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/* procedure to be invoked upon a reference to

block b */


blockGet (block b)

{

if block b is available {

   blockGet (block b);  /* call of ASA */

   send back to the client;

 }

else {

  if block b is in a client cache

     redirect request to the client;

  else

     load block b from hard disks;

 }

}


/* procedure to be invoked upon a eviction of

block b */


 blockPut (block b);  /* call of ASA */
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/* procedure to be invoked upon a reference to block b */

blockGet(block b)

{

  if b is in cache

      remove b from FIFO queue;

  check HRF;

  if eviction mark of block b was set {

      increase reference frequency of block b by one;

      clear eviction mark of block b;

  }

}


/* procedure to be invoked upon a eviction of block b */

blockPut(block b)

{

  if b is not in cache {

    check HRF;

    if an item is found for block b in HRF

       get reference frequency;

    else {

       add a new item for block b in HRF;

       set reference frequency of block b to 0;

    }

    set eviction mark for block b;

    insertintoFIFO (reference frequency, block b);

  }

}


insertintoFIFO (reference frequency, block b)

{

   insertPoint = log2(reference frequency);

   if insertPoint > m       // m is the point at tail of the queue

       insertPoint = m;

   insert block b into FIFO at insertPoint;

}
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/* procedure to be invoked upon a reference to block b */


blockGet(block b)

{

  if b is in FBER cache {

    blockGet (b);       /* call of FBER */

    increase size of FBER cache by 1;

  }

  else if  b is in LRU cache {

    remove b from LRU cache;

    increase size of LRU cache by 1;

  }

  else

     read b from disk;

  put b to tail of LRU queue;

}


/* procedure to be invoked upon every 1000 references to

cache */


adjustcache()

{

   calculate cumulative hit ratio of real cache and ghost;

   if hit ratio of ghost is much larger than real cache

       decrease size of LRU by n; // n is a tunable parameter.

}


/* procedure to be invoked upon a eviction of block b */


blockPut(block b)

{

  blockPut (b);     /* call of FBER */

  put to ghost cache;

}


{]cnm[jkRdLQÅ �����A�+PS^nm[Y[Rdc`TUskVß�

afPXatskLOpO�8�k^nYlat� päPSRdLçglcepUaOPSRtglLOg Z RdY[V�TdskL�²]�ÝaOP[atskL@pf� oês jQp
¼�½D¾�¿ V~PScnW�TdPScnWQpqPßgkPSTdPßpzTdRUj�abTUjQRULX��afP[^`^nLOg TUsQL~skcnp<TUYXRUyiRdL�Z {
LfRdLfWQafL¥Z RdL���jkLfW�a�y � ã,¿
¼[��TtPS�k^nL[�XTUYãRUL@a�Y[Rtg�NQP[p<T$RdL�Z LORULOWQa�LMc`Wl{
Z Y[RdV~P�TUcnY[WãYSZvP��Q^`Ylat�qLfw ceabTdLOg�P�T|^`L@P[p<T]YXWQa�Lê� yCTUsQL8²F�êafP[atsQLOpO�
{kYXR0LOPXatsùZ YX^`^nYY�¥c`WQm RdL�Z LORULOWQa�L�TdY TUskLè�k^nYlat�v�qWkY V�PST<TdLfR0c`Z
cxTJp<TUcn^n^8pzTtPÖy p�cnW TUskL0aOP[atskLX�N¼�½D¾�¿2c`W�a�RdLOP[pULOpãTdskLiRULfZ LfRdLfWQafL
Z RUL���jkLfWQafyçY[Z$TdskLÞ�k^nYlat�0c`W.TdskLjã
¿,¼F�r\_P[ats TUcnV�LJP®�k^nY at� cnp
Lfw ceabTUL@g~Z RdY[V�TdskL:af^`cnLfW�Ttp�P[WQg~RdLf^nYXPXglLOg~cnW�TUY�Pãp<TUYXRdP[m[LMaOP[atskLX�
¼�½D¾�¿ùatskLOat�lprTUsQL
ã
¿
¼�P[afafY[RtglcnWkm8TdYCTUskLê�k^nYlat�§W jkVH�³LfRFP[WQg
m[LfTdpMTUskL�NkRdLfw c`YXjQp8RdL�Z LORULOWQa�L§Z RUL��XjQLfWQafy[�CoêskLfW0c`TCc`WQpULfRUTdp8TUskL
�k^nY at��cnW�TUYãP�{���{ ¯ ��jkLOjkL[�|oêskL�c`WQpULfRUTUcnY[WJN�YXc`W�TêYSZ�P§�Q^`Ylat��cnp
glL�TdLfRdV�c`WkL@g~� yãc`Tdp_NkRdLfw c`YXjQpFRdL�Z LORULOWQa�LêZ RdL���jkLOWQa�yv�rTUskLMskc`mXskLfR
TUskL�Z RdL���jkLOWQa�yX�8TUsQL�af^`Y�p<LORJTdY!TdskLçTtPScn^CYSZ§TdskLi��jkLOjkL$�ãp<Y P
�k^nY at�x�¥cxTds.skc`mXs�Z RUL��XjQLfWQafyçsQPXp§P®^`YXWkm[LORq^`c`Z L�Tdc`V�L~TdsQPSW.Y[WQL
�¥cxTds ^`YY��Z RdL���jkLfW�a�y[�
orYÝP[atskcnLfwXLäTdskcep���L0p<LfTkj cnWQp<LOR<Tdc`YXW
N�YXc`W�Ttpf�³Z RdY[Vml�n�TUYolKprq � �vZ YXR8TdskLãRdLOP[^���jkLOjkL[�/�¥skLORUL�jìcep:P
TUjkW�PS�k^nLMNQP[RdP[V�L�TULORO�PlKprq � cnp_TUsQLMN³Y[cnWXTêP�T$TUskLMTUskLMTdPScn^³YSZvTUskL��jkLfjkLX�)PSWQgç�k^nY at�lp�c`W�p<LOR<TdLOgçPST�l�sãsQPÖw[L�PJ^nY[WQm[LfR:^ncxZ LfTUcnV�L�cnW
TUskL�afPXatskLqTUs�PSWßTUsQYXpULHcnWQp<LOR<TdLOgiPSTrlKt �vuxwzy �b��oêskL§cnWQp<LOR<Tdc`YXW
N�YXc`W�TMlG{CYSZ�P§�k^`Ylat��cnp$PqZ jkW�abTUcnY[WJYSZvTUskL�RULfZ LfRdLfWQafL¥Z RdL���jkLfW�a�y[�
uT|8}@~7�)�����)uT|2�²��� ���C�ÏW YXjkRqa�jkRdRdLfW�TCgkLOpUc`mXW)� uT|8}@~7�)�����)uT|2�²��� �Mcnp
glL²��WkLOgäP[pH� �7� � �3� �b� ¯ jkR�L��lN³LfRdc`V�LfW�Ttp$P[^npUYãpUskYY� TUs�P�T¥p<c`�~c`Wl{p<LOR<Tdc`YXWqN�YXc`W�TtprP[RULFLOWkY[jQm[sqTdY�pULfNQP[RdPSTUL|skcnm[sqZ RdL���jkLOWQa�yC�k^nYlat�lp
Z RUYXV Y[TUskLORdpO��{rcnmQ����Y[jkTU^nc`WkL@pêTUsQL�¼�½N¾�¿ PS^nm[Y[Rdc`TUskVß�
oêsQL�sQc`mXskLOp<T§a�jkVãjk^nPSTUcnw[L�skc`TCRtP�Tdc`Y®cep�NQRUY�w ceglLOgç��yßTdYSTtPS^n^`y

L��ka�^njQpUc`wXLqafP[atsQc`Wkm��lp<cnWQa�LqWQY��Q^`Ylat�lpêL��lcepzT¥cnW®�³YSTds®TUskL§af^`cnLfW�Tdp
PSWQg�TUskLèp<TUYXRdP[m[LçaOP[atskL@pf���kjlT®TUskcepia�YXW3�Qm[jQRdPSTUcnY[W�glLOm[RtP[glL@p
TUskL¥p<TUYXRdP[m[L_sQcxT|RtP�TUcnYCglRdP[V~P�TUceafP[^`^ny:Z Y[R�skcnm[sl{Ïa�YXRURdLf^eP�TdLOg5��Y[Rd��{
^`Y�P[gkpO���
p<V~PS^n^vc`W�a�^njQp<cnw[LCafPXatskLMcnWßpzTdY[RtPSm[L�cnp�wXLfRdy~skLf^nNlZ jk^vTdY
c`W�a�RdLOP[pUL�TUskLC^nY aOPS^�skc`T¥RdPSTUcnYQ� �kjlT¥TdskLqp<cT�fLCY[Z�TUsQLCpUV~PS^n^)afPXatskL
WkLfL@gkp~TdYÝ�³LiTUjkWQLOg�aOPSRdL�Z jk^n^`yX�Ò¹»ºt¬1©�¯*«�jQp<L@p~TdskLn�MgQPSNlTdc`wXL

� NQP[afLQ�8^n^nY aOP�Tdc`YXWçPS^nm[YXRUc`TUskV �3� ö � �¥TUYÞV~P[WQPSmXLqTUskL�pzTdY[RtPSmXL
afP[atsQLäPSW�gÝNkRdY�w cnglLJY[NlTdc`V~PS^êcnWQa�^njQpUc`wXL®aOP[atskL®p<N�P[a�L®gly WQPSV�{
cnaOPS^n^`yX�ÝoêskL®²r°êu&P[^`mXY[RdcxTdskV4cnp�jQpULOgÝTUY�V~PSWQP[m[LÞTdskLip<V~P[^`^
c`WQaf^`j�p<cnw[LÞaOP[atskLX�j��^`Ylat�lpCRULfZ LfRdLfWQafLOg � y�af^`cnLfW�Tdp§RUL@a�LfW�Td^`yçP[RUL
Nk^nPXa�L@gic`W�TdYJTdskL�²r°êu�aOP[atskLX��LOcxTdskLfR:Z RdY[V&TUskLj¼�½N¾�¿�afPXatskL[�
Y[RrZ RUYXV s�PSRtg§glcep<�lp]��L@afP[jQp<L$YSZQ^nYlafP[^XV�cepUpULOpO�ÖTUY:NkRdY�w�ceglL_aOP[atskL
skcxTtpFZ YXRFZ jlTdjkRdL8RULfZ LfRdLfWQafLOpO�]oêsQL�pUc��OL8YSZvTUsQL�pUV�P[^`^v²�°êu�aOP[atskL
cnp8gkL�TULORUV�cnWkLOgigky�W�PSV�cnaOPS^n^`yä� yJc`Tdp8sQcxTMRtP�Tdc`Y�� ¯ WkLqsQcxTMY[Z�TUskL
²�°êuìaOP[atskLx�¥c`^n^Cc`W�a�RdLOP[pUL0c`TdpßpUc��OL � y Y[WQLç�k^nYlat�³�:PSWQgùY[WkL
skcxT�YSZ¥TdskL¡¼�½N¾�¿,aOP[atskL��¥cn^n^êpUskRdc`WQ��c`Tdp�pUc��OLJ� y.Y[WkLä�k^nY at�v�
� c`W�a�L:TUskLCskcnm[sQLOp<T¥afjkVHjQ^nPSTUcnw[L:skcxT8RtP�Tdc`YãcnpêNQRUY�w ceglLOgJ��yÞTUYSTtPS^
L��ka�^njQpUc`wXLfWkL@pUpO��PJm[skY�pzTCafP[atsQLC�¥skceatsçp<cnVHjQ^nPSTULOp:P~TdYSTtPS^n^`yßL�� {
a�^njQp<cnw[L¥p<TUYXRdP[m[L$aOP[atskLêcep|cnV�NQ^`LOV�LOW�TULOgãTdY:NQRUY�w ceglL¥P�RdL�Z LORULOWQa�L
Z Y[RqLOPXats V�YXV�LOW�TCY[ZêPXafafLOpdpf�q�}Z�TUskLÞafjkRURdLfW�T§a�jQVHjk^eP�Tdc`wXL�sQcxT
RdPSTUcnYJcepMTdY Yä^nYY� a�YXV�NQPSRdLOgßTdYJTdsQP�TqY[ZFTUskL�mXskYXp<T:aOP[atskLX�vTUskL
²�°êu+afPXatskLqp<cT�fL[�¥cn^`^)�³L§RdLOglj�a�LOg)�FoêskL � ö � P[^`mXY[RdcxTdskV TdRUcnLOp
TUYèV~P��lcnV�cT�fL®TdskL0^nY aOPS^¥skc`TÞRtP�TUcnY@�¥skcn^`LiWkY[TJpUPXa�RdcO�³a�cnWkm�TUskL
a�jkVãjk^nPSTUcnw[L~skc`THRtP�Tdc`YßTdY�YçVHjQats)��{]c`m��wÅßY[jlTd^`cnWkLOpqTUskLl���3�
PS^nm[Y[Rdc`TUskVß�

�b� b1� �/fnºX¸ bT+38���& ¸ue + - + f +�c�(
��L:afY[V�NQP[RULMafjkVHjQ^nPSTUcnw[L�²]�§aOP[atskL8sQcxT¥RtP�TUcnYXp$PSWQgJPÖw[LfRtPSmXL

RUL@p<N³Y[WQpUL:TUcnV�LOp8Y[ZN¹»ºt¬1©�¯*« � c`V�Nk^nLfV�LOWXTdc`WQml¼�½D¾�¿¬P[WQg � ö �
Z Y[R�pzTdY[RtPSm[L®afPXatskL��HPSWQg!YSTUsQLfR~PS^nm[YXRUc`TUskV~pO�|c`W�a�^njQglcnWkm�²r°êu§�
�1�ã�lL��kaf^`jQpUcnw[LCafP[atsQc`Wkm��kPSWQgß�l²r°�uH�
��LJjQpULÞTdRdPXa�Lf{}glRdcnw[LfWèpUc`Vãjk^eP�TUcnY[W.TdYçLOwÖP[^`j�P�TUL®a�jkVãjk^eP�TUcnw[L

skcxTFRtP�Tdc`Y�pf����L¥sQPÖw[L¥glLOw[Lf^nY[N³LOg�PqpUc`Vãjk^eP�TUYXR�TUY§pUc`Vãjk^eP�TUL�T���YS{
^`LOw[Lf^��kj3|vLfRêafPXatskLMskcnLfRtPSRtatskcnLOp��¥c`TUsJVHjk^`TUcnNk^nL:af^`cnLfW�Tdp�PSW�g~Y[WkL
pzTdY[RtPSm[L¥pUylpzTdLfVß�]²r°êu cnp_jQpULOg~P[p|TUskL8RdLfNQ^nPXa�LfV�LOWXT_P[^`mXY[RdcxTdskV
c`W.TdskLJ²F�äafP[atsQLOpO�rPSW�g�TUskLJPSZ Y[RdLfV�LfW�Tdc`YXWkLOg.PS^nm[YXRUc`TUsQV�pqP[RUL
c`V�Nk^nLfV�LfW�TdLOg c`W TdskL0²r�.aOP[atskLX��oês jQp~cnW Y[jkRÞpUc`Vãjk^eP�TUcnY[W�pf�
�¥skLfW¶��L~RULfZ LfRqTdY0²�°êu§���$L�TtPS^n� P[��YXjlT��_¿k��¨��_¿k� � ²F��{Ï²r�
afP[atsQLOpG�b�Ý� cnWQa�LäTUskLß�k^nYlat�èp<cT�fL®YSZ8TdskL®V�PXatskcnWkLOp��¥skLfRdLäTUskL
TUskRdLfLHTURtP[a�L@pMP[RUL�a�Y[^n^nLOabTdLOgicep,� ø �:�*��LãP[^npUYäPXpUpUjkV�LHPJaOP[atskL
�k^`Ylat�çpUcT�fL~cnW�YXjkR§pUc`Vãjk^nPSTUcnY[W�YSZE�1àxáÞ�¥��L~sQPÖw[L�L��kP[V�cnWkL@g
YSTUsQLfRê�k^nY at�äp<cT�fL@pf�3�¥c`TUsipUc`V�cn^nP[R�RdLOpUjk^`TdpO�FoêskL:TURtP[afLOpN�$LCjQpULOg
Z Y[RêTUsQL§p<cnVHjk^eP�TdY[R¥PSRdLqglLOpda�Rdcn��L@gJcnW0� LOa�TUcnY[Ww�k�n�[�
oêskL®Z YX^`^nYY�¥c`WQmçZ YXRUVãjk^nP glLOpda�Rdcn��L@p�TUskLiafP[^nafjk^eP�TUcnY[W YSZ�TUskL

PÖw[LfRtPSmXL8RdLOpUN�YXWQp<L:Tdc`V�LOp¥Z Y[RêTUsQL§²r��afPXatskLOpO�
�2px�����������D�M�'�P���2���M�#�9�����S�Sj uC})}

�2��P[WQg��2�ÞP[RULJafYXp<TdpHYSZ8skc`Tdpãc`W!TUskL®pzTdY[RtPSmXLÞafP[atsQLJPSWQgèTUskL
RULOV�Y[TULßa�Y Y[N³LfRtP�Tdc`wXLäaf^`cnLfW�TÞafPXatskLOpO�FRdLOpUN�L@abTUcnw[LO^`yX�����®cep�TUskL
a�YXp<T¥YSZ]RUL@P[glcnWkm�Pã�Q^`Ylat�~Z RdY[V P�p<TUYXRdP[m[LCglcnpU�v���4��PSWQg��4�:P[RUL
TUskLFsQcxT�RtP�Tdc`Y�p � YXjlTUNkjkT�� y�YXjkR)p<cnVHjQ^nPSTUY[Ru�³YSZ TdskL_p<TUY[RtPSmXL]aOP[atskL
PSWQgãTUsQL¥RULOV�Y[TUL8afY�YXN�LORdPSTUcnw[Lêa�^nc`LOW�T_afP[atsQLOpO�SRUL@p<N³LOa�TUcnw[LO^`yX�[PSWQg
j u�})} ���x� � �4�D�z�#�����
��L_sQPÖwXL_glL@p<cnm[WkL@g§P8NQRUYXm[RtPSV�TdY�afY[V�NkjlTdL_TdskL$PÖwXLfRtPSm[L|w�P[^x{

jkLOp�YSZ;� � �7� � �ÖP[WQg�� � Z YXRrP��Jàná �k^nYlat�v��oêskL$p<TUYXRdP[m[L|pULfRdw[LfR�cep
P�ò'«²¤W¤*ä�¦"§p«²ªR¾�®�±1«Qæ��1é$éS�A�¥cxTdsäPJ�$¸ �1þ5î¡ðQô²×*­]«²¤+ �«�¦"×äV�cea�RdYS{
NkRUYlafLOpdp<YXRO�$���X�"�Jíïá&V�LfV�Y[Rdy[��PSW�gÝPnò'«²¤W¤�ä�«²ª�©R¿,¬Y°�®�¿
¬"°�®��
�Y�*¸´�"þ K�cep<�v�§oêskL�a�^nc`LOW�TCcepCP�ò'«²¤W¤�òQ°1¡¥«²×*ÖG°�¦"×_¢4�1é$é����¥cxTds�P
�3¸ �1þ5î¡ð@ôu×v­³«�¤�är«²×v­7°W¹;¡'¨v¢
V�cnafRUYXNkRUYlafLOpdp<YXRO�|�$�$�1í V�LfV�Y[Rdy
PSWQgÞP��1�1þï�zK�\ glcep<�v���8^n^vV~P[atskcnWkLOp�PSRdLML���jkc`NQN�L@g��¥c`TUsßPQ�X�
�kcxTjäkº_ô�£$é1éGê�£1é$é1é�õ¤
³ÙgÖçWkLfT��$YXRU��c`W�TdLfRUZâP[a�L®afP[Rdg��FP[WQgÝafY[Wl{

�



o]PS�k^nL§�l�t��afa�L@pUp�Tdc`V�L@pêZ Y[R8glc�|vLfRdLfW�T8^`LOw[LO^)afP[atsQLOp��TdY[RtPSmXLqh�PXatskL °¥LOV�Y[TULãh$Y Y[N³LfRtP�Tdc`wXLqh$^ncnLfW�T:h�P[atskL@p ��TdY[RtPSm[LCK�cnpU�
Û:cnmXP[�kc`T¥\FTUskLORUWQL�T �$�$�SjQp �$�1�SjQp �k�´�"�$�[jQp
���$�[­i�l�|o¥­ �X� �J�"�[jQp �X� �J�"�Sj�p ���k�´�"�1�SjQp
���X­i�ß\|TUsQLfRdWkL�T �Q� �1�$�[jQp Ål� �$�$�Sj�p ���k�n���$�SjQp

WkLOa�TUL@g~TUsQRUYXjkm[sÞP'ò�«�¤W¤vä�¦Y§p«�ªYºt¦Y×v×g«G©²­H�Yæ$æ7¢·Û:cnmXPS�QcxTê\|TUsQLfRU{
WkL�TMpR�¥c`Tdats)�F°¥L@gAÉMPST
�k�n��cep¥cnWQp<TdPS^n^nLOgäY[W®LOP[ats®V~P[atskcnWkLX�3�¥cxTds
²)cnW jl�q�[LfRdWkLO^ �A¸ �v¸ �$�2�5�k�_{kYXR�L@P[atsHPXafa�L@pUp)TUcnV�L[�Y��L_N³LfRUZ Y[RdV�L@g
���1�CL��lN�LORUcnV�LfW�Tdp$PSWQg~aOPS^ea�jk^eP�TdLOg�TdskLMPÖw[LORdP[m[Lêw�PS^njkL[��oêskL�RULf{
p<jQ^xTtp$P[RULMpUjkV�V~PSRdc��OLOg�cnWÞorP[�k^nL:�l���Ma�TUjQP[^`^ny[��TdskL�PXafa�L@pUp|TUcnV�L
YSZvRULOV�YSTUL¥afY�YXN�LORdPSTUcnw[L�a�^nc`LOWXT_aOP[atskL@p]c`WQaf^`j�glLOp�TdskL8atskL@at�CTUcnV�L
YSZ�p<TUYXRdP[m[LFaOP[atskL@pf�@TUsQL$WkLfT��$YXRU�:Y�w[LORUsQLOP[gCP[V�YXWkmMp<TUYXRdP[m[L_P[WQg
a�^nc`LOW�TdpO��PSWQg0TUskL~pULfRdw cnafL§TUcnV�L�YSZFTdskL~a�^nc`LOWXT§aOP[atskL@pf�v�³LOafP[jQpUL
TUskL¥RdL���jkL@pzTtp|PSRdL¥pzTdc`^n^3�QRtpzTFatskL@at�[L@gãPST|p<TUYXRdP[m[Lêp<ceglLX�XPSW�gãPSZ TULfR
P�afP[atsQL:V�cepUp8Y aOa�jkRtpO�XTdskLfy®PSRdL:TUskLOWßpULfW�TêTUYÞaf^`cnLfW�Ttpf�
��L�gkLOpUc`mXWkLOg�TdskL � ö � PSW�gj¼�½N¾�¿ PS^nm[YXRUc`TUsQV�p|TUY§cnV�NkRUY�wXL

TUskLç^`YlafP[^8skc`TJRtP�TUcnYXp�Y[Z'¹»ºt¬1©�¯*«��¥�kjkTJNQPSRUTÞYSZ:TUsQL0skc`TJRdPSTUcnY
c`W�a�RdLOP[pUL�p<TUcn^n^vafY[V�LOp_Z RdY[V RdLfV�YSTdL�a�Y YXN�LORdPSTUcnw[LMaf^`cnLfW�T¥afP[atsQLOpO�
p<Y®TdskLq�QWQP[^FPÖw[LfRtPSmXL§RdLOpUN�YXWQp<LãTUcnV�L~cnpqpULfW�p<c`TUcnw[L�TUYßWkLfT��$YXRU�
^nPSTULOWQa�yJP[WQg®skYXp<T¥NkRdY afLOpdp<cnWkm�p<N³LfL@g��ForY�p<TUj�glyJskYY�ùTUskLqWQL�T<{
�$YXRU�èLOW w�cnRdY[WkV�LfW�T~afP[W cnW;dQjkLOWQa�L®TdskL��QWQP[^¥RUL@p<jk^`TO�D�$LiP[^npUY
NkRdY�w�ceglL®PÖw[LfRtPSmXLÞw�PS^njkLOp�Y[Zh���@�9�2���$P[WQg����äcnW pUY[V�Lßp<^nYY�$LOR
WkL�T���Y[Rd�lpf�¥oêskL@p<L�gkP�TtPÞPSRdLHglLORUcnw[L@gäZ RUYXV�TdskLHYXRUcnm[cnWQP[^�pzTdjQgly
Y[W0afY�YXN�LORdPSTUcnw[L§aOP[atskcnWkm~� y®K:PSsQ^`cnW0L�T:PS^´� � ���$�$�J�b���M^xTdskY[jkmXs
TUskL@p<L�V�LOPXp<jkRdLfV�LOWXTtprP[RUL$WkYY�ÝP¥Z L��Ýy[L@PSRtp)YX^ngãPSWQgCTds jQp]^`cn�[LO^`y
TUY®��L�pU^`YY�Ï�¥skLOW afY[V�NQPSRdLOg®TdY®p<TdPSTULf{´Y[Z {}P[R<TML���jkc`NQV�LOW�TO��Y[jQR
NkjkRdN�Y�p<L_cnp�TUYMpUskYY�.skYY�Ä¹»ºt¬$©G¯A«êaOPSWCTUYX^`LORdPSTUL_pULfwXLfRdL|LfW w c`RdY[Wk{
V�LfW�TdpO�XpUc`W�a�LêcxTFcep�Y[� w cnY[jQprTUs�P�Tr¹»ºt¬$©G¯A«
�$YXRU�lpr��LfT<TdLfRFcnW�skc`mXs
p<N³LfL@g0WkLfT��$YXRU�lpO�r�ÏW o]PS�Q^`L��l�³TUskLãRUL@p<N³Y[W�p<LHTUcnV�L�YSZDÛ:cnmXP[�kc`T
\|TdskLfRdWkL�T®a�Y[V�L@p�Z RUYXV YXjkRÞV�LOPXp<jkRdLfV�LOWXTtpf�êPSW�g YSTUsQLfRtpÞPSRdL
glLfRdcnw[LOg Z RdY[V4K�P[sk^nc`WèLfT�PS^´� � ���$�$�J���®oêskLäPÖw[LfRtPSmXLãRdLOpUN³Y[WQpUL
TUcnV�LOp:YSZ�TUsQL�²]�~afPXatskLOp8Z Y[RCPS^n^�YSZ|TdskLãZ Y[^n^`YY�¥cnWkmJpUc`Vãjk^eP�TUcnY[W�p
PSRdLMafP[^nafjk^eP�TUL@gãZ RUYXV¬V�L@P[pUjkRULOV�LfW�Tdp|Y[ZvTUskL[Û:c`m�PS�kc`T$\|TdskLfRdWkLfT
LfW w c`RdY[WQV�LOW�TO�kLf�lafLfNlT¥TdskYXpULqcnWi�lLOabTdc`YXW¡�k� �Q�3�¥skLORUL5��LqcnWXTdLfWl{
TUcnY[WQP[^`^ny.L��kPSV�cnWkL~TdskL®pULfW�p<c`TUcnw cxTzy.YSZC¹»ºt¬1©�¯*«äTUY0TdLOatskWQY[^nY[m[y
atsQPSWQm[LOpO�

¥¦� b1� �gfnº�¸ b�+38¶45& ·u�gfn¸b·

§ ��Ë ¡ 9U;8©_ª<A+¦�ªU9zA�;$�
� L�jQpUL¥TUskLjº�«�¤W¤�¦$å"æßTURtP[afLMP[p|TUskLr��Y[Rd� ^`Y�P[gãYSZ)P§pUc`WQm[^nLMa�^nc`LOW�T
p<ylp<TULOV®�~� cnWQa�L�TdskLfRdL�cnpCYXWk^`yiYXWkL~a�^nc`LOW�TO�t¹»ºt¬$©G¯A«��$YXRU�lpMTUskL
pUP[V�LêPXp�NkRdLfw c`YXjQp�L��kaf^`jQpUcnw[L¥afPXatskc`WQm:P[^`mXY[RdcxTdskV~pf�SLf�ka�LfNkT|TUsQPST
¼�½D¾�¿2PSWQg � ö � PSRdLJjQpULOgÝPXp§TdskL®^`YlafP[^êRULONk^nPXa�LOV�LOW�TãPS^nm[Y[{
RUc`TUsQV�p8c`W®TUsQL§²r��afPXatskL[�
{]cnmQ�
�Jp<skYY�8p8TUsQPST8TUsQLj¹»ºt¬$©G¯A«~P[^��êPÖylpêNkRdY�w�ceglL@pêTUskLã��L@pzT

skc`TÞRdPSTUcnY�P[V�YXWkm.PS^n^êTUskL0P[^`mXY[RdcxTdskV~pf���}T~NkRUY�w ceglLOp�P[��YXjlTÞP
�$�JÃ skcnm[skLOR|skcxT|RtP�Tdc`YCcnW�P[�"��­¡�ÝaOP[atskLêPSWQgä���JÃ cnW�P��@�$�[­¡�
afPXatskL[�kafY[V�NQPSRdLOgÞTUY~²�°êuH�3� skLfWäTUskL§aOP[atskLCpUc��OL:cnWQafLOP[pULOp$TdY
�@�$�[­¡�:�rTUskLiglc�|³LORULOWQa�L®cepãWQYST�Y[� w c`YXjQpf�|�³LOaOPSjQpUL��@�"�X­¡�¬cnp
^nP[RUmXLHLOWkY[jkmXsiTUY®skYX^ngiV�Y�pzTC�k^nY at�lpO�q²�°êu cepMTUskL'�$YXRdp<T�YXWkL[�
��L@afP[jQp<LiY[Z�c`Tdp~cnWQaf^`jQpUcnw[LfWQLOpdpf�ù�J�,NkRdY�w cnglL@p�p<YXV�Lim�PScnW �³L�{
afP[jQp<L¥c`T_LOw�ceabTtpFa�YX^ng��k^nYlat�lpFP[pFpUY Y[W~P[pFN�Y�pUpUc`�Q^`LX�D¹»ºt¬$©G¯A«:P[WQg

0.00%


20.00%


40.00%


60.00%


80.00%


32
 48
 64
 96
 128


Storage Cache Size (MB)

H

it 
R

at
io




uCache
 Exclusive

2Q
 LRU


{rcnm[jQRUL5�k�|²]�ãaOP[atskLCskc`T8RtP�TUcnY�YSZ�p<cnWkm[^nLqa�^nc`LOW�TO�

0.00%

10.00%

20.00%

30.00%

40.00%


50.00%

60.00%


1024
1536
2048
3072
 4096


Storage Cache Size (MB)


H
it 

R
at

io



Exclusive
 uCache

SLRU
 2Q

LRU


{]c`mXjkRUL5�Q��²]��afP[atsQL:sQcxT8RtP�Tdc`Y�pêYSZ���af^`cnLfW�Tdp � Kk�ê�ãTdRdPXa�L��b�

0


2000


4000


6000


8000


10000


1024
1536
2048
3072
 4096


Storage Cache Size (MB)


A
ve

ra
ge

 R
es

po
ns

e 
Ti

m
e 



(u

s)



Exclusive
 uCache

SLRU
 2Q

LRU


{]cnm[jkRdL����k�|²]�ãaOP[atskLCRdLOpUN�YXWQpULMTdc`V�LqYSZ���a�^nc`LOW�Tdp � K,�¥�HTURtP[afL��b�

�



L��ka�^njQpUc`wXL¥afP[atsQc`WkmCNkRdY�w cngkL$TdskL8�³LOp<TFRUL@p<jQ^xTtpf��p<cnWQa�L¥gljQNk^`ceafPSTUL@g
�k^nY at�lp�PSRdLJRdLfV�Y�wXLOgÁ��jkceat� ^`y.Z RdY[V ²]�çaOP[atskL@pf�_P[WQgèTdskLiPSm[{
m[RdLfm�P�TUL�afPXatskL~p<N�P[a�L�cepqjlTdc`^nc��OLOg�LK�Þafc`LOWXTd^`yX�¡¹»ºt¬$©G¯A«JsQP[pqP[W
Y[� w c`YXjQp]c`V�NkRdY�w[LOV�LfW�TO��LOw[LfW�a�YXV�NQPSRdLOg§TUYCL��ka�^njQpUc`wXL�aOP[atskcnWkm��
��L@afP[jQp<L�TUsQL5¼�½N¾�¿+PS^nm[YXRUc`TUsQV�NkRdL�Z LORdp_TUY�RdL�TdP[c`WJ�k^`Ylat�lpD�¥cxTds
skcnm[s Lfw cna�TUcnY[W�Z RUL���jkLfWQafc`L@pf�[�¥skceats
a�Y[W�TdRUcn�kjlTdL�V�Y�pzTiYSZãTUskL
afPXatskL~skc`TdpO�ßoêsQL � ö � PS^nm[YXRUc`TUskVìPSm[mXRUL@pUpUcnw[Lf^n^ny0p<skRdcnWk�lpCTUskL
p<V~P[^`^)²r°�u+aOP[atskL:TdY�NQRUY�w ceglLqPS^n^vTUskL§aOP[atskLqpUNQP[afL�TdYj¼�½N¾�¿C�
§ � Ê G§�:f�¨ ¤ �F�k�kA�ª<�]� A:g �l�k� ¤ A��
� L�jQpULãTUskL�ò[½�æ.TdRdPXa�L�P[pCPJVãjk^`TUcnNk^`Lf{}af^`cnLfW�Tq^nYY�ê{}afY[RdRULO^nPSTULOg
�$YXRU� ^nYXPXg�� {rcnmQ�Â�.p<skYY�8p�TdsQP�Tx¹»º�¬1©�¯*«0NQRUY�w ceglLOp�TdskLi��L@pzT
skc`TÞRdPSTUcnY.P[V�Y[Wkm.PS^n^êTUskL0P[^`mXY[RdcxTdskV~pf� � cnWQa�LiWQY��Q^`Ylat�lp~PSRdL
p<s�PSRdLOg�P[V�YXWkmèTdskL LOc`mXs�T®a�^ncnLfW�TdpO�8TdskL�PXgkglc`TUcnY[WQP[^�sQcxTßRdPSTUcnY
Z Y[RHafY Y[N³LfRtP�TUcnw[L~aOP[atskcnWkmßcnpQ�fLORUY��JoêskL�TULOV�N�YXRdP[^F^`YlaOPS^ncxTzy YSZ
TUskLlòk½ræ���Y[Rd� ^`Y�P[g cnpHw[LORUy¡��LOP[�v�]pUYßTUskLä²�°êu PSW�g.�J� P[^x{
m[YXRUc`TUskV~pêNkRdY�w cngkL�wXLfRdy~^`YY� afP[atsQL�skc`T8RtP�TUcnYXpO� LfwXLfWl�¥skLfWäTUskL
pzTdY[RtPSmXLJafPXatskLJpUc��OLJcnWQa�RdLOPXp<L@pqTUYx�1�1�$�1íïáJ� �l²r°�u�cepHVãjQats
��LfT<TdLfR�TUsQP[W ²r°�uH�r�QjlT�p<TUcn^n^�^ePSm�p§�³LfskcnWQg!L��ka�^njQpUc`wXLäafPXatskcnWkm
PSWQg@¹»ºt¬1©�¯*«��v�³LOafP[jQpULqcxTMcepMgkLOpUc`mXWkLOg®TdY~��L�a�Y[V�NQPSTUcn�k^nL5�¥cxTds
skcnm[sl{Ïa�YXRURdLf^eP�TdLOgÁ��Y[Rd� ^`Y�P[gkpã� y!WkY[TJa�YXV�NQ^`LfTULf^ny!cnV�Nk^nLfV�LfW�T<{
c`WQmÞL��ka�^njQpUc`wXLfWkL@pUpêcnWiTdskLH²r��aOP[atskLX��oêsQLHglc�|³LORULOWQa�L§�³L�T���LfLOW
¹»ºt¬$©G¯A«�PSW�giL��ka�^njQpUc`wXLHafPXatskcnWkm~cnp�WkY[TMY[� w c`YXjQpO�Q�³LOafP[jQpULqTUskL
skcnm[skL@pzT§LOw�ceabTdc`YXWçZ RdL���jkLOWQa�yçYSZ_TdskLjò[½�æ!TURtP[a�L�cepCY[Wk^nyiZ YXjkRO�
�¥skceats cep�WkYSTÞLOWkY[jQm[sÝZ YXR�¼�½D¾�¿£TUY.jlTdc`^nc��OL[� oêskL � ö � P[^x{
m[YXRUc`TUskV�pUjQafafLOpdpzZ jk^n^ny P[^`^nYlafP�TdLOpÞP[^`^:pzTdY[RtPSmXLßaOP[atskL0pUNQPXa�LiTdY
¼�½D¾�¿q�êpUcnWQa�L�PS^nV�Y�pzT®WkY!�Q^`Ylat�lpäP[RULçRULOjQp<L@g�PSV�YXWkm!glc�|³LOR<{
LfW�T:af^`cnLfW�Ttpf�
{]cnmQ�q���Þp<sQYY�8pêTUsQPSTMTdskLãPÖwXLfRtPSm[LCRdLOpUN�YXWQpULCTUcnV�L
Z Y[^n^`YY�8pqTUskL®pUP[V�L�TdRULOWQgèP[p§TUskLJskcxT�RdPSTUcnYQ�ßoêskLÞ�kcnm[mXLOp<THcnVã{
NkRdY�w[LfV�LOWXT�Z RUYXV£²�°êu�TdYn¹»ºt¬$©G¯A«Þcnp,�1��ÃJ�g�¥c`TUs.P0���X�"�Jíïá
pzTdY[RtPSmXL:aOP[atskLX�
§ �7Ó D 9z©_�x¨ ¤ �F�k�QA�ªz�]�lA8g �l�k� ¤ A��
� L jQp<L
TdskL ºt«�¤W¤�¦"å$æìTdRdPXa�L+PSW�g&TUskLèãlñNñ/ä�ò TdRdPXa�L+P[p
VHjk^`TUcnNk^nL�{Ïa�^nc`LOW�Tãskcnm[sl{Ïa�YXRURdLf^eP�TdLOgx�$YXRU� ^nYXPXgkpf��{rcnmQ�è�X�Þp<sQYY�8p
TUskL¥sQcxT|RtP�TUcnYXp]Y[ZkTUskL8gkcO|vLfRdLfW�TFPS^nm[YXRUc`TUskV~prjkWQglLOR|w�PSRdc`YXjQp�a�Y[Wk{
�Qm[jQRdPSTUcnY[WQpO�HoêskL�¹»ºt¬$©G¯A«JPS^T��PÖylp�NkRUY�w ceglLOpMTUsQL~��L@pzTqskc`TqRdPS{
TUcnY P[V�YXWkmçP[^`^$TUskL®PS^nm[YXRUc`TUskV~pO�ç²�°êu NkRUY�w ceglLOpHP0RdLf^eP�TUcnw[LO^`y
skcnm[s�skcxT§RtP�Tdc`Y®�³LOafP[jQpULãL@P[ats��k^`Ylat�icnWèPSW ²r°êu afP[atsQLãsQPXpCP
^`YXWkmÞ^ncxZ Lã��LfZ Y[RdLHc`T�cep�gkcnpdafP[RdglL@g���P[WQgßTds�j�p8sQPXp�P~sQc`mXs0N�Y�pUpUc`{
�kcn^`c`Tzy�TUYã��L:RULfZ LfRdLfWQafLOg~P[mXPScnWÞ� y~glc�|³LORULOWXTêa�^nc`LOW�TdpD�¥cxTdsJskcnm[sl{
a�YXRURdLf^eP�TdLOg5��Y[Rd� ^`Y�P[gkpO�)oêskL�mXPScnW§Y[Z�¹»ºt¬$©G¯A«¥�³LOafY[V�LOp�pUV~PS^n^`LOR
P[pMTUskL�pzTdY[RtPSmXL§afP[atsQL§m[RdYY�8p¥^ePSRdm[LfR@�QpUc`W�a�LãPJ^nP[RUmXL§afPXatskLHpUc��OL
RULfTdP[c`WQpiP �k^nYlat� Z Y[R0P ^nY[Wkm LfWkYXjkm[s�TUcnV�L[�:TUY �³LÝP[aOa�LOpdpULOg
� yçV�YXp<THa�^nc`LOW�TdpO�®\F�laf^`j�p<cnw[L~afPXatskcnWkmip<j3|vLfRtp§pULfRdc`YXjQpCN³LfRUZ Y[RU{
V~PSWQafLMglLfmXRdPXgkP�Tdc`YXW)��LfwXLfW¥�¥skLOW~a�Y[V�NQP[RUL@gãTUY§²�°êuH�[�³LOafP[jQpUL
glcepUaOPSRtglc`WQmJPJ�Q^`Ylat�ßc`V�V�LOgkcnPSTULf^nyiP�Z TdLfR:cxTCcnp:RdL�Z LORULOWQa�L@gßY[WQafL
afP[jQp<L@p~V~PSW y afP[atsQLiV�cepdp<L@p�Z Y[R®p<jQaOa�L@pUpUc`wXLßRULfZ LfRdLfWQafLOp�Z RdY[V
YSTdskLfRêa�^nc`LOW�TdpO����L:WkYSTdcnafLMTdsQP�TêLfwXLfW~TdskL:p<TUYXRdP[m[L¥skc`T¥RdPSTUcnYXp_YSZ
¹»ºt¬$©G¯A«f�"�¥skceats§glY LOp)WQYSTrafY[jkW�T)TdskL_�³LfWkL��kTdp)Z RUYXVùTdskL$afY Y[N³LfRU{
P�Tdc`wXLêaf^`cnLfW�TFafPXatskLOpO�[P[RUL�VHjQats�skcnm[skLOR�TUsQP[WHTdskYXpULêYSZvL��ka�^njQpUc`wXL
afPXatskc`WQm0PSWQg.PSRdL~w[LORUy a�^nYXpUL�TUYiTdskLÞRdLOpUjk^xTtpqYSZ�TUsQL~TUskRdLfLJc`Wl{
a�^njQpUc`wXL:aOP[atskL:PS^nm[Y[Rdc`TUskV~pO�]oêskL � ö � P[WQgl¼�½N¾�¿+P[^`mXY[RdcxTdskV~p
�$YXRU� N³LfRUZ LOabTd^`y TdY!�³YSTdsùcnWQa�RdLOPXp<L0^nYlafP[^Mskc`TdpßPSW�g V~PScnWXTtPScnW
skcnm[sia�jkVãjk^eP�TUcnw[LCskc`T8RtP�TUcnYXpO�
� ö � P[WQgn¼�½D¾�¿��QP[^nP[WQa�L5��Lf^n^��³L�T���LfLOWßTUskLH^`YlafP[^rp<TUYXRdP[m[L

0.00%

10.00%

20.00%

30.00%

40.00%

50.00%

60.00%

70.00%

80.00%


4clients
 8clients
 16clients

Number of  Clients


H
it 

R
at

io



Exclusive Caching
 ASA & FBER

Cooperative Client


{rcnm[jQRUL������_h$jkVHjk^eP�Tdc`wXLCskcxT8RtP�Tdc`Y�Y[Z]²r��aOP[atskL � h$LO^`^nY1���HTURtP[a�L��b�

skcxTqRtP�Tdc`YiPSW�g0TdskL~a�jkVãjk^nPSTUcnw[L�skc`TqRdPSTUcnYQ�q{rcnmQ�ß�Ö�JafY[V�NQPSRdLOp
TUskLçafjkVHjQ^nPSTUcnw[L0PSW�g p<TUYXRdP[m[Lßskc`TJRtP�TUcnYXp�Y[Z§²�°êu§�FLf�ka�^njQp<cnw[L
afP[atsQc`Wkm���P[WQg¡¹»ºt¬1©�¯*«qjkWQgkLfRêw�PSRdc`YXjQp$afY[W3��m[jkRtP�Tdc`YXWQpf����L�cnWl{
TULfW�Tdc`YXWQPS^n^`y:atsQPSWQm[L]TUskL_RULONk^nPXa�LOV�LOW�T�P[^`mXY[RdcxTdskV~p³Z Y[R)Lf�ka�^njQp<cnw[L
afP[atsQc`Wkm:PSWQg�²�°êu!TUYqP[gQgHa�Y YXN�LORdPSTUcnw[L$af^`cnLfW�TFafPXatskLOp]PSW�g§NkRdYS{
w�ceglLCTdskL§a�jkVãjk^eP�TUcnw[LqsQcxTMRtP�Tdc`Y�pf����LqsQPÖwXL:V�LOWXTdc`YXWkLOgß�³L�Z YXRUL
TUsQPST�LOWXTdc`RdLf^ny�L��ka�^njQpUc`wXL�aOP[atskcnWkm§cnWäp<TUYXRdP[m[Lr�¥c`TUs®a�Y Y[N³LfRtP�Tdc`wXL
a�^nc`LOWXTCafPXatskLOpMNkRUY�w ceglLOp¥TUskL�V~P��lc`VãjkV,a�jkVãjk^nPSTUcnw[LãskcxT:RdPSTUcnYQ�
�kjlTäwXLfRdy!^nYY�£pzTdY[RtPSm[LisQcxT®RdPSTUcnYXpÞcnW�skcnm[sk{}afY[RdRULO^nPSTULOg���Y[Rd�X{
^`Y�P[gkpO�µ� skLOW�a�YXV�NQPSRdLOgÄ�¥c`TUs�L��ka�^njQpUc`wXLçafPXatskc`WQmQ����L¡�QWQg
TUsQPSTrTdskL¥a�jkVãjk^nPSTUcnw[L�skc`T]RtP�Tdc`Y�YSZ�¹»ºt¬1©�¯*«êcnp|P[^`V�Y�pzTrTUskL¥pdPSV�L[�
�¥skc`^nL�TUskL~^nYlafP[^FpzTdY[RtPSm[Lãskc`T§RdPSTUcnY®cepCVHj�ats skcnm[sQLfR@�'��L~PS^ep<Y
�QWQg~TdsQP�TêLfwXLfW��¥c`TUs®a�Y Y[N³LfRtP�Tdc`wXLMa�^ncnLfW�TêaOP[atskL@pf� ²�°êu afP[WkWkYST
NkRUY�w ceglLJpdP�Tdcnp<ZâP[a�TUY[Rdy afjkVHjQ^nPSTUcnw[LäaOP[atskLJskcxTtpf�_��L@afPSj�p<LÞV�Y�pzT
�k^`Ylat�lpCcnW TdskLÞp<TUY[RtPSmXL�aOP[atskL~P[WQg afY Y[N³LfRtP�TUcnw[L~af^`cnLfW�T§afPXatskLOp
PSRdLqTUskL�pdPSV�L[�vPSWQgçPSm[mXRULOmXPSTULqafPXatskLãpUNQP[afL§cep
�êP[p<TUL@g��
� c`TUs
TUskL � ö � PS^nm[Y[Rdc`TUskVß�/¹»ºt¬$©G¯A«HNkRUY�w ceglLOp��³YSTdsßpdP�Tdcnp<ZâP[a�TUYXRUy~^nYS{
afPS^QskcxT$RdPSTUcnYXpO�[PS^nV�YXp<T|TUskLMpdPSV�L8PXp�Tzy NkcnaOPS^kcnWQaf^`jQpUcnw[L8afPXatskcnWkmQ�
PSWQg�skcnm[s~a�jQVHjk^eP�Tdc`wXL¥skcxT$RdPSTUcnYXpO�Sw[LORUy�a�^nYXpUL$TdYqTUsQL¥V�PS�lc`VãjkV
wÖP[^`jQLOp�TUs�P�T¥TUY[TdP[^`^nyÞL��kaf^`jQpUcnw[LqafPXatskc`WQm�P[^`mXY[RdcxTdskV afP[WäRdLOPXats)�
{]cnmQ�����:p<skYY�8prTdsQP�T|TdskL8PÖw[LORdP[m[LFRdLOpUN�YXWQpUL$Tdc`V�LêZ YX^`^nYY�8prTUskL

pUP[V�L�TdRULOWQg.P[p:TUsQLÞskc`T§RdPSTUcnYQ�ÞoêskL~�kcnm[mXLOp<T§c`V�NkRdY�w[LOV�LfW�T:cep
�"�JÃ+Z RdY[V�²�°êu TdY�¹»ºt¬$©G¯A«f�3�¥cxTdsJPC�X�1íïá+pzTdY[RtPSmXL8afP[atsQL¥Z Y[R
TUskL�ÅÖ{}af^`cnLfW�T
ã�ñEñ/ä�ò TURtP[afL[�
{]cnmQ�ç���ßjQp<L@pCTUsQLÁºt«²¤W¤�¦$å"æ TURtP[afL~P[p§P[W�Lf�kPSV�Nk^nL�TUY0pUskYY�

TUskL~pUY[jkRta�LãYSZFTdskL�mXPScnWçY[Z
¹»ºt¬$©G¯A«f�ãoêskL��QPXp<L�pULfm[V�LOWXTtp�P[RUL
TUskLCskc`T¥RdPSTUcnYXp_TUsQPST¥PãNkjkRdLCL��ka�^njQpUc`wXL:aOP[atskL:afP[WJNkRdY�w cnglLX��� L
�QWQg®TUs�P�T � ö � PSW�gw¼�½N¾�¿¬a�YXWXTdRUcn�kjlTdL§P�^`Y[T8TUY�TdskLHcnWQafRUL@P[pUL
YSZ¥TUsQLä^nYlafPS^�skc`T�RtP�Tdc`Y�pf�i{]c`WQP[^`^ny[�FafY Y[N³LfRtP�TUcnw[Läa�^nc`LOWXT�afPXatskLOp
NkRUY�w ceglLCP[gkglc`TUcnY[W�PS^)a�jQVHjk^eP�Tdc`wXL:sQcxTtpf�
§ � e ¡ A�;���9z�k9]Ñ89Ï�,i
o�YCpzTdjQglyqskYY�ÝTUskL�N�LOR<Z YXRUV~P[WQa�L$YSZ�¹»ºt¬1©�¯*«êcnp|P"|³L@abTdLOg§� y§glc`Z {
Z LfRdLfW�TrWkLfT��$YXRU��TUL@atskWkYX^`YXm[cnLOp»�¥c`TUsãskc`mXsl{Ïa�Y[RdRdLf^eP�TUL@gk�$YXRU� ^nYXP[gQp
� TUsQL§mXP[c`WQpr�¥cxTdsçp<cnWkmX^`L§af^`cnLfW�T�P[WQgß^`YY�ê{Ïa�YXRURdLf^eP�TdLOgj�$YXRU� ^nYXP[gQp
PSRdL~WkYST§Z RdY[V RdLfV�YSTdLJa�Y Y[N³LfRtP�Tdc`wXLÞafPXatskLOpG�b���$LJjQp<LÞTUskLäNQP�{
RdP[V�LfTULORdp:a�YX^`^nLOa�TULOg cnW.� L@abTdc`YXWx��� �JTUYßafP[^nafjk^eP�TUL�TdskL~PÖw[LfRtPSmXL
RUL@p<N³Y[WQpUL¥Tdc`V�LOp�jkW�glLfR�w�PSRdc`YXjQpFLOW�w cnRUYXWkV�LfW�Tdpp�¥cxTdsÞTdskL:aOP[atskL
skcxT8RtP�Tdc`Y�p$Z RUYXV TUskLqNQRULOw�cnY[j�p¥p<cnVHjk^eP�Tdc`YXWQpO�
{]cnmQ�H����cnWQglceafP�TdLOpMskYY�
TUskLãc`V�NkRdY�w[LOV�LfW�TMYSZr¹»ºt¬1©�¯*«�Y�w[LfR

²�°êuèw�PSRdc`L@p»�¥c`TUsHglc�|vLfRdLfW�T�WkLfT��$YXRU�MTULOatsQWkY[^nY[mXc`L@pf�_� c`TUsãa�Y[V�{

���



0.00%


20.00%


40.00%


60.00%


80.00%


64
 96
 128
 192
 256


Storage Cache Size (MB)


Cu
mu

lat
ive

 H
it R

ati
o


uCache
 Exclusive

SLRU
 2Q

LRU
 uCache Storage


I  KJ�LMA�NB?B%�&K�3�85)&)6)%�$
O�%/NBNB(KQ�R9�3$3 �A/%

0.00%


20.00%


40.00%


60.00%


80.00%


64
 96
 128
 192
 256


Storage Cache Size (MB)


C
um

ul
at

iv
e H

it 
R

at
io




IVU J8]9A/NB?B%�&K�3�85)&)67%/$
O�%�NBNB(KQ�RS�3$3 �A�%

0.00%


20.00%


40.00%


60.00%


80.00%


64
 96
 128
 192
 256


Storage Cache Size (MB)


C
um

ul
at

iv
e H

it 
R

at
io




I A"J
©/ªHA�NB?B%�&K�3�85)&)6)%�$
O�%/NBNB(KQ�R9�3$3 �A/%

0.00%


20.00%


40.00%


60.00%


80.00%


100.00%


32
 48
 64
 96
 128


Storage Cache Size (MB)


C
um

ul
at

iv
e H

it 
R

at
io




I 6!J:WSA�NB?B%�&K�3�85)&)6)%�$:X:Y�Y�Z�[\�3$3 �A�%

{]c`mXjkRUL��X�[�|²r��afPXatskLCskc`T8RdPSTUcnY�jQWQglLfR�h$LO^`^X�X�J�YÉ�o¥o Ú K�TURtP[afLOpO��ÉMcxTtpêZ RdY[V afY�YXN�LORdPSTUcnw[LCa�^nc`LOW�TMafP[atsQLOp¥PSRdL:WkYST8cnWQa�^njQglL@g��

�[�



0.00%


20.00%


40.00%


60.00%


80.00%


LRU
 Exclusive
 uCache

Algorithm


H
it 

R
at

io



Storage Cache
 Cooperative Cache


I  KJ2LMA�NB?B%�&G���:57&)6)%�$PO�%�NBNB(KQ�R9��$T �A�%

0.00%


20.00%


40.00%


60.00%


80.00%


LRU
 Exclusive
 uCache


Algorithm


H
it 

R
at

io



Storage Cache
 Cooperative Cache


IEU J�]SA�NB?B%�&G���:57&)6)%�$PO�%�NBNB(KQ�RS��$T �A�%

0.00%


20.00%


40.00%


60.00%


80.00%


LRU
 Exclusive
 uCache


Algorithm


H
it 

R
at

io



Storage Cache
 Cooperative Cache


I A.JP©/ªHA�NB?B%�&G���:57&)6)%�$PO�%�NBNB(KQ�RS��$T �A�%

0.00%


20.00%


40.00%


60.00%


80.00%


100.00%


LRU
 Exclusive
 uCache


Algorithm


H
it 

R
at

io



Storage Cache
 Cooperative Cache


I 6,J8WSA�NB?B%/&K���:5)&76)%�$
X8Y8Y�Z'[_��$T �A�%

{]c`mXjkRUL��Ö�l�_h$jkVHjQ^nPSTUcnw[LCskc`T8RdPSTUcnY�afY[V�NQP[RUcep<YXWJjkW�glLfR�h$LO^`^nY1��� � �Ö�"�X­¡� pzTdY[RtPSm[LCafPXatskL��<PSWQglÉMo¥o Ú K � �"��­¡��p<TUY[RtPSmXL�aOP[atskL��FTdRdPXa�L@pf�

�@�



0


1000


2000


3000

4000


5000

6000


7000


64
 96
 128
 192
 256


Storage Cache Size (MB)


Av
er

ag
e R

esp
on

se 



Ti
me

 (u
s)


uCache
 Exclusive
 SLRU


2Q
 LRU


I  KJ2LMA�NB?B%�&G���:57&)6)%�$PO�%�NBNB(KQ�R9��$T �A�%

0

1000

2000

3000

4000

5000

6000

7000


64
 96
 128
 192
 256


Storage Cache Size (MB)


A
ve

ra
ge

 R
es

po
ns

e 

Ti

m
e (

us
)


IEU J�]SA�NB?B%�&G���:57&)6)%�$PO�%�NBNB(KQ�RS��$T �A�%

0


2000


4000


6000


8000


64
 96
 128
 192
 256


Storage Cache Size (MB)


A
ve

ra
ge

 R
es

po
ns

e 

Ti

m
e (

us
)


I A.JP©/ªHA�NB?B%�&G���:57&)6)%�$PO�%�NBNB(KQ�RS��$T �A�%

0


1000


2000


3000


4000


5000


6000


32
 48
 64
 96
 128


Storage Cache Size (MB)


A
ve

ra
ge

 R
es

po
ns

e 

Ti

m
e (

us
)


I 6,J8WSA�NB?B%/&K���:5)&76)%�$
X8Y8Y�Z'[_��$T �A�%

{]cnm[jkRdL����Q���Mw[LORdP[m[L:RUL@p<N³Y[WQpUL:TUcnV�LqYSZ]²]��afP[atsQL:jQWQglLfRCh$Lf^n^`YJ�X�ãPSWQglÉMo¥o Ú K
TURtP[afLOpO�

���



{]c`mXjkRdL����l��j³h�PXatskLCw pO�|²�°êu
jkWQgkLfR:h$LO^`^nY1���qTdRdPXa�L[�

NkRdLfskLOWQp<cnw[LFafY[V�NQP[RUcep<YXWQpO�²�$L���WQg:TUsQPSTrPS^`TUsQY[jkmXs'¹»ºt¬1©�¯*«_NQRUY[{
w cnglL@p¥p<V~P[^`^nLfR¥RdLOpUN�YXWQpULMTdc`V�LOp8c`WßPS^n^vTUskRdLfL§pUL�TUTUcnWkmXpO� TUsQLqmXPScnW
glLOafRUL@P[pULOp��¥skLfWqTdskL�WkL�T���Y[Rd�:pUN³LfLOg§cnp]p<^nYY��LfR@�t¹»ºt¬$©G¯A«êYXW�Û:cx{
mXP[�kcxTM\FTUskLORUWQL�TMP[atsQc`LOw[LOp$TdskL§skcnm[skL@pzT8cnV�NkRdY�w[LfV�LOWXTêYSZ|jkN®TdY
�1��ÃÞ���¥skcn^`LFTUskL$c`V�NkRdY�w[LOV�LOW�TvcnWÞ���[­i�q\|TdskLfRdWkLfT)cnp�^`cnV�cxTdLOgCTdY
jkWQglLORH���JÃJ�N�M^xTdskY[jQm[s®TUskcep�RUL@p<jk^`T8cnWQglceafP�TdLOp8TUsQPSTQ¹»ºt¬$©G¯A«ãcnp
p<LOWQpUcxTdc`wXLqTUY~WkLfT��$YXRU�®p<N³LfL@gkpO��a�jQRURdLfW�T8N³Y[Nkjk^ePSR�WkL�T���Y[Rd�lp¥PSRdL
ZâP[p<T8LfWkYXjkm[säZ Y[R5¹»ºt¬1©�¯*«qTdY�PXatskcnLfw[LCRdLOPXp<YXWQPS�k^nL�pUN³LfLOgkjkNQpO�

« 45& fnºX¸ & -­¬ + ¹�Ç
²]�+afPXatskLOpÝsQPÖw[L N³Y Y[RÝskc`T RtP�Tdc`Y�pf�®P[pÝgkLfV�Y[WQp<TURtP�TdLOg�cnW

­ijkW�TR�8P[WQg'É8Y[WQLfy V~PSW � ���$�X�1��P[WQg'{kRdY�L@p<L¥P[WQg���jkW�T � ���$�1�1���
{kjkRUTUsQLfRqpzTdjQglcnLOpCpUskYY�
TUsQPST�TdskL�N�Y Y[R:skc`T:RtP�Tdc`YäcnpCaOPSjQpULOgi� y
��Y[TUsÂ�$L@PS�XLfRÞTdLfV�N³Y[RtPS^:^`YlafP[^`c`Tzy � ��jkW�TßL�TiPS^´�`�C���1�$�*�E�³skYXj
L�T P[^��n���$�$�"���®PSWQg
gljkNQ^`ceafPSTULOg �k^nYlat�lp � ��Y[Wkm�P[WQgÂ� c`^n�[L@pf�
�"�1�X�$��� �8Z TULOR!pzTdjQgly cnWkm+��LOsQPÖw c`YXR.YSZ®±,{|��pULfRdw[LORdpO�~°¥LfL@g
PSWQgç²)Y[WQm � ���$�1�1�$Z Y[jQWQgiTdsQP�T�TUskL�²�°êu P[^`mXY[RdcxTdskV&V�PÖyßp<TUcn^`^
L��lNk^nY[c`TJTdLfV�N�YXRdP[^�^nYlafP[^`c`Tzy afPSj�p<L@g � y Z RdL���jkLOW�T®P[aOa�L@pUpULOpJYSZ
�Q^nL�pUylpzTdLfV�V�L�TdPXgkP�TtPk��­0PSW y WkL��2PS^nm[Y[Rdc`TUskV~pÞs�PÖw[L0�³LfLOW
NkRdY[N³YXpULOg.RdLOa�LOW�TU^nyçTdY0c`V�NkRdY�w[LÞafjkVHjQ^nPSTUcnw[LÞskc`TãRtP�Tdc`Y�pf��pUjQats
P[p.­x� � �³skYXj LfTèP[^��n�§�"�1�"�J����K�LfV�Y[TUcnY[Wl{}�QP[pULOg�PS^nm[YXRUc`TUskV
� ��Y[WkmãPSWQg¥� cn^n�[LOpO���$�$���$�b�JÛ:^`YX�QPS^³²r�:�kj3|vLfRêafPXatskL¥V~PSWQP[m[Lf{
V�LfW�T � �³sQY[jßL�TMP[^��n�Q�"�1�"�J����®8{Ï°8PÖy � �êP[c`RtPÖw�P[pUjkWQgkP[RdP[V¬LfTMPS^´�`�
�"�1�"�J���kPSWQgßaf^`cnLfW�T<{Ïa�YXW�TURdY[^n^`L@gäaOP[atskLqRdLfNk^eP[afLfV�LfW�T ��� cePSWkmÞP[WQg
�³sQP[WkmQ�_�$�$�"���b� h$skLfW L�TJP[^�� � �"�$�J�$�ãa�^eP[pdp<c��QL@g P[^`^êTdskYXpUL®P[^x{
m[YXRUc`TUskV~pçc`W�TUYùT��$Y�Tzy�N³LOpO�
skcnLfRtPSRtats�y�{ÏP���P[RUL�afPXatskc`WQmQ�HP[WQg
PSmXm[RdLOpdp<cnw[LO^`y�{Ïa�Y[^n^ePS�³Y[RtP�TUcnw[L8aOP[atskcnWkm��QPSWQgßafY[V�NQPSRdLOgJTUsQL§N�LOR<{
Z Y[RdV~PSWQafLÞPSV�Y[WkmßTzy NkceafP[^_PS^nm[YXRUc`TUsQV�pC�³Lf^nY[WQm[cnWkmßTUYiTdskL~T���Y
Tzy N�L@pf�ü�8RdcML�TßPS^´� � �"�1�X�$��NQRUYXN�Y�p<L@g �Mh�­0\�TUY P[gkP[NlTUcnw[LO^`y
p<LO^`L@abTqTdskLÞ�³LOp<T§RULONk^nPXa�LOV�LOW�T§N�YX^`cea�yçZ Y[RqLOPXatsèafP[atsQL�{}^`LOw[Lf^]TdY
P[atskcnLfwXL$sQc`mXs�afjkVHjQ^nPSTUcnw[L�skcxTFRtP�Tdc`Y�pf� ¯ jkR���Y[Rd�qc`W�VHjk^`TUc`{}^`LOw[Lf^
afPXatskL�skc`LORdP[RdatsQc`L@pM�kjQc`^egkpqjkN³Y[W.�kjkT§cnpqglc�|vLfRdLfW�TqZ RUYXV2NkRdLfw c`{
Y[jQpãpzTdjQglcnLOpH��L@afPSj�p<L~TdskLn¹»ºt¬1©�¯*«äP[^`mXY[RdcxTdskV cep�P[gkP[NlTUcnw[L�TdY
VHjk^`TUcnNk^nL�{Ïa�^nc`LOW�TqpUylpzTdLfV~pO�»�¥cxTds LOcxTdskLfRCskcnm[sl{Ïa�YXRURdLf^eP�TdLOgw��Y[Rd��{
^`Y�P[gkpêYXR¥^`YY�ê{Ïa�YXRURdLf^eP�TdLOgq��Y[Rd� ^`Y�P[gkpO�
°8LOpULOPSRtatskLORdpJsQPÖw[L jQp<L@g�V�L�TdRUceafpßpUjQats�PXp®RULOjQp<L�glcepzTtPSWQafL

� �³sQY[j LfT�PS^´�`�.�"�1�"�J��� c`W�TULOR<{}RdL�Z LfRdLfW�a�L mXP[N ��Ú sQPS^n�[L P[WQg
Û:Y[NkcnWQPSTUs)�8���$�J�$�b�êPSW�g cnW�TULOR<{}RULfZ LfRdLfWQafLäRdLOafLfWQafy �7� cePSWkmèP[WQg
�³sQP[WkmQ�ã�$�$���$�çTUY P[WQPS^ny��fL P[aOa�L@pUp.NQPST<TdLfRdWQpÝY[Zl��Y[Rd� ^`Y�P[gkpO�

�kjlT�WkY[WkLäYSZ8TdskLfV p<TUj�glc`L@p§TdskLßatsQPSRtP[a�TULfRdcepzTdcnaOp§YSZ8RdL�Z LORULOWQa�L
pzTdRUL@PSV~p)Y[ZQ²r�¥aOP[atskL@p)cnW§L��ka�^njQpUc`wXL$aOP[atskcnWkmQ� ¯ jkRrp<TUjQgkyCpUskYY�8p
TUsQPSTJTUsQL�\_w�ceabTdc`YXWl{Ï°¥L�Z LORULOWQa�LxÛCP[N�cepJwXLfRdy ^ePSRdm[LçP[WQg skcnm[s
Lfw cna�TUcnY[WäZ RUL���jkLfWQafyJ�k^nYlat�lp¥a�Y[W�TdRUcn�kjlTdL:V�Y�pzT¥TdYÞafP[atsQL:sQcxTtp¥c`W
L��ka�^njQpUc`wXLHafPXatskc`WQmQ�
�êP[pULOg0Y[WiY[jQR:p<TUjQgky[�/�$LãNkRdY[N³YXpUL§PÞWkL��
PS^nm[Y[Rdc`TUskVß��{kRdL���jkLfW�a�yx�êPXp<L@gè\Fw cna�TUcnY[Wl{Ï°¥LfZ LfRdLfWQafL � ¼�½D¾t¿k���
TUY�c`V�NkRdY�w[L:skc`TMRtP�TUcnYXp$Z YXR¥L��ka�^njQpUc`wXLCaOP[atskcnWkm��
°¥L@p<L@PSRtatskLfRtp.sQPÖwXLùa�YXWQp<ceglLORUL@g�jQp<cnWkm afY Y[N³LfRtP�TUcnw[L�af^`cnLfW�T

afP[atsQc`Wkm�TUY c`V�NkRdY�w[L!afjkVHjQ^nPSTUcnw[L!sQcxT.RdPSTUcnYXpçc`W�VHjk^`TUc`{´^nLfwXLf^
afP[atsQLqskc`LORdP[RdatsQc`L@pf�¥K:PSsk^nc`WçL�T:P[^�� � ���$�"����NkRdY[N³YXpULOg®Z Y[jQRMRdLfNl{
RUL@p<LOWXTtP�Tdc`wXL afY�YXN�LORdPSTUcnw[L afPXatskcnWkm P[^`mXY[RdcxTdskV~pèPSWQg�glLOV�Y[Wl{
pzTdRdPSTULOg!TUs�P�Tä±8{zh$sQP[WQa�L¡{QY[R���P[Rdgkc`Wkm.afP[W NkRUY�w ceglL®TUskLç��L@pzT
N�LOR<Z YXRUV~PSW�a�L[�¶ÛC­ç� � {kLOLf^nLfyèLfT�P[^��n�ê���$�J�$�Ccep�V�Y[RdLJm[LOWkLfRtPS^
TUsQP[WÝ±¥{ÏatsQPSWQafL~c`WÝTUsQPSTHcxT�cnpãP0glcepzTdRUcn�kjlTdLOgèpUsQPSRdLOgl{´V�LfV�YXRUy
p<ylp<TULfVß� Z YXRN�¥sQcnatsßa�Y Y[N³LfRtP�Tdc`wXL�aOP[atskcnWkm�cnpêYXWk^`y~YXWkLCN�Y�pUpUcn�k^`L
jQp<LX�§�lPSRd��PSRCPSWQgxÉMPSRUTUV~P[W � ���$�$�J�¥cnW�TURdY gkjQa�L@g0PJsQc`W�T<{}�QPXp<L@g
PS^nm[Y[Rdc`TUskV,TdYäRdLOglj�a�L�Y�w[LORUskL@P[giY[Z�afY�YXN�LORdPSTUcnw[L�afP[atsQLOpO� ¯ jkR
�$YXRU�ßcep�RdLf^eP�TdLOg0TUYß�kjlT§glc�|³LORULOW�T:Z RdY[V,TdskYXpUL�NkRULOw c`YXjQpCPS^nm[YS{
RUc`TUskV~pO� ��L@afPSj�p<L,�$L�jQp<L�L��ka�^njQpUc`wXLMafPXatskcnWkm§cnWäp<TUY[RtPSmXL8afPXatskLOp
TUYçcnV�NkRdY�w[LÞskc`T�RdPSTUcnYXpqZ YXRã^nYY�ê{Ïa�Y[RdRdLf^eP�TUL@gi�$YXRU� ^nYXP[gQpf���¥skcn^`L
jQp<cnWkmqa�Y YXN�LORdPSTUcnw[Lêa�^nc`LOWXT_aOP[atskcnWkm�TUY§aOP[atskLê�k^nYlat� p�RdLfj�p<L@g§Z RdL�{
�XjQLfW�TU^nyJPSV�YXWkm~a�^nc`LOWXTtpêc`Wßskcnm[sk{}afY[RdRULO^nPSTULOg��$YXRU� ^nYXP[gQpf�

¯ c +38 »�fX�v· bT+38 ·
�ÏWùTUskcepJN�PSN³LfR@�
��LçNkRdY[N³YXpULçP WkL��£jkWQcO�QL@g��kjA|³LORßaOP[atskL

V�P[WQPSmXLfV�LfW�TCPS^nm[Y[Rdc`TUskVß�5¹»ºt¬$©G¯A«f�)TdYäcnV�NkRUY�wXL§N³LfRUZ Y[RdV�P[WQa�L
YSZM²r�çafPXatskLOpHc`WÝVãjk^`TUc`{´^nLfwXLf^êafP[atsQLJskcnLfRtPSRtatskcnLOpCZ YXRãVãjk^xTdc`NQ^`L
a�^nc`LOWXTtpf�D¹»ºt¬$©G¯A«¥afY[VH�Qc`WkL@p]��Y[TUsHLf�ka�^njQp<cnw[L�afPXatskc`WQm8c`W�pzTdY[RtPSmXL
afP[atsQLOp¥TdYJcnV�NkRUY�wXLqskc`T:RtP�Tdc`Y�p¥Z Y[R�^`YY�ê{Ïa�YXRURdLf^eP�TdLOgl��Y[Rd��^nYXPXgkpO�
PSWQg afY�YXN�LORdPSTUcnw[Lçaf^`cnLfW�TäaOP[atskcnWkmèTdY!cnV�NkRUY�wXLiskc`TäRtP�TUcnYXpÞZ Y[R
skc`mXsl{Ïa�Y[RdRdLf^eP�TUL@g¥��Y[Rd��^nYXPXgkpO�
��L�s�PÖw[LMp<TUjQgkc`L@g~TUsQL�atsQP[RdPXabTULORUcep<TUceafp|Y[Z�RULfZ LfRdLfWQafLMp<TURdLOPSV~p

YSZ�Lf�ka�^njQp<cnw[LßafPXatskcnWkmQ� ¯ jkR�RUL@p<jk^`Tdp�pUskYY� TdsQP�T�TdskLiPÖw[LfRtPSmXL
\Fw cna�TUcnY[Wl{Ï°¥LfZ LfRdLfWQafL�ÛCP[N Y[Z:Lf�ka�^njQp<cnw[L0aOP[atskcnWkm@�¥c`TUs VHjk^`TUc`{
Nk^`L a�^nc`LOWXTtp~cepÞRtP�TUsQLfR~^ePSRdm[LicnW TUsQPSTÞcxT®cnpÞgkc��Þa�jQ^xTäZ Y[RJP.RdL�{
Nk^nPXa�LOV�LOW�T~P[^`mXY[RdcxTdskV jlTdc`^ncT�fcnWkm.TULOV�N³Y[RtPS^¥^nYlafP[^`c`TzyÝYSZ[��Y[Rd�X{
^`Y�P[gkpMTUY®NkRdY�w�ceglL�skcnm[sçsQcxTqRtP�TUcnYXpO�C� Z RUL��XjQLfWQafyi�QP[pULOg PS^nm[YS{
RUc`TUskV cnpCskcnm[sQ^`yiNkRdL�Z LORURdLOgç��L@afP[jQp<L�skcnm[s�Lfw ceabTUcnY[W Z RdL���jkLfW�a�y
�k^`Ylat�lpßa�YXWXTdRUcn�kjlTdLçTdskL.V�YXp<TäTdY aOP[atskL�skc`Tdpß�kjkTiaOPSjQpUL TUskL
Z L���LOp<TMafP[atsQL:V�cepUpULOpêcnWßL��ka�^njQpUc`wXLqafP[atsQc`Wkm���� LqNQRUYXN�Y�p<LCWkL��
^`YlafP[^FRdLfNk^eP[afLfV�LfW�THPS^nm[YXRUc`TUsQV�pO��{kRdL���jkLfW�a�yx�êPXp<L@g�\_w cna�TUcnY[Wl{
°¥L�Z LORULOWQa�L � ¼�½D¾�¿[���FPSWQgÁ��gkPSNkTUcnw[L®�lNQP[afLj�8^n^`YlaOP�TUcnY[W PS^nm[YS{
RUc`TUskV �3� ö � �b�OTUY8cnV�NkRUY�wXL�TUskL$skc`TrRtP�TUcnYXp)YSZkL��kaf^`jQpUcnw[LFafPXatskcnWkmQ�
��L_sQPÖwXL|Lfw�PS^njQPSTULOg§Y[jkRD¹»º�¬1©�¯*«êPS^nm[YXRUc`TUskV
PSW�gCYSTUsQLfRrTzy�NQcx{

afPS^vVãjk^xTdcx{}^nLfw[LO^�afP[atsQc`Wkm�PS^nm[YXRUc`TUskV~p$jQpUc`Wkm�pUc`Vãjk^nPSTUcnY[WQp$jkWQgkLfR
��Y[TUs skcnm[sl{Ïa�YXRURdLf^eP�TdLOgÝP[WQg!^nYY�ê{Ïa�Y[RdRdLf^eP�TUL@g¶��Y[Rd��^nYXPXgkpO� oêskL
RUL@p<jk^`TdpqpUskYY��TUsQPST�¹»ºt¬$©G¯A«®glRtPSV~P�TdcnaOPS^n^`y0cnWQafRUL@P[pULOpqa�jQVHjk^eP�{
TUcnw[L_aOP[atskLFsQcxT�RdPSTUcnYXp�Y�wXLfR�²r°êu!PSW�gqc`V�NkRdY�w[L�TdskL$PÖwXLfRtPSmXL��R� ¯
RUL@p<N³Y[WQpULãTUcnV�L�� yijkN�TUYl�1��Ã Z Y[Rq^nYY�ê{}afY[RdRULO^nPSTUL@g��$YXRU� ^nYXP[gQp
PSWQg��"��Ã�Z Y[R¥skcnm[sk{}afY[RdRULO^nPSTULOgj�$YXRU� ^nYXPXgkpf�
�ÏWÝVãjk^`TUcnNk^`L®a�^nc`LOW�TdpC�¥c`TUs!skc`mXsl{Ïa�Y[RdRdLf^eP�TUL@gi�$YXRU� ^nYXP[gQpf��TUskL

p<N³LfL@gljkNùY[Zj¹»ºt¬$©G¯A«.cepßp<LOWQpUcxTdc`wXL0TUY WkL�T���Y[Rd� TUL@atskWkY[^nY[mXc`L@pf�
�8^`TUskYXjkm[s£pU^`YY��LfR WkLfT��$YXRU�lp Y[� w c`YXjQpU^`y glL@a�RdLOPXp<L�TUskL N�LOR<{
Z Y[RdV�P[WQa�L YSZx¹»º�¬1©�¯*«��äa�jkRdRULOW�T�N³Y[NkjQ^nP[R�WQL�T���Y[Rd� p NkRdY�w cnglL
LfWkYXjkm[sßp<N³LfL@gÞZ YXRC¹»ºt¬$©G¯A«§TUY~P[atsQc`LOw[LCglLOafLfW�TMp<N³LfL@gljkNQpO�

���



° µH»�Ç 8g+$) f & - c;��&$8 ¸b·
oêsQLMPSjlTdskY[Rtp���Y[jk^eg�^`cn�[L�TUYCTdsQPSWQ�HTdskL8PSWkYXW y�V�YXjQp�RULfZ LfRdLfL@p

Z Y[R�TUsQLfcnR¥c`WQpUcnm[s�T<Z jk^)P[WQg®a�Y[W�pzTdRUjQa�TUcnw[L:a�Y[V�V�LfW�Ttpf�FoêskcepN�$YXRU�
��PXp_pUjkNkN³Y[RUTUL@g~c`WJNQPSRUT_� yHTdskLC°¥LOpULOP[Rdats ¯ �Þa�L8jQWQglLfRêPC{�P[ab{
jk^`TzyH°¥LOpULOP[RdatsQÛ:RtPSW�T|PSWQg§TUskL8h$LfW�TdLfR]Z Y[R|­0P[W�jkZâP[abTdjkRdc`Wkm:°¥L�{
p<L@PSRtatsçP�TqorLfWkWkL@pUpULfL�o�L@atskWkYX^`YXm[ceafPS^]u8Wkcnw[LORdpUc`Tzy[�[�}T5��PXp�P[^npUY
NQPSRUTUcePS^n^nyäpUjkNkN³Y[RUTULOgß� yJTUskLH­çP�TUsQLfV~P�TdcnaOpf�v�ÏWlZ Y[RdV~P�TUcnY[WiP[WQg
h$Y[V�NkjlTtP�Tdc`YXWQPS^|�la�cnLfW�a�LOp ¯ �Þa�LX� ¯ �ÞafLHYSZp��glw�PSWQafLOg��la�cnLfWl{
TUc���aHh$Y[V�NkjkTUcnWkm�°8LOpULOPSRtats)� ¯ �Þa�L:YSZ|�la�cnLfWQafL[�kuH�Q�v�kKMLONQPSRUT<{
V�LfW�TFYSZ�\FWkLORUmXy[�SjQWQglLfRFafY[W�TURtP[a�TF±8YQ��K:\|{]�MhN�1�Ö{]�$� ¯ °M�[�JÅS�1�
�¥cxTdsiuMo�{]��PST<TdLf^n^`LX�Q²�²�h��

4²±H³�±D4´±Sµ c ± �

�8Rdc����b�n�Y�8V�LfR@���H�`�"Û:RtPSV~P[afy[�Ö°q�n�Ö­0c`^n^`LORO�Ö\8�O²F�n����RtPSWQglTO���v���H�`�
P[WQg~²)YXWkmQ�XKH��\8� � �"�$���$���v�Mh�­0\M�$�MgkP[NlTUcnw[L8aOP[atskcnWkmCjQpUc`WQm
Vãjk^`TUcnNk^`LiLf�lN�LOR<Ttpf���ÏW äNª�¦�©7¶,°W×�ôu×�Ø²¦Yª�¡¥¬Y­Þ°�©uÖb��w[Y[^njkV�L.�����
N�PSm[L@pC���J�)·³���"�Q�

�êPScnRdPÖw�P[pUjkWQgQPSRtPSVß�³²_�)±§�n�]� cnw�P�TdsQPSW j)��­Ý�`���MRUN�P[a�c`{ÏKMjQpdpULOPSj��
�H�$h��`��PSWQg��8RdNQP[afcx{ÏK�jQpUpULOP[j)�F°q�tÉH� � �"�1�"���b�¸®8{Ï°r�
¹ã�t�
WQY[Wl{}c`W w�P[pUcnw[L�L��ka�^njQpUc`wXL�aOP[atskcnWkm V�LOatsQP[WkcnpUV�Z Y[R0°
�r�zK:pf�
�ÏW�äEªR¦�©7¶�º�£Y­ ¯ � ×v×*¹*¬"¤Jôu×v­³«�ªu×g¬"­7°�¦"×g¬"¤AÖuÜ!¡rÙ*¦�Öu°W¹;¡ÿ¦Y×iºt¦!¡'¨
Ù/¹3­³«�ª � ªR©G¯�°W­]«G©²­Þ¹3ªR«f�lNQPSmXLOp:��Å"�)·³���JÅl�

��jkW�TO�ã°§�,�:�`�Q� c`^n^`ceat�v�ãKã��²_�`��PSWQg+\$PSm[LORO�qKã�:²_� � ���$�1�1���
K�cep<�®afP[atsQL:RdLfNQ^nPXa�LfV�LOWXTêN³Y[^ncnafc`L@pêZ Y[R¥WkLfT��$YXRU�q��^`L§pULfRdw[LORdpO�
�ÏW¶äNªR¦�©@¶�ôR¾p¾t¾Âôu×*­]«�ªu×g¬Y­Þ°�¦Y×/¬Y¤Nºt¦Y×�Ø²«�ªR«�×g©G«j¦"×¡òC°XÖu­Þªu°»
²¹3­]«G®
ºt¦,¡rÙ/¹3­7°W×�±�ögÜ�Öu­³«G¡QÖu¨�ô"º»òjº�ö½¼ å�º[�QNQP[m[L@pê�)·³�X�[�

h$skLfW��1�]�`�"�³sQP[WkmQ�7¹��`��PSW�gQ�³skY[j��@¹�� � �"�1�1�$���S\FV�NkcnRUceafP[^SLfw�P[^`jl{
PSTUcnY[WãYSZQVãjk^xTdcx{}^nLfw[LO^ �kj3|vLfR|afPXatskL$afY[^n^nP[��YXRdPSTUcnY[WCZ Y[R|p<TUYXRdP[m[L
pUylpzTdLfV~pO���ÏW � º�õ ö�ô,�Dõ�¾Cñg¿rô"º�ö��

K�P[sk^nc`W)�8­Ý�`�E�.PSWkm���°q�n���8WQgkLfRtp<YXW)�¥oC�`�êPSWQg Ú PST<TULORdpUY[W��ê�v�
� ���1�"�J���³h$Y Y[N³LfRtP�Tdc`wXL¥h�PXatskc`WQmQ�ru�p<cnWkmqRdLfV�YSTdL¥a�^nc`LOWXTFV�LOVã{
YXRUyÞTUYÞcnV�NkRUY�wXL
��^`LHpUylpzTdLfV�N�LOR<Z YXRUV~PSW�a�L[�´¾�Ù*«�ªR¬Y­Þ°W×J±�övÜ�Öu¨
­]«G¡QÖ
ò'«uÖu°O±$×x¬Y×/®�ôK¡rÙ/¤�«K¡¥«�×*­]¬Y­Þ°�¦Y×Q�

K�P[W)�A�§�lP[WQgJorYY�8p<^nLfyX��Kã� � ���$�1�1�b�_�MW®P[NkNkRdYÖ�lc`V~P�TdLMPSW�PS^ny pUcep
Y[ZêTUskLJ²r°êu PSWQg¶{���{ ¯ �Qj3|³LORHRdLfNk^eP[afLfV�LfW�THpdatskLfV�L@pf�l�ÏW
� º�õ ö�ô,�Nõj¾Qñv¿
ôYº�ö���NQPSmXLOp:���J�)·³���[�k�

KMLOWkWkcnWkmQ� Ú � � � � ���1�$�J�b�voêskLr��Y[Rd��cnWkm§pUL�T_V�YlglLO^QZ YXR_NkRdY[mXRdP[V
�³Lfs�PÖw�cnY[R@�[ºt¦!¡¿¡�¹3×v°�©�¬"­7°�¦"×AÖQ¦�ØC­W¯*« � º�õi�)�[� � �1�b� �X�"�!·��1�$�k�

{kLOLf^nLfy[� ­è� � �n�X­iYXRUm�PSW)�$�+�X\8�n� Ú c`mXskcnW)�1{��1ÉH�`� ø PSRd^nc`W)�1�§�X°§�`�
²�Lfw y[�JÉ§�[­Ý�`� PSWQg�oêskLO� �ÖPSTUs)�lh��$�§� � ���1�1�1�b�*�ÏV�Nk^nLfV�LOWXTdc`WQm
mX^`YX�QPS^QV�LOV�Y[RdyHV~PSWQP[m[LOV�LOW�T�cnWÞP5��Y[Rd�lpzTtP�TUcnY[W�a�^njQp<TULORO�g�ÏW
äEªR¦�©7¶�ögÜ!¡rÙ�¶H¾�Ù*«�ªR¬Y­Þ°W×J±�övÜ�Öu­]«K¡�ÖräEªu°W×g©�° Ùg¤�«²Öb�

{kRdY LOpUL[� ø �FP[WQg��$jQWXT@��°§�t��� � ���1�$�1��� oêskLßL�|³L@abTÞYSZCa�^nc`LOW�T
aOP[atskcnWkmßY[Wx�Q^nLÞp<LORUwXLfR[��Y[Rd��^nYXPXgkpO���ÏWÁäNªR¦�©@¶�æ1å"­ ¯¡ã�¬Y§p¬"°W°
ô²×*­]«²ªu×/¬Y­Þ°�¦Y×/¬Y¤tºt¦Y×�Ø²«²ª�«²×/©�«q¦�Ø[övÜ�Öu­]«K¡ ö/©�°�«²×/©�«²Öb�

� cePSWQmQ�����_PSWQg �³sQP[WkmQ�S®H� � �"�$���$��� ²��z°M�v�t�8W LG�~afc`LOW�T�^nYY�
cnW�TULOR<{}RULfZ LfRdLfWQafL�RUL@a�LfW�a�y�pUL�TrRULONk^nPXa�LOV�LOW�T)N�YX^`cea�y�TUY¥cnV�NkRUY�wXL

�kjA|³LORrafPXatskLFN³LfRUZ Y[RdV~PSWQafL[�"�ÏW�äNª�¦�©7¶ � º�õ ö�ô!�Nõ�¾Cñg¿rô"º�ö³�
NQP[m[L@pN�Q��·����l�

� cePSWkm��v���vP[WQgx�³s�PSWkm��'®ã� � �"�1�"�J���:u�²]h��/�µ��^`L��k^nY at�ßNk^eP[afL�{
V�LfW�T8PSW�gJRdLfNk^eP[afLfV�LfW�TêNkRdYSTUYlafY[^³TUY�L²|vLOa�TUcnw[LO^`yÞLf�lNk^`YXcxT¥skc`{
LORdP[RdatskceafP[^�^`YlafP[^`c`TzyçcnWèVHjQ^xTdcx{}^`LOw[LO^F�kj3|vLfR�afP[atsQLOpO���ÏW�äNªR¦"¨
©G«G«G®Y°W×J±"Öx¦�Ø¡­W¯*«næ7¢A­ ¯·ô²×*­]«²ªu×/¬Y­Þ°�¦Y×/¬Y¤Qºt¦"×�Ø²«�ªR«²×/©G«i¦"×�òQ°XÖu¨
­Þªu°»
²¹3­]«G®�ºt¦!¡
Ùg¹3­Þ°W×J±jövÜ�Öu­]«K¡�Öb�

� YXskWQpUY[W)�)oC��P[WQg.� sQP[pUsQPQ�)KH� � ���1�1�$�����J�ã�»��^`YY��Y�wXLfRdskLOPXg
skcnm[säN�LOR<Z YXRUV~P[WQa�L��kj3|vLfR¥V~PSWQP[m[LOV�LOW�T$RdLfNk^eP[afLfV�LfW�T¥PS^nm[YS{
RdcxTdskVß�
�ÏWiäEªR¦�©7¶[ñ_§p«�×*­Þ°�«�­W¯�ô²×*­]«²ªu×/¬Y­Þ°�¦Y×g¬"¤Dºt¦"×�Ø²«�ªR«²×/©G«�¦Y×
Àv«�ªuÜ´��¬"ª7±J«,ò'¬Y­]¬�
G¬�Ö�«²Öb�QNQP[m[LOpN�J�$�)·��J�$�k�

ø P�TR�X�k\8�kKã�`�g��jlTU^nLfR@�Q­è�n�QPSW�gä­0a�Û:RdPSTUs)��°q� � ���$�$�J�b���+pdafP[^x{
P[�k^`LxÉMo¥o Ú pULfRdw[LfR@�çoêskL�±:hê�3�2NkRUY[TUY[Tzy�N³L[��ºt¦!¡
Ùg¹3­]«�ª
×/«²­Þ§p¦YªRçYÖQ¬Y×g®�ôGö3òrÁüÖuÜ�Öu­]«K¡�Öb�Q�1Å � �$���`���$�7·v���$�Q�

­iLfmXcngkgkYQ�è±§�iPSW�g£­iYlglsQPk�ÝKã� � �$�$�$�J�b� ��°¥h���� pULf^`Z {
TdjkWkcnWkmQ��^nYY�.Y�w[LfRdskL@P[g:RULONk^eP[a�LOV�LfW�TrafPXatskL[�1�ÏW'äNªR¦�©7¶Aö»«G©�¦"×g®
��ö3¾DÁ,ô/ �ºt¦Y×�ØK¶�¼p°W¤�«q¬Y×/®qöv­]¦Yª�¬�±J«lñv«G©�¯3×g¦Y¤T¦R±$°�«uÖb�

­ijkW�TR�X�@Kã�@P[WQg[É8YXWkLfy V~PSW)� Ú � � ���$���$���Ö­0jk^xTdcx{}^nLfw[LO^XaOP[atskcnWkmêc`W
glcep<TURdc`�kjkTULOgx�Q^nL~p<ylp<TULOV�p<{}Y[RU{´yXY[jkR:afP[atsQL�P[c`W � T§W jlTdskc`W � �kjlT
TdRdPXp<s)�@�ÏW äNªR¦�©@¶Â��Ö�«�×*°�ÃÅÄl°W×*­]«²ª¶ñ*«G©G¯�×v°�©�¬"¤5ºt¦Y×�ØK¶n�$NQPSmXLOp
�1�1�7·3�k���Q�

¯�� ±MLfcn^��Þ\M� � �n� ¯�� ±MLfcn^�� Ú �§\M�`�ÞP[WQgè��Lfcn� jkVß�jÛ�� � ���$�1�1�b�
oêskLC²�°êu�NQPSmXL�RdLfNQ^nPXa�LfV�LOWXTêPS^nm[YXRUc`TUskV�Z YXR�gQP�TdP[�QP[pUL�gkcnpU�
�kjA|³LORUcnWkmQ���ÏW¡äNªR¦�©@¶ � º�õùö�ô!�Nõ�¾tòèô²×*­)¼ ¤�º�¦"×�ØK¶�õn¬Y×/¬�±J«²¨
¡¥«²×v­N¦�Ørò�¬"­³¬S�kNQPSmXLOp8�$�JÅ@·3�$�1�k�

Ú sQP[^`�XL[��âH�FP[WQg�Û:YXNkcnWQP�Tds)�D�:� � ���$�1�1�b�Á�MW cnW�TULfRU{}RULfZ LfRdLfWQafL
m�PSN V�Y gkLf^¥Z YXR~TULOV�N³Y[RtPS^M^`YlafP[^`c`Tzy!cnW NkRdY[mXRdP[V ��LOsQPÖw c`YXRO�
�ÏW�äNª�¦�©7¶8Æ3¦"°W×*­_ôu×v­T¶T¤�ºt¦Y×�ØK¶_õn«G¬�Öu¹3ªR«G¡q«�×*­p¬"×g®Qõn¦�®1«²¤�°W×�±�¦�Ø
ºt¦!¡
Ùg¹3­]«�ª[övÜ�Öu­³«G¡�Öt�lN�PSm[L@p8�"�Q��·��1�$�Q�

°¥LfL@g��k�:�¥PSW�gù²)YXWkmQ�:KH�¥\M� � ���1�$�1���ÿ�8WQP[^`ylpUcnpäYSZ�afP[atsQc`Wkm
P[^`mXY[RdcxTdskV~p:Z Y[RHglcep<TURdc`�kjkTULOgi��^`LJpUylpzTdLfV~pO� � º�õ ö�ô,�Ç¾päDö
¾�Ù*«²ªR¬"­7°W×�±¥ögÜ�Öu­³«G¡QÖr¿
«�Ý�°�«²§|�*�1� � �1�b�n�@�)·l�k�[�

°¥Y[�kcnWQpUY[W)� � �$oC�_P[WQg KMLOw�PSRtPS�[YXWQgkPQ�$­è�DâH� � ���$�1�1���ùK�PSTdP
aOP[atskL�V~PSWQP[m[LOV�LOW�T§jQp<cnWkmßZ RdL���jkLOWQa�y�{}�QP[pULOg RULONk^eP[a�LOV�LfW�TO�
�ÏW�äEªR¦�©7¶ � º�õ÷ö3ô!�Nõ�¾Cñg¿rôYº�öµºt¦Y×�ØK¶�õn«G¬�Öu¹3ªR«G¡¥«²×v­5¬"×g®
õn¦�®$«�¤�°W×J±�¦�Ø�º�¦,¡rÙ/¹3­³«�ª[övÜ�Öu­]«K¡�Öb�

°¥jkLfV�V�^nLfR@�:h���P[WQg � cn^`�XLOpO� � � � ���$�1�1��� u8Wkc`�ùglcep<� P[aOa�L@pUp
NQPST<TdLfRdWQpf���ÏWnäNªR¦�©7¶�Ä�°W×v­³«�ª²£"å1å�º���ö3¾�Á
ô/  º�¦"×�Øt�

�lPSRd��PSR@� Ú ��PSW�giÉ�PSRUTUV~PSW�� � � � ���$�$�J�b�Þ\��~afc`LOW�THa�Y Y[N³LfRtP�Tdc`wXL
aOP[atskcnWkmHj�p<cnWkmHsQc`W�TdpO���ÏWwäNªR¦�©@¶�ö»«G©�¦"×g® � º�õ ögÜ!¡rÙ�¶S¾�Ù*«�ªu¨
¬"­7°W×�±¥ögÜ�ÖG­]«G¡QÖrò�«²Öu°O±"×@¬Y×/®Qô�¡
Ùg¤T«K¡¥«²×v­³¬"­7°�¦"×Q�

u8ylpUP[^��Ö­è�n�"�MatsQP[RUy�Pk���§�n�SPSWQg§�lP[^xT��[� � � � ���$��Å"���S°¥L���jkcnRULOV�LfW�Tdp
Y[Z
�R� ¯ pUylpzTdLfV~p�Z Y[R�NQP[RdP[^`^nLf^�V~P[atskcnWkL@pf���8W PSNkNQ^`ceafPSTUcnY[Wl{
glRdcnw[LfWÝp<TUj�gly[�èorLOatskWkceafP[^�°8LfN³Y[RUT~hê��{Ïo¥°ê{]�$�$���l��KMLONlTO��Y[Z
h$YXV�NQjlTULORM�la�cnLfWQafL[�QuMWkcnw[LfRtpUcxTzy~Y[Z�­0P[RUy ^ePSWQg)�

� YXWkmQ��oC�[PSWQg'� cn^`�XLOpO� � � � �"�$���$���Q­iy�afP[atsQL�YXRFy[YXjkRtp"Èä­0PS��{
cnWkm8p<TUY[RtPSmXL�V�YXRUL|Lf�ka�^njQp<cnw[LX�Y�ÏW�äNªR¦�©@¶D��öA¾DÁ
ô.  � ×v×'¶�ñv«G©�¯3¨
×v°�©�¬"¤tºt¦Y×�ØK¶

�³skY[j��É¹��`��h$sQLfW)�v�]�n�kPSW�gä²�c�� ø � � �$�$�$�J�b��� LOafY[WQgl{´^nLfwXLf^³�kj3|vLfR
aOP[atskLêV~PSWQP[m[LOV�LOW�TO�gô�¾t¾t¾üñ3ª�¬Y×AÖ�¬1©²­Þ°�¦Y×*Ö,¦Y×�ä�¬YªR¬"¤W¤�«�¤�òQ°XÖu¨
­Þªu°»
²¹3­]«G®'övÜ�Öu­]«K¡�Öb�

���


