD`h�<?¾HX`Y%e'YU<Èef>qÊ'FNYUÐL¿AMPF?Y
e�¿`ÂPONMg½`ÂgY�OH> @`ÂgY�ÂgK�KIa�¿`½A<�>IDAE�O?>Ih#¾9KIeC½A>IFNYU<�Þ�<WONY%½A< � Ç ì ß�].�¨> FHEGZ=>IFNY�¾9>I¾HXAY�ef> Dc> hIY9Ç
e'Y%DmO�<?¾HX`Y%e'YU<=½`FNKSË�M±EGY¨<N½�Y%¾�M±> ÂÎXA>IF?E`Z=>IFNY.ONK'½cY%FWÄÅKLFNe >IÂPÂÎK Ä}ONX`Y�Z=KIF?a'ÄÅKIF�<tO?Y9½A< ø Ç ý T
¿A<W¿c> ÂgÂPÊVMgDÑ>�<WMgD`hIÂgYf¾�ÊG¾�ÂgYI]�dGY%¾^O?MPKLDk��EGYU<N¾9FNMg@�Y%<�KI¿AF�¾�KIeC½`MgÂgY9F�KI½`ONMge'MgQ%> ONMgKIDA<0O?K�FNY9Ç
EG¿A¾�YCO?X`YÍ<NK ÄÜOtZ�> F?Y�KSËLY9F?X`Y%>LE×] ¼ X`Yi�)KIO�ü�> hLY%<0KI½GO?MPeCMgQ%> ONMgKIDÓY9ÂgMPeCMgDA>SO?Y%<�<WONY%½A< � Tl�
> DAE ð ]¤[WdGBÏY9ÃmO?Y9DA<NMgKIDA<�MgeC½`ÂgY9eCY9DmONMgD`h&O?X`Y¶F?Y9ef> MgD`MgD`h&KI½�Y9FH>SO?MPKLDA<�¾�KL¿`Â±EÓY9ÂgMPeCMgDA>SO?Y
> ÂgÂ`ONXAY)FNY%ef> MgD`MPDAh�KSËIY9F?X`YU>IE×TqZ�X`MgÂPY.aIY9Y%½`MgD`h¶ÞÅM ] YL]PTmD`KIO8> ÂPONY%FNMgD`hmß}O?X`Y�ÆAY9ÃGMP@`MgÂgM�OtÊ'K ÄÎONXAY
¾�KIeC½`MgÂgY9F�@A>L<WYUEÀ<NKIÂg¿GONMgKID�]

m X`Y9DùONX`Y&_1ÂgY�Ãc;=>I¾HX`Y�<NÊ�<WONY%eòEGY9ONY%¾�O?<f>�¾9>L¾HX`YÀeCM±<N<�ÞÅONX`YV<NK ÄÜOtZ�> F?Y¶OH> h Çu¾HX`YU¾Ha
Ä�> MgÂg<Hß¶MPO�MPD�ËIKLaIYU<Í>ÉeCM±<N<#XA>IDAEGÂgY9FU] ¼ > @AÂPYÁY9DmONF?MPYU<¶O?XA>SOV¾9KIF?FNYU<W½�KIDAE÷O?Kn�.K O&ü�> hIYU<
Þ�¾9>L¾HX`Y�Ç�ÂgMPD`YU<.M±EGY%DLO?M�ÙcY%E�>I<0X`K O�EG¿`F?MgD`h#¾9KIeC½`MgÂPY9ÇyO?MPeCYqß¨>IFNY�D`KID`Ç F?Y9½`Â±>I¾9Y%>I@`ÂPY'> DAEÁ> F?Y
MPhLD`KIF?Y%EÁEG¿`F?MPD`h�F?Y9½`Â±>I¾9Y9eCY9DmOU]�[uD�O?X`YfEGMPF?Y%¾�O�eC>I½`½�Y%EÓ¾9>L¾HX`Y�O?X`Y9F?YCMg<�KLD`ÂgÊVKID`YCÂgMPDAY
ONXA> O¨¾9>ID&@cY�F?Y9½AÂg>L¾�Y%E¤]`[�ÄÈZ8Y�ef>I½&X`K O.½c> hIYU<�ONXAFNKL¿`hIX#ONXAMg<.O?>I@`ÂPY�Z8Y�XA>qËLY�D`K¶KIONX`Y%F
KI½GO?MPKLD#@A¿GO)ONKfF?Y9½AÂg>L¾�Y�ONXAY9eÖMPDV¾%>I<NY0KIÄ6>f¾9KIDGÆcMg¾�O¨<WMPON¿c>SONMgKID�]L�)KSZ=Y9ËLY9FUTGZ8Y�¾%> D�FNY%ÂPÊ
KIDÍ½�KIMgDmONY%F=>IDA> ÂgÊG<WM±<�O?K�hL¿A> FH> DmONY%Y�ONXc>SO�D`KIDÀX`K O�½A> hLY.>I¾%¾�YU<N<NY%<8Z�MPÂgÂÎD`K O�>I¾%¾�Y%<?<8ÂPMgD`Y%<
ONXA> O�¾9¿`F?FNY%DLO?ÂPÊfef>I½ÍO?K�X`KIO�½A> hLY%<�> DAE¶ONX`Y%FNY9ÄÅKIF?Y¨Z=Y�¾9>IDÍeCKSËIY¨ONX`Y�ef> ½A½`MPDAh�KIÄ}X`KIO
½A> hLY%<ÈKL¿GO?<NM±EGY)O?X`Y¨ef>IMPD¶ef>I½`½`MgD`h�OH> @`ÂgYI] ¼ X`M±<�MgeC½`F?KSËIY%<ÈONX`Y¨X`MPOWÇu¾9>I<NY¨>L<8¾%>I¾HX`Y.ÂPMgD`Y%<
½`FNYUEGM±¾^ONYUEÀ<WO?> ONM±¾9>IÂPÂgÊCONKC@�Y�X`K O)¾9>IDÍKLD`ÂPÊÍ@cY�F?Y9½`Â±>I¾9Y%EÀZ�M�O?XÀKIONX`Y%F�Þy<tOH>SO?Mg¾Uß=X`K O�ÂgMPD`YU<9]

B.<ÎO?X`Y�hm> ½�@cY9OtZ8Y%Y9D�½`F?KG¾�Y%<?<NMPD`h)<N½�Y9Y%EA<¤> DAE�Y9Ã�ONY9F?DA>IÂIó¨ñ.B.JÏÂ±>SO?Y9DA¾9MPYU<×Mg<�F?>I½`M±EGÂPÊ
Z�MgEGY%D`MgD`hATÎZ�MPONXÁó0ñ)B¨JòÂ±>SO?Y9DA¾9MPYU<.F?Y%>L¾HX`MPDAhfONX`KL¿A<?> DAE`<¨K Ä8½`FNKG¾9Y%<?<WMgD`hÍ¾9Ê�¾9ÂPYU<9T�ef> DGÇ
> hIMgD`hC¾9>L¾HX`Y�e'M±<?<WYU<�MPD&<NK ÄÜOtZ�> F?Y¨@�Y%¾9KIeCY%<�>�ÄÅY%>L<WMg@`ÂgY�> ½`½AFNKm>I¾HX¤]

o T�U4VXWZY8[�èL\]VpYÁåe`pq0é4U4V¤ä

¼ FH>IEGMPONMgKIDc> ÂgÂPÊLT�ONX`Y�¾9KIeC½`MgÂPY%F�hIY%D`Y9FH>SO?Y%<�¾�KGEGY�>L<N<N¿`eCMgD`hfMPD`ÙAD`MPONY�eCY9eCKLFNÊL] ¼ X`Y�¾�KLe'Ç
½`MPÂgY9F}¾�KIeC½�KID`Y%DmO�K ÄmONX`Y8_}ÂgY�Ãc;=>L¾HX`YÈ<WÊG<WONY%eôF?Y9eCKSËIYU<�ONX`M±<¤>I<?<N¿`eC½GONMgKID�@�Ê¨MgeC½`ÂgY9eCY9DmOWÇ
MPD`hÁ¾9>I¾HXAMPD`h&MgDÉ<NK ÄÜOtZ�> F?YI]�_1MghI¿`F?Y � <NX`KSZ)<�ONXAYfÆAKSZûK Ä�ONXAYÍ> ¿`hLeCY9DmONYUEÑ_}ÂgY�Ãc;=>L¾HX`Y
¾�KIeC½`MgÂgY9F�Z�X`M±¾HX�MPDA¾9ÂP¿cEGY%<=O?X`Y�D`Y9Z\½`XA>L<WYU<�FNYUÐm¿`MPF?Y%E¶ÄÅKIF)¾%>I¾HX`MgD`hA]

¼ X`Mg<6<NY%¾�ONMgKID�<NX`KLFWO?ÂPÊ�EGYU<N¾9FNMg@�Y%<}ONX`Y�¾9KIeC½`MgÂPY%F6¾9KIeC½�KID`Y%DLOH<1K ÄAO?X`Y�_1ÂPY9ÃA;=>L¾HX`Y�<WÊG<WÇ
ONY9e�]m_}MgFH<tOUTIMPO8EGY%<?¾�F?Mg@cYU<�½cKLMPDmO?Y9F�>IDA> ÂgÊG<WM±<9T >ID¶> DA>IÂPÊG<NMg<1O?Y%¾HX`DAMgÐm¿`Y)¿c<WYUE�O?K�EGY9ONY9F?eCMPDAY
ONX`Y'ÂPKG¾%>SONMgKIDÁ<WY9O¨ÂgMg<WO0KIÄÈY%>L¾HXVeCY9eCKIF?ÊÀF?Y�ÄÅY%FNY%DA¾�YL].r.Y�Ã�O%TÎMPO�E`Y%<?¾�F?MP@�Y%<)ONX`YR�)KIO�ü�>IhIY
> DA>IÂPÊG<NMg<�½AXA>I<NY�Z�X`M±¾HX¶EGMPË�M±EGY%<�eCY9eCKIF?Ê�F?Y�ÄÅY%FNY%DA¾�YU<�MgDLO?K�hIF?KI¿`½c<È¾9>IÂPÂgY%EtsLu�A.@L=NM&EvF
ENA1FH]
B)ÂgÂ�F?Y�ÄÅY9F?Y9Dc¾�Y%<�MgDA<NMgE`Y�>CX`K O)½c> hIY�<NY�O)Z�MgÂgÂ�¿A<NY�ONX`Y�<N>Ie'Y�F?Y9hLMg<WONY%F)> ÂgÂPKG¾%>SONYUE¶O?F?>IDA<NÂg> Ç
ONMgKID¤TA¾%> ÂgÂPYUEÀ>isLu�Aw@�=+M?E9TA> D#Mge'½�KIFNO?>IDmO�KSËLY9F?X`Y%>LEfF?Y%EG¿A¾�ONMgKID#KI½GO?MPeCMgQ%> ONMgKID¤]A_1MghI¿`F?Yx�
MPDmONF?KGEG¿A¾9Y%<È>ID'Y9Ã`> eC½`ÂgY�Z�X`Mg¾HXCMgÂPÂg¿A<WONFH>SO?Y%<6O?X`Y)<tO?Y9½A<ÈONX`Y)¾9KIeC½`MgÂPY%FÈ½�Y9FNÄÅKIF?eC<�ÄÅKIFÈ<NK ÄÜOWÇ
Z=>IFNY0ef> DA>IhIY%E#¾9>L¾HX`MgD`hA]
y�z.{}| ¸+~m¹Í´ | ºL���¤· { ·

ü6KIMgDLO?Y9F�> DA>IÂPÊG<NMg<=M±<)>C¾�KLe'½AMPÂgY9F)>IDA> ÂgÊG<WM±<=Z�X`Mg¾HXÀÙADAEA<)>C¾�KIDc<WY%FNËS>SO?MPËLY.YU<tO?MPef>SO?MPKLD
ÄÅKIF=ONX`Y�<NY�O�K Ä6E`>SOH>'KI@GêtYU¾^O?<8O?XA>SO)>�e'Y%eCKIF?ÊfFNY9ÄÅY9F?Y9DA¾9Y0¾%> D#FNY9ÄÅY9F=ONKc] ¼ X`Y�> DA>IÂPÊG<NMg<8Mg<
¾�KIDc<WY%FNËS>SO?MPËLY�MgD�O?XA>SOÈ<NKIeCY=KI@GêtYU¾^O?<1MgD�O?X`Y�<WY9O1ef>qÊ�D`KIO�@cY�F?Y�ÄÅY9F?Y9Dc¾�Y%E¤]�Q¨DAY=<WO?>IDAE`> FHE
> ½`½`ÂgM±¾9>SO?MPKLD¶K Ä¤½�KIMgDmONY%F=>IDA> ÂgÊG<WM±<ÈM±<8ONK�E`Y�ONY%FNeCMgD`Y�EGY9½�Y9DAE`Y9DA¾9Y.@�Y�OtZ=Y9Y9DÀeCY9eCKIF?Ê�F?Y�ÄÜÇ
Y9F?Y9DA¾9Y%<%]I[uD¶KL¿`F8_1ÂgY�Ãc;=>I¾HX`Y)<NÊG<tO?Y9e�TLONX`Y0> DA>IÂPÊG<NMg<�M±<8¿A<WYUECONK�hI¿`M±EGY)O?X`Y.½AÂg>L¾�Y9eCY%DLO8K Ä
E`>SOH>0>IDAE�ÄÅKIF6ONXAY�X`K O�½A>IhIY�KI½GO?MPeCMgQ%> ONMgKID¤] ¼ X`Y%FNY�>IFNY�ef> D�Ê�ËS> F?Mg>IDmO?<6K Ä�½cKLMPDmO?Y9FÈ> Dc> ÂPÇ
Ê�<NM±<.> ÂghIKLFNMPONXAeC<%TGO?XA>SO.ef>IMPD`ÂgÊ�EGM�ÛÎY9F0MgD�ONX`Y�½`FNYU¾�M±<WMgKID&> O.Z�X`M±¾HXVeCY9eCKIF?ÊÍF?Y�ÄÅY%FNY%DA¾�YU<
> F?YÍEGM±<N>Ie�@`MghI¿A> ONYUE×] ¼ X`Y#_1ÂPY9ÃA;=>L¾HX`YÍ<NÊG<tO?Y9e+Mg<�@A>L<WYUEÓKIDÌ>�e'Km<tO'½`F?Y%¾�M±<NYfOtÊ�½cYÀK Ä



Traditional Compiler Optimizations
�

Pointer Analysis

Hot Page Analysis

Virtualization
�

Code Generation

Hot Pages Optimizations

Binary

(C, Fortran)

Caching related
techniques

Cache
Parameters

Specialization &
Inlining of Hot Page
checks
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½cKLMPDmONY%F�> DA>IÂPÊG<NMg<ÈONXA> O�M±<=@cKIONXÍÆAKSZ�Ç�<NY9Dc<WMPONMgËIY'ÞÅM ] YL]PTmO?>IaIYU<8¾9KIDmONF?KIÂPÇyÆcKSZ÷MgDmONKC>I¾%¾�KI¿ADLO^ß
> DAE#¾�KLDLO?Y�Ã�OWÇu<NY9DA<NM�O?MPËLYfÞÅM ] YL]PT`ÂgKG¾9> ONMgKID�<WY9O?<�ef>qÊÍEGMPÛ�Y%F)@A>L<WYUEÍKLD#¾%> ÂgÂPMgD`hf¾�KLDLO?Y�Ã�OHß�]

�)KSZ=Y9ËIY%F%T�O?X`YÍ_1ÂPY9Ãc;=>I¾HX`Yf> ½A½`FNKm>I¾HX�EGK&D`K O�FNYUÐL¿AMPF?Y'ONX`M±<�OtÊ�½cYÍK Ä�½`FNYU¾�M±<WMgKID�ÄÅKLF
¾�KIF?F?Y%¾^O?D`Y%<?<6K Ä×Y9Ã�YU¾�¿GO?MPKLD¤T ÂgY%<?<�½`F?Y%¾9Mg<NY�@`¿GO8Ä�>I<WONY9F�½cKLMPDmONY%F�> Dc> ÂgÊ�<NM±<6ONYU¾HX`D`M±ÐL¿AY%<È¾9KI¿`Â±E
XA>qËIY�@�Y9Y9Df¿c<WYUE×TI½�Y9F?XA> ½c<6Z�M�O?X¶<WKLe'Y%Z�XA>SOÈÂgY%<?<È<WO?> ONM±¾�½`FNYUEGM±¾^ONMgKIDf>L¾9¾�¿AF?>L¾�Ê�ÄÅKLF�¾9>L¾HX`Y
>I¾9¾9Y%<?<WYU<9]Gó¨Y�OH> MgÂg<)>I@cKL¿GO�ONX`Y�½�KIMgDmONY%F)> DA>IÂPÊG<NMg<�¿A<NY%E#¾9>ID�@cY�ÄÅKL¿`DAEÀMPD ë�øLø T ø � í ]
��z ¸ y º��.~�´ | ºL���¤· { ·

¼ X`Ye�.K O�ü�> hIY8> DA>IÂPÊG<NMg<}½A>I<?<}ÂPY%ËIY9FH> hLY%<ÎO?X`Y�MPD`ÄÅKIF?eC> ONMgKID�½AFNKSË�M±EGY%E�@�Ê0ONXAY8½�KIMgDmONY9F
> DA>IÂPÊG<NMg<6½A>L<N<1O?K�EGY�O?Y9F?eCMPD`Y�O?X`Y)ÂgKG¾9>SO?MPKLD'<NY�O8K Ä×> ÂgÂ`eCY9eCKIF?Ê�>I¾%¾�YU<N<NY%<%] ¼ X`Y�KI@`êtY%¾^O?MPËLY
K ÄGONXAY8> Dc> ÂgÊ�<NM±<¤M±<¤O?K.M±EGY9DmONMPÄÅÊ�M�Ä�>�½`F?KIhIFH> e eCY9eCKIF?Ê�FNY9ÄÅY9F?Y9DA¾9Y�¾9>ID�FNY%¿A<WY=>�½`F?Y9Ë�MgKI¿A<NÂPÊ
ONFH> DA<NÂg> ONYUEÍË�MgFWO?¿A> Â×½A>IhIY�EGYU<N¾9FNMg½GONMgKID�]

Q¨¿`FfONYU¾HX`D`M±Ðm¿`Y�ÂgY9ËLY9FH> hIYU<f<tOH>SO?Mg¾&MgDGÄÅKLFNef>SO?MPKLD�> @�KI¿GOÍONX`YÁÂPKG¾9>IÂPMPOtÊ÷K Ä�>I¾%¾�YU<N<NY%<%T
ONK¶MgeC½`ÂPY%eCY9DmO�>fÄ�>I<WO¨>IE`E`FNYU<N<)ONFH> DA<NÂg> ONMgKID¤] ¼ X`Y�¾9KIeC½`MgÂPY%F.hIF?KI¿A½A<�eCY9eCKIF?Ê�>I¾9¾9Y%<?<WYU<
MPDmONK�hIF?KI¿`½A<�¾9> ÂgÂgY%E�s�u�A�@�=+M?E;FNENA}F^]��)K O�½A> hLYÍ<WY9O?<�> F?Y¶EGY�O?Y9F?e'MgD`YUEÑ@A>I<NY%EÓKLDÓONX`Y%MPF
ÂPKG¾9> ONMgKID�<WY9O?<�Þ�MPD`ÄÅKIF?eC> ONMgKID�hIMgËIY%DÀ@�ÊÀ½cKLMPDmONY%F)> DA>IÂPÊG<NMg<Hß8MPD&eCY%e'KLFNÊL]`Ø�>L¾HXÀX`KIO)½A> hLY
<WY9O0¾�KLDmO?> MgDA<.FNY9ÄÅY9F?Y9DA¾9Y%<�O?XA>SO�¾9>IDVÂPMgaIY%ÂPÊ#F?Y9¿A<NY�ONXAY'>LE`EGF?Y%<?<�ONFH> Dc<WÂ±>SO?MPKLD�<?>qËIYUE#ÄÅKIF0>
<W½�Y%¾9M�Ùc¾�eCY%e'KLFNÊÍÂPMgD`Y�¾9>IÂPÂgY%E�>is�u�Al@L=NM&E�]

¼ X`Y�¾9KIeC½`MgÂPY%F0>IÂPhLKIF?M�O?X`e XA>I<.OtZ8KÀ½`XA>L<WYU<9]Î_1MPFH<tOUTÎM�O0ÙADAE`<�E`> O?>ÍKI@GêtYU¾^O?<0<N¿A¾HXÁ>L<
> F?F?>qÊG<1> DAEC<WONF?¿A¾^O?¿`FNYU<�> DAE'ef> ½c<1ONX`YU<WY�KL@GêtY%¾�O?<1ONK�XAK OÈ½A>IhIY�<WY9O?<%] ¼ X`Y9D�T M�O�ONFH>qËIY9FH<NY%<
ONX`Y)¾9KIDmONF?KIÂPÇyÆcKSZÑhIFH> ½`X�K Ä�ONX`Y�½`F?KIhLF?>Ie > DAE�ef> ½A<6eCY9eCKLFNÊ�>L¾9¾9Y%<?<WYU<�O?K�Y�ÃGMg<WONMgD`h�X`KIO
½A> hLY�<NY�O?<¨@A>L<WYUE&KID&O?X`Y9MgF0ÂPKG¾9> ONMgKID�<NY�OH<9]Î_`KLF¨Y9Ã`> eC½`ÂgYIT�M�ÄÈO?X`Y�¾9KIeC½`MgÂPY%F0E`Y�ONY%FNeCMgD`Y%<



int A[10000];
�
int B[10000];

void main(){
int *pB;
int j,temp;
pB=&B[0];
for(j=0; j<10000; j++){
	temp=*pB++;
	A[j]=temp;
}
}

int A[10000];
�
int B[10000];

void main(){
int *pB;
int j,temp;
pB=&B[0];
for(j=0; j<10000; j++){
	temp=*pB++;
	A[j]=temp;
}
}

pointer analysis hot page analysisoriginal code virtualization

int A[10000];
�
int B[10000];

void main(){
int *pB;
int j,temp;
pB=&B[0];
for(j=0; j<10000; j++){
	temp=CheckLoad(pB++, hp1);
	CheckStore(&A[j], hp2)=temp;
}
}

int A[10000]; //hp2
�
int B[10000]; //hp1

void main(){
int *pB;
int j,temp;
pB=&B[0];
for(j=0; j<10000; j++){
	temp=*pB++; //hp1
	A[j]=temp; //hp2
}
}
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ÄÅFNKLe ONX`Y�ÂgKG¾9> ONMgKID�<NY�O�MgDGÄÅKIF?ef>SO?MPKLD�O?XA>SO�>¨ÂPKm>IE�Mg<�>L¾9¾9Y%<?<WMgD`h�>¨ÂgKG¾9> ONMgKID�ÄÅF?KIe >¨eCY%e�Ç
KIF?ÊÍ> F?Y%>'> ÂgÂPKG¾%>SONYUE¶O?Kf> D�> F?F?>qÊLTLO?X`Y9D�MPO.¾9>ID�Þ�ÂPMgaIY%ÂPÊ`ß=F?Y9¿A<NY0ONX`Y�>LE`EGF?Y%<?<�O?F?>IDA<NÂg> ONMgKID
<N>qËLY%E'ÄÅKIF8ONXAY¨X`KIO8½A>IhIY0<WY9O=>I<?<NMPhLD`Y%E'O?K�O?XA>SO�> F?F?>qÊL]?r)KIONY.ONXA> O�<NY9ËLY9FH> Â`ÂgKG¾9>SO?MPKLDÍ<NY�O?<
¾9> D#@�Y´s�u�A}>SO�ONXAY�<N>Ie'Y0O?MPeCYI]

Ø�>I¾HX��.K O0ü�>IhIY�XA>L<�OtZ=KÍ½`MgY%¾9Y%<.K ÄÈMgDGÄÅKIF?ef>SONMgKIDV>L<N<NMghID`YUE#ONK¶MPO+µ×>f½`F?KIhLF?>Ie ÂgMPDAY
Dm¿Ae�@�Y9FfÞÜO?X`Y'O?> h�ß.>IDAE�>À½`X�ÊG<WM±¾9>IÂ�ÄÅFH> eCYLT�@�K O?XÁ<?>qËIYUE&MPDmO?KÀF?Y9hLMg<WONY%F?<%]�B
<N¿A¾9¾9Y%<?<tÄÅ¿`Â
ONFH> DA<NÂg> ONMgKID#EGKID`Y0O?X`FNKL¿`hIX�>G�)K O.ü�>IhIY¨FNY%hIM±<tO?Y9F�Z�MPÂgÂ�>LE`EÍKLD`ÂgÊ ì ¾9ÊG¾�ÂgY%<�K Ä1KSËIY%FNX`YU>IE
MPD#>�ÄÅ¿`ÂgÂ×<WKIÄÜOtZ=>IFNY)MgeC½`ÂgY9eCY9DmO?> ONMgKIDlµmKIDAY¨¾�ÊG¾9ÂPY¨ONK�Y�Ã�ONFH>I¾�O�ONXAY¨ÂgMPDAY.D�¿`e�@�Y9F8ÄÅF?KIeûONXAY
>IE`EGF?Y%<?<%TIKIDAY¨¾�ÊG¾9ÂPY.ONK�¾9KIeC½A>IFNY�O?K�O?X`Y)OH> h'<tO?KIF?Y%ECMgD¶ONXAY�¶�· ¸&·&¹fF?Y9hLMg<WONY%F%T KLD`Y¨¾9ÊG¾�ÂgY
ONKCY�Ã�ONFH>I¾�O8O?X`Y�ÂPMgD`Y�K Û×<NY�O�ÄÅFNKLeûONX`Y�½`F?KIhLF?>IeÏ>IE`EGF?Y%<?<%Tm>IDAEÀ>�ÙADA>IÂ¤¾�ÊG¾�ÂgY¨ONKf>IE`EÍONXAY
K Û×<WY9O�ONKCONXAY�ONFH> DA<NÂg> ONYUE#dGñ.B.J >IEAEGFNYU<N<=X`Y%ÂgE�MgD#ONX`Yx¶�· ·�¶%º.» ¼&½�¾°¿.À'F?Y9hLMg<WONY%F%] ¼ XAY
D`Y�Ã�O�<NY%¾�ONMgKID�Z�MPÂgÂ8<NX`KSZ >LE`EGMPONMgKIDA>IÂ�ONYU¾HX`D`M±Ðm¿`Y%<�@c>I<NY%E�KIDÑ> FH¾HX`MPONYU¾^ON¿AF?>IÂ�Y�Ã�ONY%DA<WMgKIDc<
ONXA> O)Y9ÂgMPeCMgDA>SO?Y%<=ONXAY ì ¾�ÊG¾�ÂgY%<%]

[�Ä�ONX`YG�)K O�ü�> hLY�O?> h#¾HX`Y%¾HaÀÄ�> MgÂ±<9TcONX`Y%D�>¶½AFNKG¾�YUEG¿`F?Y�¾9>IÂPÂ}Mg<¨ef>IEGY�ONKÍONX`Y'<WÂgKSZ8Y%F
<WKIÄÜOtZ=>IFNY�F?¿`DmONMge'Y�O?> hÀ¾HX`Y%¾HaÀFNKL¿GONMgD`YITAZ�X`Mg¾HX�OH> aLY%<)>I@cKL¿GO � �f¾9ÊG¾�ÂgY%<)MgD&KI¿AF.<WÊG<WONY%e#]
B)ÂPONY9F?DA> ONMgËIY9ÂgÊITÎ>¶X�Ê�@`F?MgE�<WÊG<WONY9e!Z=KI¿AÂgE&F?Y9ÂgÊ�KID&O?X`Y'XA> FHEGZ�> F?Y�¾9>L¾HX`Y�¾HX`YU¾Ha#MgDÁ¾%>I<NY
K Ä6e'M±<?<W½`F?Y%E`Mg¾�ONY%EÁ�)KIO.ü�> hLY¨>I¾%¾�YU<N<%]

B.<�eCY9DmONMgKIDAY%EÀY%> F?ÂgMPY%F%TmONXAY­�)K O)ü�>IhIY�¾HX`Y%¾HafMPO?<NY9ÂPÄ6¾9KI¿`Â±EÀ@cY�<N½cY%Y%EÀ¿`½�@�Ê¶MPeC½`ÂgY�Ç
e'Y%DmONMgD`hCONX`Y�XAK O�½A> hLY�¾HX`Y%¾Ha¶MgDÀONX`Y�MgDA<WONF?¿A¾^O?MPKLD�<NY�O�KIÄ}O?X`Y�½`F?K�¾9Y%<?<WKLF%]

¼ X`Y�¾�KLeC½`MPÂgY9F0EGY�O?Y9F?eCMPD`YU<)Z�X`M±¾HX�>L¾9¾�YU<N<NY%<.<WX`KL¿`Â±E�@cY'¾9>I¾HXAY%E�MgD�ONX`Y�ËmMgFNON¿A>IÂPMgQ%> Ç
ONMgKIDC½`XA>L<WYL] [�ÄÎ>IDf>I¾9¾9Y%<?<1Mg<�Ë�MgFWO?¿A> ÂgMgQ9Y%E�O?X`Y9DCMPO�Mg<�<N¿`@A<WONMPON¿`ONY%ECZ�MPONX¶>0½`F?KG¾�YUEG¿`F?Y�¾%> ÂgÂy]
¼ X`Y¶¾�KLe'½AMPÂgY9F�¾%> DÓEGY%¾9MgEGYfDAK O�ONK�Ë�MgFWO?¿A> ÂgMPQ%Yf> DÑ>I¾%¾�Y%<?<�> DAE�ef> ½�MPO�EGMPF?Y%¾�ONÂgÊVO?K�>ID
¿`D`ef> ½`½�Y%E'½�KIFNONMgKIDCK Ä¤dGñ)B¨JÑ] ¼ X`YU<WY)>L¾9¾9Y%<?<WYU<1>IFNY�ÂgKG¾9> Â`>IDAE'KID`ÂgÊ�¾9KL<WO ø ¾9ÊG¾�ÂgY�Þ#B}ÂDE¥ÂÄÃ
>I<=Ä�>I<WO.>I<�Xc>qËmMgD`hC>CXA> FHEGZ�> F?Y¨¾%>I¾HX`Yqß^] ¼ X`Y�¾9KIeC½`MgÂPY%F�eC>I½A<�<?¾9> Â±> F�F?Y9hLMg<WONY%F)<W½`MgÂgÂg<=O?K
ONX`M±<�> F?Y%>A]¥�}> F?hIY9F6<WO?>I¾Ha�ef>I½`½cYUE�KL@GêtY%¾�O?<6> F?Y�Xc> DAEGÂgY%E�ONXAFNKL¿`hIX�ONX`Y�<NK ÄÜOtZ�> F?Y8¾9>L¾HX`MgD`h
<WÊG<WONY9e ONK¶>qËIKLMgEÍKSËIY%FNÂgKL>LEGMPDAh�ONXAY�¿`D`ef> ½`½�Y%E#½�KIFNONMgKID#K ÄÈdGñ)B¨JÑ]

¼ X`Y�>IEAEGFNYU<N<×ONFH> DA<NÂg> ONMgKID0ÄÅKIFg�)K O6ü�> hLY1F?Y�ÄÅY%FNY%DA¾�YU<×M±<�¾�¿c<tO?KIeCMPQ%Y%E�> O}¾�KLe'½AMPÂgY�Ç ONMgeCY
ÄÅKIF¨ONX`YC<W½�Y%¾9M�Ù�¾´�.K O0ü�>IhIY�½c> hIY'EGY%<?¾�F?Mg½GONMgKIDÌÞÅONFH> DA<NÂ±>SONMgKID�ß^]7r)KÍY9Ã�ONFH>fO?>I@`ÂgY�ÂgKmKLa�¿`½



KIF�XA>L<WX`MgD`h#ÄÅKIF�>I¾9¾9Y%<?<WMgD`h�>��)KIO�ü�> hIYCEGYU<N¾9FNMg½GONMgKIDÓM±<�FNYUÐm¿`MPF?Y%E�>SO�F?¿`DmONMgeCYIT�>L<�ONXAY
¾�KGEGY0Mg<=hIY%D`Y9FH>SO?Y%ECZ�MPONXÀONX`Y0F?MPhLXLO=FNY%hIM±<tO?Y9FH<�> O�¾9KIeC½`MgÂPY9ÇyO?MPeCYI]�[�Ä¤O?X`Y�_1ÂPY9ÃA;=>L¾HX`Y.[Wd`B
<W¿`½A½cKLFWO�M±<�MgDÑ½`Â±>I¾9YCONX`Y%DÑONX`YÀ¾�KIeC½`MgÂgY9F�¾%> DÑhIY%D`Y9FH>SO?Y'ONX`YU<WY¶eCY%e'KLFNÊÁMPDc<tO?FN¿A¾�ONMgKIDA<
EGMPF?Y%¾�ONÂgÊI]

Å ÆÇ[6äAæ ÈJ[6ä�Vpb�ç]qvq�åÈäGã

[uDÍ> DfY%DmË�MgFNKLD`eCY9DmO�Z�X`Y%FNY.½cY%FWÄÅKLFNef> Dc¾�Y)M±<8¾9FNMPONM±¾9>IÂ`O?X`Y9F?Y.M±<�>�½�KL<?<NMP@`MgÂgM�OtÊCK Ä�¾9KIe�@`MPD`Ç
MPD`h�¾�KLD�ËIY9DmO?MPKLDA> Â�¾%>I¾HX`Y'¾�KLDLO?FNKLÂ}Z�MPONX�>À<NK ÄÜOtZ�> F?Y�_1ÂgY�Ãc;=>I¾HX`YL] ¼ XAY�<N¿`½`½�KIFNO¨O?XA>SO�Mg<
D`Y9YUEGY%EÀMg<8O?X`Y�<WY%½A> FH>SO?MPKLD¶K Ä�eCY%e'KLFNÊ¶>L¾9¾9Y%<?<WYU<8> O�¾9KIeC½`MgÂPY0ONMgeCY�MPDmONK'XA>IF?EGZ�> F?Y.>IDAE
<WKIÄÜOtZ=>IFNY�ef>IDA> hLY%E×] ¼ X`M±<0<N¿`½`½�KIFNO�¾9> D�@cYCY%>L<WMgÂgÊ�>LE`EGYUE&@A>I<NY%E�KID&O?X`YCÂPKG¾%>SONMgKIDÁ<WY9O
MPDGÄÅKLFNef> ONMgKID�>qËq>IMPÂ±> @AÂPY�>SO.¾9KIeC½`MgÂPY0ONMgeCYI]

B)D`KIONX`Y%F}KL½GONMgKID�ONK0MPeC½`F?KSËIYÈ½�Y9FNÄÅKIF?ef> DA¾9Y�M±<}ONK�>IE`E�XA> FHEGZ�> F?Y�<W¿A½`½cKLFWO1ONK¨FNYUEG¿A¾9Y
ONX`Y�<NK ÄÜOtZ�> F?Y�KSËIY%FNX`YU>IE`<=MgDV<WKIÄÜOtZ=>IFNY�¾9>L¾HX`MgD`hA]Aü6Y%FNXc> ½A<8ONXAY�eCKL<WO.½`F?KIeCMg<NMgD`hCMgEGYU>CMg<
Y�Ã�ONY%DA<WMgKID&KIÄ�ONX`Y�[WdGB Z�M�O?X�<W½�Y%¾9Mg>IÂ}MgDA<WONF?¿A¾^O?MPKLDA<�O?KÍF?Y%EG¿c¾�Y�O?X`Y�Â±>SO?Y9DA¾9Ê#KIÄ�ONX`YG�)KIO
ü�> hIYU<¨O?> hIÇ�¾HXAY%¾HaG<9] ¼ X`Y;�)K O�ü�>IhIYU<0¾9KIeC½`MgÂPY%F�ONYU¾HX`D`M±Ðm¿`Y%<�F?Y%E`¿A¾�YU<0ONX`Y¶KSËLY9F?X`Y%>LEVMgD
>Ñ<WKIÄÜOtZ=>IFNY#ef> DA>IhIY%E÷¾9>L¾HX`Y#ONKÓÄÅKL¿`F¶KI½�Y9FH>SO?MPKLDA<C½�Y9F¶eCY9eCKLFNÊÌ>L¾9¾9Y%<?<9T�@�ÊÉF?Y9hLMg<WONY%F
½`FNKLeCK ONMgD`h�ÞÅM ] YL]PT¤<WONKLFNMgD`hÍMgDmONK#FNY%hIM±<tO?Y9FH<?ß)>IE`EGF?Y%<?<.ONFH> DA<NÂg> ONMgKIDA<¨K Ä8e'Y%eCKIF?ÊV>I¾9¾9Y%<?<WYU<
ONXA> O=> F?Y)ÂgMPaLY9ÂgÊ�O?K�F?Y%<N¿`ÂPO8MgDÍ¾9>L¾HX`Y)X`MPO?<%]mB¨<�Z=Y.<NX`KSZ MPDÍONX`Y¨D`Y�Ã�O�<WYU¾^ONMgKID�T ÄÅKIF�<NY9ËIY%F?>IÂ
@cY%DA¾HX`ef> F?aG<.O?X`Yf¾�KLe'½AMPÂgY9F�<N¿A¾9¾9Y%<?<tÄÅ¿`ÂgÂgÊ&½`FNYUEGM±¾^O?<0Z�X`M±¾HXÓ>I¾9¾9Y%<?<WYU<¨¾%> DÁ@cY%D`Y�Ù`O�ÄÅF?KIe
FNY%hIM±<tO?Y9F=½`FNKLeCK ONMgKID�TL>I¾HXAMPY%ËmMgD`h'> DÀ>qËLY9FH> hLY�½`FNYUEGM±¾^ONMgKID#>I¾%¾�¿`FH>I¾9Ê'>I@cKSËLY.ÒIÔ�Õ¶]GBÉ�)KIO
ü�> hIYU<×@A>L<WYUE�ÂPKm>IEcÝ <tO?KIF?Y�KI½�Y9FH>SONMgKID�¾%> D�@�Y8MgeC½`ÂgY9eCY9DmONYUE�>I<}>.<N½cYU¾�¿`Â±>SO?MPËLYÈÂgKL>IE�ÝS<WONKIF?Y
MPDA<WONF?¿A¾�ONMgKID¤] ¼ X`M±<f> ½A½`FNKm>I¾HXÉF?Y%E`¿A¾�YU<f>8�.K OÍü�> hLY%<�@A>I<NY%EÌeCY9eCKIF?ÊÌ>I¾%¾�YU<N<�ONKÓKIDAY
MPDA<WONF?¿A¾�ONMgKIDÓÞ�EGY%½cY%DAEGMgD`h¶KID�¾�KLFNF?Y%¾�O=½AFNYUEGMg¾�ONMgKID#MPD#O?X`Y�¾�KLe'½AMPÂgY9F^ß^]

m M�O?XVONXAMg<0<W¿A½`½cKLFWOUT�>¶ÄÅ¿`ÂgÂPÊV<NK ÄÜOtZ�> F?Y�ef> DA>IhIY%E&¾%>I¾HX`Y�½A> FNONMPONMgKID&Xc>I<.ONX`Y'X`MghIX`Y%F
½`FNYUEGM±¾^O?>I@`MgÂPMPOtÊ�½`FNKSË�M±EGY%E�@mÊ�O?X`Y�<WKIÄÜOtZ=>IFNY�O?Y%¾HX`DAMgÐm¿`YU<8Þy>I<}ONX`Y�<NY9ÂgY%¾^O?Y%E�¾9>I¾HXAY�½A>IF?>Ie'Y9Ç
ONY9FH<6ÄÅKLF�ONX`Y.½A> FNONMPONMgKID¶¾%> DC@cY¨> ½`½`ÂgM±¾9>SO?MPKLDf<W½�Y%¾9M�Ùc¾Uß^Tm> DAECef> MgDmO?>IMPDA<�ONX`Y)ÂgKSZ÷X`M�ONÇ�¾%>I<NY
Âg> ONY9Dc¾�Ê�KIÄ)>&XA> FHEGZ�> F?Y�@c>I<NY%EÓ¾9>L¾HX`YI]�_1MghI¿`F?Y ì <NX`KSZ)<0ONX`F?Y9YÀEGM�ÛÎY9F?Y9DmO�MgeC½`ÂgY9eCY9DGÇ
O?>SO?MPKLDA<%] ¼ X`Y&Y9ÃG>L¾^OÀ<NY%Ðm¿`Y%DA¾�Y&KIÄ�J&[tü8d÷>I<?<NY9e�@AÂPÊ÷¾�KGEGYVM±<¶<NX`KSZ�D ÄÅKIF¶MgÂgÂP¿A<WONFH>SO?MPËLY
½`¿`F?½cKm<WYU<.KLD`ÂPÊLT�ONK#hIMgËIYC> DVM±EGY%>ÀK Ä�ONX`YCKSËIY%FNXAY%>IE�MgDÁ>#<NK ÄÜOtZ�> F?Y�¾9>L¾HX`Y�½c> FNONMPONMgKID¤]Î[�Ä
ONX`Y��)K O1ü�> hIYU<ÎÂPKm>IE�M±<¤Y9Ã�YU¾�¿GO?Y%E�KLD�>)<WMgD`hLÂPY9Ç M±<N<N¿`Y�½`F?KG¾�YU<N<NKIFÎO?X`Y�>IEAEGM�O?MPKLDA> ÂLKSËIY%FNX`YU>IE
¾�KIeC½A>IFNYUEVO?K&>ÀF?Y9hL¿`Â±> F�ÂPKm>IE÷Þ�<NY9YCMgDA<tO?FN¿c¾^ONMgKIDc<�@cY9ÄÅKIF?Y�Ê�Ë¨ß0M±< ì MPDc<tO?FN¿A¾�ONMgKIDA<%]¤Ø�ÃGY9Ç
¾�¿GO?MPD`h�ONX`Y0<N>Ie'Y)¾9KGEGY)KID¶>�<N¿`½�Y9FH<N¾%> Â±> F�½`F?KG¾�YU<N<NKIFÈ>IDAECY�ÃG½`ÂgKIMPONMgD`h�[#�}üöÞÅ[uDA<WONF?¿A¾^O?MPKLD
�¤Y9ËLY9Â�ü�> FH> ÂgÂPY%ÂPM±<We¶ß}F?Y%EG¿A¾9Y%<ÈONX`M±<ÈKSËLY9F?X`Y%>LE�O?K�OtZ=K�MPDA<WONF?¿A¾�ONMgKIDA<%]I[�Ä�>IF?¾HX`MPONYU¾^O?¿`FNY)<N¿`½GÇ
½cKLFWO.M±<)½AFNKSË�M±EGY%E×TAMy] YI]gTAMPÄÈMPeC½`ÂgY9eCY%DLO?Y%EV>L<)>¶<N½cYU¾�M±> Â}e'Y%eCKIF?ÊÍMgDA<tO?FN¿c¾^ONMgKID�T7s+@7hjÌ ë)ÍIí T
ONX`Y%D�>R�.K O.ü�> hLY%<=eCY9eCKIF?ÊfKI½�Y9FH>SO?MPKLD#¾%> D#FN¿AD�> O�ONX`Y�<N½cY%Y%E#K Ä6>CFNY%hI¿`Â±> F=ÂgKL>IE¤]

_}MghI¿AFNY ú <NX`KSZ)<�O?X`Y0EA>SO?> Ç ½c>SONX¶ÄÅKIF8ONX`Y0X`½`ÂgZ�MgDA<tO?FN¿c¾^ONMgKID�]m[�O�MgÂPÂg¿A<WONFH>SONYU<ÈO?XA>SO=ONXAY
>IE`EGMPONMgKIDc> ÂAXc> FHEGZ=>IFNY�F?Y%Ðm¿`MgFNYUE�ONK�MgeC½`ÂPY%eCY9DmO�O?X`Mg<8MgDA<tO?FN¿c¾^ONMgKIDfM±<ÈeCMgD`MgeC>IÂyT�> DcE'ONXA> O
e'M±<?<W½�Y%¾9¿`Âg> ONMgKID�¾9>ID#@�Y�EGY9ONY%¾�ONYUEÀYU> F?ÂPÊfMgD#ONX`Y�ØÈÃGY%¾�¿`ONMgKID�<tOH> hIY�KIÄ�ONXAY�½`MP½�Y9ÂgMgD`YI]

B X�Ê�@`FNM±E&_1ÂPY9Ãc;=>I¾HX`YLT`ONXc>SO¨MgDA¾9KIF?½cKLF?> ONY%<=O?X`Y�>IF?¾HXAM�O?Y%¾^O?¿`FH> Â�<N¿`½`½�KIFNO¨@`F?MgY�ÆAÊ�EGY�Ç
<N¾9FNMg@cYUE�> @�KSËIYITAeC>IMPDmOH> MgDA<�ONXAY�>IE`E`Y%EÀÆAY�ÃGMg@`MgÂPMPOtÊ#>IDAE#MPeC½`F?KSËIYUE#Y
�¶¾�MgY9DA¾9ÊÍ½`F?KSË�MgE`Y%E
@mÊVONX`Yf<NK ÄÜOtZ�> F?Y�O?Y%¾HX`D`M±Ðm¿`Y%<%T×MgD�>LE`EGMPONMgKIDÁONK&>#X`M�ONÇ�¾%>I<NY�Â±>SO?Y9DA¾9Ê�<NMPeCMgÂg>IF�ONK#ONXA> O�K Ä
¾�KID�ËLY9DmONMgKIDA>IÂ¤XA>IF?EGZ�> F?Y�@A>I<NY%E�MgeC½`ÂgY9eCY9DmO?> ONMgKIDA<%]�[uDV>¶X�Ê�@`FNM±E&<NKIÂg¿GONMgKID&Z=Y�¾9>ID&¿A<NY
XA> FHEGZ�> F?Y�¾9>L¾HX`Y�½c> FNONMPONMgKIDA<¨ÄÅKIF0eCY9eCKIF?ÊV>I¾%¾�YU<N<NY%<.ONXA> O�>IFNY'D`KIO0½`F?Y%E`Mg¾�O?> @AÂPY'KIF�> D`Ç
> ÂgÊmQU> @`ÂgYf>SO�¾�KLeC½`MPÂgY�Ç ONMgeCY&ÞÅKIF�eCY%e'KLFNÊÁ>I¾9¾9Y%<?<WYU<¨ONXA> O�> F?Y�MgDGÄÅF?Y%Ðm¿`Y9DmO�>IDAE�Xc> FHEVO?K



SW: On Single-issue processor
Input regs:
  vir_addr, hp_vp, hp_pp

1.  srl vir_page, vir_addr, BITS
2.  andi offset, vir_addr, MASK
3.  bne vir_page,hp_vp, AddrTr
4.  addu  sram_addr, offset, hp_pp
5.  lw results, 0(sram_addr)

On Superscalar - ILP
Input regs:
  vir_addr, hp_vp, hp_pp

1.  srl vir_page, vir_addr, BITS     1.  andi offset, vir_addr, MASK
2.  bne vir_page,hp_vp, AddrTr       2.  addu  sram_addr, offset, hp_pp

    3.  lw results, 0(sram_addr)

Dedicated ISA
Input regs:
  vir_addr, hp_index(hp_vp, hp_pp)

1.  hplw results, vir_addr, hp_index

�������
Î.� £6�LrtpHpÈ�IljÏ`pNrtpHkSv}�Gz%susulo¦ � pÈl���� � pH��pHkSvW~9vtlozUkLs×z%{�68z%vg9×~%�%pHs � zU~U�Ls}�msulokm��~)|'¢Ð9}§¨¢u§ � $
�Îlwrts�v^�+�6p���~^nqp6~ � zU~U�v�Èlwvt�xÑ)~%�m�Ilovtloz%k�~ � lokms�vurt�m�Nvtl�z%kms¤z�nqp?rt�Lp^~U�0z%k0sulokm� � p ( l�susu�Lp8�IrtzS�HpHsusuz9rts5$
� k0~8su�L�Gp?rtsu�^~ � ~�r1�IrtzS�HpHsusuz%r�vt�mlos×z�nqp?rt�Lp^~U�.los¤rtpH�L�m�?p^�.vtz=v1�6z8l�kLs�vurt�m�?vtloz%k��Gp?r � zq~%�0¦GpH�^~9�msup
z9{)vt�mp¶¢ ¥ 9þl�kÓvt�Lp¶�N�LpH�'"Á�Hz �Lp+$¨ÒÑlwvt�Óvt�mp¶¢u§ � p�! vtpHkmsuloz%kÓvt�mp¶z�nqp?rt�mpH~U�Ólos'�Hz%��� � p?vtp � xp � lo��lok�~�vtp^�L$

> DA>IÂPÊ�Q9Yqß^]�Ø�Ã`> eC½`ÂgY�K Ä�<N¿A¾HXV>I¾%¾�YU<N<NY%<)>IFNY�DAKIDGÇu>��fD`Y�>IFNFH>qÊÍ>L¾9¾�YU<N<NY%<.> DAE�F?Y�ÄÅY%FNY%DA¾�YU<
ONK�¾9KIeC½`ÂgY�Ã¶E`> O?>�<WONF?¿A¾^O?¿`F?Y%<È¿c<WMgD`h�½�KIMgDmONY%F?<%]LJ&KLFNY¨½`F?Y%EGM±¾^OH> @`ÂgY)F?Y�ÄÅY9F?Y9Dc¾�Y%<8> F?Y.EGYU> ÂPO
Z�M�O?X÷¿c<WMgD`hÑ¾�KLe'½AMPÂgY9Ffef> Dc> hIYUEÌeCY%e'KLFNÊù> F?Y%>I<'KLFC<NK ÄÜOtZ�> F?Y�¾9>I¾HXAMPD`hcT�Z�M�O?Xö>IE`EGYUE
> FH¾HX`M�O?Y%¾�ON¿`FH> Â×<N¿`½`½�KIFNO%]

Ó ÔÁW qÕV¤äAé'`pV}â�ã�f
m Y�Mge'½AÂPY%e'Y%DmONY%EÍONXAY0_1ÂgY�Ãc;=>I¾HX`Y�<NÊ�<WONY%eÏKID#>�<NMPDAhIÂgY�Ç�Mg<?<W¿AY ú <tOH> hIY¨½`Mg½cY%ÂPMgD`Y�eCMg¾9FNKIÇ
½`FNKG¾9Y%<?<WKLF1<NMPeCMgÂg>IF1ONK�J&[tü8d�ñ ì ÔIÔIÔA]UBùOtZ=K¨ÂgY9ËLY9ÂGeCY9eCKLFNÊ�X`MgY9FH> FH¾HX�Ê�@A>I<NY%E�KIDC>¨ÂgKG¾9>IÂ
dGñ)B.J > DAE�> D�KIÛcÇu¾HX`Mg½�ó¨ñ.B.J M±<6<WMge�¿AÂg> ONY%E¤]UBÌÂPKG¾9>IÂLKLDGÇu¾HX`MP½'dGñ)B.J eCY9eCKIF?Ê¨M±<1>SOWÇ
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• OB = # of bits in offset of hotpage vir_addr = log2(cache line size)
• µ = 000…..1111 , where # of 1’s = OB
• hp_pp is the hotpage register containing the SRAM frame 
• hp_vp is the hotpage register containing the virtual page
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Different performance trends
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