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ABSTRACTACBEDGFIHKJ#LIM�L%N6O	P%Q>NRJ�DGSIT3UVDGFWNXTYU3BZM�[\HK]^J`_�abDGFINXcEd3e#f*ghBWN6QJ
J�HiDGN�PW_�BWN#_;a,DGFIN�jISWJ�H�N6J�D�klN^j�J�HiDGN^J*HKB�DGFWN�ACBmDGN6OGBIN6D>DG_YTIM^Umn�o#B3p
q HKr�Ns[tM;BmUu_�DGFIN2OtN6vw_�O�DGJ-DGFIM;DtFZM	x�NsM�BZM q UWy6N	Tz] q HKN^BmD�M�]6]^N^J�J�N^J
M;JtJ�N^N^B{jYUuL3OG_	|WHKN^J^P!Q�Nsa}_m]^SIJ\_�BzDGFIN~J�N6OGx�N6OtN6BZT�n{klNVM�BIM;p
q U3y^N�DGFIN�TYUWBIM�[\HK]^J_�abj%_;DGFsDGFIN�J�N6OGx�N2O#]^_�BmDGN^BmD�M;BZTV] q HKN^BmD�M;]6p
]6N^J�J�N^J*[tM�T3N*DG_�DGFWNJ�N6OGx�N6O	nb��FWN`a}_�OG[\N6O>]^_�BWJ�H�T3N6OGJ>DGFWN`]6_�BmDGN^BmD
]2OGN	M;DGHK_�BsM�BZTt[\_YTWHi�I]	M;DGHK_�B~LWOG_m]^N6J�JQFWH q N�DGFIN q M;D�DGN2O]^_�BWJ�H�T3N6OGJ
LIM���N�L%_�LIS q M;OGHiD UVM�BIT q _m]	M q HiD U~HKBs] q HKN^BmD�M�]^]^N6J�J�N^J^n*dY_�[\N�_�a�_�S3O
r�N6U\OGN^J�S q DGJ`M;OGN����M��!� q N^J�DGN6BZT�DG_R]2FIM�BW��N q HiD�D q N#QFIN^B�DGFIN6U�M�OGN
[\_YT3Hi�ZN	TwPW�4jZ�<MJ�[tM qKq J�N6D�_;aI� q N6J,DGN^BZT3J<DG_`��N6D9[\_YTWHi�ZN	T�OGN^L%N^M;D�p
N^T q UmPI�4]	��� q N�L%_�LIS q M�OGHKDCU�a�_ qKq _	QJ>M#�wHKL3a}p q H�r�N*TWHKJ�D�OGHKjIS3DGH�_�B�QHiDGFXM
LIM;O�M;[\N6DGN6O`�lDGFZM�D�HKJ`[XSW]2F q M;OG��N2O#DGFZM;B~OGN^L%_;O�DGN	TVHKBsL3OGN^xYH�_�SIJ^P
L3OG_	|3UYp�jZM;J�N	TuJ�DGSZTWHKN^J^P*M�BZTh��TZ��DGFWN6OGNsHKJ\J�HK��BWHK�I]	M�BmDtDGN^[\L%_;O�M q
J�D�M;jIH q HiD U~H�B�� q N�L%_�LWS q M;OGHiDCU~jWSWD*BW_�D`[XSW]2FtJ�D�M;jIH q HKDCUVHKB�DGFIN�T3_�p
[tM;HKBIJ<a�OG_�[�QFIHK]�F�] q HKN^BmDGJ,M�]^]^N6J�J,DGFIN�L%_�LWS q M;O,]^_�BmDGN^BmD	n<klNbTWHKJ�p
]6SIJ�J�DGFIN*HK[\L q HK]	M;DGHK_�BIJb_�a%DGFIN6J�N��ZBZT3HKBI��J�a}_�ObDGN^]2FWBIH��mSIN^J�J�SW]2F-M�J
k�N^jE]	M;]2FWH�BW���4HKBW] q SZTWHKBW��]^M�]�FIN�]^_�BWJ�H�J�DGN6BI]6U�M q ��_�OGHiDGFW[\J��2P�M�BZT
L3OGN6a�N2DG]2FWH�BW�-_�O`J�N6OGx�N6O�p�jZM�J�N^T�� LWSIJ�FI�R_�a�k�N^jV]^_�BmDGN^BmD	n

1. INTRODUCTION��FWN#N6|3L%_�BIN^BmDGH�M q �;OG_�Q*DGF�O�M;DGN�_�a,k�_�O q T-k�H�TWN`klN^jtFZM;J q N	TtDG_
M�T3O�M;[tM;DGHK]�H�BW]6OGN	M;J�NVHKBzACBmDGN6OGBIN6D�D�O�M;�-]sM�JRQ�N qKq M�J-M�J�HK��BWHi�Ip
]^M�BmD-T3N^��O�M�TIM�DGH�_�BuH�B�SWJ�N6O�p�L%N6OG]^N^HKx�N^T q M�DGN^BI]2U�QFIH q N~M�]^]^N6J�J�H�BW�
k�N^j�LIM���N^J^nh��FIHKJtFZM;J\J�LZM^QBIN	TzJ�H���BIHi�Z]^M�BmD\OGN^J�N	M�OG]2F�N2vw_�O�DGJ
M;HK[\N	T�M;D#OGN^TWSI]6H�BW�tA BmDGN6OGBIN2D#jIM�BZTYQH�T3DGFE]^_�BIJ�SI[\L3DGHK_�B�TWSWN�DG_
k�N^jlM;]^]^N^J�J�N6JXM;BZT�HK[\L3OG_;xYHKBI�~SIJ�N6O�p�L%N6OG]6N^HKx�N	T q M�DGN^BI]6Umn\�,N^]�FWp
BWH��YSWN^J�DG_tN^BWFZM;BI]^N�klN6jEL%N6O�a�_;OG[tM�BI]6N�PwJ�SI]�F�M�J#k�N^jE]	M;]2FWH�BW�WP
L3OGN6a�N2DG]2FWH�BW�WP<M�BITEJ�N6OGx�N6O�p�jZM;J�N	T�� LWSIJ�FI�t_;a!k�N^j�]^_�BmDGN^BmD	P%FIM�x�N
j%N6N^B�QH�TWN q U�J�DGSITWHKN	T�nX�ISWBZTIM;[\N^BmD�M q DG_�DGFIN\T3N^J�HK��B�M�BZT�N^x�M q p
SIM;DGHK_�B{_�a`DGFIN6J�NsM q ��_�OGHiDGFI[\J-HKJ\M�J�_ q H�TuSIBZT3N6OGJ�D�M�BITWHKBI��_;a�DGFWN
]�FZM�O�M�]6DGN2OGH�J�DGHK]^J�_�a9DGFWN�klN^j�Q�_;OGr q _�M�TsM;BZT~D�O�M��\]�n

��FWN6OGNXHKJ�M-QH�TWNRx�M�OGHKN6D UE_;a>]6_�[\[\N6OG]^H�M q klN^jEJ�N2OGx�N6OGJ^PwHKBI] q SIT3p
HKBW�`HKB3a�_�OG[tM�DGHK_�B�J�N6OGx�N6OGJ!�4N�n �WnKP�BIN6QJ<J�HKDGN6J��2P�N2pC]6_�[\[\N6OG]^N�J�N2OGx�N6OGJ
? FYD�DGL�� ����Q*Q*Q�n OGN^J�N^M;OG]�F<n [\HK]6OG_�J�_;a}D	n ]^_�[��2�;LIM�TW[tM;BZM;j%�
@ FYD�DGL�� ����Q*Q*Q�n ]^J^n ]^_;OGBIN qKq n N	TWSZ� q �mHKS%�

�4N�n �WnKP3_�B q H�BWN#j%_m_�r3J�DG_;OGN^J��2PW�mSIN6O�UXJ�N6OGx�N6O#�4N�n �WnKP3J�N	M;OG]�F~N6BI��HKBWN^J��2P
SIL q _�M�T�J�N6OGx�N2O-�4N�n �WnKP<J�HiDGN^J�QFIN6OGNRL%N^_�L q NXJ�SIjW[\HiD�DGFWN^HiO�D�M;|sOGN2p
DGSWOGBWJ��2PwM�BITEJ�D�OGN	M�[\HKBI�tJ�N6OGx�N6O-�4N�n �3n�P�ACBYDGN2OGBIN6D`O�M�T3H�_�J�D�M;DGHK_�BIJ��2n
��HivwN6OGN^BmD�DCUWL%N6J�_�aZk�N^jRJ�N2OGx�N6OGJ�[tM^U�FZM	x�N�x�N2O�U�TWHivwN6OGN^BmD�Q�_;OGrmp
q _�M�Tu]�FZM�O�M�]6DGN2OGH�J�DGHK]^J^P>M�BITlFIN^BW]^Nt[tM^U�OGN	�mSWHKOGN�T3HKvwN2OGN^BmD�DGN6]2F3p
BIH��mSIN6J�a}_�O9L%N2O�a�_�OG[tM;BI]^N�_�LWDGHK[\HKy	M;DGHK_�B�n9ACB�DGFIHKJ<LIM�L%N6O	P	Q>N�J�DGSZT3U
DGFIN#T3U3BZM;[\HK]^J>_;a9M;B~HKBWa}_�OG[tM�DGH�_�BVJ�N6OGx�N6O> ¡DGFIN�cEd3e#f*gzBIN2QJ
J�HiDGN�¢ £�£	¤m ¥QFWHK]2F�HKJ�_�BIN!_�aWDGFINbjISIJ�HKN^J�D�k�N^j�J�HiDGN^J�HKB�DGFWN>A BmDGN6O�p
BIN2D9DG_YTIM^Umn�klN�M q J�_�TWHKJ�]^SWJ�J�jWOG_�M�T�H�[\L q H�]^M;DGHK_�BWJ9_�aI_�SWO,�ZBZT3HKBI��J
a�_;O*DGN^]�FIBIH��mSIN6J�J�SI]�FVM;J�klN^jt]	M;]2FWHKBI�V�4HKBW] q SZTWHKBW�R]	M;]2FWN�]^_�BIJ�HKJ�p
DGN^BW]6U�M q ��_�OGHiDGFI[\J��2P!M;BZTlLWOGN2a�N6DG]�FIHKBI��_;OXJ�N6OGx�N6O�p�jZM�J�N^T¦�CLISWJ�FI�
_�a�k�N^j�]^_�BmDGN^BmD	n

��FINRklN^j�jZM;J�H�]^M qKq U�]^_�BIJ�HKJ�DGJ�_�a�J�N2OGx�N6OGJ^P9] q HKN^BmDGJ^P<LWOG_	|3HKN^J^P�M;BZT
OGN^L q HK]	M;J^n!��FIN`J�N6OGx�N6OGJ>M;OGN�DCU3LIHK]	M qKq U-DGFWN`_;OGHK��HKBZM�DG_�OGJ*_�a<]^_�BYDGN6BYD
QFIH q NEDGFINs] q HKN^BmDGJ^§�M�OGNsDGFINE]^_�BIJ�SI[\N2OGJ\_�a�]^_�BmDGN^BmD	n�¨�OG_	|3HKN^J^P
QFIN6BsLWOGN^J�N6BYD	PW[\N	T3H�M�DGN�DGFIN�]6_�[\[XSWBIHK]	M�DGH�_�BVj%N6DCQ�N^N6BEMXJ�N6D�_�a
] q HKN^BmDGJ�M;BZT�M\J�SIjIJ�N2D�_�O�M qKq _�a�DGFWN�J�N2OGx�N6OGJ^n�©`N^L q HK]	M;J�M�OGNXx�N6O�U
[XSW]2F q HKr�N\LWOG_	|3HKN^J^P�N6|3]^N^L3D�DGFZM;D�DGFWN6U�M�]6D�_�B�J�N6OGx�N6OGJ^ª<j%N^FZM q a n
�I_;O�N6|WM�[\L q N�P,M~]6_�BmDGN^BmD�TWHKJ�D�OGHKjIS3DGH�_�B�BWN6D Q>_�OGr%P,J�SW]2F�M�J�«�r�M;p
[tM�H4P�FIM�J�[XS q DGHKL q N\OGN^L q HK]	M;JRDG_EFW_�J�D-FWN	M	xYH q U�OGN	�mSIN^J�DGN^T�TW_m]^S3p
[\N^BmDGJ�¬�a}_�O�DGFINsklN6j�J�N6OGx�N2OGJ^n«`J�J�SW]2F�P*N	M;]2F�_;a�DGFIN^J�Nsa}_�S3O
]^_�[\L%_�BIN6BYDGJ`LWOG_�xYH�TWN^J�M-SIBWH��YSWN�L%N6OGJ�L%N^]6DGHKx�N�_�BsDGFWN�a�SIBW]6DGHK_�B3p
HKBI��_�aIDGFWN!k�N^j<n<®#_	Q�N6x�N6O	P�jYU#a4M;O�DGFWN![tM	¯�_;OGHKDCU�_�aIk�N^j�]2FIM;O�M;]6p
DGN6OGHKy	M�DGH�_�BsJ�DGSZT3HKN^J*FZM	x�N#a}_m]^SIJ�N^TV_�BVTIM;D�M���M�DGFIN6OGN	T~M;D`MXL3OG_	|3U
FI_�J�D��4_�O~jYUzMlBWN6D Q>_�OGr{LZM�]�r�N6DtJ�BWHivwN6OVL q M�]^N	T�M;D~M q _m]	M;DGHK_�B
QFIN2OGNXM-L3OG_�|YUVFI_�J�D�[\HK��FmD`FZM	x�N�j%N^N^BZ�2n`¨�OG_	|YUYp�jZM�J�N^TVJ�DGSZT3H�N6J
M;OGN�SIJ�N2a�S q a}_�O#[tM�BmUVLWSWOGL%_�J�N^J^�*DGFINRTWN^J�HK��B�M;BZTEN^x�M q SZM�DGHK_�B�_�a
]	M;]2FWH�BW��M�BZTEL3OGN6a�N6DG]�FIHKBW�~M q ��_�OGHiDGFW[\J^P�DGFWN�]2FIM;O�M�]2DGN6OGHKy	M;DGHK_�B�_�a
J�N6OGx�N2O-L%_�LWS q M;OGHiDCUmP�N6DG]�n�®#_	Q�N6x�N6O	PbLWOG_	|YUYpCjIM�J�N	T�J�DGSZTWHKN^JRFZM	x�N
DGFIN6HKO q HK[\HiD�M;DGHK_�BIJ�j%N^]^M�SIJ�N�DGFIN6Us_�vwN6O�_�B q U�M q H�[\HiDGN	T�L%N6OGJ�L%N^]2p
DGHKx�N�_�BRDGFIN>��_�HKBW��J�p�_�BtM�D�] q H�N6BYDGJbM;BZTXM�D�J�N6OGx�N6OGJ^P�H4n N�n�PmM#LWOG_	|YU�HKJ
BI_;DbH�B-M�L%_�J�HiDGHK_�B-DG_�_�jIJ�N6OGx�N�°�±�±	_�a%DGFWN*N^x�N^BmDGJ�_m]^]^S3O�OGHKBI��N^HiDGFIN2O
M;D�] q H�N6BYDGJ#�4N�n �WnKPIJ�]2OG_ qKq H�BW�XSWL~M;BZT�TW_	QB�H�B�M�jWOG_	QJ�N6O*QHKBZT3_	Q��
_�O�M�D�J�N6OGx�N6OGJX�4N�n �WnKP,DGFWNXJ�N6OGx�N2OGJ^ª<]6_�[\[XSWBIHK]	M�DGH�_�BEQHKDGF�] q HKN^BmDGJ
DGFZM�D`TW_-BW_�D`]^_�BIBIN6]6DxYH�M�DGFIN�JGM;[\N�LWOG_	|YUZ�2n

«lJ�HK��BWHK�I]	M�BmD9TWHi�\]^S q DCU�DGFIM;D�OGN^J�N	M�OG]2FWN6OGJ,a4M;]^NbH�B�T3_�HKBI�M*J�N6OGx�N2O�p
jZM;J�N	TsJ�DGSZTYU�H�JDGFIN�x�N6O�U q HK[\HiDGN	TsM	x�M�H q M�jIH q HiD UE_;a�J�N6OGx�N6OD�O�M;]^N^J^n
��FINEa}N6Q²LWH�_�BIN^N2OGH�BW��J�DGSZT3H�N6J~HKB�DGFIHKJ~M;OGN	M³¢ £�¤\¢ ´�¤�FZM	x�NEFIM�T
DG_l[tM;r�NsT3_�QHiDGF�TIM�D�M�a}OG_�[µOGN q M;DGHKx�N q UzJ�[tM qKq TWN^LIM;O�DG[\N^BmD�M q
J�N6OGx�N2OGJ^PZD U3LIHK]	M qKq UsM;D�SIBWH�x�N6OGJ�HiDGH�N6J^n*k�FIH q N�DGFWN6U~FZM	x�N�]^N6O�D�M;HKB q U
j%N^N^B�x�M q SIM�j q N�P9DGFIN\[tM;H�B q HK[\HiD�M;DGHK_�Bl_�a*DGFWN^J�NtJ�DGSZTWHKN^J�HKJ�DGFZM;D
DGFIN�jIS q rl_�a`klN^j�D�O�M��\]VHKJ\J�N6OGx�N^Tu_�SWDXjYU q M�OG��Ns]6_�[\[\N6OG]^H�M q

§ k�NSIJ�NDGFIN*DGN6OG[¶� ] q HKN^BmDG��DG_�OGN6a�N6O>j%_�DGF-DG_�LWOG_���O�M;[\J!J�SW]2FtM;J
klN6jVjWOG_	QJ�N6OGJ�M�BIT�DG_-FYSW[tM�B�SIJ�N6OGJ^n
¬ k�N�SIJ�N!DGFIN!DGN2OG[\J,� q N�P�TW_m]^SW[\N^BmD	P;M�BZT�_�jY¯�N^]2D!J�U3BW_�BmU3[\_�SIJ q Umn



J�N2OGx�N6OGJ^n{ACDXH�J\SWBI] q N	M�O\FI_	Q·Q>N qKq H�B3a�N6OGN6BI]^N^JtTYO�M^QB{a�OG_�[¸DGFWN
J�DGSIT3U�_;a%M�J�[tM qKq TWN^LIM;O�DG[\N^BmD�M q J�N2OGx�N6O9Q>_�S q T�J�]	M q N�DG_DGFIN q M;OG��N
]6_�[\[\N6OG]^H�M q J�HiDGN^JHKBVDGFIN�OGN	M q Q�_�O q Twn

k�N�FZM	x�N�j%N^N^B�a�_�O�DGSWBZM�DGN�DG_XFZM	x�N�_�j3D�M�HKBIN	TVM�]^]^N6J�JDG_XTWN6D�M;H q N^T
D�O�M;]^N^J-a�OG_�[¹cEd3e#f*g�P!M q M�OG��NE]^_�[\[\N6OG]^H�M q BWN6QJ\J�HiDGNsHKB{DGFWN
JGM;[\NV]	M�DGN^��_;O�U{M�J-DGFWN q HKr�N^J-_;a�g>e�eº¢ »�¤#M;BZTu«#f�g>e#N6QJs¢i¼2¤�P
QFWHK]2F�HKJ�]^_�BIJ�HKJ�DGN^BmD q UsO�M�BWr�N	TEM�[\_�BI�\DGFIN�jWSIJ�HKN^J�D�J�HiDGN^J�H�BEDGFWN
k�N^jh¢ £m¼6¤�nh��FIN~D�O�M�]^NETWM;D�M�Q�NE_�j3D�M�HKBIN^TuQ�M�Jt_�a�DCQ�_�r3HKBITWJ^�
��M���½G¾�¿IÀCÁ2¿WÀ�±K¾GÂ�ÃGPWQFWHK]2F�OGN^]^_�O�Tt� q N#]2OGN	M;DGHK_�BsM�BZTt[\_YTWHi�I]	M;DGHK_�B
N6x�N^BmDGJ^P�M�BITlM q J�_�HKBI] q SITWN\]^_�LIHKN^JX_;aJ�SI]^]6N^J�J�HKx�Ntx�N6OGJ�HK_�BWJR_;aR��M
J�SWjIJ�N6D#_�abDGFIN���� q N^J^P�M;BZT��4j%��°�½G½�Á2ÃGÃX±K¾GÂ�ÃGP%QFIHK]�FEOGN^]^_�O�TE] q HKN^BmD
M;]^]^N^J�J�N6J9DG_`DGFWNb®#�csÄ�]6_�BmDGN^BmD>�4jWSWD<BI_;D,DG_DGFINbH�B q H�BWN!HK[tM;��N^J��2n
«`J�H�TWN�a}OG_�[ÅD�O�M�]^N^Ja}OG_�[/J�N^x�N6O�M q � BW_�OG[tM q �-TIM^U3J^PI_�SWO�TIM�D�M-J�N6D
HKBW] q SZTWN6JXD�O�M�]^N6J-a}OG_�[µM�]^_�SIL q N~_�a�TIM^U3JXDGFZM�D-JGM^Q/J�HK��BIHi�I]	M�BmD
Æ M�J�FE]6OG_	Q`T3J�j%N^]^M�SIJ�N�_;a>M-FW_�D`BIN2QJ�J�DG_;O�Umn*��FIN�]^_�[XjWH�BIM;DGHK_�B
_;a�]^_�BmDGN^BmD q _���J#M;BZTsM;]^]^N^J�J q _���J�N^BIM�j q N^TVSIJ*DG_-J�DGSIT3U��4]^N6O�D�M;HKB
M;J�L%N^]6DGJ�_�aG��j%_;DGF�DGFWNEÇG°�½�È�É Á2¿%ÊE�4H4n N�n�P,]^_�BmDGN^BmD�TYU3BZM�[\HK]^J���M�BZT
DGFWN�Ë2Ì�¾�¿WÀ�É�Á2¿ZÊz�4H4n N�nKP�M;]^]^N^J�JVT3U3BZM;[\H�]6J��\_;a�DGFIN�cEd3e#f*gÍJ�HiDGN�n
e�_�DGN`DGFZM;D*cEd3e#f*gzT3H�T\BW_�D�[tM;r�N`SIJ�N`_�a<]^_�BmDGN^BmD*T3HKJ�D�OGH�jWSWDGHK_�B
BWN6D Q>_�OGr��4J�SW]2FuM;J\«�r�M�[tM;H���T3SWOGHKBI�EDGFWN~L%N6OGHK_YT�SIBITWN6ORJ�DGSZTYUmn
��FWN6OGN6a}_�OGN�DGFINOGN	�mSIN6J�DGJ>OGN^]^_;O�TWN	T�H�BtDGFIN�M�]6]^N^J�J�N^J q _���JM;OGN�J�S3a}p
�I]^HKN^BmDDG_XJ�DGSZTYU~M�]^]^N6J�J#TYUWBIM�[\HK]^J*_;a9DGFIN�cEdYe�f*g�J�HiDGN�n

«ÎTWN6D�M;H q N	TVTWHKJ�]^SIJ�J�HK_�BE_�a�DGFIN�OGN6J�S q DGJ`M�LIL%N^M;OGJ q M�DGN6O�H�B~DGFIN�LIM;p
L%N2O	PYjISWD!FIN2OGN#M�OGN#J�_�[\N`_�a�_�SWO�r�N6U-�ZBITWHKBI��J^����M���� q N�[\_YTWHi�Z]	M�p
DGHK_�B<PwM q DGFW_�SW��Fs[\_;OGN�a�OGN	�mSIN^BmD*DGFIM�Bs� q N�]6OGN^M;DGHK_�B�P%_�a�DGN^BsDGN^BZT3J
DG_�]�FZM;BI��N q HKD�D q N`HKBtDGFWN`� q N�j%N^HKBW��[\_YT3Hi�ZN	TwP%�4j%��M�J�[tM qKq J�SIjWJ�N6D
_;a�DGFIN�� q N^J-DGN^BITWJ-DG_���N6Dt[\_YT3Hi�ZN	T�OGN^L%N	M�DGN	T q UmP��4]	�R� q NVL%_�LWp
S q M;OGHiD Ula}_ qKq _	QJtM��wHKLWa�p q HKr�N~TWHKJ�D�OGHKjIS3DGHK_�BlQHiDGF{M�LIM;O�M;[\N6DGN6OR�
DGFIM;D#H�J�[XSW]2F q M�OG��N6O�DGFIM�BsOGN^L%_;O�DGN	TEHKBELWOGN^xYHK_�SWJ^PwLWOG_	|YU3p�jIM�J�N	T
J�DGSITWHKN^J^PWM�BIT���TI��DGFWN6OGN#HKJ�J�HK��BWHi�Z]	M;BYD*DGN6[\L%_�O�M q J�D�M�jIH q HiD U�HKB�� q N
L%_�LIS q M�OGHiD U�jIS3D9BW_�D9[RSI]�F�J�D�M�jWH q HiD U�HKB�DGFIN!TW_�[tM�HKBIJ�a}OG_�[ÏQFIHK]2F
] q HKN^BmDGJ�OGN	�mSWN^J�D�DGFINRL%_�LWS q M;O�]^_�BmDGN^BmD	n-Ð#S3O#�IBZTWHKBW��J�FIM�x�NXHK[-p
L q H�]^M;DGHK_�BWJ�a�_�O>DGFIN`N6vwN^]6DGHKx�N^BWN^J�J�_;a<k�N^j\]	M�]�FIHKBW�XM;BZT\LWOGN6a}N6DG]�FWp
HKBW�WP�]^M�]�FIN�]^_�BIJ�HKJ�DGN^BW]6URM q ��_;OGHKDGFW[\J^PmM;BZT�_�LWDGHK[\HKy	M�DGH�_�BIJ�J�SI]�FRM�J
T3N q D�M;p�N^BW]^_YTWHKBI�Ñ¢ £�Ò;¤�nRklN\T3H�J�]6SIJ�J�DGFIN6J�NXHKB�[\_;OGN-TWN2D�M�H q�q M�DGN6O
HKBVDGFWN�LZM;L%N6O	n

« q HK[\HiD�M;DGHK_�BE_;ab_�SWO�J�DGSZTYU�H�J`DGFZM�D�HiD#H�J�TWHi�\]6S q D�DG_tT3N6DGN6OG[\HKBIN
FW_	QÏQ>N qKq DGFIN�OGN6J�S q DGJ#T3N6OGHKx�N	T~a�OG_�[ÅDGFIN�cEdYe�f*g�J�HiDGN���N^BWN6O�M q p
HKy^N�DG_�DGFWN#_�DGFWN6O q M;OG��N�J�HiDGN^J*HKB�DGFWN#ACBYDGN2OGBIN6D	n9k�FIH q N�DGFIN2OGN#[tM^U
]6N6O�D�M�HKB q U\j%N]�FZM�O�M�]6DGN6OGHKJ�DGHK]^J�DGFIM;D>M;OGN`L%N^]^S q H�M;O!DG_�DGFIN�cEd3e#f*g
J�HiDGN�PmQ>N�j%N q HKN^x�NDGFIM;DbDGFIN_�L%N2O�M;DGHK_�Bt_�awDGFWN`J�HiDGNHKJ��mSIHiDGN*D U3LWH�]^M q
_;a q M�OG��NXBWN6QJ#J�HiDGN^J�J�SI]�F�M�J�g>e�e¦M�BITE«#f*g>e�N6QJ^n���FWN6OGN6a}_�OGN
[tM;BmU�_;a_�S3O��IBZT3H�BW��J�M�BIT�HK[\L q HK]	M;DGHK_�BIJRM;OGN q H�r�N q U�DG_Ej%NtM;LWp
L q H�]^M�j q N#DG_�_�DGFWN6O*BWN6QJ�J�HiDGN^J^n>Ð#SWO�M�BZM q UWJ�HKJ*_;a<D�O�M;]^N^J�a}OG_�[ÓDGFWN
J�N2OGx�N6ORN^BZTlN^BIM�j q N^TlSIJ�DG_EJ�DGSZT3U�DGFIN�TYUWBIM�[\HK]^J�_�a*k�N^j�½G¾�¿ZÉ
ÀCÁ2¿WÀ4P<QFWHK]2F�HKJ�TWHi�\]^S q D#DG_�TW_tQHiDGF�L3OG_�|YU~D�O�M�]^N^J^n#klNXj%N q HKN^x�N
DGFIM;D�DGFWN^J�N�L%_�HKBmDGJ^P�]^_�SWL q N	T�QHiDGF�DGFIN>a�M�]6D�DGFIM;D�HiD�HKJb]�FZM qKq N6BI��HKBW�
DG_~_�j3D�M�HKB�T3N6D�M�H q N	TuÃ^Á2Ì�Ô�Á2Ì2É�Á2¿ZÊ\D�O�M;]^N^J�a�OG_�[ q M;OG��N\]^_�[\[\N2OG]^H�M q
J�HiDGN^J\�4N6x�N^Bsa}OG_�[Ó¯ SIJ�D�MtJ�HKBI� q NRJ�SI]�F�J�HiDGN�Õ �2P�[tM�r�NR_�SWO�J�DGSIT3UsM
x�M q SIM�j q N~J�DGN^L�DG_�Q�M;O�T3J-]2FIM;O�M;]6DGN6OGHKy^HKBI��DGFINtQ�_�OGr q _�M�T{_;a#J�SW]2F
jWSIJ�U�J�HiDGN^J^n

��FWN�OGN^J�D�_;aXDGFIHKJELIM�L%N6O�Ö�HKJE_;OG��M�BWHKy^N	TÎM;Jsa�_ q�q _	QJ^n¶A BÏdYN^]6p
DGHK_�B�£mP�Q�N�J�SWOGx�N2U�L3OGN^xYH�_�SIJ�Q�_;OGrwn�k�N\LWOGN^J�N^BmDXM�TWHKJ�]^SIJ�J�HK_�B
_;a�DGFIN�M;OG]�FIHiDGN^]6DGS3OGNR_;a�DGFINRcEd3e#f*g�J�HiDGN�Pw_�SWO`D�O�M�]^N�]^_ q�q N^]2DGH�_�B
[\N2DGFI_YTW_ q _���UmPIM�BIT~DGFIN�D�O�M;]^N^JDGFIN^[\J�N q x�N^J*HKB�d3N^]2DGH�_�B�´3n>��FIN^B
HKBzd3N6]6DGHK_�B{×�M;BZTÙØmP!Q>NVL3OGN^J�N^BmD\M�TWN2D�M�H q N	TzM;BZM q U3J�HKJ-_;a�DGFWN
Ö ��FIHKJRLIM�L%N6O�FIM�J�j%N^N^B�M;jIjWOGN6x3H�M�DGN	T�DG_E]^_�BWa�_;OG[ÚDG_sDGFIN�d3A�Û�p
g*Ð�cEcÜLIM���N q HK[\HiD	n�«/[\_�OGN~]^_�[\L q N6DGNVx�N2OGJ�H�_�B�HKJ�M	x�M;H q M;j q N
_�BWp q HKBIN\¢ £�Ø	¤�n

]^_�BYDGN6BYD q _���J�M�BIT~DGFIN�M;]^]^N^J�J q _���J^P%OGN^J�L%N6]6DGHKx�N q Umn*A B�dYN^]6DGHK_�B�ÝYP
Q�N\J�SW[\[tM;OGHKy^NR_�SWO�r�N2UEOGN^J�S q DGJRM�BZT�TWHKJ�]^SWJ�J�DGFWN-jWOG_�M�T3N6O�H�[-p
L q HK]	M�DGH�_�BIJ!_�aw_�S3O��ZBZT3HKBI��J^n��9H�BIM qKq UmPmHKBtd3N6]6DGHK_�B�ÞYP�Q�N*L%_�HKBmD!_�SWD
_�S3O`_�BI��_�HKBI�tM;BZTta�SWDGS3OGN#Q�_;OGr%n

2. PREVIOUS WORK«�JbT3H�J�]6SIJ�J�N	T\M;j%_;x�N�Pm[XSW]2F�_�awDGFWN�Q�_�OGr�DGFYSIJ9a4M�O�HKBXk�N^jXQ�_;OGrmp
q _�M�Tu]�FZM�O�M�]6DGN2OGH�y^M;DGHK_�BuFZM;JRa}_m]^SIJ�N	Tl_�B�LWOG_	|3HKN^J^n�A Bl[tM;BmU�HKB3p
J�D�M�BW]^N^J^PDGFINV��_�M q HKJ\DG_�N^x�M q SZM;DGNsDGFWNsN6vwN^]2DGH�x�N^BIN^J�J�_�a�L3OG_	|3U
]	M;]2FWH�BW�Wnb��FWN�FWHKDbO�M;DGN_;a<L3OG_	|3UX]	M�]�FIN6J!FIM�x�N`j%N6N^B-a�_�SIBZTXDG_�j%N
�mSIHiDGN q _	Q�PY_�a}DGN6B-BI_;D>[RSI]�FRFWH���FIN6ObDGFZM;BtØ�Ò�ßà¢i¼^Ò;¤�¢i¼	´�¤�nb«�J�SIj3p
J�D�M�BmDGH�M q a�O�M�]6DGHK_�B�_;a!DGFWN�[\HKJ�J�N^J#M;OGHKJ�NRa�OG_�['ábÌ�Ã�À�É�À4â�ã\Á�M�]^]^N6J�J�N^J
DG_X� q N6J��4H4n N�nKPZ]6_�[\LIS q J�_�O�U�[\HKJ�J�N^J��2n!¨�OG_	|YU q _���J`FZM	x�N�M q J�_\j%N^N^B
SIJ�N^T�DG_�J�DGSIT3U�DGFWNtN6vwN^]6DGHKx�N^BWN^J�J-_;a�]6_m_�L%N6O�M�DGH�x�NV]	M;]2FWH�BW�Wn�A B
DGFIHKJ*]^_�BmDGN6|YD	PZM�OGN^]^N^BmDJ�DGSZTYUº¢ £;ä;¤!¢ ´�Ò;¤<OGN^L%_�O�DGJ*DGFIM;D*DGFIN#_�OG��M�p
BIHKy	M�DGHK_�BZM q [\N^[Xj%N2OGJ�FIHKLX_;a<] q HKN^BmDGJ!H�JbJ�HK��BWHK�I]	M�BmD>H�B-DGFIM;D!] q HKN^BmDGJ
j%N q _�BW��HKBI�DG_*DGFIN�JGM�[\N�_;OG��M�BWHKy	M;DGHK_�BXM;OGNb[\_�OGN q HKr�N q U�DG_*OGN	�mSIN^J�D
DGFIN�JGM;[\N�TW_m]^SW[\N^BmDGJDGFIM�Bs] q HKN^BmDGJ�H�B�T3HivwN6OGN^BmD`_�OG��M;BIHKy	M�DGH�_�BIJ^n
Ð#SWO`M;BZM q U3J�HKJ`_�a�J�LZM�DGH�M q,q _m]	M q HKDCUl��dYN^]6DGHK_�B�Ømn ´���J�FI_	QJDGFIHKJJ�H��;p
BIHi�I]	M�BW]^N#]	M;B~j%N#TWHK[\HKBIHKJ�FIN^T�Pma�_;OHKBIJ�D�M�BW]^N�P3jmU-DGFIN�_m]^]^S3O�OGN^BI]^N
_�a`M��CFI_;DG�EBIN6QJ�N^x�N^BmD�DGFIM;D�HKJRL%_�LIS q M�OX� q _�jZM q�q UmP�H4n N�nKPbM�]6OG_�J�J
_�OG��M�BWH�y^M;DGHK_�BIM q j%_�SIBZTWM;OGHKN^J^n

��FINROGN q M;DGHKx�NXL%_�LIS q M�OGHiD U�_�a!klN^j�LZM;��N^J�M;]^]^N^J�J�N^T�xYH�M�M~L3OG_	|3U
FZM;JbM q J�_�j%N^N^BRJ�DGSZTWHKN	TRN6|YDGN^BIJ�HKx�N q Umn,��FINM q [\_�J�DbSIBIHKx�N2OGJGM q ]^_�B3p
J�N^BWJ�SIJ�HKJ9DGFZM�D�LZM;��N�L%_�LIS q M�OGHKDCU�a�_ q�q _	QJ!M��%H�L3a}p q HKr�N*TWHKJ�D�OGHKjIS3DGHK_�B
QFIN2OGN�DGFIN�L%_�LIS q M�OGHKDCU�_�a9DGFWN�å4DGFs[\_�J�DL%_�LIS q M�O*� q N�HKJ`L3OG_�L%_;O�p
DGHK_�BIM q DG_\¼���å�æ9nb��FWN�x�M q SWN`_;a,��HKJ!DCUWLWHK]	M qKq U q N^J�J>DGFIM�Bs¼�PYQFWH�]�F
[tM�r�N^J�L%_�LIS q M;OGHiD UlTWHKJ�D�OGHKjISWDGHK_�B�M�JRJ�N^N^B�jmU�DGFINtLWOG_	|YU�O�M;DGFIN2O
Æ M�D��4N�n �WnKP�¢ Ø�¤<OGN^L%_�O�DGJDGFZM�D�HiDD�M�r�N^J�£�Ø�p�×�Ò�ß·_�a�LIM���N6J`DG_\TYO�M^Q
Þ�Ò�ß·_�a�DGFIN#] q H�N6BYD�M;]^]^N^J�J�N^J��2n*Ð#SWOOGN^J�S q DGJ���dYN^]6DGHK_�B�Ømn ×��*J�FW_	Q
DGFZM�D�QFIH q NtDGFWNt�%H�L3a}p q HKr�NtTWHKJ�D�OGHKjIS3DGH�_�BlFI_ q TWJ�a�_�O�DGFIN\cEd3e�f�g
J�N6OGx�N2O�J�HiDGN�M;JQ>N qKq PI�lDGN^BITWJ�DG_-j%N#[XSI]�F q M;OG��N2O	PZD U3LIHK]	M qKq U�¼�n ×;p
¼�n ÝYnb��FIHKJ9O�M;DGFWN6ObJ�DGN^N^L-T3HKJ�D�OGH�jWSWDGHK_�BR_�aW� q N�L%_�LWS q M;OGHiDCURJ�SW����N^J�DGJ
DGFZM�D!OGN6L q HK]	M;DGHKBI��_;O�Ì�Á2Ô�Á2Ì2Ã6Á�½G°�½�çYâ�¿mÂ���QFWH�]�F-OGN6a}N6OGJ!DG_�L q M;]^HKBI��M
]	M;]2FWN�OGHK��FYD�HKBVa}OG_�BmD#_;abM-J�N6OGx�N6O�J�_tM�JDG_\HKBYDGN2OG]^N^LWD�M q�q H�BW]^_�[-p
HKBI�R] q H�N6BYD>OGN	�mSIN^J�DGJ���M�J�[tM qKq J�N6D_�a<DGFIN�J�N6OGx�N6O	ª J�� q N^J>]^_�S q T�]^SWD
TW_	QBVDGFWN�J�N6OGx�N2O q _�M�TVJ�HK��BWHi�Z]	M;BYD q Umn

¨�OG_�|YU q _���J�FZM	x�N�M q J�_tj%N^N^BESWJ�N	TVDG_\J�DGSZTYU~DGFWN�O�M;DGN�_�a�]�FZM;BI��N
M�BITXM;��NTWHKJ�D�OGHKjIS3DGHK_�BX_;aZ� q N^J*�4N�n �3nKP\¢ ä;¤}�2n!d3SW]2F�HKBWa�_;OG[tM;DGHK_�BRFZM;J
j%N^N^B�TWN^TWSI]6N	TEH�BITWHiOGN^]6D q U�SIJ�HKBW��DGFWN q M�J�D�p�[\_YTWHi�IN	T�DGHK[\N^J�D�M;[\L
HKB�DGFIN�®��*�*¨VOGN6J�L%_�BIJ�NbFIN^M�TWN2O	P	QFIHK]2F�_�L%N^BIJ�SIL�DGFWNbL%_�J�J�HKjIH q HKDCU
_�a,[\HKJ�J�N	T\SILwTIM�DGN^J^n�A Bt]^_�BmD�O�M�J�D	PYQ�N�SIJ�N�� q N#[\_YTWHi�I]	M;DGHK_�B q _���J
_�j3D�M�HKBIN^T�TWHiOGN^]6D q U{a}OG_�[¡DGFIN�cEdYe�f*gÅJ�HiDGN�jZM�]�rmp�N^BZTwP*J�_lDGFIN
L%_�J�J�HKjWH q HiD UV_�a�[\HKJ�J�N	TVSWLwTIM�DGN^JH�J`T3H�[\HKBWH�J�FWN	T~_;O#N q HK[\HKBZM�DGN	TVHKB
_�S3O`J�DGSZT3Umn

d3N2OGx�N6O�p�jZM;J�N	T{J�DGSITWHKN^J�M;OGNsa�M;Ota�N2Q�N6O�HKB�BYSI[Rj%N6OXDGFIM�BzLWOG_	|YU3p
jZM;J�N	Tl_�BWN^J^n�«Óa}N6Q·_;a*DGFIN^J�NtFIM�x�N-a�_m]^SWJ�N	T�LWOGHK[tM;OGH q U�_�BlDGFIN
BIN2D Q�_;OGr�T3U3BZM;[\H�]6J�_�a%jWSIJ�U�klN^jRJ�N6OGx�N6OGJu¢i¼	ä�¤9¢ ×�¤�n!Ð�DGFWN6OGJ�FZM	x�N
a�_m]6SIJ�N	T�_�B�x�N2O�U�J�L%N^]^Hi�I]lM�J�L%N6]6DGJV_;aRDGFWN�J�N2OGx�N6O	ª Js_�L%N2O�M;DGHK_�B
�4N�n �WnKP\¢i¼^Ý;¤ITWHKJ�]^SIJ�J�N6J�DGFWN�L%N6O�a}_�OG[tM�BW]^N�_;aZOGN^x�N6OGJ�N>��e�d q _m_�rYSILWJ
HKBXDGFIN*g>e#e�J�N2OGx�N6O�] q SIJ�DGN2Oz¢ »�¤��2nb��FWN^J�N*J�DGSZT3HKN^JbM;OGN*HKBmDGN6OGN^J�DGHKBI�
jIS3D_�O�DGFW_���_�BZM q DG_XDGFWN#a�_m]^SWJ�_;a9DGFIHKJLZM;L%N6O	n

«�a�N6Q�_;a<DGFWN�J�N2OGx�N6O�p�jZM;J�N	T\J�DGSZTWHKN^J>FZM	x�N`j%N^N^B�M q _�BW� q HKBIN6J�J�HK[-p
H q M;OVDG_lDGFWHKJ~LIM�L%N6O	n ¢ £�¤�J�DGSITWHKN	T�M;]^]^N^J�J q _���J�a}OG_�[¹M�J�N6D~_�a
klN6jVJ�N6OGx�N2OGJ^PWDGFWN�jISWJ�H�N6J�D�_;a9QFIHK]�FVJGM^QÏSIBZT3N6O`Ø;Ò�Ò�Ò�ÒtM�]^]^N6J�J�N^J
HKB�MsTWM	Umn\��FIN6U�J�FI_	Q�N^T�DGFZM�D�� q N\L%_�LWS q M;OGHiD U�a}_ qKq _�Q>N	T{�wHKL3a^ª J
TWHKJ�D�OGHKjIS3DGHK_�B��4H4n N�nKP9�wHKLWa�p q HKr�NRQHKDGF���è·¼��2nX��FIN2U�M q J�_ETWN6[\_�BWp
J�D�O�M;DGN^TXDGFINLWOGN^J�N6BI]^N_�awDGN^[\L%_;O�M qWq _m]^M q HiD U\HKB-� q N`M�]6]^N^J�J�N^J^n�¢ ´�¤
J�DGSZT3HKN	T-x�M�OGHK_�SIJ>M�J�L%N^]2DGJ�_�a�J�N6OGx�N2O�j%N^FIM�xYHK_�O>SIJ�HKBI��TWM;D�M�a}OG_�['M



J�N2D#_;a�J�N6OGx�N6OGJ^n���FIN6U~OGN^L%_�O�DGN	T�DGFZM;D�¼^Ò�ß·_�a�DGFIN�� q N^J#M;]^]^N^J�J�N^T
M;]^]^_�SIBmDGN	T�a}_�ORä�Ò�ßé_�a>DGFINXJ�N2OGx�N6O�OGN	�mSIN6J�DGJ^P9M;BZT�DGFIM;D-¼^Ò�ßê_;a
DGFWN��4] q HKN^BmD2��TW_�[tM;HKBIJRM�]^]^_�SIBmDGN	Tla�_;O-_�x�N6O\Þ�Ø�ßº_�aDGFWN~J�N6OGx�N6O
OGN^�YSWN^J�DGJ^n~®#_	Q�N^x�N6O	P9DGFIN\jWSIJ�HKN^J�D�_�a*DGFWN\J�N6OGx�N6OGJ�DGFWN6U�J�DGSZTWHKN	T
_�B q U\JGM^Q�MXÀ�¾;À�°�±�_�a<M�OG_�SIBIT\´�Ø;Ò3P Ò�Ò�ÒXM�]6]^N^J�J�N^J�HKBtM�TIM^Umn,A B\]^_�BWp
D�O�M;J�D	P�DGFIN�cEdYe�f*gëJ�N6OGx�N6OR] q SIJ�DGN2OXJ�N^N6J^P�_�BuM	x�N6O�M;��N�P�_�x�N6OX£�Ø
[\H qKq HK_�BuM�]6]^N^J�J�N^J-N^M�]�FuTIM^U�DG_EHiDGJ�®��csÄ�]^_�BmDGN^BmDXM q _�BIN��4HK[-p
M;��N�M;]^]^N^J�J�N^J^P>QFIHK]2F�M;OGNsBW_�D\HKBW] q SZTWN^T{HKB{_�SWO\D�O�M;]^N^J^P!Q�_�S q T
HKBW]6OGN	M�J�N�DGFWH�JBYSI[Rj%N6O�J�HK��BIHi�Z]	M;BmD q UI�2n

ACB�J�SW[\[tM;O�UmPWQ�N-J�N^NR_�S3O�J�DGSZTYUE_�a!DGFINXcEd3e�f�gÎJ�HKDGNXM�J�]^_�[-p
L q N^[\N^BmDGHKBI��DGFIN`N6|3HKJ�DGHKBI��j%_YT3UX_�a q HiDGN6O�M�DGSWOGN�_�B\klN^j-Q>_�OGr q _�M�T
M;BZTED�O�M;�\]R]2FIM;O�M;]6DGN6OGHKy	M;DGHK_�B<nXk�NRj%N q HKN^x�N-j%_�DGFEDGFINRN6|YDGN^BmD�_;a
DGFWN*TIM�D�M�J�N6D�Q>N�FZM	x�N>M�BIM q U3y^N	TXM;BZT�DGFIN>SWJ�N�_�aIjZM;]2rmp�N^BZT q _���J�DG_
]�FZM�O�M�]6DGN2OGH�y6N�DGFIN]^_�BmDGN^BmD�TYUWBIM�[\HK]^J�[tM�r�N*_�SWO>J�DGSZTYUXx�M q SZM;j q N�n

3. EXPERIMENT AL SETUPAND METHOD-
OLOGYACB�DGFIHKJ�J�N^]6DGHK_�B�P�Q�NtjWOGHKN Æ UlT3N^J�]6OGHKj%N\DGFIN\N^J�J�N6BYDGH�M q M�J�L%N^]2DGJR_;a

DGFWN�cEd3e#f*g�J�N2OGx�N6O�J�HKDGN�PwM�BITsTWHKJ�]^SWJ�J`DGFWN�D�O�M�]^N�TIM�D�MXDGFZM�D`Q>N
��M;DGFWN6OGN	TsM;BZTVL3OG_m]^N^J�J�N	Twn

3.1 Server SiteAr chitecture��FWN`cEd3e#f*glJ�N6OGx�N6ObJ�HiDGN*]^_�[\L3OGHKJ�N^JbM#] q SIJ�DGN6Ob_;aw_;x�N6O�×�Ò�J�N6OGx�N6O
BW_YTWN^J^P;N	M;]2F�OGSWBIBWH�BW��DGFINbcVHK]6OG_�J�_�a}D�ACBmDGN6OGBIN6D�ACBWa�_;OG[tM;DGHK_�B�dYN6OGx�N6O
�4A�A�dI�µ¢i¼	»�¤�nz��FWN^J�NVJ�N6OGx�N6O\BI_YT3N^J\M�OGNV��OG_�SIL%N	T�DG_���N6DGFIN2O\HKBYDG_
J�SWjWp�] q SIJ�DGN2OGJ�]6_�BmD�M�HKBIHKBW��M�LIL3OG_	|WHK[tM�DGN q U�ÝsBW_YTWN^J�N	M;]2F�nsÄ�_�M�T
jIM q M�BW]^HKBI��H�J-TW_�BWNsM�DXD Q>_ q N^x�N q J^n��9HiOGJ�D	P!N	M�]�F{J�SIjWp�] q SWJ�DGN6O-HKJ
M;J�J�HK��BIN^TVM\Ô	â�Ì2À4ìW°�±mA ¨��4í#A ¨>�bM�TITYOGN^J�J�N^JM;BZT\��e�dXOG_�SIBZTYp�OG_�jIHKB
]2UW] q N6J�DGF3OG_�SW��F�DGFIN\Ý�í#A�¨�M�TIT3OGN6J�J�N^J�a�_�O�DGFWNXN^BmDGHiOGNtcEd3e#f*g
J�HiDGN�n*d3N^]6_�BZTwPIQHiDGFIHKBsN^M�]�FEJ�SIjWp�] q SWJ�DGN6ODGFZM;D`J�FIM;OGN^J�MXí#A ¨�M�T3p
TYOGN^J�J^P�DGFINRk�HKBZTW_	QJRÄ<_�M�T�f�M q M;BI]^HKBW��d3N6OGxYHK]^N���k�Ä,f�dI�²¢i¼	»;¤
HKJ�SIJ�N	T�DG_VJ�LWOGN	M�T q _�M�TlN^x�N^B q U�M�]6OG_�J�JRDGFIN\BW_YTWN^J^ns��FIN\[tM;H�B
L%_�HKBYDXDG_�D�M;r�N~M	Q�M^UuH�JRDGFZM;D-M;DtT3HivwN6OGN^BmDXDGHK[\N^J^P!M�LZM;O�DGHK]^S q M;O
] q HKN^BmD	ª JOGN	�mSIN^J�D[tM^U�j%N�J�N6OGx�N^T~jmU~M�BmU�_�a�DGFIN#×�ÒXBW_YTWN^J^n

3.2 Server AccessLogsîbM�]�F�J�N6OGx�N2O~BW_YTWNE[tM;H�BmD�M;H�BWJ�MlJ�D�M�BZTWM;O�T�®#�*�*¨·M�]6]^N^J�J q _��
DGFIM;D�OGN6]^_�O�T3J*J�N^x�N6O�M q LWHKN^]^N^J*_;a9HKBWa}_�OG[tM;DGHK_�B~a�_;ON	M�]�F�] q H�N6BYD`M;]6p
]6N^J�J^�9M�DGHK[\N^J�D�M;[\L<P^DGFWN�] q H�N6BYD	ª J9A ¨sM�TWT3OGN^J�J^P	DGFWN�o#©�Ä-M�]^]6N^J�J�N	T�P
DGFWN�OGN6J�L%_�BIJ�N�J�HKy^N�PwDGFIN�J�N6OGx�N6O�J�D�M�DGSIJ#]6_YTWN�P�N6DG]�n#�I_;O�M�T3[\HKBIHKJ�p
D�O�M�DGHKx�NsOGN	M�J�_�BIJ^P`DGFINsJ�N2OGx�N6O~J�HKDGNE_�L%N6O�M;DG_;OV]�FI_�J�NEDG_�DGSWOGB�_;v
q _�����HKBW�ta}_�O�HK[tM���N�M;]^]^N^J�J�N^J^n*d3_XDGFWN q _���J�_�B q U�OGN^]^_;O�TsM�]6]^N^J�J�N^J
DG_�®��csÄ{]^_�BmDGN^BmD	n�k�FIH q NXDGFINRM�jWJ�N^BI]^NR_�a>H�[tM;��NXM�]^]^N6J�J q _���J
HKJ>M q HK[\HiD�M;DGHK_�Bt_;a<_�SWO�TIM;D�M�J�N2D	PmQ�N�TW_�BI_;D�j%N q HKN^x�NHiD�HKBmDGN6O�a}N6OGN^J
QHiDGFu_�S3O-J�DGSIT3UlHKB{MEJ�HK��BIHi�I]	M�BmDXQ�M^U�J�HKBI]^N�Q�N~M;OGN�J�DGH qKq M;j q N
DG_-M�BZM q UWy6N�M�]^]^N6J�J�TYU3BZM�[\HK]^JM�D*DGFIN��;O�M�BYS q M�OGHKDCUV_;a9klN6j�ï3°	ÂmÁ2Ã
�4H4n N�nKPIDGFWN�®��csÄ�]6_�BmDGN^BmD2�2n

�,M�j q N�¼tJ�SI[\[tM;OGHKy^N6J�DGFWN~_�x�N6O�M qKq J�D�M;DGHKJ�DGHK]^J-_;a�DGFWN�J�N2OGx�N6O\M;]6p
]6N^J�J q _���J#Q�N�SIJ�N	TsHKBE_�SWO�J�DGSIT3Umn`�I_;O#_�SWO�M�BZM q UWJ�HKJ^PwQ�N�LIHK]�r�N	T
D�O�M;]^N^J-a�OG_�[µJ�N^x�N6O�M q T3HKvwN2OGN^BmD\L%N6OGHK_YTWJ^P>N	M�]�FzJ�LIM�BWBIHKBI��M�a}N6Q
]6_�BIJ�N6]^SWDGHKx�NtTWM	U3J^n�A B�J�_�[\N-L%N6OGHK_YT3J^P�Q�N\FZM�T�_�B q UlM;B�FI_�SWO	ª J
Q>_�O�DGFE_;a�D�O�M�]^N^J`L%N6O�TIM^UmP3QFIH q N�H�BV_�DGFIN2OGJQ>N�FZM�T�D�O�M�]^N^Ja}OG_�[
DGFWN\N^BmDGHiOGN~TWM^Umns��FWNtD�O�M;]^N^J�a}OG_�[¹¼	£��Y¼	Þ��;ä�»�M�BZT�¼	£��m¼	»��;ä�»�ð
Q>N6OGN�N^J�L%N6]^H�M qKq U~HKBmDGN6OGN^J�DGHKBW�WP3j%N^]	M;SIJ�N#DGFWN^J�N#]^_;O�OGN^J�L%_�BITWN	T\DG_RM
�CFI_;DG��BIN6QJ�N^x�N^BmD	P�BIM�[\N q U�DGFIN q M;SIBI]�FIHKBW�#_�a>ñ9ïWÁ2Ì�°�À4â4¾�¿tò�Á2Ã6Á2Ì2À
ó<¾	ô�jYUXDGFIN#o�dt[\H q HiD�M;O�U�M;��M�HKBWJ�D�A�O�M��Znb« qKq DGFIN�_�DGFWN6O�D�O�M�]6N^JH�B
�,M�j q N\¼�M�OGN�a}OG_�[²¼^ä�ä�ä3n
ð ��FWOG_�SW��FW_�SWD'DGFIHKJ'LIM�L%N6O	P¦TWM;DGN^J·M�LIL%N^M;OÅHKBõDGFINÍa�_�OG[tM�D
ã-¾�¿IÀ}ç�ö%Ê�°�÷2öI÷�ÁG°;Ì	ø

��FIN�cEdYe�f*g·J�N6OGx�N6O�J�HKDGNEJGM^Q�P_�B�M	x�N6O�M���N�P_�x�N6OV£�Ø�[\H qKq HK_�B
] q HKN^BmD�M;]^]^N^J�J�N^J�N^M�]�F�TIM^UsDG_tHiDGJ#®��csÄ�]^_�BmDGN^BmD�M q _�BIN��4HK[tM���N
FIHiDGJ#Q>N6OGNXHKB�M�TWTWHiDGHK_�B�DG_�DGFWH�J��2n�k�NRSWJ�N	T�M qKq ×�Ò�J�N6OGx�N6O#BI_YTWN6J
QFIN6B�M�BZM q UWy6H�BW�-DGFIN-¼2pCFW_�S3O�_;O�DGFWN�´;p�FI_�SWO q _�BI�-D�O�M;]^N^J^n*®�_	Q*p
N^x�N2O	PYTWSWN`DG_�TWHKJ�rXM�BZT\[\N^[\_;O�U q HK[\HiD�M;DGHK_�BIJ^PYQ�N`_�B q U-SIJ�N	T q _���J
a}OG_�[êä-_;OR¼	£s�4H�n N�nKP<£�£Yn Ø	ùm´�Ò�ßX��_�a�DGFIN�J�N2OGx�N6O�BI_YTWN6J�_�SWD�_�a�DGFIN
] q SIJ�DGN2O#_;a!×�ÒXQFIN^B�M;BZM q U3y^HKBW�-DGFIN q _���J`a}OG_�[éMXQFW_ q NRTIM^UVL%N2p
OGHK_YT�n�dYHKBI]^N�OGN	�mSIN^J�DGJ�M;OGNRO�M;BZT3_�[ q UET3H�J�LIM;DG]�FIN	TsDG_tDGFIN�J�N6OGx�N6O
BI_YT3N^J^P<]^_�BWJ�H�T3N6OGHKBI�s_�B q U�M~J�SWjIJ�N6D�_�a>DGFWNXJ�N6OGx�N6O�BI_YT3N^J�HKJ�SIBWp
q HKr�N q U\DG_�J�H���BIHi�Z]^M�BmD q UtjIH�M�J�_;O*_�DGFWN6O�QHKJ�N�HK[\LZM;]6D>DGFWN`OGN^J�S q DGJ�_�a
_�S3O�M;BZM q U3J�HKJ^n�cV_;OGN^_�x�N6O	Pw[\_�J�D�_�SWO�OGN^J�S q DGJ#jIM�J�N	Ts_�BEDGFIN�LZM�O�p
DGH�M q J�N6D�_�aJ�N6OGx�N2ORBW_YTWN^JRM;OGN\]6_�BIJ�HKJ�DGN^BmD�QHiDGF�DGFI_�J�N\jZM�J�N^Tl_�B
M qKq DGFIN�J�N6OGx�N6O`BI_YTWN6J^n

A B�J�_�[\N\_;a_�SWORM;BZM q U3J�N^J^P9Q>Nt] q SIJ�DGN6OGN	T�] q H�N6BYDGJ�DG_���N6DGFWN6OXHKBmDG_
Ê�¾�ã-°�â�¿WÃ�PWQFIHK]�FVQ�N�TWN2�ZBIN^T�DG_-j%N�M q�q jIS3D*DGFIN�FI_�J�DGBZM;[\N�LZM;O�D
_�a<DGFIN�] q H�N6BYDGJ^ª3��e�d-BZM�[\N6J��4N�n �WnKP3DGFIN�TW_�[tM;HKB�a}_�O*a�_m_3n jZM;O	n ]^_�[
HKJ-jZM�O	n ]^_�[��2n�klN�TWN2DGN6OG[\HKBIN	T�DGFWN��#e�d�BZM;[\Nt_�a#M�FW_�J�DXx3H�M
MsOGN^x�N6OGJ�N���e�d q _m_�rYSIL�_�BuHiDGJXA ¨ëM�TWT3OGN^J�J^n�klNtFZM�T�M�a�M�HiO q U
FIHK��F�J�SI]6]^N^J�J�O�M;DGN-p*DCUWLWHK]	M qKq U�_;x�N6ORÞ�Ò�ßép#M;J�OGN^L%_�O�DGN^T�HKBl�9M�p
j q Ns¼�nV�W_�O�DGFIN\M;BZM q U3J�N^J�DGFZM�D�H�BYx�_ q x�N	T�T3_�[tM;H�B�HKBWa�_;OG[tM;DGHK_�B�P
Q�N�HK��BW_�OGN	T~] q H�N6BYDGJa�_;O�QFWHK]2FVDGFWN�OGN^x�N6OGJ�N��#e�d q _m_�r3SWLVa4M;H q N^T�n
klN`OGN	M q HKy^N�DGFIM;D*_�SWO`TWN2�ZBIHiDGHK_�B�_�a9MXT3_�[tM�HKBtHKJ*J�HK[\L q HKJ�DGH�]�PZM;BZT
M;OGN*]6SWO�OGN^BmD q U q _m_�rYH�BW��M;Db[\_;OGN�J�_�LWFIHKJ�DGHK]	M;DGN	T\M q DGN6OGBZM�DGH�x�N^J�DGFZM;D
M q J�_\]^_�BIJ�H�TWN2O�BWN6D Q>_�OGrtDG_�L%_ q _���Umn

3.3 Content Creationand Modification Logs��FIN!jZM;]2rmp�N^BZT�_;aIDGFWN�cEdYe�f*g�J�HiDGN�SWJ�N^J,DGFWN�cVHK]6OG_�J�_�a}D>g>_�BYDGN6BYD
©`N^L q HK]	M;DGHK_�B�dmU3J�DGN^[Ú��g>©�dW�ú¢i¼	»�¤9DG_-OGN^L q HK]	M�DGN�]^_�BmDGN^BmD`a}OG_�[ÍM
J�D�M���HKBI�tJ�N6OGx�N6ODG_\N	M;]2FV_�a�DGFIN�×�Ò-J�N6OGx�N6O`BI_YT3N^J^n*îbM�]�FsOGN^L q HK]	M�p
DGHK_�B�N^x�N^BmD�HKJ q _�����N	T�P,J�L%N^]^Hia}U3HKBI�~DGFINXDGHK[\NX_;a�OGN^L q HK]	M�DGHK_�B�M;BZT
DGFINs� q N�j%N6H�BW�lOGN^L q HK]	M�DGN	T�DG_���N6DGFIN6O�QHiDGF�HiDGJ~J�HKy^N�n®#_	Q�N^x�N6O	P
M qKq DGFZM;D�Msg>©�d q _��EN^BmD�O�U�JGM^UWJ�HKJ�DGFZM�D�M~� q N-Q*M;J�OGN6L q HK]	M;DGN	TwP
QFIHK]�FljmU�HiDGJ�N q a`TW_mN^J�BI_;D�N^BZM;j q N\SIJ�DG_sTWN6DGN6OG[\HKBWNRQFIN2DGFIN6O�M
BIN2Q�� q N>Q*M;J�]6OGN	M�DGN	TR_;ObM�BXN2|WHKJ�DGHKBI��_�BWN>Q*M;JbSWLwTIM�DGN	T�n�klN*T3HKJ�p
M�[RjIHK��SIM;DGN-j%N2D Q�N6N^B�� q NX]6OGN	M;DGHK_�B�M�BIT�[\_YTWHi�I]	M;DGHK_�B�jmU�SIJ�HKBI�
J�N^x�N2O�M q TWM^UWJ^ª;Q�_;O�DGF-_�awg>©�d q _���J�DG_�LWOGHK[\N�_�SWO q H�J�D!_�a%� q N^J�DGFZM;D
M q OGN	M�T3UVN6|3H�J�D	P%M�BZTVDGFWN6OGN	M�a}DGN6OR�4_�BW]^N�DGFIN�J�LIHKr�N�HKBsDGFIN�BYSI[Rj%N6O
_�a�� q N�� ]6OGN^M;DGHK_�BW�XN^x�N6BYDGJbFZM;J�J�SIjWJ�H�TWN	TI��D�OGN	M�DGH�BW�Rg>©�dXOGN^L q HK]	M�p
DGHK_�BlN6x�N^BmDGJ#a�_;OR� q N^J�BI_;DRJ�N6N^B�j%N6a}_�OGNtM;J�� q N\]6OGN	M;DGHK_�BIJ�û�nt��FIN
g>©#d~J�U3J�DGN^[ÍTWH�TVBI_;D q _��\� q N�TWN q N6DGHK_�BIJ^PwM q DGFW_�SW��F<PZH�BV��N^BWN6O�M q P
HiD�]^_�S q T�FZM	x�N�n-��FWNtg>©�d q _���J�Q>N\M�BIM q U3y^N	T�]^_�O�OGN^J�L%_�BZT3N	T�DG_
DGFIN#×�p�Q�N^N6r~L%N6OGHK_YT~a�OG_�[Ú¼	Ò��Y¼	��ä�ä-DGF3OG_�SI��F�¼^Ò���£;»��;ä�ä3n

3.4 Content Logs�I_;OXM�J�[tM qKq a}O�M�]2DGH�_�B�_�a�DGFWN-]^_�BYDGN6BYD�FW_�J�DGN	T�jmUlcEdYe�f*g�P�Q�N
Q�N2OGNtM�j q N-DG_s_�jWD�M;H�BlM q _��E_�a>DGFIN\®��csÄz]^_�BmDGN^BmD�HiDGJ�N q a P�H4n N�nKP
J�SI]6]^N^J�J�HKx�N�x�N2OGJ�H�_�BIJ�_;a,DGFWN�� q N^J�M�JM�BITtQFWN^BtDGFIN6U-Q>N6OGN�[\_YT3HKp
�ZN^T�nb«�BIN6Q�x�N2OGJ�H�_�BV_;a9DGFIN`� q N#Q*M;J q _�����N	TV_�B�DGFIN�FW_�S3O*Hia9DGFIN
� q N�FIM�T\j%N^N^B~[\_YTWHi�ZN^T���M�D q N	M�J�D_�BI]^N	�>H�BtDGFIN�LZM;J�DFI_�S3O	n���FIN
J�SIjWJ�N6D_�a�� q N^J q _�����N	TsHKB~DGFWH�J[tM;BIBIN2O�Q*M;J�T3N6DGN6OG[\HKBIN^T~jmU\DGFIN
J�N6OGx�N2O�J�HiDGN-_�L%N6O�M�DG_�O�ü�nR��FINR]^_�BmDGN^BmD q _��WP9M q DGFI_�SI��F q HK[\HKDGN^T�HKB
J�]^_�L%N�P%N^BIM�j q N^J`SIJDG_\��M;HKBEJ�_�[\N�HKBIJ�HK��FmD�H�BmDG_-DGFWN�N^x�_ q S3DGH�_�BE_�a
� q N^J`M;JDGFWN6U�SIBITWN6OG��_-[\_YTWHi�Z]^M;DGHK_�B�n

û6«`JsM�x�M q H�TIM;DGHK_�Bh_;a�DGFIHKJVFWN^SWOGHKJ�DGHK]�P`Q�N�]^_�B3�IOG[\N	TzDGFIM;D�DGFIN
BYSI[Rj%N6O-_;a�� q Ns]6OGN^M;DGHK_�B�N6x�N^BmDGJ\j%N6Um_�BZT�DGFINsL3OGH�[\HKBW��L%N6OGHK_YT
TW_mN6J�BI_�D�TWHK[\HKBIHKJ�FEQHKDGF�DGHK[\N�P<M�J#Q>_�S q T�FZM	x�NXFIM�LWL%N^BIN	TEFIM�T
DGFIN�� q N�]6OGN	M�DGH�_�BEN^x�N^BmDGJ*j%N^N6BV��j%_���SWJ��Wn
ü Ð#BWN#_;a9DGFIN`OGN	M�J�_�BIJ�DGFIN#J�HKDGN#_�L%N6O�M�DG_�O��N6BIN6O�M�DGN	T�DGFWN#]^_�BYDGN6BYD
q _���Q*M�J!DG_�a}N^N	TtHKD>HKBYDG_�x�M;OGHK_�SWJ�J�N	M;OG]�F�N^BI��H�BWN^J>a}_�O�OGN6p�HKBZT3N6|3HKBI�
DGFIN#]^_�O�OGN^J�L%_�BZT3H�BW�\LZM;��N^J^n



¼�£��m¼�Þ���ä�»\p¼�£��Y¼	»���ä�» »��m¼�p!»���Ø »���´Rp>»���Ø ä���£�ÞXp¼	Ò��Y¼ ¼^Ò���ÞRp¼^Ò��Y¼�¼ ¼	Ò��Y¼^×\p¼	Ò��Y¼^»
¨9N2OGH�_YT ä-«#cêp`¼	£X«�c ¼^ÒRp`¼�¼�«#c ä-«�cép¼�£-«#c M qKq TIM^U M qKq TIM^U M qKq TIM^U
ß·�<_�D�M q J�N6OGx�N2O q _���J`SIJ�N	T ¼^Ò�Ò ¼	Ò�Ò ¼	Ò�Ò ´�Ò £�£Yn Ø;Ò £�£Yn Ø;Ò
ý ®#�*�*¨{OGN	�mSWN^J�DGJ ¼	Ò;×W¼	´�»�Ý�Ý Þ;Ò�ÝY¼�Ø�Þ�£ ¼6×W¼	»�´�»�£�Ò ´�»3¼^ä3¼^´�»�» £;»3¼	Ò�£�Þ�ØY¼ ´�Ò�Ò�Ò�Ò�ä�»Y¼
ý Ð#jY¯�N6]6DGJ ´�×�×�×�´ ´�ÒY¼	ä�ä ´�Ø�´�Ø;ä Ø�Þ�Ò�Ø�´ Ý�Ò�´�£;´ Ø�£�×m£;ä
ý g q HKN^BmDGJ £�Ø�´;×�»�× ×�×�ÒY¼�Øm¼ Ý�Ø;Ý�×�×�ä ¼	ä;×�»�Ý�Ò�ä ¼^»�´Y¼	Ò�£�Þ ¼^ä�´�»�×�´�Þ
ß'J�SW]^]^N^J�J*a}_�O`OGN^x�N6OGJ�N���e�d Ø�»Yn Ø�»�Þ p Þ�Ý3n £�£�Þ Þ�»Yn ä�Ý�Þ Þ;»3n ´�×�× p
ý �#_�[tM�HKBWJ ×W¼^Ò�£�Ø p Þ�Ø�Ø�Ý�ä ¼�¼�Þ�ÝY¼�Ø ´�ä�Ý�Ø�£;» p
ßÅÛ�îb��OGN	�mSIN^J�DGJ ä�äYn »3¼	» ä�ä3n Ò�Ø;Ò ä�ä3n Ò�Ý�Ø ä�äYn Ò�Ý�Ø ä�ä3n Ò�Ò�» ä�ä3n Ò�Ø;ä
ß·¨!Ð�dW��OGN^�YSWN^J�DGJ ÒYn Ò�»�» Ò3n ×�×�» Ò3n ×�Ý;× ÒYn ×�Þ;× Ò3n ØY¼	£ Ò3n ×mÞ�Ø
ß'®#î!«`�ÏOGN	�mSWN^J�DGJ ÒYn Ò�»�£ Ò3n ×�Ò�Ý Ò3n ´�ä�£ ÒYn ´�£�Þ Ò3n ´�Ø;Ò Ò3n ´�´�Ý
ßÅÐ�DGFWN6O*OGN	�mSIN6J�DGJ ÒYn Ò3¼�£ Ò3n Ò�ä�Ý Ò3n Ò�Þ;ä ÒYn�¼^´�× Ò3nK¼	´�Ò Ò3nK¼	´�Ò
ßÅÐ#þOGN6J�L%_�BIJ�N6J Ø�»Yn Ò�»�× Ø�ØYn ä3¼^´ Ø�ÞYnK¼^Ò�× Ø�ÝYn�¼^ä�Ø Ø�ØYn Ò�»�» Ø�×Wn Þ;×�×
ßÅcV_�x�N^T�DGN^[\L%_;O�M;OGH q U ×3n Ø�Ø;× ¼	ØYn Ò3¼	Þ ¼�ØYn £;Ý�Þ ¼�Þmn Ý;×mÞ ¼^Ý3n Ò�×�Þ ¼^»3n ×�×�´
ß'e�_�D[\_YT3HK�IN	T�OGN6J�L%_�BIJ�N6J ´�ÝYn ä�×�Ý £�ÞYn Ø�£;ä £�Ý3n £;´3¼ £�´Yn »Y¼�£ £;Ý3n ØY¼	Þ £�×Wn Ø�ÒY¼
ß'o�BIJ�SW]^]^N^J�J�a}S q OGN^J�L%_�BWJ�N^J ÒYn ×W¼	Ý ¼�n Ø;×3¼ ¼�n ´�ä�» £mn ´;×�Ý £Yn ´�×�» £Yn ´3¼	£
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3.5 Proxy LogsACBXJ�_�[\N*_�a%_�SWO!M�BIM q U3J�N^J��d3N^]6DGHK_�BtØYn ×m�2P�Q�N*]^_�[\LZM;OGN!DGFIN*M;]^]^N^J�J
]�FZM�O�M�]6DGN2OGH�J�DGHK]^J~_�a�DGFWN�cEd3e#f*g/J�N2OGx�N6OtQHiDGF�DGFZM�D~_;a�MljISWJ�U
]^M�]�FIHKBI��LWOG_	|YUmn�klN\_�j3D�M�HKBIN^T q _���J�a}OG_�[¥MsLWOG_	|YU�]	M�]�FIN\DGFZM�D
J�N2OGx�N^J�DGFIN#cVHK]6OG_�J�_;a}D�]^_�OGL%_;O�M;DGN�]^M�[\LISWJ!QHiDGF~MRL%_�LWS q M;DGHK_�B~_;a
_�x�N2O�Ø;Ò�Ò�Ò�Ò�] q H�N6BYDbFW_�J�DGJ^nb��FIN q _���J!Q>N6OGN��M�DGFIN6OGN	T-_�x�N2O>M�£�pCTIM^U
L%N2OGH�_YT�p�¼^Ò���Ý���ä�ä�M;BZT�¼	Ò���Þ��;ä�ä3n

4. SERVER CONTENT DYNAMICSACB\DGFIHKJ�J�N^]6DGHK_�B<PYQ�N#M�BZM q UWy6N�DGFIN�T3U3BIM�[\HK]^J>_;a<� q N#]6OGN	M�DGHK_�B~M�BZT
[\_YT3Hi�Z]	M�DGH�_�B<nR��FINR]^_�BmDGN^BmD�TYU3BZM�[\HK]^J�HKJ�HK[\L%_�O�D�M�BmD�DG_�J�DGSZTYU
j%N6]	M�SWJ�N�HiDFZM�J*L3OG_�a}_�SIBIT�HK[\L q HK]	M�DGHK_�BIJ*a}_�O*DGFIN�N6vwN^]6DGHKx�N6BIN^J�J*_;a
k�N^jt]	M�]�FIHKBW�WP3HKB~LIM;O�DGHK]^S q M�O	PI]	M;]2FWN#]^_�BIJ�HKJ�DGN^BW]6Ut]^_�BmD�OG_ q [\N^]2F3p
M;BIHKJ�[sn

4.1 File Creationand Modification Processesk�NtJ�DGSZTWHKN	T�DGFINtT3U3BIM�[\HK]^J�_�a*� q Nt]6OGN^M;DGHK_�B{M�BIT�[\_YTWHi�I]	M;DGHK_�B
SWJ�HKBI��HKBWa}_�OG[tM;DGHK_�B¦TWN6OGHKx�N	T�a}OG_�[ DGFWN{g>©�d q _���J^n¥klN�]^_�BWp
J�H�T3N6O�DGFIN�DGHK[\NR_;a>OGN^L q HK]	M�DGHK_�B�_;a*M\� q NXjmU�g>©#dsDG_~j%NRHKDGJ#]6OGN6p
M�DGHK_�B%��[\_YTWHi�Z]^M;DGHK_�B�DGHK[\NEj%N^]	M;SIJ�N�HiD�H�J�_�B q U�M�a}DGN6O���DGFINEBWN6Q
x�N6OGJ�HK_�B�_�aG�tM�� q NEH�JtOGN^L q HK]	M�DGN	T�_�BmDG_�DGFWNEJ�N6OGx�N6O�BW_YTWN^J\DGFZM�D
HiD�j%N^]6_�[\N^J�M	x�M�H q M�j q N-DG_~] q HKN^BmDGJ^n\��FIN2OGN-HKJ�MVTWHKS3OGBZM q ]2UW] q N-M�J
Q>N qKq M�J�M\Q�N^N6r q U�]6U3] q N�DG_�DGFWN�� q NX]6OGN	M�DGHK_�BlM;BZTE[\_YTWHi�I]	M;DGHK_�B
L3OG_m]^N^J�J�N^J^n���FINET3H�S3OGBZM q ]6U3] q NsN6|3HKJ�DGJtTWN^J�LWHKDGN~DGFINV� q _�jZM q M;]6p
]6N^J�J�HKjIH q HKDCU�_�a�DGFINRcEdYe�f*g�klN^jEJ�HiDGN�j%N^]	M;SIJ�N�DGFIN�jIS q r�_�a�DGFWN
M;]^]^N^J�J�N6JVDG_lDGFINEJ�HiDGN�]^_�[\Nsa�OG_�[¹e#_;O�DGF�«�[\N6OGHK]	MYPH4n N�n�P`a}OG_�[
DGHK[\N�y6_�BIN6J`DGFIM;D`M;OGN�] q SWJ�DGN6OGN	T~DG_���N6DGFWN6O	n

ACB��9M;j q N�£YP9Q>N\D�M�jIS q M;DGNtMV[\_;OGNtTWN6D�M;H q N	Tlj3OGN	M�r3T3_�QB�_�a*DGFWN
N6x�N^BmD�]^_�SWBmDGJ�TWSWOGHKBW�~DGFIN\_�BIN6p�Q>N^N^r�L%N6OGHK_YT�a}OG_�[¶Ò�ÒY� Ò�ÒEFI_�S3OGJ
_�Bl¼	Ò���ä��;ä�ätDG_�£�´3� Ø;ä�FW_�SWOGJ`_�Bl¼^Ò��m¼�Ø��;ä�äYn#klN�BW_�DGN�DGFIN2OGNRM�OGN
BWN	M;O q U�a}_�S3O9DGHK[\N^J,M;J,[tM;BYU�� q Nb[\_YTWHi�Z]	M�DGHK_�B�N^x�N6BYDGJ<M�J,]6OGN	M;DGHK_�B
N6x�N^BmDGJ`TWSWOGHKBW�RDGFIN�]6_�SWOGJ�N�_;a�DGFIN#Q>N^N^r%n>«Ï] q _�J�N2O#N6|WM;[\H�BIM;DGHK_�B
_;a9DGFIN#[\_YTWHi�Z]	M�DGHK_�B�N^x�N^BmDGJ�OGN^x�N^M q J�DGFZM�D*DGFIN6U\DGN^BITtDG_Rj%N�]^_�BWp
]6N^BmD�O�M;DGN	TX_�B\M#J�[tM q�q BYSI[Xj%N2O�_�a%� q N6J^nbÐ#B-M	x�N6O�M;��N�P�DGFIN6OGN�Q>N6OGN
M�OG_�SWBZTV¼	Ò�[\_YT3Hi�Z]	M�DGH�_�B\N^x�N^BmDGJ�L%N6O�� q N��4_�B q U-]^_�BIJ�H�TWN6OGHKBW��� q N^J
DGFIM;DQ�N2OGN�[\_YTWHi�ZN	T~M;D q N	M;J�D#_�BI]^N�T3SWOGHKBI��DGFIN�Q�N6N^rW�2n

��FWN q M;OG��N#BYSI[Rj%N6OGJ�_�a<]6OGN	M�DGH�_�BVM;BZT\[\_YTWHi�I]	M;DGHK_�BtN^x�N^BmDGJ!FIM�x�N
j3OG_�M�T�HK[\L q HK]	M�DGH�_�BIJ^nR��FINR]6OGN	M�DGH�_�B�_;a�BWN6Q� q N^J#L%_�J�N^J�Mt]2FIM q p
q N^BW��NbDG_ q M;DGN6BI]6UI�;jIM�BIT3QH�T3DGF�JGM	xYH�BW��J�]�FIN6[\N^J<J�SW]2F�M;J9LWOGN6a}N6DG]�FWp
HKBW�²¢ £;×WP�¼�¼2¤9_;OJ�N6OGx�N6O�p�HKBIHiDGH�M;DGN	Tz� LISWJ�FI�é¢ £;Ý;¤�n!��FIN^J�N�J�]�FIN6[\N^J
T3N^L%N^BITÏ_�BhDGFINlLIM�J�D�FWH�J�DG_;O�UÎ_;atM�]6]^N^J�J�N^J�DG_zDGFWN�� q N�nºf>S3D
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g!OGN^M;DGHK_�B cV_YT3Hi�Z]	M�DGH�_�B o#BWH��YSWN��9H q N^J Û#A ���:K�¨bî!Û
cV_YT3HK�IN	T cV_YTWHi�Z]	M�DGHK_�B
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a�_;O\MsBWN6Q q Ul]6OGN	M�DGN	T�� q N�P,DGFIN6OGNtN6|3HKJ�DGJRBW_EJ�SI]�FlFIHKJ�DG_;O�UmnE��FIN
q M;OG��N�BYSW[Xj%N6OX_�a�[\_YTWHi�I]	M;DGHK_�BzN^x�N^BmDGJ\J�SW����N6J�DGJ�DGFIM;DtHiD�[tM	U
j%N~Q>_�O�DGFmQFIH q NsT3N^L q _	U3HKBI��N6�\]^HKN^BmD\L3OG_�DG_m]^_ q [\N^]2FIM�BWH�J�[\J�a�_;O
DGFIN#x�M q H�TWM;DGHK_�BZ�;HKBYx�M q H�TWM;DGHK_�BE_;a9� q N^J*]	M;]2FWN	TVM�D`LWOG_	|3H�N6JM�BZTI�;_;O
] q HKN^BmDGJ��4N�n �WnKP�¢ Ý3PZ´3¼6¤}�2n

�9M;j q Nu£uM q J�_zOGN^x�N	M q JsDGFZM�D�M;OG_�SIBIT¦¼	ß¹_�aRDGFIN�[\_YTWHi�Z]	M�DGHK_�B
N^x�N6BYDGJ�]^_�O�OGN6J�L%_�BZT3N	TEDG_sÛ#A ���:K�¨bî>Û'HK[tM;��N�� q N^J^n�A BmDGSWHKDGHKx�N q UmP
Q�N�Q�_�S q TÏBW_�DsN2|WL%N6]6DEHK[tM���N^JVDG_{��N6DE[\_YT3Hi�ZN	T�x�N6O�U�[XSI]�F-V
HKBIJ�DGN	M�T�Q�N�Q�_�S q T�N6|3L%N^]6D~BIN6QéHK[tM���N^J~DG_�j%N�M�J�J�HK��BIN	T�BIN2Q
BZM;[\N^J^nRÐ#B�] q _�J�N6O�N6|WM;[\H�BIM;DGHK_�B�PwQ�N-T3HKJ�]^_�x�N6OGN	TEDGFZM�D�DGFINRH�[-p
M���N^Jbj%N^HKBI�#[\_YT3Hi�ZN	T�Q�N6OGNM q [\_�J�DbN6|3] q SIJ�HKx�N q U�[tM�LWJ^P�L3OGHK[tM;OGH q U
Q�N^M;DGFIN2O�[tM�LIJ�jIS3D�M q J�_V[tM;LIJ�_;a�_;DGFIN6O�rYHKBZT3J-�4N�n �WnKP,M�Q>N^N^r q U
� FWN	M q DGFW�E[tM�L�HKBITWHK]	M;DGHKBW�sDGFIN\]^S3O�OGN^BmDRJ�D�M�DGSIJ�_�a`T3H�J�N^M�J�Nt_�S3D�p
jWOGN^M�r#HKB�DGFWNb]6_�SIBmD�O�UI�2n�A BmDGN6OGN^J�DGHKBW� q UmP�FI_	Q�N6x�N6O	P;M�J�a�_�SIBZT�HKB\¢ £�ä�¤�P
DGFIN*]^M�]�FZM�jWH q HiDCU-_�awHK[tM;��N^JbHKJ q _	Q�N6O!DGFZM;BRDGFZM�D>_;aw®��csÄET3SIN>DG_
J�N6OGx�N2O!L%_ q H�]2Umn��I_�O!N6|WM�[\L q N�P�M�TWx�N2O�DGH�J�N6[\N^BmDGJ�[\_�J�D q UX]6_�BIJ�HKJ�D!_�a
HK[tM���N^J^P%M;BZTVM�OGN�_�a�DGN^BsBI_;D`]	M�]�FZM;j q N�n
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4.2 Distribution of Modification Inter valse�N6|YD	PYQ�N�DGSWOGBtDG_-�9HK��SWOGN-¼�P3QFIHK]�FVJ�FW_�QJ*DGFWN�]^SI[RS q M;DGHKx�N#TWHKJ�p
D�OGHKjWSWDGHK_�B�a�SIBW]6DGHK_�B���g>�����>_�a9DGFWN#DGHK[\N�T3SWO�M;DGHK_�BVj%N6DCQ�N^N^B�D Q>_
J�SW]^]^N^J�J�HKx�N#[\_YTWHi�Z]	M�DGHK_�BIJ��4H4n N�nKPYDGFIN�ã\¾	Ê�â á!½G°�À4â�¾�¿Eâ�¿WÀCÁ2Ì2Ô;°�± �>_�a,M
� q N�n��4e#_;DGN�DGFZM;D`Q�N�_�B q Us]^_�BIJ�H�TWN2OGN	TV� q N^J`DGFZM;DQ>N6OGNR[\_YT3Hi�ZN	T
T3SWOGHKBI�\DGFWN�×;p�Q�N^N^rVL%N6OGHK_YT�_;a>_�SWO�g>©�d q _���J^n�ACBE_�DGFIN2O#Q�_;O�TWJ^P
DGFWNEg>���HKJ\]^_�BZT3HKDGHK_�BIN	Tu_�B{DGFIN~� q NVj%N^HKBI��[\_YTWHi�ZN^T{T3SWOGHKBI�
DGFWN-×�p�Q>N^N^r�L%N6OGHK_YT�n ����FIN�g>����N6|3FIHKjIHiDGJ�D Q>_ETWHKJ�DGHKBI]2DRrYBWN^N^J^n
��FWN��IOGJ�D�HKJbM;OG_�SIBZT�DGFIN`Ø�ß q N^x�N q M�BITR_m]^]^S3OGJbM;D!M#[\_YTWHi�I]	M;DGHK_�B
HKBmDGN6OGx�M q _;a9M�OG_�SWBZT\´�Ò�Ò�Ò�J�N^]^_�BITWJ���M�j%_�S3D#¼`FI_�SWO2�2n���FWN#J�N^]6_�BZT
HKJ#M;OG_�SWBZTVDGFWN�ä�Ø�ß q N^x�N q M�BITs_m]^]^SWOGJ#M;D#M-[\_YTWHi�Z]^M;DGHK_�BEHKBmDGN6O�p
x�M q _�a<M;OG_�SIBIT\»�Ò�Ò�Ò�Ò�J�N^]^_�BZTWJ���M�LWLWOG_	|3H�[tM�DGN q U~¼`TWM^UZ�2n�f>_�DGF\_;a
DGFWN^J�N�_�jIJ�N2OGx�M�DGH�_�BIJ#M;OGNXHKB�M;��OGN^N^[\N6BYD�QHiDGF�_�SWO�HKBYDGSWHiDGH�_�B<n#f!U
T3N6a4M;S q D	P3DGFIN#g>©�d-OGN^L q HK]	M�DGH�_�BVL3OG_m]^N^J�J*HKJ*J�]2FWN	TWS q N	TtDG_�OGSIB�M;LWp
L3OG_	|WHK[tM�DGN q U�_�BI]^NtM;B�FW_�SWO	n~cV_;OGN-a}OGN	�mSWN^BmD�SILwTIM�DGN^J�FZM;LIL%N^B
_�B q U�QFIN^B�DGFIN6OGNM�OGN\� FI_;DG��BIN6QJ�N^x�N^BmDGJ^P�QFWH�]�F-HKJ�D U3LIHK]	M qKq UXM�B
HKB3a}OGN	�mSIN6BYD�_m]^]6SWO�OGN^BW]^N�ns®�N^BI]6N-DGFIN6OGNtM�OGN�_�B q U�MVJ�[tM qKq BYSW[-p
j%N2OR_;a*HKBIJ�D�M;BI]^N^J�_�a�[\_YTWHi�Z]	M�DGHK_�B�FIM�LWL%N^BIHKBI�~QHKDGFWHKB�M�B�FI_�S3O
_;a%DGFIN*L3OGN^xYH�_�SIJ�_�BWN�n�«�D�DGFIN>_�DGFIN2O!N6BZTX_;aZDGFIN*J�L%N^]2D�OGSI[sP�M�TIM^U
J�N6N^[\J q HKr�N-MtBZM�DGSWO�M q � SWLIL%N6O#j%_�SIBITW�\a�_;O�DGFIN�SILwTWM;DGN�L%N6OGHK_YT�n
Ð�a9]^_�S3OGJ�N�PZHiD`HKJ`]6N6O�D�M�HKB q UVL%_�J�J�HKj q N�a�_;O`� q N^J*DG_-j%N�[\_YTWHi�ZN^T~_�B
q _�BI��N2ObDGHK[\N^J�]^M q N^J�J�SI]�FXM;J9Q�N^N6r q UmP�[\_�BmDGF q UmP�N6DG]�n*�4_�O�N^x�N^BXM;L%N6p
OGHK_YT3H�]^M qKq UZ�2PWjIS3D�DGFIHKJ�HKJ q HKr�N q U\DG_Rj%N#M;B~HKBWa�OGN	�mSIN^BmD*_m]6]^SWO�OGN^BW]^N�n

4.3 Implications of Modification Historyk�NEBI_	QÍDGSWOGB�DG_lN2|IM;[\HKBIHKBI��DGFWNsOGN q M;DGHK_�BWJ�FIHKL�j%N6D Q>N^N^B�J�SW]6p
]6N^J�J�HKx�N�[\_YTWHi�Z]	M�DGHK_�B�HKBmDGN6OGx�M q Jt_�a�M�� q N�nhk�NEM;OGN�HKBmDGN6OGN^J�DGN	T
HKB�TWN2DGN6OG[\HKBIHKBI�-QFWN6DGFIN6O�DGFIN�[\_YTWHi�Z]^M;DGHK_�B�T3U3BIM�[\HK]^J`_�a!Mt� q N
HKB�DGFWN-LZM;J�D�HKJRM~��_m_YTlLWOGN^TWHK]6DG_�O�_;a*DGFINXa}SWDGS3OGN�nt��FIHKJ��ZBITWHKBI�
Q>_�S q T�FIM	x�NsJ�HK��BWHK�I]	M�BmD~HK[\L q HK]	M;DGHK_�BWJ�a}_�OtklN6j�]	M�]�FINE]6_�BIJ�HKJ�p
DGN6BI]6U�[\N^]�FZM;BIHKJ�[\J*J�SI]�FsM;J�M�TIM;LWDGHKx�N��*�*ÄÜ¢i¼^×;¤�n

k�N�N^J�DGHK[tM;DGNbDGFIN!BIN6Qu[\_YT3HK�I]	M;DGHK_�BXHKBmDGN6OGx�M q a�_;ObM`� q N>DG_�j%N!DGFWN
[\N^M�B�_�a>LZM�J�DqpúJGM;[\L q N^J�_;a!DGFWNX[\_YT3HK�I]	M;DGHK_�B�HKBmDGN6OGx�M q QFWN6OGN
pÎH�JDGFIN�J�HKy^N�_;a�DGFIN�QHKBZTW_	QÏSIJ�N	T�a�_�O#M	x�N6O�M;��HKBI�3n�9HK��SWOGNR£Y��M��
J�FW_	QJ�DGFWN!]6_mN6�\]^HKN^BmDb_�aI]^_�O�OGN q M�DGH�_�B-j%N6DCQ�N^N^B�DGFIN!N^J�DGHK[tM;DGN>M�BZT
DGFWN�D�OGSWN�[\_YT3HK�I]	M;DGHK_�B�HKBmDGN6OGx�M q M;J*M�a}SIBW]6DGHK_�B�_�a,DGFWN#M	x�N2O�M���HKBW�
QHKBITW_	Q�J�HKy^N�n�klN`_�jWJ�N6OGx�N	T-DGFZM�D�DGFIN`]^_mN6�-]^HKN^BmD_�a<]^_�O�OGN q M�DGH�_�B
J�D�M�O�DGJR_;v q _	QÍ��M;OG_�SIBITlÒ3n £�Ø���QFWN^B�a}N6QÓJGM�[\L q N^J�M�OGN\SIJ�N	T�DG_
T3N6OGHKx�N�DGFIN*N6J�DGH�[tM�DGN�n�«`Jb[\_;OGN*JGM�[\L q N6J>M�OGN`SWJ�N	T�P�DGFIN*N^J�DGHK[tM�DGN

��N2DGJ�j%N6D�DGN6O	n�®#_	Q�N6x�N6O	P�j%N6Um_�BZT�¼�Ø�JGM;[\L q N^J#DGFWNX]^_mN2�\]^HKN^BmD�_�a
]^_;O�OGN q M;DGHK_�B�D�M�L%N6OGJ~_�vÎM;DR¯�SIJ�D~SIBITWN6OVÒ3n Þmn'��FYSWJ~DGFIN�[\_YT3HKp
�Z]^M;DGHK_�B�HKBmDGN6OGx�M q a�_�OVM�� q NE]6_�O�OGN q M;DGN6JV[\_YTWN2O�M;DGN q U{Q�N qKq QHiDGF
M�B�N6J�DGH�[tM�DGNtjZM�J�N^T�_�BuMsJ�S3�\]^HKN^BmDXBYSW[Xj%N6O�_;aLZM�J�DRJGM�[\L q N^J^n
®#_	Q>N^x�N6O	P3HKBI] q SWJ�H�_�Bs_�a9[\_�OGN#JGM;[\L q N^JT3_mN^JBI_�DFWN q L~j%N2Um_�BIT~M
L%_�HKBmD	n

A B��9HK��S3OGN�£3�4j%��Q>NXD�M�r�N\M~] q _�J�N6O q _m_�r�M�D�DGFIN\M;]^]^S3O�M�]6U�_�a*M�B
N^J�DGHK[tM;DGN�_;a�DGFIN�[\_YTWHi�I]	M;DGHK_�BEHKBmDGN6OGx�M q _�a!MR� q N�jIM�J�N	Ts_�BsLZM;J�D
JGM�[\L q N^J^n���FWN��I��SWOGN�L q _;DGJ\MEFIHKJ�DG_��;O�M�[µ_;a�DGFWN�N2O�OG_�O\HKB�DGFIN
N^J�DGHK[tM;DGNt�4HKBsL%N6OG]6N^BmD�M���N�DGN6OG[\J��2n>��FIN�N6O�OG_;O q HKN^J`QHiDGFWH�Bl¼^Ò�Ò�ß
�4H4n N�nKP`M�a4M;]6DG_�O~_�a�£��-M�BITz×�Ò�Ò�ß �4H4n N�nKP`M�a�M�]6DG_;OV_;a�Ø��\HKB�Ý�Ø�ß
M�BITsä�Ò�ß�P3OGN^J�L%N^]6DGHKx�N q UmPW_�abM q�q HKBIJ�D�M�BW]^N^J^n>��FIN�[\N	T3H�M�BVN2O�OG_�O`HKJ
×mØ�ß�n!��FIHKJJ�SI����N^J�DGJ*DGFZM�D�QFIH q N�M�]6]^SWO�M�DGN�LWOGN	T3HK]6DGHK_�BV_;a9a�S3DGSWOGN
� q Nt[\_YTWHi�I]	M;DGHK_�Buj%N^FIM	x3HK_;OX[tM^U�BI_�DRj%N\a�N	M;J�HKj q N�PbOG_�SI��F�N^J�DGHip
[tM;DGHK_�B�HKJ�L%_�J�J�HKj q N�n!�I_�O�H�BWJ�D�M�BW]^N�PYHia<DGFWN#M	x�N2O�M���N#[\_YTWHi�Z]	M�DGHK_�B
HKBmDGN6OGx�M q a�_�O#M�� q N�jZM�J�N^T~_�BVLZM�J�DJGM;[\L q N^JHKJ�¼	ÒX[\HKBYSWDGN^J^PmDGFWN^B
Q�N�]^M�Bsj%N��mSIHiDGN�]^_�BW�ZTWN^BmD�DGFIM;DDGFIN�BWN6|YD[\_YTWHi�Z]^M;DGHK_�Bs_;a�DGFIN
� q N*QH qKq FZM;LIL%N^B-JGM^U�QHiDGFIHKBtM�B\FW_�SWO	n,k�FIH q N�DGFIHKJbH�JbBI_;D�M#DGHK��FYD
N^J�DGHK[tM;DGN�PWHiD*Q>_�S q TtJ�DGH q�q j%N#SWJ�N6a�S q DG_XrYBI_	Q�DGFIM;DM�� q N�HKJ q H�r�N q U
DG_-j%N�[\_YT3HK�IN	T�M;DDGFIN#DGHK[\N^J�]^M q N�_�a�FW_�SWOGJ*O�M�DGFIN6O*DGFIM�BETWM	U3J^n

Ð#SWO�OGN^J�S q DGJ�J�SI����N^J�D�DGFZM�D�LIM�J�D�� q N�[\_YTWHi�I]	M;DGHK_�Bëj%N6FZM	xYH�_;O	P
QFIN6B-M	x�N6O�M;��N	T�_;x�N6O�M�J�S3�\]^HKN^BmD�BYSI[Rj%N6O,_;a%JGM�[\L q N^J^P�]^M�BRU3HKN q T
M\SIJ�N6a}S q �*�*ÄuJ�N2D�DGH�BW���4N�n �WnKP%_�BWNRFW_�S3O�x�N6OGJ�SIJ`_�BWNXTWM	UI��HKBsDGFIN
]^_�BYDGN2|3Db_;awM�B\M�TIM;LWDGHKx�N�*�*Ä�p�jIM�J�N	T-]	M;]2FWN*]^_�BWJ�HKJ�DGN^BI]6URJ�]�FIN^[\N
�4N�n �WnKP�¢i¼6×�¤}�2n�®#_	Q>N^x�N6O	P%DGFWN q HK[\HiDGN	T�M�]^]6SWO�M�]2UE_�abDGFIN�N^J�DGHK[tM;DGN
[\N	M;BIJDGFZM;D�DGFIN6OGN�HKJ#DGFWN�BWN^N	TVa}_�O�M;B�M q DGN6OGBZM�DGH�x�NR]^_�BIJ�HKJ�DGN^BW]6U
[\N^]�FZM;BIHKJ�[²�4N�n �WnKPI]	M qKq jZM;]2rmp�jZM;J�N	TVHKBYx�M q H�TWM;DGHK_�BZ�M;J�jIM�]�rYSIL<n

4.4 Extent of Changeupon File ModificationklN�BW_�Q�DGSWOGB#DG_*DGFIN!�mSIN^J�DGHK_�B�_�aWFI_	Ql[RSI]�F�M�� q N!]�FZM;BI��N^J,SWL%_�B
[\_YTWHi�I]	M;DGHK_�B�n~�,_EM�BWJ�Q�N6O�DGFWH�J��mSIN6J�DGH�_�B<P<Q�N\SIJ�N-DGFWN-]^_�BYDGN6BYD
q _���J-QFIHK]2F�P�M;J\TWN6J�]6OGHKj%N	T{HKBzd3N6]6DGHK_�Bz´3n ×WP!Q�N6OGNVM�x�M�H q M�j q NVa�_;O
M�J�[tM qKq J�SWjIJ�N6Dt_;a#DGFWNs®��csÄh]^_�BmDGN^BmD	n��I_�O\DCQ�_�J�SW]^]^N^J�J�HKx�N
x�N6OGJ�HK_�BIJ^Psr § M;BZT<r ¬ P_;a�M�� q N�P*Q>NE]^_�[\LWSWDGNVDGFWNETWN q D�M��4H4n N�nKP
TWHivwN6OGN6BI]^N���j%N6DCQ�N^N^BRDGFIN^[sP�rZt�u�vxwzyw�0r §�{ r ¬ �2P�SIJ�HKBI��DGFWN�Ô;ÊmÁ6± À�°M q p
��_;OGHiDGFI[¶¢i¼�Ø�¤�n�¨�OGN^xYH�_�SIJ`J�DGSZT3H�N6JR�4N�n �3n�P{¢ £�Ò�¤}�`FZM	x�N�J�FW_	QBsDGFZM;D
DGFINtÔ;ÊmÁ6± À�°�LWOG_YT3SI]^N^J#M�[\_;OGN�]^_�[\LIM�]6D#TWN q D�M\DGFZM;BE[\_�J�D�_;DGFIN6O
M q ��_�OGHiDGFI[\J^n�k�N#�mSZM;BmDGHK�IN	TXDGFINN6|YDGN^BmD!_�a<]2FIM�BW��N`j%N6D Q>N^N^B\DGFIN



DCQ�_�x�N6OGJ�HK_�BIJ�_;a%DGFIN>� q NM;Jm| }7~7�z��������}���� }��7��|� � � � �>� � � ��
QFIN6OGN'� ���;TWN^BW_�DGN^J�DGFWN

J�HKy^N_;a>�<n�A BR_�DGFWN6O�Q�_�O�T3J^P�Q>N�YSIM�BmDGHi�ZN	T�DGFIN�J�HKy^N*_;a%DGFIN�rZt�u�v@wEy
M;J`M�a}O�M;]6DGHK_�Bs_;a9DGFIN#M	x�N6O�M���N�J�HKy^N�_�a<DGFIN�L3OGN6p�[\_YTWHi�Z]	M�DGHK_�B~M�BZT
L%_�J�D�p�[\_YTWHi�Z]	M�DGHK_�Blx�N2OGJ�H�_�BIJ�_�a*DGFWN-� q N�nV��FIN\]^SW[XS q M�DGH�x�N\TWHKJ�p
D�OGHKjWSWDGHK_�B�a}SIBW]6DGHK_�BÎ��g>�����\_;a�DGFIHKJ��mSZM;BYDGHiDCUmP>N6|3L3OGN^J�J�N	T�M;J�M
L%N2OG]^N^BmD�M���N�P9HKJ�J�FI_	QB�HKBl�9HK��S3OGN\´3n�klNR_�jIJ�N2OGx�NRDGFIM;D�DGFINRN6|Yp
DGN6BYD�_�a�]�FZM;BI��NXDGN^BZT3J#DG_�j%N-J�[tM qKq nXACB�Þ�Þ�ßê_;a�HKBIJ�D�M;BI]^N6J^P<DGFWN
J�HKy^N�_;a,DGFWN�rZt�u�v@wzy\HKJ q N^J�J�DGFIM�B�¼�ßúDGFIM;D*_;a9DGFIN`� q N#SWBZTWN2OG��_�HKBW�
[\_YT3Hi�Z]	M�DGH�_�B<ntA�D�H�J q N^J�J�DGFZM;Bz¼^Ò�ßê_�a*DGFWNX� q N-J�HKy^N\HKB�ä�Ý�ßê_;a
HKBWJ�D�M�BI]6N^J^n

Ð#Bt] q _�J�N6ON6|WM�[\HKBZM�DGHK_�B<PmQ>N`a}_�SWBZT���M;D q N	M;J�D2�>M�]^_�SWL q N#_;a,]^_�[-p
[\_�B�[\_YTWN^J�_�a<�4[\HKBI_;O2�%DGN6|YDGSIM q ]�FZM;BI��NbDGFIM;D9[tM^U�N6|3L q M�HKB�DGFIN6J�N
OGN6J�S q DGJ^�`��M���M-TWM;DGN��	DGH�[\N#J�D�OGH�BW�-]^_�BYD�M;HKBIN	TtQHKDGFWHKB~DGFIN���A��*Ä,î
®#�csÄ�D�M��tHKJ�SWLwTIM�DGN	T~a}OG_�[ÍDGHK[\N�DG_-DGHK[\N�PZM�BZT��4j%�>DGFIN q HKBIrYJ
DG_~OGN q M;DGN	T�LZM���N^J�M;OGN\SWLwTIM;DGN^T�QFWH q N q N	M	xYHKBI�~DGFWN-jIS q rE_�a�DGFWN
LIM���N�SIBI]�FZM;BI��N	T�nbcV_;OGN^_�x�N6O	PWQFIN^B~[tM�¯ _�O[\_YTWHi�I]	M;DGHK_�BWJFZM�L3p
L%N6Bl�4N�n �WnKPIQFWN^BEMXBWN6QÏM�BIT~a4M;HKO q UsTWHivwN6OGN^BmDx�N6OGJ�HK_�Bs_�abMXBWN6QJ
J�DG_;O�U�H�J��N^BIN6O�M�DGN	TZ�2PWMXBWN6Q�� q N-��QHiDGFVMRBIN2Q�BZM�[\N	�!HKJ*]6OGN	M;DGN^T
O�M�DGFIN6ODGFIM�BsM;BsN6|3HKJ�DGHKBI�X� q N�j%N6H�BW�-[\_YTWHi�IN	T�n �

Ð#S3O�OGN^J�S q DGJ#J�SI����N^J�D�DGFZM�D#DGN^]�FIBWH��YSWN^J#J�SW]2F�M�J�TWN q D�M;p�N^BW]^_YTWHKBW�
¢ £;Ò;¤bQ�_�S q T�j%NXx�N6O�UESIJ�N2a�S q P<N^J�L%N^]^H�M q�q U�HKB�DGFWNX]^_�BYDGN2|3D#_�a>J q _	Q
q HKBIrYJ��4N�n �WnKPZTWH�M q SIL q HKBWr3J��2n

4.5 Summary of Content DynamicsACBlJ�SI[\[tM�O�UmP,_�SWO�J�DGSZTYU�_;aJ�N6OGx�N6OR]^_�BYDGN6BYDRTYUWBIM�[\HK]^J�OGN^x�N	M q J
DGFIM;D��4H��R� q N^JtM�OGNs[\_YTWHi�IN	TzM;BZTu]6OGN	M�DGN	T{a�OGN	�mSIN^BmD q U3V��4H�H��RDGFWN
M;[\_�SWBYDV_�aR[\_YTWHi�Z]^M;DGHK_�B�HKJsOGN q M;DGHKx�N q U�J�[tM q�q VRM�BITë�4H�HKH��VLZM;J�D
[\_YT3Hi�Z]	M�DGH�_�B�j%N6FZM	xYH�_;O	P%QHiDGF�J�S3�\]^HKN^BmD�M	x�N6O�M;��HKBI�3P�H�J�MtOG_�SI��F
L3OGN	TWHK]6DG_;O#_;a�a�SWDGS3OGN�[\_YTWHi�Z]^M;DGHK_�BEj%N^FIM	x3HK_;O	n*��FIN6J�N�J�N2OGx�N6O#T3UYp
BIM�[\HK]^J�FZM	x�N�J�HK��BWHK�I]	M�BmD,H�[\L q H�]^M;DGHK_�BWJ�a}_�O,DGFWNbTWN^J�HK��B�_;aWN2�\]^HKN^BmD
L3OG_�DG_m]^_ q Jba}_�O�DGFIN>k�N^j<n,A BRLZM;O�DGHK]^S q M;O	P�HiDbJ�SI����N^J�DGJ�DGFIM;D�DGFIN>L%_�p
DGN6BYDGH�M q j%N^BWN6�ID�_;a#M;BlN6�\]6H�N6BYD�]	M;]2FWNt]^_�BWJ�H�J�DGN6BI]6U�[\N^]�FZM�BWHKJ�[
HKJ q M;OG��N�M�BIT\DGFIM;DM;BsM�TIM�L3DGHKx�N��*�*Ä�jZM�J�N^T�J�]�FIN^[\N�HKJ q H�r�N q U�DG_
j%N�SWJ�N6a�S q n

5. SERVER ACCESSDYNAMICSACBV_;O�TWN6ODG_Xa}SWO�DGFIN2ON6|3L q _�OGN�DGFWN�HK[\LZM�]2D*_�a�DGFWN�J�N6OGx�N6O]6_�BmDGN^BmD
TYU3BZM�[\HK]^J#_�B�DGFWNRk�N^j�D�O�M��\]\M;BZT�DG_~j%N6D�DGN6O�SWBZT3N6OGJ�D�M�BIT�DGFWN
N2vwN^]6DGHKx�N^BWN^J�J�_�a�klN6j�]^M�]�FIHKBI�RM�BITtL3OGN6a�N2DG]2FWH�BW�WP3HKB\DGFIHKJ�J�N^]6DGHK_�B
Q>N~J�DGSIT3U�DGFIN�M�]6]^N^J�J\TYUWBIM�[\HK]^J�J�N^N^BujmU�DGFIN~cEd3e#f*gúJ�N6OGx�N6O
J�HiDGN�n`«`]^]^N^J�J#T3U3BZM;[\HK]^JH�J`]6OGSW]^H�M q DG_-DGFWN�N2vwN^]6DGHKx�N^BWN^J�J�_;a�klN^j
]^M�]�FIHKBI�3n�A BXLIM;O�DGHK]^S q M�O	PmHKBIJ�HK��FmDGJbHKBYDG_�DGFIN�a�_ qKq _	QHKBI��HKJ�J�SIN^Jb[tM^U
FIM	x�NEM�J�HK��BWHi�Z]	M;BYD�j%N	M�OGHKBI�l_�B�FI_	Q/Q�NsJ�FW_�S q TzH�[\L3OG_�x�N~DGFWN
N2�\]^HKN^BI]2UV_;a9DGFIN�a}SWDGSWOGN�klN^j��

� ©`N q M;DGHK_�BWJ�FIHKLtj%N6D Q>N^N^BtJ�N6OGx�N6O!]^_�BYDGN6BYD>T3U3BIM�[\HK]^J!M�BZT\M;]6p
]^N^J�JXT3U3BZM;[\HK]^J^P�M�BIT�L%_�DGN6BYDGH�M q j%N^BIN2�ID�_�a`]	M;]2FWN�]6_�BIJ�HKJ�p
DGN^BW]6U�[\N^]2FIM�BWH�J�[\J

� dYD�M;jIH q HiD U~_�a�SWJ�N6O�M�]^]^N6J�J�LIM;D�DGN6OGBWJ

� d3HK��BIHi�Z]	M;BI]^N�_;abMXSIJ�N2O	ª J`T3_�[tM�HKB~[\N^[Xj%N6OGJ�FWHKL

� ��FIN~M�LWL q HK]	M�jWH q HiDCUu_�a��wHKLWa6ª J q M^Q·DG_Ek�N^jlOGN	�mSIN^J�DGJXM;D-M
J�N6OGx�N2Os]^_�[\LZM;OGN^T�DG_uDGFWN�LWOGN^xYHK_�SWJVJ�DGSZT3HKN^JV_;aROGN	�mSWN^J�DGJ
J�N^N^BsM;D`LWOG_	|3HKN^J

«`J�J�FI_	QB�H�B��9M;j q NV¼�P<_�x�N6O�ä�ä�ßé_;a>DGFWNROGN	�mSIN6J�DGJ�N^[\L q _	UsDGFWN
Û�îb�ë[\N6DGFI_YTwntcV_;OGN^_�x�N6O	P�M;[\_�BI�VM qKq DGFINXOGN	�mSWN^J�DGJ^P,DGFWNX_�BWN^J
�^«�BIN6]	TW_;D�M q N^xYH�T3N^BI]6N-J�SI����N^J�DGJ�DGFZM�DR_;DGFIN6O�BWN6QúJ�HKDGN6JRJ�SW]2F�M�J
g>e�eëTW_�DGFIN�JGM;[\N�n
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QHiDGFu®��*�*¨OGN^J�L%_�BWJ�N���Ð#þ��{�4J�D�M�DGSIJR]^_YTWNs£�Ò�Ò��XM�]6]^_�SWBYDRa�_;O
Ø�Ø�ß�n�«`OG_�SIBIT{¼�Ø�ßéDG_�¼^»H¢ Ø�ß²_�a>DGFINXOGN	�mSWN^J�DGJ�FZM	x�NXOGN6J�L%_�BIJ�N
� [\_�x�N^T\DGN6[\L%_�O�M;OGH q U3�~�4J�D�M�DGSIJ�]6_YTWN�´�Ò�£��2PZM;BZTtM;OG_�SIBZT~£�´�ß¦DG_
´�Þ�ßêFZM	x�NXOGN6J�L%_�BIJ�N�� BI_;D�[\_YTWHi�ZN	T3���4J�D�M�DGSIJ�]^_YT3N\´�Ò;×m�2n���FIN
q M;D�DGN6O#HK[\L q HKN^J�DGFIM;D#DGFWN�L%_�DGN^BmDGH�M q j%N6BIN6�WD#_;a�M;BEN6�\]^HKN^BmD#k�N^j
_�jY¯�N6]6DGJX]^_�BIJ�HKJ�DGN^BW]6UlL3OG_�DG_m]^_ q ]^_�S q Tlj%N q M�OG��N�n�o�B q N^J�J�_�DGFIN2O�p
QHKJ�N�J�L%N^]^Hi�IN	T�PYHKBt_�S3O*M�BIM q U3J�HKJ*_�a�DGFIN�M�]^]^N6J�JT3U3BZM;[\H�]6J^P�Q�N#TW_
BI_;D`TWHKJ�DGHKBI��SIHKJ�FEM�[\_�BI�RTWHivwN6OGN^BmD®#�*�*¨z[\N6DGFW_YTWJ��4H4n N�nKP%Û�îb�#P
®�îb«��RP9M;BZTl¨!Ð�dW���M�BITlTWHivwN6OGN^BmD�J�D�M;DGSWJR]6_YTWN�nEACBIJ�DGN	M�T�Q�N
D�OGN	M�D`DGFWN^[ÅM q�q N	�mSZM q�q UVM�J*klN6jsM�]6]^N^J�J�N^J^n

5.1 RelationshipbetweenServer Content Dy-
namicsand AccessDynamicsA B~DGFIHKJJ�N^]6DGHK_�B�PZQ�N�M�BIM q U3y^N�DGFIN�OGN q M�DGH�_�BEj%N6D Q>N^N^BsJ�N2OGx�N6O�]^_�B3p

DGN^BmD`T3U3BIM�[\HK]^JM�BITVM;]^]^N^J�J�T3U3BZM;[\HK]^J^n

5.1.1 Correlationbetweenageandpopularity�9HiOGJ�D	P�Q�N�N6|WM�[\HKBIN	T�DGFINt]^_�O�OGN q M�DGHK_�B{j%N6D Q>N^N^B{TW_m]^SW[\N^BmDRM���N
�4H4n N�nKP�DGFWN!DGHK[\N!N q M;LIJ�N	T�J�HKBI]^N!HiDGJ9]6OGN	M�DGH�_�B%�,M;BZT�L%_�LWS q M;OGHiD Umn9Ð#SWO
OGN^J�S q DGJ�M;OGN�J�FW_�QBVH�Bs�9H���SWOGN�×WPWQFIN6OGN�DGFWN¤£IpCM;|3HKJ�T3N^BI_;DGN^J*DGFIN
DGHK[\N>N q M;LIJ�N	TXJ�HKBW]^NTW_m]^SW[\N^BmD9]6OGN^M;DGHK_�B\M;BZT�DGFIN�¥mpCM;|3HKJ�TWN6BI_�DGN6J
DGFINVTW_m]^SW[\N^BmDXAC�éJ�_;O�DGN	TuH�BzTWN6]6OGN	M�J�HKBW��_�O�T3N6O\_;a�L%_�LWS q M;OGHiDCU
�4H4n N�nKP3TW_m]^SW[\N^BmD ý Ò�H�J�DGFIN[\_�J�D!L%_�LIS q M�O>_�BIN��2n�«�TW_�D>M;D��0£ { ¥I�
HKBVDGFIN��Z��S3OGN�[\N	M�BWJM-TW_m]6SI[\N^BmD¦¥tHKJ`M�]^]^N6J�J�N	TEM;DDGHK[\Nq£,n

ACD!HKJ�N^xYH�TWN^BmDba}OG_�[ÓDGFIN�;O�M�LIFWJ!DGFIM;D�[\_�J�D�T3_m]^SI[\N6BYDGJ�OGN^]^N6H�x�N#M
q _�D�[\_�OGN�M;]^]^N^J�J�N^J�J�_m_�B�M�a}DGN6O`DGFIN^HiO�]6OGN	M�DGH�_�BsDGFZM;BEM;a�DGN6O�Q*M�O�TWJ^n
��FIHKJ\FIM�LIL%N6BIJ-j%N^]^M�SIJ�NV[\_�J�D\BWN6QJ-LZM;��NEM�OGNEM�]6]^N^J�J�N	TzQFWN^B
DGFIN2U�M�OGN\a}OGN^J�F�nEÐ#B�DGFIN\_�DGFWN6O�FZM;BZT�P<DGFIN6OGNtM�OGNtMsBYSI[Xj%N2O�_�a
TW_m]6SI[\N^BmDGJs��DGFWNV_�BWN^J�TWN^BW_�DGN	T�QHiDGF�M�J�[tM qKq T3_m]^SI[\N6BYDXA ���
DGFZM�D#OGN^[tM;HKB�FW_�D�a�_�O#DGFIN�N^BmDGHKOGN��Zx�N2p TWM^UVL%N6OGHK_YT�SIBITWN6O#J�DGSZT3Umn
��FIN6J�NsM;OGN�D U3LIHK]	M qKq UlH�BITWN6|lLZM���N^J^P!J�SI]�FzM;JXDGFIN~TWN2a4M�S q DXa}OG_�BmD
LZM;��N�a}_�O`DGFIN�cEdYe�f*g�J�HiDGN�n

5.1.2 Classificationof accessesbasedonfile creation
andmodificationevents¨�OGN^xYH�_�SIJ�OGN^J�N	M�OG]2FÅ¢ £�Þ	¤%FZM;J�J�FI_	QBXDGFZM�DbSILRDG_#×�Ò�ß_;a�M�]^]^N6J�J�N^J

M;OGNsDG_�DGFINs_�j3¯ N^]6DGJtDGFZM;DtFIM	x�NsBI_;Dtj%N^N^B�M�]^]^N6J�J�N	T�j%N6a�_;OGN�jYU
] q HKN^BmDGJ�HKB\DGFINJGM�[\N�TW_�[tM�HKB<n�ACBtM�]	M�]�FIHKBI��]^_�BYDGN2|3D	P�DGFIN^J�N q N	M�T
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DG_tá�Ì2ÃGÀ�É�À4â�ãtÁ��4H�n N�nKPb]^_�[\LIS q J�_;O�UZ��[\HKJ�J�N^J^nEA�DXHKJ�x�N6O�U�SIJ�N6a}S q DG_
SWBZT3N6OGJ�D�M�BITRQFZM�D�]^_�[\LWOGHKJ�N^J�DGFIN^J�N*�IOGJ�D�p�DGHK[\NM�]6]^N^J�J�N^J���[\H�J�J�N6J^n
o�J�HKBI��j%_�DGF\M;]^]^N^J�J q _���J>M�BZT-[\_YT3Hi�Z]	M�DGH�_�B q _���J^PmQ>N�FIM	x�N�a�_�SIBZT
DGFIM;D�[\_�J�D9�IOGJ�D�p�DGHK[\N�M;]^]^N^J�J�N6J`��QFWHK]2F�Q�N*T3N6DGN6OG[\HKBIN^T�_�BXM`L%N6O�p
T3_�[tM;H�B�jIM�J�HKJ��#M;OGN�DG_~_ q T�_�j3¯ N^]6DGJ#DGFIM;D#Q>N6OGNX]2OGN	M;DGN	T�M;D q N^M�J�D
M\TWM^UVM;��_3n���FWH�J`HKJN^xYH�T3N^BmD*a}OG_�[é�,M�j q N�´V�4]6_ q SI[\BWJ#£RM�BZT~´��2n
k�N-j%N q HKN^x�N\J�SW]2F�M�]^]6N^J�J�N^JRM;OGN\x�N6O�U�FIM;O�T�DG_VLWOGN^TWHK]6D	nt��FWH�J�HKJ
j%N6]	M�SWJ�N*_�jY¯�N^]6DGJ�DGFZM�D�FZM	x�N�BW_�D�j%N^N6B-M�]6]^N^J�J�N	TXjmURM�]6N6O�D�M�HKB\T3_�p
[tM;HKB-a�_�O>J�N^x�N6O�M q TIM^U3J!a}_ qKq _	QH�BW�RDGFWN^HiO>]6OGN^M;DGHK_�B�M;OGN`]^_�BIJ�H�TWN6OGN^T
SWBIL%_�LIS q M�O	n�«�]^]^N6J�J�N^JRDG_�SIBWL%_�LWS q M;OXTW_m]^SW[\N^BmDGJ�M;OGN�FZM;O�T�DG_
L3OGN	TWHK]6D	n*cV_�OGN^_�x�N2O#j%N^]^M�SIJ�N�DGFWN^J�N�TW_m]^SW[\N^BmDGJM;OGN�SIBWL%_�LIS q M;O	P
HiD`HKJBI_�D`]^_�J�D�p�N6vwN^]6DGHKx�N�DG_-L3OGN6a�N2DG]2F�DGFIN^[·HKBEM�TWx�M�BW]^N�n

k�NEM q J�_�] q M;J�J�HKa�U�OGN^L%N^M;DGN	T�M;]^]^N^J�J�N6J��4H4n N�nKP�M�]^]^N6J�J�N^J�DG_�LWOGN^xYHip
_�SIJ q U�OGN^�YSWN^J�DGN	T�T3_m]^SI[\N^BmDGJtjmUuDGFIN�TW_�[tM�HKBIJ��tM�]^]6_�O�TWHKBW�uDG_
DGFWN^HiO�[\_YTWHi�Z]	M�DGHK_�B�FIHKJ�DG_;O�UmndYL%N^]^Hi�Z]^M qKq UmP*Q�N�TWHKxYH�TWNsDGFIN�M;]6p
]6N^J�J�N^J>HKBmDG_�D Q>_���OG_�SILWJ^��M�]^]6N^J�J�N^J!DG_�_�j3¯ N^]6DGJbDGFZM;D!M�OGN`[\_YT3Hi�ZN	T
_�B\DGFIN�TIM^U-_;a,M;]^]^N^J�J^PWM;BZT-DGFI_�J�N`DGFIM;D>M;OGN#BW_�D	n���FWN`a}_�OG[\N6O!OGN6p
�mSWHKOGN6Jb]6_�BIJ�HKJ�DGN^BW]6UR]^_�BmD�OG_ q [\N^]�FZM;BIHKJ�[ÎDG_#N6BIJ�SWOGN*SWJ�N6OGJbM q Q*M^U3J
��N6D�DGFIN q M�DGN^J�D�x�N6OGJ�HK_�BWJ^P,QFIH q N\]	M;]2FWH�BW�EM q _�BIN\HKJ�J�SW�\]^HKN^BmD�a}_�O
DGFWN q M;D�DGN6O*DCU3L%N#_�a�M�]^]^N6J�J�N^J^n�«`J�J�FI_	QB~H�BV�9M�j q N�´~�4]^_ q SI[\BIJ>×
M;BZT�Ø��2P<_�x�N6O�FIM q a�_;a>DGFWNROGN^L%N	M�DGN	T�M�]^]^N6J�J�N^J�M;OGNXDG_tDGFINR[\_YTWHip
�IN	T�_�jY¯�N^]6DGJ^n-®#_	Q�N^x�N6O�DGFIN�DG_�D�M q BYSI[Rj%N6O�_�a�[\_YT3Hi�Z]	M�DGH�_�BIJ�HKJ
J�N6x�N6O�M q _;O�TWN6OGJ�_;a�[tM���BIHiDGSZT3NRJ�[tM qKq N2O�DGFZM;B�DGFWNRDG_�D�M q B3SW[Xj%N6O
_;a�M;]^]^N^J�J�N^J^n���FIHKJ-HK[\L q HKN^JXJ�N6OGx�N6O�p�jZM;J�N	TuH�BYx�M q H�TIM�DGH�_�Bz]^M�B{j%N
Mtx�N6O�UVN6�\]^HKN^BmD�[\N^M�BIJ�_�a!N^BIJ�S3OGHKBI�tJ�D�OG_�BW�~]^_�BIJ�HKJ�DGN^BW]6UmP�N^J�L%N6p
]6H�M qKq UV]^_�[\LIM;OGN	TtDG_-] q HKN^BmD`L%_ qKq H�BW�\_�B~N^x�N6O�UtOGN	M�T�¢i¼�ÞYPZ´3¼2¤�n

5.2 Temporal Stability of UserAccessACBzDGFWH�J\J�N6]6DGHK_�B<P>Q�NEM;BZM q U3y^NsDGFWNVDGN^[\L%_�O�M q J�D�M�jWH q HiD Uz_�a#klN^j
M;]^]^N^J�J�N6J�QHiDGFVDGFIN�a�_ qKq _	QHKBI���mSIN^J�DGHK_�BWJH�BV[\H�BIT��

� ®#_	QÓ[XSW]2F�TW_mN^J�DGFIN\L%_�LIS q M�OGHKDCU�_;a*klN^j�LZM���N^JX]�FZM;BI��N
QHiDGF�DGHK[\N�ª~��FZM;D>HKJ^PIT3_�L%_�LIS q M;O�k�N^j\LZM;��N^J*_�B�_�BIN�TIM^U
OGN^[tM;H�B~L%_�LWS q M;O`_�B~DGFIN�J�SWjIJ�N	�mSIN6BYD`TWM^UWJ]ª

� �I_;O>N	M;]2F-k�N^j\LZM;��N�P�FI_	Q�[RSI]�F-TW_mN6JbDGFWN`J�N2D>_;a,T3_�[tM;H�BWJ
HKBmDGN6OGN^J�DGN	TVHKB~HKD`x�M;O�Uta}OG_�[Å_�BWN�TIM^UtDG_XDGFIN�BWN6|YD7ª

«`BIJ�Q>N6OGJ~DG_lDGFWN^J�N��YSWN^J�DGHK_�BWJVM�OGN�]2OGHKDGHK]	M q a�_;OsT3N^J�HK��BIHKBW�{J�N6BWp
J�HKj q NVLWOGN6a}N6DG]2FWHKBI��_�O\J�N6OGx�N6O�p�H�BWHiDGH�M�DGN	T�LISWJ�FzM q ��_�OGHiDGFW[\J^n{«�BmU
L3OGN6a�N2DG]2FWH�BW�tM q ��_;OGHiDGFI[ÍjZM�J�N^Ts_�BsLIM�J�D�FIHKJ�DG_�O�U~OGN q H�N6J�_�B�M-]^N6O�p
D�M;HKB�T3N^��OGN6NX_�abJ�D�M;jIH q HKDCUmPwj%_�DGFEHKBEO�M�BWr3HKBW�~M;BZTsHKBEDGFIN�HKBYDGN2OGN^J�D
�;OG_�SWL��4H4n N�n�P,DGFIN-J�N6D�_;aTW_�[tM�HKBIJ�OGN	�mSWN^J�DGHKBI�~DGFWN-LZM;��N^J��2n~Ð#S3O

D�O�M�]6N�M;BZM q U3J�HKJsFIN q LWJ~J�FWN	T q HK��FmDs_�BhFW_	QêQ�N q�q J�SI]�F�OGN	M�]6DGHKx�N
LWOGN2a�N6DG]�FIHKBI�-M q ��_;OGHKDGFW[\J[\H���FmDL%N6O�a�_;OG[ÍHKB~LWO�M�]2DGH�]6N�n

5.2.1 Stabilityof WebPagePopularityRankingklN�J�DGSIT3U�DGFIN�J�D�M�jWH q HiDCUs_�a�k�N^jsLIM���N�O�M�BWrYH�BW�\M�J`a�_ q�q _	QJ^nklN
]^_�BIJ�H�TWN6O>klN^jtM;]^]^N^J�J q _���J�a}OG_�[ÓJ�N6x�N6O�M q ]6_�BIJ�N6]^SWDGHKx�N�TIM^U3J^n��I_;O
N	M;]2F�TWM	UmP3Q�N�LWH�]�rtDGFIN'«�[\_�J�D�L%_�LIS q M�O�T3_m]^SI[\N6BYDGJ^nbklN�DGFWN^B
]^_�[\LISWDGN�DGFIN�_�x�N6O q M�L�HKB�DGFWNR[\_�J�D�L%_�LIS q M�O�LZM���N^J�J�N q N^]2DGN	T�HKB
_�BWN\TIM^U�DG_~DGFW_�J�N-J�N q N6]6DGN	T�HKB�DGFWN-BIN2|3D�TIM^UmntÐ#S3O�OGN^J�S q DGJ�M;OGN
H qKq SWJ�D�O�M;DGN	TtHKB��9H���SWOGN�ØYn!Ð#B\DGFIN¬£IpCM;|3HKJ!HKJ>DGFWN�BYSW[Xj%N6Ob_�a<[\_�J�D
L%_�LWS q M;O�TW_m]^SW[\N^BmDGJ<LWH�]�r�N	T\�4N�n �3nB£tè¼	Ò[\N	M�BWJ<Q�N!LIHK]�r#DGFIN¼	Ò
[\_�J�D�L%_�LIS q M;O`TW_m]6SI[\N^BmDGJ��2P3M�BIT�_�B~DGFWN�¥mpCM;|3HKJ*H�J�DGFWN#L%N6OG]6N^BmD�p
M���N-_�a>_�x�N6O q M�L�nX�9HK��SWOGN\ØY��M��#L q _;DGJ#DGFIN�O�M�BWr3HKBW�~J�D�M;jIH q HKDCU�HKB�M
Q�N6N^r�L%N6OGHK_YT�n9k�N�[tM�r�NbDGFINba�_ qKq _	QHKBI��_�jWJ�N6OGx�M�DGHK_�BIJ^n��9HKOGJ�D	P�DGFIN
_�x�N6O q M�L�H�J�[\_�J�D q U�_�x�N6O�Ý�Ò�ß�P,QFIHK]2F�N^J�J�N^BmDGH�M qKq U�[\N	M;BIJ�[tM;BYU
TW_m]6SI[\N^BmDGJ-M�OGNVFW_�D\_�Bzj%_;DGFzTWM^UWJ^nzdYN^]^_�BZT�Pba�_;O-DGFIN~J�N^x�N6O�M q
]^_�BIJ�N^]^S3DGHKx�NTIM^U3J�L%N6OGHK_YT�P�DGFIN�_�x�N6O q M;L-HKJb[\_�J�D q U�DGFWN�JGM�[\N�n��I_;O
N6|WM�[\L q N�PYDGFIN�M;[\_�SWBYD�_�a�_�x�N6O q M;LVj%N6DCQ�N^N^BV»��m¼���ä�ä-xYJ^nb»���£���ä�ä
HKJ��mSIHiDGN�] q _�J�N�DG_\DGFZM;D�j%N6DCQ�N^N^B�»��Y¼	��ä�ä�xYJ^n#»���Ø���ä�äYn���FWH�J#H�[-p
L q HKN^J�DGFIM;D>DGFWN�k�N^j�M�]^]^N6J�J�N^J*QHKDGFWHKBVM�J�FI_;O�D�DGHK[\N6p�a}O�M�[\N��4J�SI]�F
M�J�M�Q>N^N^rW�!M�OGN#N	�mSZM qKq U-��_m_YT�a}_�O*L3OGN	TWHK]6DGHKBW��QFWH�]�F\klN^jtLIM���N6J
QH qKq j%N�M�[\_�BW�sDGFIN\[\_�J�DRL%_�LIS q M�OXHKBlDGFWN\BIN	M�ORa}SWDGSWOGN�n���FZM�D
HKJ^P q M�J�D�Q>N^N^r%ª J#D�O�M�]^N�HKJ�M q [\_�J�D�M�J�SIJ�N6a}S q M;J�UmN^J�DGN2O�TIM^Uwª J`D�O�M�]^N
a�_;O�LWOGN	T3H�]2DGH�BW��k�N^jzLIM���N^J\O�M�BIrYHKBI�3n���FWH�JtFIM�LIL%N6BIJ-j%N^]^M�SIJ�N
[tM�BmU�_;a�DGFIN~x�N6O�UuL%_�LIS q M�OtLZM���N^JtM;OGN�â�¿%ÊmÁ�ôVLIM���N^J��4J�SI]�F�M;J
DGFIN�T3N6a4M;S q D�a}OG_�BmD~LZM;��Nsa�_;OVDGFWN�cEd3e�f�gÅJ�HiDGN��-DGFZM�D�]^_�BmD�M�HKB
L%_�HKBmDGN6OGJ#DG_~_�DGFWN6O�LZM;��N^J^nR��FWHKO�TwPwDGFINRO�M;BIrYHKBI��J�D�M�jWH q HiD UEDGN6BZTWJ
DG_�TWN^]2OGN	M�J�NRM�J`DGFIN�BYSI[Xj%N2O_�a>TW_m]^SW[\N^BmDGJ`J�N q N6]6DGN	TEHKBI]6OGN	M;J�N^J^n
��FIHKJ\HKBZT3HK]	M;DGN^JRDGFZM;D-x�N6O�Uë�CFI_�DG��TW_m]^SW[\N^BmDGJ-M�OGNV[\_�OGN q H�r�N q U
DG_ROGN6[tM�HKBVFW_�D�DGFIM�BV[\_YT3N6O�M;DGN q UtFW_�D`T3_m]^SI[\N^BmDGJ^n9k�N�_�jWJ�N6OGx�N
J�HK[\H q M�OOGN^J�S q DGJ`H�B�DGFIN�D�O�M;]^N^J*a}OG_�[Í_;DGFIN6OL%N2OGH�_YT3J#M;J*Q�N qKq n

klN#M q J�_XJ�DGSIT3U-DGFWN�O�M;BIrYHKBI��J�D�M�jIH q HiD UtHKB~M q M;OG��N6O*DGHK[\N�QHKBZT3_	Q
]^_�BIJ�H�TWN6OGHKBW�RDGFIN`_�x�N6O q M�L�j%N6DCQ�N^N^B\DGFWN`DCQ�_RTIM^U3J>DGFZM�D*M;OGN�[\_�OGN
QH�TWN q U~J�N^LZM�O�M;DGN	Twn>Ð#SWO�OGN^J�S q DGJ�M�OGN�J�FI_	QBsHKBV�9H���SWOGN�ØY�4j%�2nb«�J
Q�N�Q>_�S q TVN2|WL%N6]6D	PWDGFWN�_�x�N6O q M�LET3N^]6OGN	M;J�N^J�M;J`DGFWN#DGHK[\N�HKBYDGN2OGx�M q
��N2DGJ q _�BW��N6O	n·�I_�OVN6|WM�[\L q N�PDGFWN�_�x�N2O q M;L�j%N6D Q>N^N^B¼�£��Y¼	Þ���ä�»
M�BITz¼	Ò��Y¼^»���ä�ä3PbQFIHK]�F�M;OGNE¼	Òs[\_�BmDGFIJ�M�LIM;O�D	P�HKJ�]^_�BWJ�H�TWN6O�M;j q U
J�[tM qKq N6O	PY[\_�J�D q URj%N q _	Q�£;Ò�ß�n!Ð#B-DGFWN`_;DGFIN6O!FZM;BZTwP�N^x�N6B-a�_�O!DGFIN
D Q>_#[\_�BYDGFWJ,J�N^LIM;O�M�DGH�_�Bs��»��m¼��;ä�ä�M�BITt¼^Ò��m¼	»��;ä�ä��2P3M q DGFI_�SI��F�DGFIN
_�x�N6O q M�LuHKJ q _	Q�N2O-DGFZM;BlQHKDGF{ME_�BWN6pCTIM^UlJ�N6LZM;O�M�DGHK_�B<P!HiD-HKJXJ�DGH qKq
�mSIHiDGN�J�HK��BWHi�Z]	M;BYD	n!�I_;ODGFIN#DG_�L�¼	Ò�Ò-TW_m]^SW[\N^BmDGJ^PYDGFIN�_�x�N6O q M;LsHKJ
M�j%_�x�N-Ý�Ò�ßtn-®#_	Q>N^x�N6O�]6_�[\LZM�OGN	TEDG_~DGFINR_�BWN\TIM^U�J�N^LIM;O�M;DGHK_�B<P
DGFIN�_�x�N6O q M�L�HKB�DGFINED Q>_z[\_�BYDGF�J�N6LZM;O�M�DGHK_�BÏTWN^]6OGN^M�J�N^Js[RSI]�F
a4M;J�DGN6O#M�J*DGFIN�BYSW[Xj%N6O*_;abTW_m]^SW[\N^BmDGJ�J�N q N^]6DGN^TVHKBI]6OGN	M;J�N^J^n

klN�a}SWO�DGFWN6O`N6|3L q _�OGN�DGFWH�JHKJ�J�SIN�jmU�jWOGN	M;rYH�BW�tTW_	QBVDGFWN�_�x�N6O q M�L
M�BIT�TWHKJ�¯�_�HKBYD~OGN^��HK_�BIJsHKBmDG_la�_�SWOs�;OG_�SWLIJ���M;J�J�SI[\HKBI����M	Uh¼�HKJ
LWOGHK_;O`DG_X��M^Us£��2�

�D ¾�ãXã-¾�¿<®·ìY¿Wã\¾	Ê�â á>Á�Ê��-T3_m]^SI[\N6BYDGJ�DGFIM;DRM;OGNtL%_�LIS q M�O
_�BVj%_;DGFsTWM	U3JM;BZT~FIM	x�N�BI_;Dj%N^N^B~[\_YTWHi�ZN	T�J�HKBI]^N���M	U�¼

�D ¾�ãXã-¾�¿[®ã\¾	Ê�â á�Á�Ê��`TW_m]6SI[\N^BmDGJDGFZM;D#M;OGNRL%_�LWS q M;O#_�B
j%_�DGFsTWM^UWJ^PIM�BIT~FIM�x�N�j%N^N^Bs[\_YT3Hi�ZN	TtJ�HKBI]^N���M^U�¼

� ò�â ¯�Á2ÌGÁ2¿WÀ'®Ó¾�±KÊ���T3_m]^SI[\N6BYDGJ`DGFZM�D�M;OGNRL%_�LIS q M;O�_�B�_�B q U
_�BIN�_;a9DGFIN�TIM^U3J^PIjWSWDN6|3HKJ�D`_�BVj%_;DGFETIM^U3J

� ò�â ¯�Á2ÌGÁ2¿WÀ5®u¿%Á7°��9T3_m]^SI[\N^BmDGJwDGFZM�D�M;OGN!]6OGN	M�DGN	TRM�a}DGN6O9��M^U
¼�PIM�BZTVM;OGN�L%_�LWS q M;O`_�B q U�_�Bs��M^UV£

Ð#SWO#OGN^J�S q DGJ�M;OGNXJ�FI_	QB�HKBl�9HK��SWOGN\ÝYnXklNR_�jWJ�N6OGx�NXDGFIM;D�[tM;BYU
_�a�DGFIN~L%_�LIS q M;O\� q N^JXH�B{]^_�[\[\_�Buj%N6D Q>N^N^BuDGFIN�D Q�_�TIM^U3J\M;OGN
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SWBI[\_YT3HK�IN	T\DGFWOG_�SW��FW_�SWD>DGFIN�L%N6OGHK_YT��4H�n N�nKPIJ�D�M;O�DGHKBI��a}OG_�[/TWM^UE¼
DGF3OG_�SW��F-TWM^U-£��2n���FIHKJ�HK[\L q HKN^J�DGFZM�D�]	M�]�FIHKBI�#H�J�L%_;DGN^BmDGH�M qKq U-M;j q N
DG_tOGN	T3SI]^N�klN^jED�O�M��\]XJ�HK��BWHi�Z]	M;BYD q Umn�®�_�Q>N^x�N6O	P%DGFWN6OGN�N6|3H�J�DGJ�M
J�HK��BIHi�Z]	M;BmD`TWHKJ�]6OGN^LIM�BI]2U~j%N2D Q�N6N^B~DGFWN#BYSI[Rj%N6O>_;a9� q N^J�DGFIM;DM�OGN
L%_;DGN^BmDGH�M qKq U�]	M�]�FZM;j q N~�4H4n N�nKP�BI_;D�[\_YTWHi�IN	TZ�M�BITVDGFIN�B3SW[Xj%N6O`_;a
� q N^J`DGFIM;D�M;OGN�M;]6DGSZM qKq UsM qKq _	Q�N	TVDG_\j%N�]	M;]2FWN	TVjmU�J�N6OGx�N6OGJú¢ £�ä�¤�n
fbOGH�T3��HKBI�~DGFIHKJ���M;L�QH qKq FIN q L�OGN^TWSI]6NXA BmDGN6OGBWN6D#D�O�M��\]XJ�SWjIJ�D�M;BWp
DGH�M q�q UsM�J*Q�N qKq M�JHK[\LWOG_�x�N#] q HKN^BmD q M;DGN^BW]6Umn

cV_;OGN^_�x�N6O-DGFWN�TWHKJ�¯�_�H�BmD-OGN6��HK_�BuHKB�DGFINtJ�N6D-_;a#L%_�LIS q M�OX� q N6JX_�B
DGFWN�D Q�_tTWM^UWJ`HKJ�[\_�J�D q UsBI_;D�TWSIN�DG_-DGFWN�]6OGN	M;DGHK_�B�_;abBIN6Qh� q N^J^P
J�HKBW]^N-[\_�J�D#_�abDGFINRTWHKJ�¯�_�HKBYD�OGN6��HK_�B�]^_�BWJ�HKJ�DGJ�_�a>DGFWNXM;]^]^N^J�J�N6J�DG_
� q N^J*DGFZM;D�M�OGN�H�BVN6|3H�J�DGN6BI]^N�_�Bsj%_�DGFVTIM^U3J^n

�<_�J�SW[\[tM;OGHKy^N�P�H�B\DGFWH�JbJ�N^]6DGHK_�B�Q>N�J�DGSITWHKN	TXDGFINO�M�BWrYH�BW��J�D�M�jWH q p
HiDCUt_�a,k�N^j�LZM���N^J^PIM�BZT\a�_�SIBITtDGFIM;D�DGFWN#J�D�M�jWH q HiDCU~HKJ�OGN	M;J�_�BIM�j q U
FWHK��Ft_�B\DGFIN`J�]	M q N�_�a,TIM^U3J^nb��FINO�M�BWr3HKBW��DGN6BZTWJ�DG_�]2FIM�BI��N�_�B q U
�;O�M�T3SZM qKq U~_;x�N6O*DGHK[\N�n9klN�M q J�_-N6|WM�[\HKBWN	TtQFIM;D]^_�BmD�OGH�jWSWDGN^J�DG_
DGFWNt_;x�N6O q M�LuM�BITlTWHKJ�¯ _�HKBmDXOGN^��H�_�BIJR_�a`L%_�LWS q M;OXTW_m]^SW[\N^BmDGJ�j%N6p
DCQ�N^N6B�M~LIM�HiO�_�aTWM	U3J^n~Ð#S3O�OGN^J�S q DGJ�J�FI_	Q¦DGFIN\T3HKJ�¯�_�HKBmD�OGN^��HK_�B
[\_�J�D q U�]^_�BWJ�H�J�DGJ�_;a%_ q TRLIM���N^J^P�BW_�D�BIN2Q q U�]6OGN^M;DGN	T�LZM���N^J^n�ACB�DGFWN
_�x�N2O q M;L�OGN^��HK_�B<P�DGFINRBYSI[Xj%N2O#_;a�[\_YTWHi�IN	T�T3_m]^SI[\N6BYDGJ�N6|3]^N^N	T3J
DGFWN-BYSI[Rj%N6O�_;a*SIBW[\_YTWHi�ZN	T�T3_m]^SI[\N^BmDGJ^PwDGFI_�SI��F�j%_;DGF�]^_�SIBmDGJ
M�OGN�_�a9DGFWN�JGM�[\N�_;O�TWN6O`_�a9[tM���BWHiDGSZTWN�n

5.2.2 Stabilityof InterestGroupk�N�BI_	Qh]^_�BIJ�H�TWN6O`FW_�Q�DGFWN�HKBmDGN6OGN^J�D`��OG_�SIL~a}_�O`N	M;]2FVk�N^j�LZM���N
]�FZM;BI��N^Jt_;x�N6O\DGHK[\N�n�Ð#S3O�M�LWLWOG_�M;]2FzHKJtM�J\a�_ q�q _	QJ^���I_�OtN	M;]2F
k�N^jVLIM���N�DGFIM;D*OGN^]6N^HKx�N^J`_;x�N6O�¼	Ò�Ò\M�]^]^N6J�J�N^J#_�BVDGFIN#�WOGJ�D`_�a9DGFWN
LIM�HiO�_;abTIM^U3J�HKBE_�SWO�J�DGSZT3UmP3Q�N��IBZT~DGFWN�J�N6D#_;a!TW_�[tM;HKBIJQFIHK]2F
M;]^]^N^J�J�N6JsDGFIN�LZM���N�_�BhN^M�]�FÏTWM^UmP�M;BZT�]^_�[\LWSWDGNEDGFIN�_�x�N6O q M�L
j%N2D Q�N6N^B�DGFWN^J�N�TW_�[tM;HKB�J�N2DGJ^n>«`J>[\N^BmDGHK_�BWN	T-N	M�O q HKN6O	P3Q�N�HK��BI_;OGN
OGN^�YSWN^J�DGJ�a}OG_�[ú] q HKN^BmDGJ�a�_;O!QFWHK]2FXDGFWN�OGN^x�N6OGJ�N*�#e�d q _m_�r3SWLXa4M;H q J^n
dYHKBI]^N�DGFIN�L%N6OG]^N^BmD�M;��NX_;a!a�M�H q SWOGNRH�J�OGN	M�J�_�BZM�j q U q _	QÅ���,M�j q Nt¼��2P
DGFWHKJ`J�FW_�S q T~BI_�D[tM;r�N�MXJ�HK��BIHi�Z]	M;BmD#T3HivwN6OGN^BI]6N�H�B~_�S3O`OGN6J�S q DGJ^n
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�9HK��S3OGN�Þ~J�FI_	QJ�DGFIN-N6|YDGN^BmD�_;a_;x�N6O q M�L���M;JXM~L%N6OG]^N^BmD�M���N��#a�_;O
J�N^x�N2O�M q LIM�HiOGJ�_�aTWM^UWJ�Q>N\J�DGSZTWHKN	Twn�«�J�Q�N\]^M�BlJ�N^N�P9DGFIN-_�x�N2O�p
q M�L�HKJ�BW_�D�x�N6O�U q M�OG��N�n#Ð#B q UVM-a�N6QTW_m]^SW[\N^BmDGJFZM	x�N�_�x�N6O�FZM q a
_�abDGFINRTW_�[tM�HKBIJ�[tM�rYHKBI�-OGN	�mSWN^J�DGJ#_�B�j%_;DGF�TIM^U3J^n#klN�_�jWJ�N6OGx�N
J�HK[\H q M�OROGN6J�S q DGJ�TWSWOGHKBW�V_�DGFWN6O�L%N6OGHK_YTWJ�_�a�D�O�M;]^N^JRM�J�Q�N q�q nsÐ#BIN
N6|3L q M;BZM;DGHK_�B�a}_�O�DGFIHKJ#]	M;BEj%N�DGFZM;D`DGFIN�HKBmDGN6OGN^J�D#��OG_�SWLIJ`a�_�O�DGFIN
TW_m]6SI[\N^BmDGJ>[tM^U\BW_�D*J�D�M;jIH q HKy^N�QHiDGFIHKBsM�TIM^UmPYL%_�J�J�HKj q U�j%N^]^M�SIJ�N
_�S3ObTWN6�IBIHiDGHK_�BR_�awT3_�[tM�HKBWJ�H�J�DG_m_#�IBIN6p��;O�M�HKBIN	Twn�«`BI_�DGFWN6O�N6|3L q M�p
BZM�DGHK_�B�]^_�S q T\j%NDGFZM�D*TW_�[tM�HKBWp q N^x�N q LWOG_	|YU-]	M;]2FWHKBI��]	M�BtOGN	T3SI]^N
DGFIN q H�r�N q H�FW_m_YTR_;aI[RS q DGHKL q NbOGN^�YSWN^J�DGJ,a}_�ObM*klN^j�LZM;��N�N6[tM�BZM�DGHKBI�
a}OG_�[²M�TW_�[tM�HKB<n#«�J�LZM;O�D#_�a!_�S3O#a�S3DGSWOGN�Q�_;OGrwP%Q>NXL q M;BEDG_�HKB3p
x�N^J�DGHK��M;DGN*QFmUXDGFIN2OGN*H�J!M q M;OG��N�x�M;OGH�M;DGHK_�B\H�BRDGFINJ�N6D!_�a�TW_�[tM�HKBIJ
DGFZM�D*OGN	�mSIN^J�D�MRk�N^jVLIM���N�PWa�OG_�[/_�BWN�TIM^UtDG_\M�BW_�DGFWN6O	n

5.3 Spatial LocalityA B{DGFIHKJ�J�N^]6DGHK_�B�P*Q�N�HKB3x�N^J�DGHK��M;DGNEQFWN6DGFIN6OtDGFWNETW_�[tM�HKB�[\N^[-p
j%N6OGJ�FWH�L�HKJ�J�HK��BIHi�I]	M�BmD	P9H4n N�nKP�QFIN6DGFWN6O�] q HKN^BmDGJ�j%N q _�BI��HKBI�~DG_�DGFIN
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JGM;[\NXT3_�[tM;H�B�M�OGNX[\_;OGN q HKr�N q UsDG_tJ�FIM;OGNROGN^�YSWN^J�DGJ�DGFIM�BE] q HKN^BmDGJ
LWHK]2r�N^TsM;DO�M�BITW_�[sn���FWH�J`rYHKBZT~_;a�J�LZM�DGH�M q9q _m]	M q HiD UVFZM;J�_�j3xYHK_�SWJ
HK[\L q HK]	M�DGHK_�BIJ\a}_�O�L%N6O�a�_;OG[tM�BW]^N�PLZM�O�DGHK]^S q M;O q UuQHiDGF�OGN^J�L%N^]2D�DG_
DGFWN�N6vwN^]6DGHKx�N6BIN^J�J_�a9LWOG_	|YU~]^M�]�FIHKBI�3n

Ð#S3O~M�LIL3OG_�M;]2F�P�jIM�J�N	T�_�B�DGFZM�D~_;a ¢ £;ä;¤�P�HKJtDG_�]^_�[\LWSWDGNVDGFWN
T3N^��OGN6N#_�a q _m]	M q J�FZM�OGHKBI���4H�n N�nKP3HKBmD�O�M;pCTW_�[tM�HKBtJ�FZM;OGHKBW�m�>M;BZTtBI_�B3p
q _m]	M q J�FZM�OGHKBI���4H4n N�nKP�H�BmDGN6O�pCT3_�[tM�HKBlJ�FIM;OGHKBI����SWBZT3N6O�DGFIN-a}_ qKq _�Q*p
HKBW�RD Q>_XJ�HiDGSZM�DGHK_�BIJ^�`�4H��!QFIN6B~] q HKN^BmDGJM;OGN�M;J�J�HK��BIN^T�DG_-T3_�[tM;H�BWJ
jIM�J�N	Tt_�B\DGFWN^HiO*��e�dXBIM�[\N^J���À4Ì2ìIÁ>M;J�J�HK��BI[\N6BYD2�2P3M;BZTE�4HKH��bQFIN^B
] q HKN^BmDGJ�M�OGN-M�J�J�HK��BIN	T�DG_VT3_�[tM�HKBWJ�O�M�BITW_�[ q UmP%QFWH q NXLWOGN^J�N6OGxYHKBI�
DGFWNXJ�HKy^N-_;a>N^M�]�FlTW_�[tM�HKB�M�J�j%N6a}_�OGN~��Ì�°�¿ZÊ�¾�ãÅM;J�J�HK��BI[\N6BYD2�2n�«
[tM	¯�_;O!TWHKJ�DGHKBI]6DGHK_�BRj%N6D Q>N^N^BR_�SWO�J�DGSIT3U�M;BZT¦¢ £;ä;¤WHKJ�DGFIM;D�_�SWObT3_�p
[tM;HKBIJ�]^_;O�OGN^J�L%_�BITRDG_-�4_�a�DGN^B%� q M;OG��N`M�BZTRTWHKx�N6OGJ�N>��e�d q N^x�N q p�D Q>_
T3_�[tM;H�BWJ�QFWN6OGN	M;J¹¢ £;ä;¤`TWN2�ZBIN6J�� TW_�[tM�HKBIJ��EDG_�j%N\DGFIN\O�M;DGFWN6O
J�[tM qKq M;BZT�[XSI]�F q N^J�JbTWHKx�N6OGJ�N*T3N^LZM�O�DG[\N^BmDGJ<QHiDGFIHKBXM#J�HKBI� q N*SWBIHip
x�N6OGJ�HiD Umn

��FWN�DG_�LVDCQ�_-�;O�M�LIFWJH�Bs�9H���SWOGN�»-J�FI_	Q�DGFIN�HKBmD�O�M;pCT3_�[tM�HKBVM�BZT
HKBmDGN6O�pCTW_�[tM�HKBXJ�FIM;OGHKBI��_�BV¼	£��m¼�Þ��;ä�»YPIM;BZT�DGFIN q _	Q�N2O!DCQ�_#�;O�M�LWFIJ
J�FW_	Q�DGFIN�OGN^J�S q DGJ<a�_;O>¼^Ò���Þ���ä�ä3n�A B�j%_;DGF�]	M�J�N6J^P;DGFWN�H�BmDGN6O�pCT3_�[tM�HKB
J�FIM;OGHKBI��QHiDGF\O�M�BITW_�[ÓM�J�J�HK��BI[\N^BmD!H�J!]^_�[\LIM;O�M;j q N`DG_�DGFIM;D!QHKDGF
D�OGSWN�M�J�J�HK��BW[\N^BmD	P`M�J\Q�NEQ>_�S q T�N2|WL%N6]6D	nhA B�]^_�BmD�O�M�J�D	PHKBmD�O�M;p
T3_�[tM;H�B{J�FZM�OGHKBI��QHiDGF{D�OGSINsM;J�J�HK��BI[\N6BYDtHKJ\BW_�DGHK]^N	M;j q U{FIHK��FWN6O
DGFIM�BVQHiDGFsO�M;BZTW_�[/M�J�J�HK��BW[\N^BmDa�_�O�¼	Ò���Þ���ä�äYn`��FIHKJ`H�J�M q J�_\_�jWp
J�N2OGx�N	TlHKB�DGFIN\D�O�M�]^N6JX_�a`[tM;BYU�_�DGFWN6ORL%N6OGHK_YTWJ^nlÐ#BlDGFINt_�DGFWN6O
FIM�BIT�P�DGFWN�HKBmD�O�M;pCTW_�[tM�HKBXJ�FIM;OGHKBI��_�BV¼�£��Y¼	Þ���ä�»���DGFWN*TIM^U�_�a<Ð#L3p
N2O�M;DGHK_�BE��N6J�N6O�D`�I_	|I�>SIJ�HKBI�XD�OGSWN�M�J�J�HK��BI[\N^BmD`HKJ`]6_�[\LZM�O�M�j q N�DG_
SWJ�HKBI�XO�M;BZTW_�[/M�J�J�HK��BW[\N^BmD	n

�3OG_�[DGFIN6J�N�OGN^J�S q DGJ^P�Q>N`]6_�BI] q SITWN�DGFWN>a�_ q�q _	QHKBI�3n>ACBX[\_�J�Db]	M;J�N^J
T3_�[tM;H�B�[\N^[Rj%N6OGJ�FIHKLEHKJ�J�HK��BWHK�I]	M�BmD	P<H4n N�n�P,] q HKN^BmDGJ�j%N q _�BW��HKBI�VDG_
DGFWNlJGM�[\N�TW_�[tM�HKBÎM�OGNl[\_�OGN q H�r�N q UhDG_zJ�FZM�OGN�OGN	�mSIN^J�DGJ~DGFZM�B
] q HKN^BmDGJ�LWH�]�r�N	T�M;D,O�M�BZT3_�[sn9��FIHKJ�HKJ�H�BRM��;OGN^N^[\N^BmD9QHiDGF�DGFINb�ZBZTYp
HKBW��J!OGN6L%_�O�DGN	TXHKB/¢ £�ä�¤wTWN^J�LWHiDGN`_�SWO>TW_�[tM�HKBIJ�j%N^HKBI��[RSI]�F q M�OG��N6O
M;BZT�[\_�OGN~TWHKx�N2OGJ�N�nl®�_�Q>N^x�N6O	P�QFWN^B�DGFIN6OGN�HKJ-M�� FI_;DG��N^x�N^BmD	P
DGFWN�� q _�jZM q HKBYDGN2OGN^J�D�]	M�BXj%N^]^_�[\N>J�_�TW_�[\H�BIM�BmD9DGFIM;D�N^x�N6BR] q HKN^BmDGJ
LWHK]2r�N^TEM;D`O�M�BZT3_�[/DGN^BZT�DG_�J�FIM;OGN�[tM�BmU�OGN	�mSIN^J�DGJ^PIDGFIN6OGN^jmUVTWHip
[\HKBWH�J�FWHKBI�XDGFWN�J�HK��BIHi�I]	M�BW]^N�_�a�T3_�[tM�HKB~[\N^[Xj%N6OGJ�FWHKL<n

5.4 The Applicability of Zipf ’s Law to Web
Requestsd3N6x�N6O�M q LWOGHK_�ORJ�DGSZT3H�N6JXFZM	x�NtHKBYx�N^J�DGHK��M�DGN	TlDGFIN�M�LWL q HK]	M�jWH q HiDCU�_�a

�%H�L3a^ª J q M^Q·DG_EklN^juM;]^]^N^J�J�N^J^n���FIN�[tM�¯ _�OGHiD U�_�a�J�DGSZTWHKN^JRFZM	x�N
j%N^N^B�jZM;J�N	T�_�B�LWOG_	|YUsD�O�M�]^N6J^nX��FWN^J�N-J�DGSITWHKN^J�FIM�x�NX]^_�BI] q SZT3N	T
DGFZM�DEklN^jhOGN	�mSIN^J�DGJEa}_ qKq _�QJ�M��%H�L3a}p q HKr�NuTWHKJ�D�OGHKjIS3DGH�_�B<P¹¶º;å æ P
QHiDGFÏ�'] q _�J�N�DG_{_�OEJ�[tM qKq N2OEDGFZM�Bë¼�¢K¼	£YPRÞmP�£�´YP�Ø�¤�né��FIN6OGN
FZM	x�N!j%N^N^BRM`a}N6Q{J�DGSZTWHKN^J�jIM�J�N	T�_�B�D�O�M�]^N6J�a�OG_�[ÎOGN q M�DGHKx�N q U�J�[tM qKq
J�N6OGx�N2OGJ^nb�I_�O>H�BWJ�D�M�BW]^N�Pw¢ £�¤wJ�FW_�Q>N	T-DGFZM�D>DGFIN`T3H�J�D�OGHKjWSWDGHK_�Bt_�a,M�]2p
]^N^J�J�N6J�J�N^N6BsjmUVM�klN^j�J�N6OGx�N6Oa}_ qKq _�QJ��wHKL3a^ª J q M^Qú�4H�n N�nKPI��èÎ¼	�2n

klN�HKBYx�N^J�DGHK��M�DGN!DGFWH�J�HKJ�J�SINba�SWO�DGFWN6O<jYU#J�DGSZTYUWHKBW�M�]^]^N6J�J q _���J<a}OG_�[
j%_�DGF~DGFIN�J�N6OGx�N6O�M�BZT�DGFIN�L3OG_�|YUmn�k�N�L q _�DDGFIN#B3SW[Xj%N6O�_�abTW_m]2p
SI[\N6BYD-M�]^]6N^J�J�N^J�x�N6OGJ�SIJtT3_m]^SI[\N6BYDRO�M�BWr3HKBW��_�B q _���p q _���J�]^M q N�n
��SWNbDG_J�LZM;]^N q HK[\HiD�M;DGHK_�B<P;Q�Nb_�B q U�J�FW_	QlDGFIN�L q _;DGJ,a�_;O9DGFINbJ�N6OGx�N6O
D�O�M�]6N^JR���9HK��SWOGN�ä��2n

klNb[tM�r�N�DGFWN�a�_ qKq _	QHKBI��_�jIJ�N6OGx�M;DGHK_�BWJ^n���FINb]^S3OGx�N^Jwa�_�O9j%_�DGF�DGFIN
J�N6OGx�N2O�D�O�M�]^N6J*M�BIT\DGFWN�L3OG_	|3URD�O�M�]^N6J��4BI_�D>J�FI_	QB%���ID�M�J�D�O�M;H���FmD
q HKBINROGN^M�J�_�BIM�j q UEQ>N qKq QFIN^B�HK��BW_�OGHKBI�tDGFIN��IOGJ�DR¼	Ò�Ò~T3_m]^SI[\N^BmDGJ
M�J,H�Bë¢ Ø	¤�nb��FWN!a}N6Q�[\_�J�D,L%_�LWS q M;O�T3_m]^SI[\N6BYDGJ^ª^L%_�LIS q M;OGHiD U�T3N^xYHip
M;DGN6J!a}OG_�[úDGFWNJ�D�O�M�HK��FmD q HKBIN`N^J�L%N^]6H�M qKq U-H�B q N6a�D�_�a<�9HK��S3OGN#äYn���FIN
OGN^[tM;H�BWHKBI�-T3_m]^SI[\N6BYDGJ^ªYL%_�LIS q M�OGHiD U\�IDGJM�J�D�O�M�HK��FmD q HKBIN#OGN^M�J�_�B3p
M�j q U-Q�N qKq n!��FIN�J�D�O�M�HK��FmD q HKBIN�_�B\DGFIN q _���p q _��XJ�]	M q N#HK[\L q HKN^J!DGFZM;D
DGFINOGN	�mSIN6J�D>a}OGN^�YSWN^BI]2U\HKJ�LWOG_�L%_�O�DGHK_�BIM q DG_t¼�º;å�æ9nb��FWN�x�M q SIN6J�_�a
�{M;OGN�_�j3D�M�HKBIN	TsSWJ�HKBI� q N	M�J�D�JG�YSIM;OGN��ID�DGHKBW�WPZN2|W] q SITWHKBI�-DGFWN�DG_�L
¼	Ò�Ò~T3_m]^SI[\N6BYDGJ���M;J#HKBÜ¢ Ø�¤}�2P�M�BITEM q J�_�N6|3] q SZTWHKBW�tDGFWN Æ M;D`D�M�H q n
��FIHKJbJ�FI_	QJ!DGFIM;D�DGFIN��IBZT3H�BW��_�awL3OGN^xYHK_�SIJbLWOG_	|YUYp�jZM�J�N^TRJ�DGSZT3HKN^J^P
DGFZM�D�klN6j~M;]^]^N^J�J�N6J�a�_ qKq _	QÏMX�%HKLWa}p q HKr�N�T3HKJ�D�OGH�jWSWDGHK_�B�PYN6|YDGN^BZT3J!DG_
M�]6]^N^J�J�N^J�J�N^N^BVjmU~MXJ�N6OGx�N6O�M�J*Q�N qKq n

®#_	Q>N^x�N6O	PWDGFIN�O�M�BW��N�_�ab��x�M q SIN6J�]^_;O�OGN^J�L%_�BITWHKBI�-DG_\_�SWO�J�N6OGx�N6O
D�O�M�]6N^J�HKJ�]^_�BWJ�H�J�DGN6BYD q U�M;BZT�J�H���BIHi�Z]^M�BmD q U�FIHK��FWN6O�DGFZM;B�DGFIM;D�OGN2p
L%_�O�DGN^ThHKBÎL3OGN^xYHK_�SIJVLWOG_	|YU3p�jIM�J�N	T�J�DGSZT3HKN^J^nÚdYL%N^]^Hi�Z]^M qKq UmP�DGFIN
x�M q SIN�_�ab�{HKBsDGFIN�J�N6OGx�N6O`D�O�M�]6N^J#HKJ�DCU3LIHK]	M qKq UEM�OG_�SWBZT�¼�n ×\p#¼�n Ý3P
QHiDGF q _	Q�N6J�Dtj%N^HKBI�z¼�n ´�ä�Þ�M�BIT{FWH���FIN^J�D-j%N^HKBI�u¼�n »3¼^Ý3n�ACBu]^_�B3p
D�O�M�J�D	PZLWOG_	|YU3p�jIM�J�N	T�J�DGSZTWHKN^J�FZM	x�N�OGN^L%_;O�DGN	TEM-[XSW]2F~J�[tM qKq N6O��>P
D U3LWH�]^M qKq U q N^J�J*DGFZM;B�¼�n ÒYn

«�BW_�DGFWN6O*HKBmDGN6OGN^J�DGHKBI��_�jWJ�N6OGx�M�DGHK_�BVHKJ>DGFIM;D�DGFWN#x�M q SIN�_�a,��HKJ�DGFIN
FIHK��FIN^J�D���¼�n »3¼^Ý��~_�B¼�£��m¼�Þ���ä�»YP�QFIN^B�DGFWN6OGNEQ*M;JEM�B�SWB3SWJ�SZM q
N^x�N6BYD#_�a>� q _�jIM q HKBYDGN2OGN^J�D\��Ð#L%N6O�M�DGH�_�B��#N^J�N6O�D��I_	|I�2n���FIHKJ�HKJ�M;J
Q�N�Q�_�S q TzN6|3L%N^]2D	n���SWOGHKBW��J�SW]2F{L%N6OGHK_YT{SWJ�N6OGJXa�OG_�[õM q�q _�x�N6O
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DGFWN\Q�_�O q TuM;OGN�HKBmDGN6OGN^J�DGN	TlHKBuMEJ�[tM qKq J�N2D-_�a`LIM���N6JROGN q M;DGN^T�DG_
DGFWNVN^x�N^BmD	P![tM;rYH�BW��FI_�D\TW_m]^SW[\N^BmDGJXN6|YD�OGN^[\N q U�FI_�D\M�BZT�]^_ q T
T3_m]^SI[\N6BYDGJ�]^_ q TWN6ORDGFZM�B�SWJ�SZM q n�dY_sDGFIN�TWHivwN6OGN^BW]^N�H�BlDGFWNtFIHiD
]6_�SIBmDt_;a�FI_�DtLIM���N^J�M�BZT{]^_ q T�LIM���N^J~HKJtN^B q M�OG��N	TwP[tM�rYHKBI���
q M�OG��N6O	n

�<_�a}SWO�DGFWN6O�J�DGSZT3U�DGFINtHK[\LZM;]6D�_�a�TWHivwN6OGN6BYD���x�M q SIN^J^P�Q>N�M q J�_
L q _�D*DGFIN`]^SW[XS q M�DGH�x�N#T3H�J�D�OGHKjWSWDGHK_�B�_�a<OGN	�mSIN^J�DGJ>DG_RL%_�LWS q M;OT3_m]6p
SW[\N^BmDGJ^n��9HK��S3OGN~¼^Ò~J�FI_	QJ#DGFWNR]6SI[XS q M;DGHKx�N�LWOG_�jIM�jWH q HiD Us_�a*M;]6p
]6N^J�J`a}_�O`DGFIN#DG_�Lk¾�ß'_�a�T3_m]^SI[\N^BmDGJ�a}_�O`DGFIN�J�N6OGx�N6OD�O�M�]^N^Ja}OG_�[
¼	£��m¼�Þ��;ä�»s��DGFWN#FIHK��FIN^J�D*��TWSWN`DG_ Æ M;J�F~]6OG_	Q`T3J��>M�BIT�»���Ø���ä�»s��M
�CBI_;OG[tM q �`TIM^UI�2P�M�BIT#DGFIN!cVHK]6OG_�J�_;a}D�L3OG_�|YU`D�O�M�]^N6J<a}OG_�[ú¼^Ò��;Ý���ä�ä3n
�3OG_�[ëDGFIN�J�N2OGx�N6ObD�O�M�]^N^J^P�Q�N*_�jWJ�N6OGx�N*DGFZM�Db_�BV¼	£��Y¼	Þ��;ä�»�DGFIN�DG_�L
£�ßé_�a!DGFINXTW_m]^SW[\N^BmDGJ�M�]6]^_�SWBYD#a�_�O�ä�Ò�ßé_;a>DGFWN-M�]6]^N^J�J�N^J^P9M�BZT
_�B�»���Ø��;ä�»�DGFWN~DG_�L�×mß¶_�a�DGFINsT3_m]^SI[\N6BYDGJXM�]^]6_�SIBmD\a}_�O�ä�Ò�ß
_;a�DGFINsM�]^]^N6J�J�N^J^nh��FIN q M�D�DGN6O�H�JtM q J�_�_�jIJ�N2OGx�N	T�a�_�OtDGFWNs_�DGFWN6O
TWM^UWJX_�a`DGFIN�J�N6OGx�N6O-D�O�M;]^N^J^nuACB{]6_�[\LZM�OGHKJ�_�B<P!HiD-D�M�r�N^J\´�Ý�ßº_;a
DGFWN�TW_m]^SW[\N^BmDGJ-DG_uM�]^]6_�SIBmDta�_;OEä�Ò�ßµ_�a�DGFWN�M�]^]^N6J�J�N^JVHKB�DGFWN
L3OG_	|3U�D�O�M�]6N^J^P�QFIHK]�FlHKJXM q J�_�J�FW_�QB�HKB�¢ Ø	¤`V>M�BIT�HiDRD�M;r�N^J\¼	Ò�ß
_;a!DGFWN�TW_m]^SW[\N^BmDGJDG_tM;]^]^_�SIBmD#a}_�O�ä�Ò�ßÅ_�abDGFIN�M�]6]^N^J�J�N^J�HKBsDGFWN
D�O�M;]^N^J#a�OG_�[ q N6J�J�L%_�LWS q M;O�J�N2OGx�N6OGJ#]6_ qKq N^]6DGN	T�H�B�¼^ä�ä�×~M�BITl¼	ä�ä�Ø
¢ ´�¤�nb®�N^BI]^N�HiD*HKJ�N^xYH�TWN^BmD>DGFIM;D�k�N^j�M�]^]6N^J�J�N^JJ�N^N^B~M;D�DGFWN#J�N6OGx�N6O
DGN6BZT�DG_�j%N>[\_;OGN�]^_�BW]^N^BmD�O�M;DGN^T�DGFZM;B�DGFW_�J�N�J�N6N^B\M;D�DGFWN>L3OG_�|3HKN^J^n
cV_;OGN^_�x�N6ORDGFIN�M�]^]6N^J�J�N^J-J�N^N6BuM;D�DGFINtL%_�LWS q M;O-cEd3e#f*gúJ�N6OGx�N6O
J�HiDGN�DGN^BZT�DG_�j%N~[\_;OGNt]^_�BW]^N^BmD�O�M;DGN	TlDGFIM�B�DGFI_�J�N~J�N^N6BzM�D q N^J�J
L%_�LIS q M�O�J�N6OGx�N2OGJ^n���FIHKJ9HK[\L q HKN^J,DGFIM;D<DGN^]2FWBIH��mSIN^J<J�SI]�F�M�J9OGN^x�N2OGJ�N
]^M�]�FIHKBI��M�BIT�OGN^L q HK]	M�DGH�_�Bu]^_�S q Tl��_�M q _�BI�EQ*M^U�H�BuM qKq N6x3H�M�DGH�BW�
J�N2OGx�N6O q _�M�TwPZN^J�L%N6]^H�M qKq UVa�_;O`L%_�LIS q M;O`J�N6OGx�N6OGJ^n
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5.4.1 Reasonand Implication of Larger
�

at Web
serversk�N�FZM	x�N#_�jIJ�N2OGx�N	T�DGFIM;D*DGFWN#��x�M q SIN^J*HKB�DGFIN�J�N6OGx�N6O*D�O�M�]^N6J�M�OGN

]6_�BIJ�HKJ�DGN^BmD q UtM;BZTXJ�HK��BWHi�Z]	M;BYD q U\FWHK��FIN2O!DGFIM�BXDGFW_�J�NHKB-DGFINLWOG_	|YU
D�O�M;]^N^J^nt« q DGFI_�SW��F�_�SWO�M;]^]^N^J�J q _���J�M;OGNtTWN2�Z]^HKN^BmD�HKB�DGFIM;D�DGFWN6U
T3_�BI_;D�]^_�BmD�M;H�B-M�]^]^N6J�J�N^JbDG_#H�[tM;��N^J^P�J�SI]�F-T3N6�Z]^HKN^BW]6U�HKJbSWB q HKr�N q U
DG_u]^_�BIJ�HKJ�DGN^BmD q U�jIH�M;JV�ëDG_	Q*M;O�T3JEMlFIHK��FIN6OVx�M q SWN�nÓ«�Jta�_�SIBZT
HKB�¢ £�»�¤�P!DGFWN\�hx�M q SWNta}_�O-M�]^]^N6J�J�N^JXDG_EHK[tM���N~M;BZTl®#�csÄ�� q N^J
�4jIM�J�N	T~_�BEM q M�OG��N�SIBWH�x�N6OGJ�HiD UtLWOG_	|YUtD�O�M�]^N	�M�OGN�Ò3n »�ÒtM;BZTVÒYn Þ�Ý3P
OGN6J�L%N^]6DGHKx�N q Umnb��FIHKJ�J�SW����N^J�DGJ*N6|3] q SZT3H�BW��DGFWN#M;]^]^N^J�J�N6J�DG_RHK[tM���N^J
M�OGN#SWB q HKr�N q U-DG_�jIH�M�J���DG_	Q*M�O�TWJM�FIHK��FWN6O*x�M q SIN�nb��FINa�_ qKq _	QHKBI�
J�D�O�M;HK��FmD�a�_;O�Q*M;O�TE]	M q ]^S q M;DGHK_�BEJ�FIN	T3J`[\_;OGN q HK��FmD`_�BVDGFWH�J^n

dYSILWL%_�J�N�P�QFIN^B�Q�NXN6|3] q SZTWNXH�[tM;��NX� q N^J^P<DCQ�_~®��csÄ{� q N^J�OGN6p

]^N^HKx�N¦¿ÑM�BIT�¿¦ª�M;]^]^N^J�J�N6JbN^M�]�F<n���FWN>O�M�BWr3HKBW�#_�aWDGFIN>DCQ�_#M;OGN¦À
M�BITkÀ�Á�OGN^J�L%N^]6DGHKx�N q Umn>��FIN^B~Q�N�FZM	x�N���èÂ� Ã]Ä��xÅh�`Æ�� Ã�Ä��xÅcÇ@�� Ã�Ä��xÈ3�`Æ�� Ã�Ä��xÈ Ç �

n>«`a�p
DGN6O`HKBI] q SITWHKBI�\HK[tM���N�� q N^J^PZQ>N�FZM	x�N���è � Ã�Ä��xÅh�`Æ�� Ã]Ä��xÅ Ç �� Ã�Ä��xÉ�Ê3Ë�Ê>È3�`Æ�� Ã�Ä��xÉ�Ê>È Ç �

P
QFIN2OGN.ÌÎÍÍÒYP*M;BZT�å�ÍÍÒYn{«#TWTWHKBI��ÌlDG_�DGFWNV_�OGHK��H�BIM q O�M�BWrmp
HKBI��_�a<j%_�DGF�_�jY¯�N^]2DGJ�HKJ�j%N^]	M;SIJ�N#HKBW] q SZTWHKBW�R[\_;OGN`� q N6J�]	M�B�[\_�x�N
DGFIN�_�OGHK��H�BIM q � q N^J^ª%O�M;BIrYHKBI��j%N^FIHKBZT��4N�n �3n�P<_�BW]^NXHK[tM;��NR� q N^J�M;OGN
HKBI] q SITWN	TwP�M~� q N-QHiDGFuMVL%_�LIS q M�OGHiD U�O�M�BIr�_;a�¼	Ò�Òs]^M�BlFIM�x�N-HiDGJ
O�M�BWrXLWSIJ�FIN^T-jZM�]�rRDG_�JGM^U�£;Ò�Ò��2nb«#TIT3HKBI��å,DG_�_�BWN_�a�DGFIN_�jY¯�N^]2D
HKJj%N^]	M�SWJ�N�M�TIT3HKBI�-[\_;OGN#� q N^J]	M;BsL%_�J�J�HKj q UVN^B q M;OG��N�DGFIN�T3HKvwN2O�p
N^BW]^NEHKBzO�M�BWrYH�BW��_;a�D Q>_�� q N^J^n�e�_�Q/Q>NE[tM�r�N�DGFINVa}_ qKq _�QHKBW�
_�jWJ�N6OGx�M;DGHK_�BWJ^�

� ACa�å,è�Ò3PZ�lQ>_�S q T~H�BW]6OGN	M;J�N�M;a}DGN2O#HKBI] q SITWHKBI�XH�[tM;��N#� q N^J^n
� ACa�åbHKJ q M;OG��N�N^BI_�SI��F~DG_-_�vwJ�N6D¶Ì%PI��Q>_�S q TsT3N^]6OGN	M;J�N�M;a}DGN2O

H�BW] q SZT3H�BW�-HK[tM���N�� q N^J^n
f�M;J�N	T-j%_�DGF-_�B\M�BIM q U3J�HKJ>M;BZTRL3OGN^xYHK_�SIJ�D�O�M;]^N6p�jZM;J�N	T-J�DGSZT3H�N6J^P�Q�N
]^_�BI] q SZT3N\DGFZM;D�DGFIN q M;]2r�_�a`HK[tM���N�M;]^]^N^J�JRH�B3a�_;OG[tM;DGHK_�BuJ�FI_�S q T
BI_;D�]6OGN	M�DGN�MJ�U3J�DGN^[tM;DGHK]>jWH�M�J,DG_	Q*M�O�TWJ�FWH���FIN6O9�Vx�M q SIN^J^n,©#M�DGFIN6O
Q�Nj%N q HKN^x�N*DGFIM;D�DGFIN*FWH���FIN6Ob��x�M q SIN^J�Q>N`_�jIJ�N6OGx�N*H�Jbj%N^]	M;SIJ�N*Q�N
FZM	x�N`J�DGSZT3HKN	TtM�]^]^N6J�J�N^J*J�N^N^B~M;D*J�N2OGx�N6OGJ>O�M�DGFIN6O!DGFZM�B�M�D*LWOG_	|3HKN^J^n
«ÏBYSW[Xj%N6O>_�a�L3OGN^xYH�_�SIJJ�DGSZT3HKN^Jë¢ ØYPw£;ä;¤<FZM	x�N�J�FW_	QB~DGFZM�DL%_�L3p
S q M�O\klN^j{LZM;��N^JtM�OGNsJ�LWOGN	M�T�M q [\_�J�DtN^x�N^B q U{M�]6OG_�J�J�FW_�D-k�N^j
J�N6OGx�N2OGJ^n���FIHKJ�H�[\L q H�N6J�DGFIM;D�MVL3OG_	|3U�M;���;OGN^��M�DGH�BW�EOGN	�mSIN^J�DGJ�DG_
MVBYSI[Rj%N6O�_;aL%_�LIS q M;O�J�N6OGx�N6OGJ�Q>_�S q T�FIM	x�N\MVJ q _	Q�N6OXTWN6]	M^U�HKB
L%_�LWS q M;OGHiDCU-DGFZM;BtM�BmU\HKBZT3H�xYH�TWSIM q J�N2OGx�N6O	n���FWH�J>H�J>H qKq SIJ�D�O�M�DGN	TtjYU
DGFIN�a�_ qKq _	QHKBI��J�H�[\L q HK�IN	T~]^M q ]^S q M�DGH�_�B<n

d3SWLIL%_�J�N~MsL3OG_	|3U�M�]6]^N^J�J�N^JmÏ\klN^j�J�N2OGx�N6OGJ^n���FIN\k�N^j�J�N6OGx�N6O
å�FIM�Jq« Ë T3_m]^SI[\N^BmDGJ^PZQHiDGF�TWN^]^M	UV]^_mN6�\]6H�N6BYD�� Ë n#A B�M�TITWHiDGHK_�B�P
HiDOGN^]^N^HKx�N^J¬Ð Ë M;]^]^N^J�J�N^JDG_-HiDGJ[\_�J�D`L%_�LWS q M;O*k�N^jVLIM���N�n���FWN^B
M�]6]^_�O�T3H�BW�-DG_XDGFIN��wHKLWa�p q HKr�N�T3HKJ�D�OGH�jWSWDGHK_�B�PWQ>N�FZM	x�N

v�Ñ�Òw�ÓÐ Ë �bè�� Ë ? v�Ñ�Òw�0« Ë �
��FIN�T3N^]	M^U�]^_mN6�\]6H�N6BYD#M;DDGFWN�LWOG_	|YU�]	M�B~j%N�]^_�[\LWSWDGN	T�M�J^�
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��FIN*N2|IM;]6D>TWHivwN6OGN^BW]^N*j%N6D Q>N^N^B-� Ô�Õ Ã]Ö�× M;BZTX� Ú � Õ }�� Õ T3N^L%N^BZT3J�_�B
Ïs��DGFINXDG_;D�M q BYSI[Xj%N2O�_�a�L%_�LIS q M;O�J�N6OGx�N2OGJ��2n~Ð�a�]^_�SWOGJ�N�P<DGFIHKBI��J
M;OGN*[RSI]�F�[\_�OGN>]6_�[\L q HK]	M�DGN	TRHKBXL3O�M�]6DGHK]^N����4H��<DGFIN>k�N^jRM�]^]^N6J�J�N^J
TW_tBW_�D�J�D�OGHK]6D q Usa}_ qKq _�QÓM��%H�L3a}p q HKr�N-T3H�J�D�OGHKjWSWDGHK_�B�PwN^J�L%N^]^H�M qKq U�a�_;O
DGFIN#[\_�J�DL%_�LWS q M;O`T3_m]^SI[\N6BYDGJ�V��4HKH��>klN^j�J�N6OGx�N6OGJ`M�OGN�x�N6O�UtFIN2D�p
N6OG_���N^BWN^_�SWJ^ntACD�HKJ�x�N6O�U�FZM�O�T�DG_~]^_�[\LWSWDGNX��N6|WM�]6D q UmntÐ#B�DGFIN
_�DGFWN6O�FIM�BIT�PYM;J q _�BW�XM;J>HiD�HKJ!D�OGSWN`DGFIM;DbDGFIN`L%_�LWS q M;O!klN^j\LIM���N6J
M;OGNbJ�LWOGN^M�T�M q [\_�J�D,N^x�N^B q U�M�]2OG_�J�J�FI_;D<k�N^j�J�N6OGx�N2OGJ^P;DGFWN!�~M;D<DGFIN
LWOG_	|YU�HKJ q _	Q�N2O�DGFIM�BsM�D`N	M�]�FsHKBZT3H�xYH�TWSIM q L%_�LWS q M;Ok�N^jVJ�N6OGx�N6O	n

A B�J�SW[\[tM;O�UmP*Q>N�_�jWJ�N6OGx�N�DGFIN�M�]^]6N^J�JsLZM�D�DGN6OGBIJVM;DVj%_�DGF�DGFIN
J�N6OGx�N2O\M�BIT�DGFINtLWOG_	|YUlN2|WFWHKjIHiD-M��%HKLWa�p q HKr�N~TWHKJ�D�OGHKjIS3DGH�_�B<n���FIN
x�M q SIN�_�a��ÏHKJR[XSI]�FlFWH���FIN6ORa�_;O-DGFIN�J�N6OGx�N6O-M�]^]6N^J�J�N^JXDGFIM�B�a�_;O
DGFINtL3OG_�|YUmn�A B�J�_�[\Nt]	M�J�N^J^PbDGFIN\DG_�L�£�ßºT3_m]^SI[\N6BYDGJRM�]6]^_�SWBYD
a�_;O*ä�Ò�ß¦M�]^]^N6J�J�N^J^nbA B-]^_�BmD�O�M�J�D	P�DGFWN�M;]^]^N^J�J�N6J�J�N^N^BtM�D!DGFWN`L3OG_	|3U
D�O�M�]6N^JVM�OGN�[\_;OGNEFIN6DGN2OG_���N6BIN^_�SIJ^n¦��FWN6UzD�M;r�NESILzDG_u´�ä�ß¸DG_
M�]6]^_�SWBYDRa�_;O\ä�Ò�ß¥M;]^]^N^J�J�N^J^nl��FIHKJ-J�SW����N6J�DGJXDGFZM�DRDGFWN~FWHKD�O�M;DGN
a�_;O*OGN^x�N6OGJ�N#]	M�]�FIHKBI�R_�O*OGN^L q H�]^M;DGHK_�BsHKJ q HKr�N q U\DG_Xj%N�J�HK��BIHi�I]	M�BmD q U
FIHK��FIN6O-DGFIM�B�DGFZM�D-_�jIJ�N6OGx�N^T�QHiDGFuD�O�M�T3HKDGHK_�BZM q L3OG_	|3Ul]	M�]�FIHKBI�3P
M�BIT-DGFZM;D!]	M;]2FWH�BW�R_;O>OGN^L q H�]^M;DGHKBI�XM�J�[tM qKq J�N6D�_;a<� q N^J>Q�_�S q T\]^SWD
TW_	QBsJ�N2OGx�N6O q _�M�TsJ�H���BIHi�Z]^M�BmD q Umn



6. CONCLUSIONSACB\DGFIHKJ�LZM;L%N6O	PmQ�N�FZM	x�N`J�DGSZT3H�N^T\DGFWN#TYU3BZM�[\HK]^J!_�a,M q M�OG��N�]^_�[-p
[\N2OG]^H�M q klN6j{J�HiDGN�PbQFIHK]�FzHKJ-]6_�BIJ�HKJ�DGN^BmD q UlO�M;BIr�N	TuM;[\_�BI�EDGFWN
jWSIJ�HKN^J�D�HKBEDGFIN�A BmDGN6OGBWN6D	n`klN�FZM	x�N�M�BIM q U3y^N	TEDGFINRT3U3BZM;[\H�]6J�_;a
j%_;DGFVDGFIN#]^_�BmDGN^BmD`M�BIT�DGFWN�] q H�N6BYD�M;]^]^N^J�J�N^J�M;DDGFWH�JJ�HiDGN�n

6.1 Summary of KeyResultsÐ#S3O[tM�HKB~�IBZT3H�BW��J`M;OGN��
¼�n��FIN�J�N6OGx�N2O-]^_�BYDGN6BYD�DGN^BITWJRDG_�j%NtFIHK��F q UuT3U3BIM�[\HK]\QHKDGF

M;OG_�SIBIT{Ý�Ò�Ò�Ò�� q N^JR]6OGN	M�DGN	TzM;BZTu£�×�Ò�Ò�Ò�[\_YT3HK�IN	T�_�x�N6OXM
_�BWN6p�Q�N^N6r�L%N2OGH�_YTwn!�I_�O*DGFWN#J�SIjWJ�N6D_�a,� q N^J�DGFZM�D`M;OGN�[\_YTYp
Hi�ZN	TwP�DGFIN�T3SWO�M�DGH�_�BÎj%N6DCQ�N^N6BÎJ�SI]6]^N^J�J�HKx�N�[\_YTWHi�I]	M;DGHK_�BWJ
DGN^BITWJ�DG_ q HKN`j%N2D Q�N6N^B\M�BXFI_�S3O!M�BZT-£;×�FW_�SWOGJ�4H4n N�nKP3M�TIM^UI�2n

£mn¨�M�J�D[\_YT3Hi�Z]	M�DGH�_�B~j%N6FZM	xYH�_;O_�a9M�� q N�P3Hia�M	x�N2O�M���N^T�_�x�N6O*M
J�SW�-]^HKN^BmDRBYSW[Xj%N6O�_;a*JGM�[\L q N^J^P9U3HKN q TlM~OG_�SW��FlL3OGN	TWHK]6DG_;O
_�a�a}SWDGSWOGN�[\_YT3Hi�Z]	M�DGH�_�BEj%N^FZM	xYHK_�O	n���FIN�N^J�DGHK[tM;DGHK_�BEN2O�OG_�O
HKJ�QHiDGFIHKBsM�a4M�]2DG_�O_�a,D Q�_RÝ�Ø�ß'_�a<DGFIN�DGHK[\N#M�BZT\QHiDGFIHKB~M
a4M;]6DG_�O�_�a,�Zx�N�ä�Ò�ß·_�a,DGFIN#DGHK[\N�n

´Yn��FIN-Ô;Ê�Á6± À�°�j%N6D Q>N^N^BVJ�SW]^]^N^J�J�HKx�N�x�N2OGJ�H�_�BIJ*_;a�� q N^J*HKJ_�a}DGN6B
N6|YD�OGN^[\N q UtJ�[tM q�q PIH�[\L q UWHKBW�RDGFZM�D[\_YTWHi�Z]^M;DGHK_�BWJ`[tM�TWN#DG_
DGFINX�4®��csÄ9��]^_�BmDGN^BmD*DGN^BZTtDG_-j%N�[\HKBI_�O	n

×3n��FIN�L%_�LIS q M�OGHKDCU�_;a3� q N^J<DGN^BITWJwDG_*j%N�J�D�M�j q Nb_�x�N6O,M>DGH�[\N6J�]	M q N
_�aITIM^U3J^n�Ð�aYDGFWN`¼^Ò�Ò[\_�J�D<L%_�LIS q M;O�T3_m]^SI[\N^BmDGJw_�B�M��HKx�N^B
TIM^UmP,Ý�Ò	ùZ¼	Ò�Ò�ß²OGN^[tM�HKB�M;[\_�BW�~DGFIN-DG_�Lz¼^Ò�ÒVa�_;OXSWL�DG_sØ
TIM^U3J^n¦®#_	Q>N^x�N6O	PDGFIN�J�N6DV_�aRTW_�[tM�HKBIJta}OG_�[¹QFWHK]2F�DGFWN
L%_�LWS q M;O!� q N^J*M�OGN#M;]^]^N^J�J�N^TtDGN^BITWJbDG_�]�FZM;BI��N�J�HK��BWHi�Z]	M;BYD q U
a}OG_�[¡TIM^U�DG_�TIM^Umn��W_�OtN6|WM�[\L q N�P!DGFWN6OGNVHKJt_�B q U{M�×�Ò�ß
_�x�N6O q M�L�QFIN6B�]6_�BIJ�H�T3N6OGHKBI�tDGFIN�DG_�Lu¼	Ò�Ò\� q N^J^n���FIHKJ�[tM^U
j%N\M�]^_�BWJ�N	�mSIN^BW]^N-_�a�_�SWOt���IBIN6p��;O�M�HKBIN	TI�#TWN2�ZBIHiDGHK_�B�_�a�M
TW_�[tM�HKB<PWM;BZT~Q>N�M;OGN�]^S3O�OGN^BmD q U�N6|3L q _;OGHKBI�XDGFWH�J*a}SWO�DGFIN2O	n

Ømn`Ð�OG��M;BIHKy	M�DGH�_�BZM q �4H4n N�nKP-T3_�[tM�HKBZ�~[\N^[Xj%N2OGJ�FIHKL�_�a\] q HKN^BmDGJ
DGN^BITWJ\DG_�FZM	x�N�MlJ�HK��BWHi�Z]	M;BYD��4L%_�J�HiDGHKx�N��\HK[\LZM;]6D�_�B�DGFWN
TWN6��OGN^N�_�a q _m]	M q J�FIM;OGHKBI�3n���FIHKJ-M;��OGN^N^JRQHKDGFlDGFWN\OGN^J�S q DGJ
OGN^L%_;O�DGN	T�HKB�¢ £;ä;¤�nt®#_	Q�N6x�N6O�_�S3O�J�DGSZTYU�TWHivwN6OGJ�a}OG_�[µ¢ £�ä;¤
HKB�J�N^x�N6O�M q H�[\L%_;O�D�M�BmD#Q�M^UWJ^���4H���¢ £;ä;¤bJ�DGSZTYUVDGFINRM�]6]^N^J�J�N^J
[tM�T3N-jmU�MVSIBWHKx�N6OGJ�HiD UmPwQFIH q N-Q�N\J�DGSIT3UEDGFWN\M�]^]6N^J�J�N^JRDG_
M q M�OG��N-]6_�[\[\N6OG]^H�M q BIN6QJ�J�HiDGN�a}OG_�[êM qKq _�x�N6O#DGFWNRQ>_�O q T�n
��FIN�] q HKN^BmDGJ�HKB�_�SWO!D�O�M�]^N^J�M;OGN�DGFYSWJ>[\_�OGNFWN6DGN6OG_���N^BIN6_�SIJ�V
�4HKH��RÐ#S3O-T3_�[tM�HKBWJ�]6_�O�OGN^J�L%_�BZTlDG_��4_�a�DGN^B%� q M;OG��NVM�BITlTWHip
x�N6OGJ�N��e�d q N^x�N q p�DCQ�_�TW_�[tM�HKBIJ�QFIN2OGN	M�J`¢ £�ä;¤�T3N6�ZBWN^J���T3_�p
[tM�HKBWJ��sDG_Ej%NtDGFWN-O�M;DGFWN6OXJ�[tM qKq M�BITl[XSW]2F q N6J�J-TWHKx�N2OGJ�N
TWN6LZM;O�DG[\N6BYDGJ�QHiDGFIHKBzM�J�HKBI� q N~SIBWH�x�N6OGJ�HiD U3V��4HKHKH}��klN~M q J�_
�ZBITuQFWN^B�DGFWN6OGNsHKJ�M�� q _�jZM qKq UYp�H�BmDGN6OGN6J�DGH�BW��N^x�N^BmDE�4J�SW]2F
M�J�Ð#L%N6O�M�DGHK_�Bs��N6J�N6O�D`�I_	|�H�BV��N^]^N^[Rj%N6O�¼^ä�ä�»��*DGFIM;D]^S3DGJ
M�]2OG_�J�J�_�OG��M;BIHKy	M�DGH�_�BZM q j%_�SWBZTWM;OGHKN^J^P�DGFIN�_�OG��M;BIHKy	M�DGH�_�BZM q
[\N^[Rj%N6OGJ�FIHKL�HKJsBW_ q _�BW��N6OsJ�H���BIHi�Z]^M�BmDEHKBhM;vwN^]6DGHKBW�{DGFWN
SIJ�N2OGJ^ªZM;]^]^N^J�J�N^J�LZM�D�DGN6OGB<n

ÝYn�9H q N#L%_�LWS q M;OGHiDCUXDGN^BITWJ!DG_�a}_ qKq _�Q�MX�%HKLWa}p q HKr�N`TWHKJ�D�OGHKjIS3DGH�_�B<n
®#_	Q>N^x�N6O	PWDGFIN�LZM�O�M�[\N6DGN6O`�uJ�N^N^B�M�D�DGFWN�J�N6OGx�N6O�HKJ�HKBsDGFWN
O�M�BW��N\¼�n ×�ùZ¼�n ÝYP�QFWHK]2FsHKJ�[XSI]�F q M�OG��N6O�DGFZM;BsFZM;J�j%N^N6BVOGN6p
L%_�O�DGN^TRHKBXDGFIN q HiDGN6O�M�DGSWOGN��4jIM�J�N	T�_�BRDGFWN*M�BIM q U3J�HKJ!_;a%LWOG_	|YU
q _���J��2n���FIN q M;OG��NXx�M q SIN�_�a!�zHK[\L q HKN^J^PIa�_�O�H�BWJ�D�M�BW]^N�P%DGFZM�D
¯�SWJ�D�DGFINXDG_�L�£�ßé_�aT3_m]^SI[\N6BYDGJ�]^_�S q T�M�]6]^_�SWBYD�a}_�ORä�Ò�ß
_�a�DGFWN�M�]6]^N^J�J�N^J^n

Þmn��FIN�L%_�LWS q M;OGHiDCUl_�a`[\_�J�DXT3_m]^SI[\N6BYDGJ�DGN^BITWJ�DG_�T3OG_�L�_;v
QHiDGFsM;��N�nb®#_	Q>N^x�N6O	PYJ�_�[\N�TW_m]6SI[\N^BmDGJ!DGN6BZT\DG_R[tM;H�BmD�M;H�B
DGFIN6HKO`L%_�LIS q M�OGHKDCUta�_�O#MXJ�HK��BWHi�Z]	M;BYD q N^BW��DGFs_;a9DGHK[\N�n

»Yn��FIN�[tM	¯�_;OGHiD U~_�a9�WOGJ�D�p�DGHK[\N�M;]^]^N^J�J�N6J`a�OG_�[ÍM-TW_�[tM�HKBsM�OGN
DG_-SWBIL%_�LWS q M;O`T3_m]^SI[\N6BYDGJM�D q N	M�J�D#M-TIM^U�_ q Twn

6.2 Broad ImplicationsÐ#SWO�J�DGSZT3Us_�a�j%_;DGF�J�N6OGx�N6O�]6_�BmDGN^BmD�M�BIT�M;]^]^N^J�J�TYU3BZM�[\HK]^J�FZM;J
jWOG_�M�TVHK[\L q HK]	M�DGHK_�BIJ*a}_�O`DGFIN#a}SWDGSWOGN#N^x�_ q S3DGH�_�Bs_�a�DGFWN#klN6j<n

6.2.1 Implicationsfor CacheConsistencyAlgorithmsklN��IBZTtDGFZM;D� q N6J#M�OGN�[\_YT3Hi�ZN	Tta}OGN	�mSIN6BYD q U���d3N6]6DGHK_�BE×Wn £��`M;BZT
DGFZM�D\M q M;OG��NVLZM�O�D-_;a�MESIJ�N2O	ª JROGN	�mSIN^J�DGJXM;OGNtDG_�[\_YT3Hi�ZN	T�� q N6J
��d3N6]6DGHK_�B�ØmnK¼�n £��2nt�W_�O�HKBIJ�D�M;BI]^N�P<_�x�N6O�FIM q a�_;a>DGFINROGN^L%N	M;DGN^T�M�]2p
]^N^J�J�N6J���M�]6]^N^J�J�N^J�DG_l� q N^J�LWOGN^xYHK_�SWJ q U{OGN	�mSIN6J�DGN	T�jmUzDGFWNEJGM�[\N
TW_�[tM�HKB%�`M;OGNXDG_~Mt[\_YTWHi�ZN	Ts� q N�nX��FWHKJ�LZM�D�DGN6OGB�_;a>� q NR[\_YTWHi�Ip
]	M�DGH�_�BVM;BZT\M;]^]^N^J�J�SWBZT3N6OGJ�]^_�OGN6J!DGFINHK[\L%_�O�D�M;BI]^N`_�a�FIM�xYHKBI��N6�Xp
]^HKN^BmD�]^M�]�FIN�]^_�BWJ�H�J�DGN6BI]6UE]6_�BmD�OG_ q [\N6]2FIM�BIHKJ�[\J��4N�n �WnKP�¢ Ý�¤¢ ´Y¼6¤}�2n
��FIN*[\_YT3Hi�Z]	M�DGH�_�BXFWH�J�DG_;O�UX_;awM�� q N>]	M�BXU3HKN q TXM`OG_�SI��FXL3OGN	TWHK]6DG_;O
��d3N6]6DGHK_�Bs×3n ´��>a�_�O#M�TWM�L3DGH�x�N��*�*ÄljZM;J�N	TVJ�]�FIN^[\N^J��4N�n �3nKPl¢i¼^×;¤��2n

d3N6]^_�BIT�P	DGFIN*Ô;ÊmÁ6± À�°bj%N6D Q>N^N^B�J�SW]^]^N^J�J�HKx�N!x�N6OGJ�HK_�BWJ,_�aY� q N6J,HKJ,_;a}DGN^B
N6|YD�OGN^[\N q U�J�[tM qKq ��d3N6]6DGHK_�Bu×Wn ×m�2P!J�_EDGN^]�FIBIH��mSIN6JRJ�SW]2F{M�JXTWN q D�M
N^BW]^_YTWHKBI�Ú¢ £;Ò;¤,QH qKq j%N�x�N6O�UtN6vwN^]6DGHKx�N�n

6.2.2 Implicationsfor Prefetchingand“Push”Ð#SWO<J�DGSZTYU#FIM�J�J�N^x�N6O�M q HK[\L q HK]	M;DGHK_�BIJ<a}_�O,LWOGN6a}N6DG]2FWHKBI�M�BIT�J�N6OGx�N6O�p
jZM;J�N	T��CLISIJ�FW�Wn

�9HiOGJ�D	P�� q N*]2OGN	M;DGHK_�BRDGN^BZT3J,DG_�j%N*Ma}OGN	�mSIN6BYD�N6x�N^BmD*��d3N6]6DGHK_�BX×3nK¼��2n
k�FWN^B-M�L%_�LIS q M�O!BWN6QJ�J�DG_�O�URHKJbSWLwTIM�DGN	T�P�HKDb[tM^U�j%NM�J�J�HK��BIN	T\M
BIN2Qz� q N*BIM�[\N�n9��FIN`M�jWJ�N^BI]6N*_�awLZM;J�D�M;]^]^N^J�JbFIHKJ�DG_;O�U-[tM�r�N^J9DGFIN
D�M�J�rE_;a>L3OGN6a�N2DG]2FWH�BW�~_;O�LWOGN6N^[\LWDGHKx�N q UVLISIJ�FWHKBI�t_�S3D�BIN6Q q U�]6OGN2p
M;DGN^T�]^_�BYDGN6BYD�]�FZM qKq N6BI��HKBW�Wn~g q N^x�N6O�DGN6]2FWBIH��mSIN^J^P<J�SI]�FlM;J�SIJ�HKBI�
DGFINtM;]^]^N^J�J�FIHKJ�DG_;O�U�_;a*DGFIN\J�SWO�OG_�SIBITWHKBI�~LZM���N^J�jZM�J�N^T�_�B�k�N^j
q HKBIr�M���N�J�D�OGSW]6DGSWOGN�DG_R[tM�r�N#LWOGN	T3H�]2DGH�_�BIJ^PW[tM^U~j%N#BIN^N	T3N	T�n

d3N6]^_�BIT�PYDGFIN�FIHK��F�a}OGN	�mSIN6BI]6Ut_;a,� q N�[\_YT3Hi�Z]	M�DGH�_�BVM;BZT~M�]^]^N6J�J�N^J
DG_s[\_YT3HK�IN	T�� q N^J�J�SI����N^J�DGJ�DGFZM�DRL3OGN6a�N2DG]2FWH�BW�s_�O�LWSIJ�FIHKBW�VJ�SI]�F
� q N^J`Q�_�S q TEj%N�x�N6O�UsSWJ�N6a�S q n�cV_�OGN6_;x�N6O	PwJ�HKBI]^N�DGFIN�L%_�LWS q M;O#_�j3p
¯�N6]6DGJ#J�D�M^UEL%_�LIS q M�O�a}_�O�MXOGN q M�DGH�x�N q U q _�BI�tL%N6OGHK_YTE_�a�DGHK[\Nt��d3N^]2p
DGHK_�B�ØYn £YnK¼	�2P,HiD�[tM;r�N^J#J�N6BIJ�NRDG_�LWOGN2a�N6DG]�Fu�4_�O�LWSIJ�F%�LWOGN^xYHK_�SWJ q U
L%_�LWS q M;O� q N6JDGFIM;DFIM�x�N�SIBZT3N6OG��_�BIN�[\_YT3Hi�Z]	M�DGH�_�B<n

Ä,M;J�D q UmPZDGFINRTW_�[tM�HKBE[\N^[Xj%N2OGJ�FIHKLV_;a!] q HKN^BmDGJ�HKJ�_�abJ�HK��BIHi�I]	M�BW]^N�n
g q HKN^BmDGJVj%N q _�BW��HKBI��DG_�DGFINEJGM;[\N�TW_�[tM;HKB�M;OGN�[\_�OGN q HKr�N q U�DG_
J�FZM�OGN�OGN^�YSWN^J�DGJ�DGFIM�BE] q HKN^BmDGJ�LWH�]�r�N	TEM�D#O�M;BZTW_�[¥��dYN^]6DGHK_�B�Ømn ´��2n
Ð#BuDGFIN�_�DGFIN2OtFZM�BIT�PbDGFIN�J�D�M�jWH q HiD U{_;a�HKBmDGN6OGN^J�D\�;OG_�SILWJ\HKJ\BI_�D
x�N6O�UsFIHK��F{��d3N^]2DGH�_�BlØmn £Yn £��2P,J�_~HiD�[tM^UEj%NR]2FIM qKq N^BI��H�BW�~DG_�FZM	x�N
J�N6OGx�N2OtLISIJ�FzTW_m]6SI[\N^BmDGJ-T3HKJ�]6OGHK[\H�BIM;DGHKx�N q U�DG_�DGFINV] q HKN^BmDGJ^n�A B
a�S3DGSWOGN�Q>_�OGr%PWQ>N�L q M�B~DG_XHKBYx�N^J�DGHK��M�DGN�DGFWHKJ*H�J�J�SWN�a�SWO�DGFWN6O	n

6.2.3 Implicationsfor WebCaching��FINbHK[\L q HK]	M;DGHK_�BIJ9_;aI_�SWO,�IBZT3H�BW��Jwa�_;O9klN^j�]^M�]�FIHKBI��M;OGN�D Q>_�a�_ q T�n

Ð#BEDGFIN�L%_�J�HiDGHKx�NRJ�H�T3N�P%Q�N��ZBITVDGFIN�M�]^]6N^J�J�N^J�J�N^N^B�jmUVDGFWN�k�N^j
J�N6OGx�N2OtM;OGN�[\_�OGN�]^_�BW]^N^BmD�O�M;DGN^TuDG_�M�J�[tM qKq J�N6D\_;a�T3_m]^SI[\N^BmDGJ
DGFZM;BRDGFWN�LWOGN^xYHK_�SWJ�LWOG_	|YUYpCjIM�J�N	T�J�DGSZT3HKN^J^P�QHiDGF\M`FIHK��FWN6Ob�l��d3N^]2p
DGHK_�B�Ømn ×��2nb��FIHKJ>HK[\L q HKN^Jb]	M;]2FWH�BW�\�4_�ObOGN^L q HK]	M�DGH�BW�m�bM�J�[tM qKq BYSI[-p
j%N6O�_;aIL%_�LIS q M�O�TW_m]6SI[\N^BmDGJ�[tM	U#L%_�DGN^BmDGH�M qKq U�OGN	T3SI]^NbJ�N6OGx�N6O q _�M�T
M�BITZ��_�OklN^j�D�O�M;�\]�J�HK��BIHi�Z]	M;BmD q Umn

Ð#B�DGFIN�BWN^��M�DGHKx�N!J�H�T3N�P�HiD�M�LWL%N	M;OGJwDGFZM�D<�WOGJ�D�p�DGH�[\N�[\HKJ�J�N^J^P�DGFW_�SI��F
M�J!FIHK��FtM;J!×�Ò�ßë_�awDGFINM qKq M�]^]6N^J�J�N^J�¢ £�Þ�¤�PmQ>_�S q T-j%NFZM�O�TXDG_�]^SWD
TW_	QBEJ�HK��BWHi�Z]	M;BYD q Umn���FIHKJ�H�J�j%N^]	M;SIJ�N�[\_�J�D`�IOGJ�D�p�DGHK[\N�M�]^]^N6J�J�N^J
DGN^BITtDG_�j%N�DG_�_ q TVM;BZTtSIBWL%_�LIS q M;O*T3_m]^SI[\N6BYDGJ���d3N^]2DGH�_�BEØmn�¼�n £��2P
J�_\HiD`H�Jx�N2O�U~FIM;O�T~DG_-M�]^]^S3O�M;DGN q U~LWOGN	T3HK]6D`J�SI]�FEM�]^]6N^J�J�N^J^n�®�_	Q*p
N^x�N2O	PmLWOGN6a}N6DG]�FIHKBI��_;O>LWSIJ�FIHKBW��[\_YTWHi�ZN	TR_�jY¯�N^]6DGJbDG_�SIJ�N6OGJbHKJ!J�DGH qKq



j%N6BIN6�I]^H�M q TWSWN�DG_uDGFIN�FIHK��F�a�OGN	�mSIN^BW]6U�_;aX[\_YT3HK�I]	M;DGHK_�B�O�M�DGN
M;BZT�M;]^]^N^J�JtO�M;DGN�në��FIN2OGN6a�_;OGN�PQ�NEj%N q HKN^x�N�TWN6J�H���BIHKBI��N2�\]^HKN^BmD
]^M�]�FIN�]^_�BWJ�HKJ�DGN^BI]6U�M q ��_;OGHiDGFI[\J^P#M�BZTz[tM�rYHKBI�l[\_;OGN��4FIHiDGFIN6O�DG_
SWBI]	M;]2FIM�j q N	�t_�j3¯ N^]6DGJV]^M�]�FZM�j q N�M�OGN�DCQ�_�[tM	¯�_�OsTWHiOGN^]6DGHK_�BIJ~DG_
HK[\L3OG_;x�NsDGFIN�N6�\]^HKN^BW]6U�_;a�k�N^j�]	M;]2FWH�BW�Wnú©`N^L q HK]	M;DGHK_�BÏT3_�BWN
SWBZT3N6ObJ�N6OGx�N6O!]^_�BmD�OG_ q [tM^U�j%NM�x3H�M;j q NJ�_ q SWDGHK_�B\DG_�j%_;DGF-HKJ�J�SIN^J^n

7. ONGOING AND FUTURE WORKk�N�M;OGN�L3OGN^J�N^BmD q U~M�BZM q UWy6H�BW�\M q M;OG��N6O�]^_�BmDGN^BmD q _��-J�N2D	PIHKBYx�N^J�DGHip
��M;DGHKBI�Vj%N6D�DGN6O�FIN6SWOGHKJ�DGHK]^J�a�_�O�H�TWN6BYDGHia�UWHKBW�V] q HKN^BmDRTW_�[tM;HKBIJ^P,M�BZT
N2|IM;[\HKBIHKBI��QFYUtDGFWN�J�D�M�jWH q HiD U~HKBsHKBmDGN6OGN^J�D��OG_�SILsHKJ q _	Q�n!ACB~DGFWN
q _�BI��N2O�DGN2OG[sP>Q�NEL q M�BzDG_�J�DGSZT3U{TWM;D�M�J�N6DGJ\a}OG_�[õ_;DGFIN6O q M;OG��N
J�N2OGx�N6O�J�HiDGN^J�DG_t]^_�BW�WOG[é_;O#OGN6a}SWDGNRDGFWN��IBZT3H�BW��JOGN^L%_�O�DGN^T�FWN6OGN�n
k�NlM q J�_zL q M�BhDG_�T3N^x�N q _�LÏN6�-]^HKN^BmDE]	M�]�FIN�]^_�BWJ�HKJ�DGN^BI]6UÏM q ��_�p
OGHiDGFW[\J>jZM;J�N	Tt_�BtDGFIN`H�BWJ�HK��FmDGJ>Q�N#FZM	x�N`��M�HKBWN	Tta�OG_�[Ó_�SWO>Q�_�OGr%n

8. ACKNOWLEDGMENTSK�M�J�_�Blf>N^BZT3N6O�M;BZT�A�M�B�csM;O�OGHK_;D�DR[tM�TWN�DGFIN�D�O�M�]^N\TWM;D�M~M�x�M�H q p
M;j q NRDG_�SIJ#M�BITEQ>N6OGN-x�N2O�UsLZM�DGHKN^BmD#QHiDGF�_�SWO#[tM�BmUE�mSIN6J�DGH�_�BIJ^n
î�OGHK]2F�e�M;F3SW[é_;vwN6OGN	T�J�N^x�N6O�M q x�M q SIM�j q NRJ�SI����N^J�DGHK_�BWJR_�B�OGN^xYHKJ�p
HKBW�lDGFIHKJtLZM�L%N2OsM;JVT3H�T{DGFIN�M�BW_�BmU3[\_�SWJ�d3A�Û�g*Ð�cEcÜOGN^xYHKN6Q*p
N2OGJ^nXþ�HKN^[-pC¨�FI_�BW�tí!_�LWOG_�xYH�TWN	T�SIJ#QHiDGF�M~jWH�BIM;O�U�N6|3N^]6SWD�M�j q N
_;a#DGFWN�Ô;ÊmÁ6± À�°VL3OG_��;O�M�[sn{��M�[\_�Bzg>_ q N�P`dYSIJGM�Bu��SW[tM�HKJ^P!e#HK]6p
]6_ q N�Û#_ q T3N^B<PIg>FWOGHKJ�®#M�J q M�[sPWî�OGHK]#®#_;OGxYHKDGy�P3M�BZT~Û#N^_;vEí!_mN q r�N6O
FWN q L%N	T\SIJ!H�B\x�M;OGHK_�SIJ>Q�M	U3J^n9k�N`Q>_�S q T q HKr�NDG_�DGFIM�BWrRDGFIN6[ÓM qKq n

9. REFERENCES¢K¼2¤�FmD�DGL<� ���	Q*Q*Q�n M�j%]^BWN6QJ^n ]^_�[sn
¢ £	¤�íRnI« q [\N^H�TWM3PW«�nIf>N^J�D�M	xmOG_�J^P%c�n%g!OG_�x�N qKq M3PZM�BITs«�n

Ð q HKx�N^HiO�M3n%g>FZM;O�M;]6DGN6OGHKy^HKBI�\©`N6a}N6OGN^BI]6N�Ä<_m]	M q HiDCUsHKBVDGFIN
k�k�kÎnIACB.Ý�Ì�¾	½�ø�¾�Ë¬Ý>ò¶Þ]ß�à áZâ�PW�#N^]^N^[Rj%N6O�¼	ä�ä�Ý3n

¢ ´�¤�c�nI�>nZ«O q HiD�D�M�BITsg�nZÄbn3k�H q�q H�M�[\J�_�B<nWklN^jsd3N6OGx�N2O
kl_;OGr q _�M�TEg>FIM;O�M;]6DGN6OGHKy	M;DGHK_�B<�*��FWN�d3N	M�OG]2F�a�_;O
A BYx�M;OGH�M�BmDGJ^n3A BkÝ*Ì�¾	½�øb¾ Ë'ß�Þ�ã·äbå¤æ-ç¬Þ  ß�à áZâ;PIcsM^U�¼	ä�ä�Ý3n

¢ ×;¤�®RnIf�M q M;rmOGH�J�FWBZM;B<PZí�n3eRnI¨�M�TW[tM;BZM;jIFZM;B<PIdwnIdYN^J�FZM;B<PZc�n
dYDGN6[\[sP3M�BZT�©�nW®Rn3þ�M�DGy�nZ�g�¨�f>N^FZM	xYHK_�O`_�abMXf>SIJ�U
klN6jEd3N2OGx�N6O	�b«�BIM q U3J�HKJ�M;BZT�A [\LWOG_�x�N6[\N^BmDGJ^nmA BkÝ*Ì�¾	½�ø
Þ�¿	Ë6¾	½�¾;ã§è�á á�é�P%csM;OG]�F�¼	ä�ä�»Yn

¢ Ø	¤�ÄbnIf!OGN^J q M;S<P%¨9nZg�M�_3P%ÄbnI�ZM;B<PZÛRnZ¨�FIH qKq H�LWJ^P%M;BZTEd%n
d3FWN^BIr�N6O	nYklN^jsg�M�]�FIHKBI�\M;BZTE�%HKLWa�p q HKr�N��#H�J�D�OGHKjWSWDGHK_�BWJ^�
î�x3H�T3N^BI]^N�M;BZT�A [\L q HK]	M�DGH�_�BIJ^nWA BkÝ*Ì�¾	½�øb¾�Ë
Þëêóñ  ñ·äbä^à á á�PIcsM�OG]2F�¼^ä�ä�ä3n

¢ Ý�¤�î*n%g>_�FIN^B�P%f�nWþ�OGHKJ�FIBZM;[XS3O�DGFYUmPmM�BZToKWnZ©`N6|Ya�_;O�T�n
A [\L3OG_�x3HKBW�Xî�BZTYp�DG_;pCîbBITV¨9N6O�a}_�OG[tM�BW]^N�_�a,DGFIN#k�N^j
o#J�HKBW�td3N6OGx�N6Oí!_ q SI[\N^JM;BZTV¨�OG_	|YUV�9H q DGN6OGJ^nIA B.Ý�Ì�¾	½�ø
ßHÞ�ã  ñ·äkä^à á:é�PId3N^L3DGN^[Xj%N6O#¼	ä�ä�»3n

¢ Þ	¤�g�nwg>SWBIFIM3PW«�nIf>N^J�D�M	xmOG_�J^PZM�BZTVc�nwg!OG_�x�N qKq M3n
g>FZM�O�M�]6DGN2OGH�J�DGHK]^J�_�a�k�k�k ] q HKN^BmD�pCjIM�J�N	T�D�O�M�]^N^J^n
æwÁ�½�çY¿Wâ�½G°�±3çÁCï3¾�Ì�À¤æ-ç#ÉEá ì�Ézí è�í�î�ï�¾;Ã�À�¾;¿Nð�¿Iâ�Ô�Á2Ì�ÃGâ�À4÷�î
 ¾�ã�ïZìYÀCÁ2Ì8ßZ½6â�Á2¿%½�Á#òRÁCïZÀCøxî8ð>ßHñ#PZ«`LWOGH q ¼	ä�ä�ØYn

¢ »�¤�FmD�DGL<� ���	Q*Q*Q�n ]^BIB�n ]6_�[sn
¢ ä�¤��>nW��_�SW� q HKJ^P%«�nI�IN q T3[tM�B<PWf�nWþ�OGHKJ�FIBIM�[XS3O�DGFmUmPYM�BITbKWn%g�n

cV_���S q nZ©�M;DGN�_;abg>FZM;BI��NRM;BZTVÐ�DGFIN6O�cVN6D�OGHK]^J^�>«ÎÄ�HKx�N
dYDGSIT3Ut_;a�DGFIN#k�_�O q T�k�H�T3N�klN^j�nWACB.Ý�Ì�¾	½�øqð-ß�Þ:æ�ßÎà á�ò�P
��N^]6N^[Xj%N6O�¼^ä�ä�ÞYn

¢i¼^Ò;¤�f�nZc�nZ��SWJ�r�MYP3�Xn%csM�O�Q�_m_YTwP%M�BITEc�n�KWnZ�WN^N q N6UmnI��FIN
cVN	M;J�SWOGN	Ts«`]^]^N^J�J`_�a,kl_�O q T~k�H�T3N#klN6js¨�OG_�|YUVg�M�]�FIN6J^n
A BkÝ*Ì�¾	½�ø¤ð>ßHÞ:æ�ßÎà á�ò�PW��N^]^N^[Rj%N6O�¼	ä�ä�Þmn

¢i¼�¼6¤�ÄbnI�ZM;B<P�óRn�K�M�]^_�jIJ�_�B�Pw¨9n%g�M;_WPZM�BZTtknIÄ<HKB<n3klN^j
¨�OGN6a�N6DG]�FIHKBW�tf>N6D Q>N^N^BEÄ�_	Q*p f>M�BZTYQH�T3DGF�g q HKN^BmDGJ`M�BZT
¨�OG_�|3HKN^J^�!¨9_�DGN6BYDGH�M q M�BITV¨9N6O�a}_�OG[tM;BI]^N�nIA BkÝ*Ì�¾	½�øb¾�Ë
ßHÞ�ã�äbå'æ-çsÞ  ß�à á á�PIcsM^U�¼^ä�ä�ä3n

¢i¼�£	¤RdwnIÛ q M�J�J�[tM�B�n%«Îg�M�]�FIHKBI�\©`N q M^U�a}_�O`DGFIN#k�_�O q T�k�H�T3N
klN^j�nWACBEó!â�Ì�ÃGÀ�Þ�¿WÀCÁ2Ì2¿Z°�À4â�¾�¿Z°�±  ¾�¿^Ë	Á2ÌGÁ2¿Z½2ÁR¾�¿�À}çIÁ1ôV¾�Ì2±KÊ
ô~â�Ê�Á.ôsÁ^Ç6P%g�î�©`eRPZÛ#N^BIN^x�M3PZdYQHiDGy^N2O q M;BZTwP%csM^U�¼	ä�ä;×Wn

¢i¼	´�¤Rdwn3�XnZÛ�OGH�jWj q N�M�BITVî*n%«�nIfbOGN6Q�N6O	n%dYU3J�DGN^[·�#N^J�HK��B
A J�J�SIN6Ja}_�O`A BmDGN6OGBWN6D�cVH�TIT q N2Q*M;OGNRdYN6OGxYH�]6N^J^�b��N	TWSW]6DGHK_�BWJ
a}OG_�[/MXÄ,M;OG��NRg q HKN^BmD��<O�M;]^N�nZACB.Ý�Ì�¾	½�øqð-ß�Þ:æ�ßÎà á�ò�P
��N^]^N^[Rj%N6O�¼^ä�ä�Þmn

¢i¼^×;¤8KWn%Û�Q>N6O�DGy^[tM;B<PZc�n%dYN q DGy^N6O	nIk�_�O q T3p�k�H�T3N#klN^jsg�M�]�FIN
g>_�BIJ�HKJ�DGN^BW]6UmnWA B.Ý�Ì�¾	½�øqð>ß�å·ê¶Þzõöà áZâ;P�K�M�BYSZM�O�U�¼^ä�ä�Ý3n

¢i¼�Ø	¤8KWnI®�SIBmD	P3þ-nZ¨9n3íb_WPIM�BZTtknI��H�]�FmUmn3��N q D�M-« q ��_�OGHiDGFI[\J^�
«�Bsî�[\LIHiOGHK]	M q «`BZM q U3J�HKJ^nIACB1ñ  ä÷æIÌ�°�¿IÃ2°�½6À4â�¾;¿IÃR¾�¿
ß%¾�Ë2À0°!°�Ì�Áqå�¿YÂ�â�¿%Á�Á2Ì�â�¿mÂ~°�¿ZÊcä�Á2À}ç3¾	Ê�¾�±K¾GÂ�÷;P%í!_ q n%ÞmP<¼^ä�ä�»Yn

¢i¼	Ý�¤�knZÄ�N	�IN^jYxmOGN�M;BZT~þ-nZg!O�M�HK�3nZ©�M�LIH�T�©�N^x�N6OGJ�N���e�d
Ä<_m_�rYSWLIJ*a�_;O`k�N^jEdYN6OGx�N6OGJ^nWA BkÝ*Ì�¾	½�ø¤ð>ßHÞ:æ�ßÎà á á�P
Ð#]6DG_�j%N6O�¼^ä�ä�äYn

¢i¼�Þ	¤Rg�nZÄ�H�SsM�BZT~¨9n%g�M;_WnwcsM;HKBYD�M;HKBIHKBI��dmD�OG_�BI�\g�M�]�FIN
g>_�BIJ�HKJ�DGN^BW]6U~H�B~DGFIN#k�_�O q T3p�k�H�TWN�klN^j�nIACB.Ý�Ì�¾	½�ø
Þ  ò  ß�à á�ò�P3LIL�n�¼	£�p £Y¼�P�csM^U�¼	ä�ä�ÞYn

¢i¼	»�¤RcVH�]2OG_�J�_�a�D�g>_;OGL%_�O�M;DGHK_�B<n%FmD�DGL<� ����Q*Q*Q�n [\HK]6OG_�J�_;a}D	n ]^_�[sn
¢i¼	ä�¤8KWn%g�nZcV_���S q nZe�N6D Q>_�OGr~f>N^FIM�xYHK_�O`_;a�M-f>SWJ�U�k�N^jEdYN6OGx�N6O

M�BZT�HiDGJ#g q HKN^BmDGJ^n>çÁ2Ã6Á�°�Ì�½�çkçÁCï3¾�Ì�Àsá ì6ö�ì:î  ¾;ã#ï3° ø
ôEÁ2ÃGÀCÁ2Ì�¿1çÁ2Ã6ÁG°;Ì�½�çoù<°�Ç6PwÐ#]6DG_�j%N6O�¼	ä�ä�ØYn

¢ £�Ò�¤8KWn%g�n%cV_���S q P%�>nW��_�SW� q HKJ^P%«�nI�WN q TW[tM�B�PWM�BZTVf�n
þ�OGH�J�FWBZM;[XSWO�DGFmUmnY¨9_;DGN^BmDGH�M q f!N^BIN6�WDGJ*_�a���N q D�MXîbBW]^_YTWHKBI�
M�BZT���M;D�M-g>_�[\LWOGN6J�J�H�_�BVa�_;O#®#�*�*¨9nIACB.Ý�Ì�¾	½�ø
ßHÞ�ã  ñ·äbäúà á�ò�PId3N^L3DGN^[Xj%N2O�¼	ä�ä�ÞYn

¢ £Y¼2¤�FYD�DGL�� ����Q*Q*Q�n [\N	T3H�M�[\N6D�OGHi|wn ]^_�[sn
¢ £�£	¤�FYD�DGL�� ����Q*Q*Q�n [\J�BYj%]�n ]^_�[sn
¢ £�´�¤�eRn3e#HKJ�FIHKr�M^Q*M3PZ�#nI®�_�J�_�r�M^Q*MYP�ûRn%cV_;OGH�PIþ-n�û>_�J�FIH�TIM;j<P

M�BZT�®RnI��J�S�¯ H�MYnwcVN^[\_;O�UYpCjIM�J�N	T~«`OG]�FIHiDGN^]6DGS3OGN#a�_;O
��HKJ�D�OGH�jWSWDGN	Ttk�k�k g�M;]2FWHKBI�t¨�OG_�|YUmn3A B%ò�À}ç<ôXô9ô
 ¾�¿	Ë	Á2Ì�Á2¿%½�Á2P%«`LWOGH q ¼	ä�ä�»3n

¢ £;×;¤�íRn3eRnI¨�M�T3[tM�BZM;jIFIM�BsM;BZToKWn%g�n%cV_���S q nZo�J�H�BW�
¨�OGN	T3HK]6DGHKx�N�¨�OGN2a�N6DG]�FIHKBI�RDG_-A [\L3OG_;x�N�kl_;O q T~k�H�TWN#k�N^j
Ä,M;DGN6BI]6Umn�ñ  äößHÞ�ã  ñ�äkä  ¾�ã#ïZìYÀCÁ2Ì
 ¾�ãXãRì3¿Wâ�½G°�À4â�¾�¿kçÁ2Ô	â�Á7°�P�K�S q U�¼^ä�ä�Ý3n

¢ £�Ø	¤�íRn3eRnI¨�M�T3[tM�BZM;jIFIM�BsM;BZT~Äbn�ó#H�S�nb����FINRg>_�BYDGN6BYD`M;BZT
«�]^]^N6J�J`��UWBIM�[\HK]^J*_;a�M-f>SWJ�U~k�N^jEdYN6OGx�N6O	���9HKBITWHKBI��J
M�BZT�A [\L q HK]	M�DGHK_�BIJ��3n>ä�â4½6Ì�¾�Ã2¾�Ë2À5ç`Á2Ã6Á�°�Ì�½�ç9æwÁ�½�çY¿Iâ4½�°�±
ç`ÁCï3¾�Ì�À·ä1ß�ç#É7æ-ç#ÉÓüHí í í�ÉEè:ý�P%�IN^jWOGSIM;O�UV£�Ò�Ò�ÒYn

¢ £�Ý�¤8KWnZ�<_�SI]�F<nI��FIN�Ä,dW«#c²¨�OG_	|YUVg�M�]�FIN�p!M\cVS q DGHK]	M�J�D
��HKJ�D�OGH�jWSWDGN	T�í#HiO�DGSZM q g�M;]2FWN�n

¢ £�Þ	¤�«�n3í>M;FZTWM;D	PZc�nI��M;F q HKB<PI�#nZ«`BZT3N6OGJ�_�B�PZM;BZTV«�n
«�����M;O�Q�M q Pw«�]2DGH�x�N�e�M;[\N^J^�b� q N6|3H�j q N�Ä<_m]	M�DGH�_�B�M�BIT
�<O�M�BWJ�L%_�O�D`_�a�k�H�T3N6pC«`OGN	M�©�N^J�_�SWOG]^N6J^nZA BkÝ*Ì�¾	½�ø¤ð>ßHÞ:æ�ß
à á á�PZÐ#]6DG_�j%N2O�¼	ä�ä�ä3n

¢ £�»�¤RÛRn%c�nWí!_mN q r�N6O	nZ¨9N2OGJ�_�BZM q g>_�[\[XSIBWHK]	M;DGHK_�B�PW�IN^jE£;Ò�Ò�Ò3n
¢ £�ä�¤�«�nYkl_ q [tM;B<PZÛRn%c�nWíb_mN q r�N6O	PWeRnId3FIM;OG[tM3P3e�n%g�M�O�T3Q�N q�q P

c�nIfbOG_�QB�PW�#nIÄ<M�BIT3O�M^UmPY�Xn3¨�H�BWBIN q PW«�n�þ�M;O q HKB<PW®RnYÄ�N^xmUmn
Ð�OG��M�BWHKy	M;DGHK_�B3p�jZM�J�N^TE«�BZM q UWJ�HKJ_�a,klN^j3p�Ð#jY¯�N6]6D�d3FIM;OGHKBI�
M�BZTVg�M�]�FIHKBI�3nZACB.Ý�Ì�¾	½�øqð-ß�Þ:æ�ßÎà á á�PZÐ#]6DG_�j%N2O�¼^ä�ä�ä3n

¢ ´�Ò�¤�«�nYkl_ q [tM;B<PZÛRn%c�nWíb_mN q r�N6O	PWeRnId3FIM;OG[tM3P3e�n%g�M�O�T3Q�N q�q P
c�nIfbOG_�QB�PW�#nIÄ<M�BIT3O�M^UmPY�Xn3¨�H�BWBIN q PW«�n�þ�M;O q HKB<PW®RnYÄ�N^xmUmn
Ð#B~DGFIN�d3]	M q N�M;BZTs¨9N2O�a�_�OG[tM;BI]^N�_;abg>_m_�L%N2O�M;DGHKx�N�klN^j
¨�OG_	|YUVg�M�]�FIHKBI�3nZA BkÝ*Ì�¾	½�øBß<ñ�ß�Ý�à á á�PW��N^]^N6[Xj%N6O�¼^ä�ä�äYn

¢ ´3¼2¤�®Rn�û>S�PWÄbnIf!OGN^J q M�S�P%M�BITEdwnIdYFIN^BWr�N6O	nW«dY]	M q M�j q N�k�N^j
g�M�]�FIN�g>_�BWJ�HKJ�DGN^BI]6Us«`OG]�FIHiDGN^]6DGS3OGN�n3A BkÝ*Ì�¾	½�øb¾�Ë
ßHÞ�ã  ñ·äbä^à á á�PIdYN^LWDGN^[Rj%N6O�¼^ä�ä�äYn


