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1. INTRODUCTIONª HPIBG ] R1IBKLE ] < ] G$AYW ] R1CSR$M$< ] <DCJIaKLOcw3<DVLVSR1Es��CFGlw,VL<ldTM\<ldNR$OhR$CK ] ^fG1AYIUR$CJI,IBGJG\V«>@G$A�R�>yR1OjI�dP<?op<DVLG\^ ] <DCJI,G$>aVmR1ABM$<�AB<?VmKmR1ZFVL<�OYG1>@IYuw�R1AB<\_a�{IqIBHPABCPO�G\HTIqIBbSR1IqIBbP<�MpReABZSR1M\<�EDG$VmVL<DEsIBKmG$C*^PABGJED<?OYOcbFR$OcR$C
K ] ^fG1AYIUR$CJI,K ] ^SR$EsI,G\C�IBbP<�Geop<?AUR1VmV�ABHFCJIBK ] <2^f<?AY>@G$A ] R1CFED<\_h`�bP<R ] G\HPC�IgG$>PIBK ] <hKXI�IUR$�p<?OgIBG2bFR$CSdTVL<�R$VLVLGJElReIBKmG$C*R$CFd�AB<?EDVmR ] R1IBKLG$CG1> ] < ] G1AYW�OY^FR$ED<DO ] RDW�AB<DR$EUbR$O2bFKLM\b�R$O�¬$�p®G1>3IBbF<�Geop<?AUR$VLVABHPCFCPKmCPMQIBK ] <�>rG1AaAB<lR$VLKLOjIBKLEQZf<DCPEsb ] R1AB��OD_g`�bTHPOD©JR2E?Vm<?op<?AhdP<DOYKLM$CG1>�<?~*EDKL<DCJI ] < ] G$AYW ] R$CFR$M\< ] <DCJI3R1CSd�M\R1ABZSR1M\<QEDG\VLVL<DE?IBG1A�KLO�R$CK ] ^fG1AYIUR$CJI,M\G\R$VgKLC"IBG�dPRDW�� O�IB<DEUbFCPG\VLG\M1WJ_

9 �"KmEsABG\OYG$>¯I�°3G$AB^fG1AUR1IBKLG\C�_[�"G\OjI�G1>hIBbPKLOQw�G1AB�"w�R1O�dPG$CF<�w,bFKLVL<IBbP<=R$HPIBbPG$Ahw�R$O3R1IhIBbF<,±�<D^TIl_qG$>�°3G ] ^PHPIB<?A3�TE?Km<?CFED<\©T`«<DEsbPCFKLG\Cu3�|OjAUR1<DV��|CPOjIBKXIBHPIB<�G$>h`g<?EsbPCFG\VLG$M$WJ©f�2R$KX>yRN¬p�1�\�$�T©��|OjAUR1<DVy_=² ] R1KmVy³WTVL<Do$R$CPG\Cf´ ] KLE?ABG$OYG$>¯Il_ E?G ] _
: ±�<D^PIl_ G1>µ°3G ] ^FHPIB<sA¶�TE?Km<?CFED<\©·`g<DEUbFCFKLG$C4uµ�zOjAUR$<DV��|CTuOjIBKXIBHTIB<�G$>�`g<DEUbFCPG\VLG\M1WJ©/�2R$KX>yR¸¬\�$�\�$�T©¹�zOjAUR$<DVy_ ² ] R1KmVy³<sAB<Dke´2EDOD_ IB<DEUbFCPKmG$C«_ R$E$_ KLVy_t`�bFKLO2AB<DOY<lReABEsb�w�R1O�OYHF^P^fG$AYIB<ld7ZJW"IBbP<°3G$VL< ] R$Cº°3G\bP<DC ª ElR\dT< ] KLE"»�<DE?IBHPABOYbPKL^½¼PHFCSd	©cZ�W�IBbF<�`g<DEUbPuCPKLG\C*��_ ��_ ;[_p¼FHFCFd[u���IB<DKLCP<?A3;=<DOY<lReABEsb�¼FHFCFd�©JR1CSdtZJW[IBbF<,¼FHPCSd>@G$A=IBbF<��qABG ] G1IBKLG\C�G1>a;Q<DOY<DR1ABEUb�R1I,IBbP<�`g<DEUbFCPKmG$C«_

1.1 Automatic memory management on a mul-
tiprocessor�|C[IBbFKLOqw�G1AB�	©\w�<�EDG$CFED<DCJIYAUReIB<�G\C�M\R1ABZSR1M\<=EDG\VLVL<DE?IBKLG$C�>rG$A ] HPVXIBKLu^PABGJE?<DOYOYG$A ] R$EUbFKLCF<DOD_3�"HPVLIBKL^TABGJED<DOYOYG$A2^FVmR1IY>@G$A ] O,bSRlop<�Zf<?EDG ] <iJHFKXIB<*OjIUR$CFdFReAUd�>rG$AtOY<?ABop<?A ] R1EsbPKmCP<DO[R$CFd�R1AB<-R$VLOYG�Zf<DM\KLCPCFKLCFMIBG7MpR1KLC¾^fG$^FHPV¯ReABKXI|W�R$OtbPKLM\b^f<?AY>@G$A ] R1CFED<-dP<?OY��IBG$^ ] R$EUbFKLCF<?OD_��R$CJW¿w�<DVLV[OjIBHSdTKm<DdÀMpReABZSR$M$<�EDG\VLVL<DE?IBKLG\CµR1VLM\G$ABKXIBb ] OvReAB<�CFG$IOYHFKXIUR1ZFVL<2>rG1A,R ] HFVXIBKL^PABGJE?<DOYOYG$Al_c�|CN^FR1AYIBKLEDHFVmReAl© ] R1CJW*EDG\VLVL<DE?IBG1ABOx ª ] G$CFM�IBbP< ] IBbF<�EDG$VmVL<DEsIBG$A7OYHP^F^FVLKL<ldºw,KXIBb¿�pRlo\R1OYG$>¯Il� O��pRlo\R�2KXAYIBHFR$V3��R$EUbFKLCF<e}�ABHFC�G\C�R"OYKLCPM\VL<-IBbTAB<lR\dvR1>¯IB<?A*R1VmVh^PABG$M$AUR ]IBbPAB<DR\dPO2bSRlop<�R$VLVqZf<D<DC�OjIBG\^P^f<ld�xrIBbF<[OYG$u{ElR1VmVL<ld�ÁBÂ{ÃsÄfÅÆÂ@ÇFÈ?Å{ÉhÃ$ÊsËLÌ

EDG$CFED<D^TIs}s_a`�bFKLOcElR$HPOY<DOcZSR\d�^PABGJED<DOYOYG1A�HTIBKmVLKLklReIBKmG$C«©TR1CSdtbPKmCFdP<?ABO
OYElR1V¯R1ZFKLVLKXI|WJ_
�|C�G$AUdT<?A�IBG ] R$�\<2Zf<?IYIB<?A,HPOY<�G$>aR ] HFVXIBKL^PABGJE?<DOYOYG$Al©PEDG\CPEDHPAYAB<?C�IEDG$VmVL<DEsIBG$ABO*bSRlop<-Zf<D<DC�^TAB<DOY<DCJIB<ld�R$CFd�OjIBHSdPKL<ldÍxyOY<D<N>rG1A*<?�PR ] u^FVL<\©3Î ��©q¬\��©a¬$ÏT©h�lÏT©q��©h�e��©3�l¬T©qÐ�©h�l�T©q¬\�T©h�eÐlÑr}s_ ª EDG\CPEDHPAYAB<?C�I
EDG$VmVL<DEsIBG$A�KLOQR�EDG\VLVL<DE?IBG1A2IBbSReI�dTGJ<DO ] G\OjI=G$>cKXIBOQE?G\VLVL<DE?IBKLG\C7w�G1AB�EDG$CFEDHTAYAB<DCJIBVLW�w,KXIBb½IBbP<�^PABG$M$AUR ] w,KLIBbPG\HTI�OjIBG$^F^PKmCPMvIBbP<�^PABG1uM$AUR ] IBbTAB<lR\dTOD_µ�"G$OjI�G$>�IBbP<7EDG\CPEDHPAYAB<DCJI-EDG$VmVL<DEsIBG$ABO�CP<D<ld½IBGOjIBG\^¾R1VmV�^TABG\M1AUR ] IBbTAB<lR\dTO�ReI�OYG ] <-^fG\KLCJI*dTHPABKLCFM7IBbP<�EDG$VLVm<?E?uIBKLG\C�©JKLC*G$AUdP<sAcIBG�KLCPKLIBKmReIB<2R1CSdSÒeG$Ac�SCPKmOYb�IBbF<�EDG$VmVL<DEsIBKmG$C«©�ZPHPIaIBbF<
IBK ] <2IBbF< ] HPIUReIBG$ABO ] HFOjI,Zf<�KLC7RtbFR$VXI=KLO=OYbPG$AYIl_
��IBG$^F^PKmCPM�R$VLV3IBbP<NIBbTAB<lR\dTO�>@G$AtIBbP<NEDG\VLVL<DE?IBKLG\C¾KLO�R1C�<?�T^f<DCFOYKLop<
G\^f<sAUR1IBKLG\C�Z�W�KLIBOY<?VL>z_3�QOYHSR1VmVXWJ©JIBbP<2^PABG$M$AUR ] IBbPAB<lR$dPO�EDR$CFCPG$I,Zf<OjIBG\^P^f<ld�R1ItR$CJW^fG$KLC�Il_v;QR1IBbF<sAl©qIBbF<?W�OYbFG\HPVmdZf<�OjIBG$^F^f<ld�ReI
ÁsÓjÔlÈ�ÄTÃ$ÕrÖPÂyÁ�ReI�w,bFKLEsb�IBbF<�E?G\VLVL<DE?IBG$A�ElR1C�OBR1>@<DVXWdT<?IB<?A ] KLCF<[IBbF<AB<lR1EsbFR$ZFKLVLKXI|W�M1AUR$^Pb�R$CSd�^TABG\^f<?ABVXWQAB<DEDVmR$K ] HPCPAB<lR1EsbFR$ZPVm<aG$ZT×|<DE?IBOD_`�b�HFOD©�<DR$EUbºIBbPAB<lR$d ] HFOjI�w�R$KXI-HFCJIBKLV,IBbP<7VmR$OjI-G$>�R1VLVQIBbPAB<DR\dPOEDGJG$^f<?AUR1IB<=R$CFd�EDG ] <hIBG�R=bSR1VLIl_q`�bFKLOabFKLCSdT<?ABO�IBbF<�OYEDR$VmR$ZPKmVLKXI|WtG$>IBbF<hOjWTOjIB< ] ©pR1O�IBbF< ] G$AB<hIBbTAB<lR\dTO�IBbF<?AB<�R1AB<3IBbP< ] G$AB<3dP<DVmRDW�IBbF<OjWTOjIB< ] OYHPØ	<?ABOD_Q¼FHTAYIBbF<?A ] G1AB<\©SKX>aIBbF<�EDG$VmVL<DEsIBG$A�KLO2CPG$I=ABHFCFCPKLCFMKLC"^FR1AUR$VLVL<DVhxrw,bFKLEsb�KLO�HFOYHSR1VLVLW-IBbF<QElR$OY<l}s©PIBbP<DC�dTHPABKLCFM[IBbF<QIBK ] <IBbF<,^TABG\M$AUR ] IBbTAB<lR\dTO�ReAB<QOjIBG$^F^f<ld	©JG\CPVLWtG\CP<QG1>�IBbP<,^PABGJED<DOYOYG1ABOKLO,HPIBKLVLKmk?<ld�_
`�bF<sAB<?>rG1AB<\©�KXI3KLOcR\dTo\R1C�IUR1M\<DG$HFOaIBG�HFOY<�Ã$ÖFÅ{Â@ÇPÈ?Å Ù3Ú=EDG$VmVL<DEsIBG$ABO2ÎX�DÏT©
�l��©P�lÐeÑÆ_cÛ2CTu{IBbP<?uÆÜFWQEDG\VLVL<DE?IBG1ABOaCF<Dop<sAgOjIBG$^[IBbP<h^TABG\M$AUR ] IBbPAB<DR\dPOOYK ] HPVLIUR1CF<DG$HFOYVXWJ_Ý�zCFOjIB<lR$d�©3<lR$EUb½IBbTAB<lR\d¾EDGJG\^f<?AUReIB<DONw,KLIBb¾IBbF<EDG$VmVL<DEsIBG$A�ReI,KXIBOQGlw,C�^FR$ED<�IBbTABG\HFM$b�R ] <?EsbFR$CFKLO ] EDR$VLVL<ldxyOYG$>¯Is}bSR1CSdTOYbSR$�\<DOD_
n<hAB< ] R1AB��IBbFR1IaR1CFG$IBbP<?AcR$VXIB<?ABCFR1IBKLop<�>@G$AhR$C�R\dT<liJHSR1IB<3MpR1ABZFR$M$<EDG$VmVL<DEsIBKmG$C�G$CNR ] HPVLIBKL^TABGJED<DOYOYG$A3KLOhIBG�^f<?AY>@G$A ] IBbF<,EDG\VLVL<DE?IBKLG$C�KLC^SReAUR$VLVL<DV�xyOY<D<�>@G$AQ<?�PR ] ^PVm<tÎ �e�P©«�\�\©f�$Þ�©	�\�J©	�1�T©	�$ÐeÑÆ_cn<�dPGtCFG$I<?�T^FVLG1AB<�IBbFKLO=Reo\<DC�HF<2>@HPAYIBbF<sA,KmC�IBbFKLO�w�G1AB�	_

1.2 Reference counting on a multiprocessorß,ÈrÔlÈsÊBÈsÖSàsÈ�àBÃ$á�ÖFÂyÕ@Ö�â=KLOhR ] G\OjIcKLCJIBHFKXIBKLop< ] <?IBbFG�d[>rG$A�R$HTIBG ] R1IBKLEOjIBG$AUR1M\< ] R$CSR1M\< ] <?C�Il_ ª O«OYHPEsb�©eOjWPOjIB< ] O�HPOYKLCFM�AB<?>@<?AB<DCFE?<hEDG$HFCJIYu



KLCPMvw�<sAB<7K ] ^PVL< ] <DCJIB<ldOjIUR1AYIBKLCPM�>@ABG ] IBbF<�OYKX��IBKL<DO7xyE\_ >|_QÎX�l�eÑ{_ }`�bP< ] R1KmC�KmdT<lR�KLO[IBbSR1I�w�<��p<D<D^>@G$A*<lR1Esb�G$ZT×|<DE?INR7EDG$HFCJI�G1>IBbP<*C�H ] Zf<sA�G$>�AB<?>@<?AB<DCFE?<DO�IBbFR1I�AB<?>r<sAB<DCFED<*IBbP<-G$ZT×|<DE?Il_�nÍbF<DCIBbPKLO�C�H ] Zf<sA2Zf<DE?G ] <DO�k?<?ABG�>@G$A[R$C�G\Z�×j<?E?I���©«w3<t��CFGlw IBbFR1I��EDR$C�Zf<[AB<?EDVmR$K ] <ld�_ ª IQIBbFR1IQ^fG\KLCJIl©��*KLO�R\dPdP<ld"IBG*IBbP<[>¯AB<D<�VLKLOjIR1CSd*IBbF<QEDG\HPC�IB<sA�G$>�R$VLV«KXIBO�^TAB<ldP<?ED<DOYOYG$ABO�xyKy_ <\_L©PIBbP<2G$ZT×|<DE?IBO�IBbSReI
ReAB<tAB<?>@<?AB<DCFE?<ld�ZJW�IBbF<�G\Z�×j<DEsI��\}2ReAB<*dP<DEsAB< ] <DCJIB<ld�©�KLCFKXIBKmR1IBKLCPM^f<sABbSR$^PO ] G$AB<2AB<DE?V¯R ] R1IBKLG\CPOD_
;=<?>@<?AB<DCFE?<[E?G\HFCJIBKLCFMtOY<D< ] O=op<?AYW-^PABG ] KmOYKLCPM�IBGt>rHTIBHPAB<�MpReABZSR1M\<E?G\VLVL<DE?IB<ld�OjWPOjIB< ] OD_�²aOY^f<DEDKmR$VLVXW�w,KLIBb�IBbF<[OY^PAB<DR\d7G$>hIBbF<�Ï$�-ZFKXIReABEsbPKXIB<DE?IBHPAB<?O�R$CFd"IBbF<�KLCFEsAB<lR$OY<[KLC7HFOBR$M$<�G1>cop<?AYW�V¯ReABM\<[bF<lR1^FOD_
`�AUR$EDKLCFM�EDG$VLVm<?E?IBG$ABO ] HFOjI�IYAURlop<?ABOY<-R1VmV3VmKLop<NG$ZT×|<DE?IBOD©hR$CFdvIBb�HFOD©IBbP<"ZPKmM$M\<?A*IBbP<"HPOBR$M\<"G$>2IBbP<"bP<lR$^�xyKy_ <\_L©�IBbF<"R ] G\HPCJI�G$>2VLKmo\<G$ZT×|<DE?IBO=KLC�IBbF<2bF<lR1^f}s©�IBbF< ] G1AB<2w�G1AB�*IBbF<�EDG$VLVm<?E?IBG$A ] HPOjI�^f<?AYu>@G$A ] _=;=<?>r<?AB<?CFED<[EDG\HPCJIBKmCPM*KLO�dPKXØ	<?AB<?C�Il_=`�bP<tR ] G\HPC�I=G1>hw3G$AB�KLO�^TABG\^fG1AYIBKmG$CSR1VSIBG�IBbP<2R ] G\HPC�IhG$>	w3G$AB�NdPG$CF<,ZJWtIBbP<QHPOY<?A�^TABG$uM1AUR ] Zf<?Izw�<D<DCvEDG\VLVL<DE?IBKLG$CFO[^FVLHFO�IBbF<�R ] G\HPCJI�G$>�OY^FR$ED<�IBbFR1I�KLOR1E?IBHSR1VLVLW¾AB<DEDVmR1K ] <Dd�_Í�hHPI*KXI-dPGJ<?O-CPG$INdT<D^f<DCFd¾G$C½IBbF<�OY^SR1ED<E?G\CFOYH ] <ld�ZJW-VLKLop<�G\Z�×j<?E?IBOQKLC"IBbP<�bF<DR$^«_
`�bP<,OjIBHSdTW�R1CSdtHPOY<�G$>fAB<?>@<?AB<DCFE?<=E?G\HFCJIBKLCFM2G\C*R ] HFVXIBKL^PABGJED<?OYOYG$AbFR$OcCFG1IhZf<?<DC�<?��IB<DCPOYKmo\<�R$CFd�IBbFG1ABG\HFM$b*R$OaIBbF<�OjIBHFdTW[G$>	E?G\CFE?HPAYu
AB<?C�IhR1CSdt^FR1AUR$VLVL<DVFIYAUR1EDKLCFM�EDG$VLVm<?E?IBG$ABOD_h`�bF<�AB<DR$OYG\CNKLOqIBbSReIcAB<s>r<?AYu
<?CFED<hEDG\HPC�IBKLCPM=bFR$OqR,OY<D< ] KLCPM\VXW�KLCFbP<?AB<DCJI�^TABG\ZFVL< ] w,KXIBb�AB<?OY^f<DE?IIBGtEDG\CPEDHPAYAB<DCPE?W	³qIBbF<QHF^	dFReIB<�G$>gIBbF<2AB<?>@<?AB<DCPED<�EDG\HPCJIBO ] HFOjI�Zf<ReIBG ] KLE�OYKLCFED<�IBbP<?W�R1AB<�Zf<DKLCPM2HF^	dPR1IB<ld[ZJWtR1VLVP^TABG\M$AUR ] IBbPAB<lR$dPOD_¼PHPAYIBbF<sA ] G$AB<\©$w,bF<DCNHF^	dPR1IBKLCFM�R�^fG$KmCJIB<?Al©TR2IBbTAB<lR\d ] HFOjIc��CFGlwIBbP<�^PAB<?oTKLG$HFOqo$R$VLHF<hG$>SIBbP<�^fG\KLCJIB<?AYu{OYVLG$IaZf<DKLCFMQHF^	dPR1IB<ld	©\KLCtOY^PKXIB<
G1> ] R$CJW-OYHFEUb�w�ABKXIB<DO=GJEDEDHTABKmCPM*KLC�^SReAUR$VLVL<DVy_=ÛQIBbF<?AYw,KLOY<\©SRtEDG$CPu>@HFOYKLG\C�GJEDE?HPABO-KmCÝIBbP<7ZfGJG\���p<D<?^FKLCFMG1>�IBbF<�AB<?>@<?AB<DCFE?<vEDG$HFCJIBOD_
`�b�HPOD©fIBbF<[CSR$KLop<[OYG\VLHTIBKmG$C�AB<Di�HPKXAB<DO�R*VLGJEs�"G\C�R$CJW7HP^	dFR1IB<�G$^Pu
<sAUR1IBKLG\C�_h�"G$AB<=R\dTo\R1CFED<ld[OYG\VLHPIBKLG$CFOcbSRlop<�AB<DED<?C�IBVXW�AB<ldTHFED<ld[IBbFKLO
Geop<sABbF<lR$d7IBGNR*EDG ] ^SReAB<?uzR$CSd�u{Ojw�R$^7G$^f<?AUR1IBKLG$C«©fw,bFKLEUb�KmOQOjIBKLVmV�RIBK ] <�E?G\CFOYH ] KLCFM�w�ABKXIB<?u{ZFR1AYABKL<?Al_

1.3 This work�zC*IBbFKLOhw3G$AB�f©Jw�<=^PAB<DOY<?C�I�R[CP<?wÝG$CPuÆIBbF<su{ÜPW�AB<s>r<?AB<DCPED<2E?G\HFCJIBKLCFM
M\R1ABZFR$M\<�EDG$VLVm<?E?IBG$ANw,KXIBbº<?��IYAB< ] <?VLW��FCF<�OjWPCPEsbTABG\CPKmkDR1IBKLG\C�_Ý�|C^FR1AYIBKLEDHPV¯ReAl©aw�<-RlopG\Kmd�R$CJWvOjWTCFEUbPABG\CPKLklR1IBKLG\C�KLC�IBbP<*w�ABKLIB<NZFR1AYu
ABKL<?Al_Ín�<�^PABGJE?<D<ld¾w,KXIBbºR$CÝGeop<?ABo�KL<?w¶G$C½IBbF<"CFGeop<DV,KmdP<lR1ONKmC
G$HPA�R1VLM\G$ABKXIBb ] ©�w,KXIBb�w,bFKLEUb�w3<tEDG$HFVmd�G$ZPIUR1KmC�IBbFKLO2R\dPo$R$CJIUR1M\<\_ª dT<?IUR$KLVL<ld7^PAB<DE?KmOY<tdP<DOYEsABKm^TIBKLG\C�G$>cIBbF<DOY<[KmdP<lR1O�KLO2M$Kmo\<DC�KmC7IBbP<
AB<?OjIQG1>qIBbF<�^FR$^f<?Al_
Û2HTA�R1VLM\G$ABKXIBb ] ©2>rG$VLVmGlw,KLCFM½±�<DHTIBOYEsb�R1CSd��3G\ZTABGlw�� O��[ÈrÔlÈsÊUÊBÈYÌß,ÈrÔlÈsÊYÈsÖfàUÈ��cÃ$á�ÖPÂyÕrÖ�â�ÎX�D�1Ñ{©�dPGJ<DO�CPG$I��p<?<D^�R1EDEDG$HFCJI�G$>3EsbFR$CFM$<DO
IBG�VLGJElR$Vc^fG\KLCJIB<?ABO*xyKLCvOjIUR1Es��R1CSd7AB<DM\KLOjIB<?ABOU}�OYKLCFE?<��p<D<D^PKLCFMNIBbFKLO
R1EDEDG$HFCJI�KLO2IBGJG-<?�T^f<DCFOYKLop<\_��|CFOjIB<DR\d�©	KXI�G$CFVXW7�p<?<D^FO2R$EDEDG$HFCJI�G1>
^fG$KLC�IB<sABO2KLC7IBbF<�bF<lR1^�xy±�<DCFG1IB<ld�ÇFÈYÓsÄÊYÈrÔlÈsÊBÈsÖSàUÈNàBÃ$á�ÖPÂ¯}s_�Û2CFE?<
KLC�R,w,bPKLVm<Qxrw,bF<DC�M\R1ABZSR1M\<�E?G\VLVL<DE?IBKLG\C�KmO«AB<liJHFKXAB<ldS}s©eIBbP<hEDG$VLVm<?E?IBG$A
KLCPOY^f<DE?IBO[R$VLVcG\Z�×j<DE?IBO�w,KXIBbbP<lR$^�AB<?>r<?AB<?CFED<*EDG$HFCJI�kD<sABGP_-`�bFG$OY<
CPG$I�AB<s>r<?AB<DCPED<ld-Z�W*IBbP<QABGJG1IBO ] RlW�Zf<QAB<DEDVmR1K ] <Dd�_hÛ2HPA3�FABOjI�G$ZPuOY<sABo\ReIBKmG$CNKmOhIBbSR1I ] R$CJW ] G$AB<=HF^	dPR1IB<DOcG$>�IBbF<�AB<?>@<?AB<DCFE?<2EDG$HFCJIBOReAB<�AB<ldPHPCSdPR$CJI,R$CFd ] RDWNZf<�RlopG$K¯dT<ld�_h°3G$CFOYKmdP<sA2R�^fG\KLCJIB<?A,OYVLG$IIBbFR1Il©TZf<?Izw�<D<DCNI|w3GtM\R1ABZSR1M\<�E?G\VLVL<DE?IBKLG\CPOQKLO�R1OYOYKmM$CF<ld-IBbF<2o$R$VLHP<DO
�	��
����
����	
�������
��	�v>rG1AtG$ZT×|<DE?IBO�����
�������
�����KLC�IBbP<�bF<DR$^«_�`�bP<?AB<
ReAB<7���ÍHF^	dFReIB<DOtG1>QAB<s>r<?AB<DCPED<"E?G\HFCJIBO ] R\dP<N>rG1A�IBbF<?OY<"R1OYOYKmM$CPu
] <?C�IBOD³�;=°2x��	�e}zuQuB©a;=°2x���U}�����©a;=°2x���B}zu2uB©q;=°2x����l}�����©�������©;=°2x��	�S}�����_��2Glw�<Do\<?Al©FG$CFVXWNI|w3G*R1AB<2AB<Di�HPKXAB<ld�³a;=°2x��	�e}zuquhR$CSd
;=°2x��	�S}�����_��3HPKLV¯dTKLCFM�G\C�IBbPKLO[G$ZFOY<?ABo$R1IBKLG$C«©qw�<*CPG$IB<*IBbSReI[KmC
G1AUdP<?A�IBG�HF^	dFReIB<�R1VmVaAB<?>@<?AB<DCFE?<*EDG\HPC�IBO�G1>�R1VmVcG\Z�×j<?E?IBO�Zf<s>rG$AB<�R
M\R1ABZFR$M\<�EDG$VLVm<?E?IBKLG\C«©FKXIQKLO�<DCPG\HPM\b"IBG��TCPGlwÍw,bFKLEsb�^fG\KLCJIB<?A=OYVLG$IBO
bFRlop<7Zf<D<DC ] G�dPKX�S<ld¾Zf<?I|w3<D<DCºIBbP<7EDG\VLVL<DE?IBKLG$CFOD©QR$CFd½>rG1A"<lR1EsbOYHPEsb"OYVmG1Il©Fw3< ] HFOjI�Zf<�R1ZFVL<�IBGtIB<DVLV	w,bSR1IQKXIBO,o\R1VmHP<�KLC"IBbF<�^TAB<?u

o�KLG\HFO,M\R1ABZSR1M\<�EDG$VmVL<DEsIBKmG$C�w�R1OD©fR$CFd�w,bSReI=KLIBO,EDHTAYAB<DCJI,o\R1VLHF<�KLOD_
�|C7G$HPA�R$VLM\G1ABKLIBb ] ©	w�<[�p<D<D^�R*AB<DEDG1AUd�G1>�R1VLVq^fG\KLCJIB<?A�OYVLG$IBOQIBbSR1IbSRlop<�Zf<D<?C ] G�dTKX�S<ld	_=n�<tR1VLOYG��p<?<D^�IBbF< �|G$V¯d�!�o$R$VLHP<[IBbFR1IQ<?��uKLOjIB<ldKLC�IBbF<*OYVLG1ItZf<?>@G$AB<NKXI�w�R$O��FABOjI ] G�dTKL�F<ld�_-�{I ] RDW�OY<D< ]IBbSReI�w�<QbSRlop<2R[^TABG\ZFVL< ] IBGtG$ZPIUR$KLCNIBbFKLO�o$R$VLHF<QKLC"R�EDG\CPEDHPAYAB<?C�IOY<?IYIBKLCFMT©SR1CSdNKLCSdP<?<ld�©TOY^f<DEDKmR1V«ElReAB< ] HPOjI�Zf<�HPOY<ldNIBG ] R$�p<=OYHPAB<IBbSReIQIBbPKLO2o$R$VLHF<�KLO2^TABG\^f<?ABVXW�AB<DM$KLOjIB<?AB<ld�_Q�2Glw3<Dop<?Al©Sw3<tdTG*IBbSR1I
w,KXIBbFG$HPI[R$CJW�OjWTCFEUbPABG$CFKLklR1IBKLG$C�G\^f<sAUR1IBKLG\C�_*n<*dT<DCFG1IB<tIBbF<tR$VXu
M\G1ABKXIBb ] AB<DOYHPVXIBKmCPMt>@ABG ] IBbF<2dPKLOYEDHPOYOYKmG$C�OYG�>rR1AQR$O�Â@ÇPÈ�ÁBÖfÓUÄSÁjÇPÃ$ÂÓ\Ë âpÃ$ÊUÕrÂ@Ç�"�_�`�bP<�<?�PR1E?I�dT<?IUR$KLVLO�G$>cIBbF<[OYCSR1^FOYbPG$I�R1VLM\G$ABKXIBb ] R1AB<^PAB<?OY<DCJIB<ld�KLC���<DE?IBKLG\C7¬�Zf<DVLGew�_
�2<s�TIl©Pw�<�VLGJG\�"R1I=IBbF<�EDG\VLVL<DE?IBKLG$C�KXIBOY<DVX>z_=`�bF<�CSR1Kmo\<[K ] ^PVm< ] <DCPuIUR1IBKLG$C�G1>hIBbP<tR1ZfGeop<[R$^F^TABGpR1Esb�KLO2IBGNOjIBG\^�R$VLV�IBbP<�IBbTAB<lR\dTO�R1CSd
AB<lR$d¾IBbF<�o\R1VLHF<DO�E?HPAYAB<DCJIBVXW��p<D^TI�KLCºR1VLV ] G�dTKL�F<ld�OYVLG$IBOD_Í`�bPKLOIYAUR$CPOYVmR1IB<DO�IBG�IUR$��KLCFM�R[OYCSR1^FOYbFG1I,G$>«IBbF<2bP<lR$^�xyG$A,G$CFVXW-R�OYCFR$^Tu
OYbFG1I�G1>�IBbP<,KmCJIB<?AB<?OjIBKmCPM��S<DVmdTO3KLC�IBbF<,bF<DR$^f}s_a�THFEUb*R1CNR$^F^TABGpR1Esb
dPGJ<?O3CFG1I�R1VmVLGlwÝ>@HFVLVfEDG\CPEDHPAYAB<?CFE?WtG$>	IBbF<,EDG$VmVL<DEsIBG$A�xyKXI3KLOhCFG$I3G\CTu
IBbF<su{ÜPWF}s©JR$VXIBbPG\HFM$b*KXI�KLOhOYG$HFCFd�_q�zC*G$AUdP<sAhIBG ] R$�\<�IBbF<,EDG\VLVL<DE?IBG1AG\CTuÆIBbF<?uÆÜFWJ©cw�<�ZfG1AYABGew�KmdP<DR$ON>@ABG ] IBbP<"w�G1ABV¯d½G$>[dPKLOjIYABKLZFHTIB<ldEDG ] ^FHPIBKLCPMP_�nÍbF<?C¾IUR1�TKLCPMR�OYCSR$^POYbFG1INKmC½R�dTKLOjIYABKmZPHPIB<ld�<DCTuo�KXABG\C ] <?C�Il©,G$CF<�dPGJ<?O�CPG$I�OjIBG\^�R$VLV2IBbP<�EDG ] ^PHPIB<?ABONGeop<?A-IBbF<dPKLOjIYABKLZFHTIB<ld�<DC�o�KXABG\C ] <DCJIl_N�|CFOjIB<DR\d�©gG\CP<NIUR1�p<DO[R"OYCFR$^FOYbPG$I�G$><lR1Esb½EDG ] ^PHPIB<?ANReI-RvIBK ] <\©�ZPHPINR1O*IBbF<"OYCFR$^POYbFG$IBO-ReAB<�Zf<DKLCFMAB<DEDG1AUdP<ld	©TOY^f<DEDKmR$VfElReAB<�KLO3IUR$�\<DC*IBG�RlopG$Kmd-EDG$CP>@HFOYKLG\C�dPHP<=IBG�IBbF<
CFG$CPu{KLCFOjIUR1C�IUR1CF<DG$HFOhoTKL<?w�_c¼PG$A�<?�PR ] ^FVL<\©�R1VmV ] <?OYOBR$M\<?O�Zf<?I|w3<D<DCEDG ] ^FHPIB<sABO�R1AB<tAB<?EDG$AUdT<ld�R1O�w3<DVLVy_*�|C�G\HTA�ElR$OY<\©«w�<tw,KLVLVcHFOY<*ROYK ] KLV¯ReA�OYG\VLHPIBKLG$C«_tn�<�w,KLVLVcIUR1�p<*R-CFG\CTu{KmCPOjIUR$CJIUR$CP<DG\HPO�o�KL<?wµG$>IBbF<QKLC�IB<sAB<DOjIBKLCFMt^fG$KLC�IB<sA,OYVmG1IBO�KLC�IBbF<QbF<lR1^«©TZFHTI�w,bFKLVL<�EUbF<DEU��KLCFM
IBbF<?OY<�OYVLG$IBOD©Fw3<�w,KLVmV�HFOY<�RtOY^f<DEDKmR$V ] <DEUbSR$CPKLO ] IBG*RlopG$K¯d-EDG\CT>rHTuOYKLG\C�_cn�<�dT<DCFG1IB<2IBbFKLO�o�KL<?w�G$>«IBbF<�bP<lR$^�Â@ÇFÈ�ÁUË ÕÆÌ1ÕrÖ�â$#lÕ{ÈsÉa_c`�bF<
OYVLKmdPKLCFM[o�Km<sw�R$VLM\G1ABKXIBb ] KLO3ZTABKL<?ÜFWNdT<DOYE?ABKLZf<ld*KLC���<DE?IBKLG\CN�T_a±�HF<IBG"VmR1Es��G$>�OY^FR$ED<$©gw�<t^PABGeo�K¯dT<tIBbF<tdP<?IUR1KLVmO[G$>hIBbF<�OYVLKmdPKLCPM�o�Km<sw
R$VLM$G$ABKXIBb ] R1O�w�<DVLV=R$O*K ] ^PVm< ] <DCJIUR1IBKLG\C�dT<?IUR$KLVLOD©�IBbF<�R$VLVLGJElReIBG$A
] <DEUbSR1CFKLO ] ©fR1CSd7R*^PABGJG1>hG1>3E?G$AYAB<DE?IBCP<DOYOQ>@G$A�IBbP<[R$VLM\G1ABKLIBb ] KLCIBbF<Q>rHFVLV«^SR$^f<sA�Î �1�1ÑÆ_

1.4 Cycle collectionª ] Re×|G$A�dPKLOBR\dTo\R1CJIUR$M\<tG$>3AB<s>r<?AB<DCPED<*EDG$HFCJIBKLCFM-KmO�IBbFR1I�KXI[dPGJ<?OCFG1I=EDG\VLVL<DE?IQE?WTEDVL<DOD_cn<�bFReo\<�EsbPG\OY<DC"IBGtEDG\VLVL<DE?IQE?WTEDVL<DO�w,KXIBb�R$C
G\CTuÆIBbF<?uÆÜFW ] ReAB�Ju|R1CSd�uzOjw3<D<D^vEDG\VLVL<DE?IBG1Al_7`�bF<���ReAB��uzR1CSdTu{Ojw3<D<D^R$VLM$G$ABKXIBb ] KLO�ABHFC�OY<DVmdPG ] IBG�EDG$VmVL<DEsI�EsWPE?Vm<?O�R$CSd�AB<DOjIBG$AB<tOjIBHFEU�AB<?>@<?AB<DCFE?<7EDG\HPC�IBOD_µxÆ»�KL�p<�KLCÀÎ ¬\¬�©,�J�J©=¬\�T©=��©=�1ÑÆ©�w3<7HFOY<7G\CPVXW
I|w3G�ZFKXIBOc>@G$AhIBbF<�AB<?>r<sAB<DCFED<=EDG$HFCJIhR$CSdtIBb�HPOD©pOjIBHFEU�tE?G\HFCJIB<?ABOhR1AB<
E?AB<lReIB<ld�G\C�IBbF<�ÜFWJ©FR$CFd�R1AB<�AB<DOjIBG1AB<ld�ZJWNIBbF< ] R1AB�JuzR$CFdTu{Ojw�<?<D^R$VLM$G$ABKXIBb ] _ }
n<�HFOY<�R¾CFGeop<DV�G\CTuÆIBbF<?uÆÜFW ] R1AB�JuzR$CSd�u{Ojw�<D<D^¿EDG$VmVL<DEsIBG$A�IBbSR1Iw�<"bSRlop<�dP<DOYKLM\CP<ld½<?OY^f<DEDKmR$VLVXW½>@G$ANG$HPA�AB<?>@<?AB<DCPED<�EDG$HFCJIBKLCFMvR$VXu
M\G1ABKXIBb ] _Q�2G$IB<�IBbSReI2KXI2KmO�i�HPKXIB<[CFR1IBHTAUR$VgIBGNZSR1OY<�R ] R1AB�JuzR$CFdTuOjw�<?<D^NEDG\VLVL<DE?IBG1A�G\C-R�OYCFR$^FOYbPG$IhG$>	IBbF<,bP<lR$^�_a`�bF< ] R1AB��KLCFM2ElR$CZf<hdPG\CP<hG$C�IBbF<aOYCSR1^FOYbFG1Iqo�KL<?wG1>PIBbP<hbP<lR$^�©1R$CSd�OYKLCFE?<hHPCPAB<lR1EsbTu
R$ZPVL<�G\Z�×j<DE?IBOcAB< ] R$KLC�HFCPAB<DR$EUbSR$ZPVL<\©pEUbSR1CFM\<?OhKLCtIBbP<�bF<lR1^*dPG2CFG$I>rG$KLVhIBbF<*E?G\VLVL<DE?IBKLG\C�G$>�MpR1ABZFR$M$<\_"n�<*R\dPR$^PI�IBbPKmO�ZFR$OYKLENK¯dT<lR�IBG
IBbF<-OYVLKmdPKLCFM�o�Km<sw�CFG1IBKmG$C«©cIBb�HFO[G\ZPIUR1KLCFKLCFMvR�IYAUR1EDKLCFM�EDG\VLVL<DE?IBG1A
^f<?AY>@<DE?IBVXW��PIYIBKLCFM�KLCJIBGtG$HPA=OY<?IYIBKLCFMT_
n<�dPG�CPG$Ia<DVmR$ZfG1AUR1IB<,G\C�IBbF< ] ReAB��uzR1CSdTu{Ojw3<D<D^[EDG\VLVL<DE?IBG1A3KLC�IBbPKLO^SR1^f<?Al_a`�bP<2R1VmM$G$ABKXIBb ] KLO3dT<DOYE?ABKLZf<ld*KLC*G\HPAc>rHPVLVS^SR1^f<?A�Î �$�eÑÆ_ ª VLV
] <lR1OYHPAB< ] <DCJIBOQG$>3IBbTABG\HPM\bF^PHPI�R$CSd7VmR1IB<?CFE?W�KLC�IBbPKLO�^SR1^f<?A�R1AB<AB<D^fG1AYIB<ld>rG$A*IBbP<*AB<?>r<?AB<?CFED<�E?G\HFCJI�EDG\VLVL<DE?IBG1A*ABHFC ] G\OjItG$>=IBbF<IBK ] <DO,R$CFd�IBbF<2G\CPuÆIBbP<?uÆÜFW ] R1AB�JuzR$CFdTu{Ojw�<?<D^-ABHPC"OY<DVmdTG ] _

1.5 Memory consistency



`�bP<,R$VLM\G1ABKXIBb ] ^PAB<?OY<DCJIB<ld[KLC[IBbF<�^FR$^f<?AqAB<liJHPKLAB<?OaR2OY<liJHF<DCJIBKmR$VLVXWE?G\CFOYKLOjIB<DCJI ] < ] G$AYWJ_��2Glw�<?op<?Al©lIBbPAB<?<hOYK ] ^FVL< ] G�dPKX�SEDR1IBKLG\CPO�ElR$C
] R1�p<�IBbF<[R$VLM$G$ABKXIBb ] OYHFKXIUR$ZPVL<[>@G$A�^PV¯ReIY>rG1A ] O=IBbFR1I�dTG*CFG1I2^TABG$uo�KmdP<"OY<liJHF<DCJIBKmR$VLVXW�EDG\CPOYKLOjIB<DCJI ] < ] G$AYWJ_�n<-AB< ] R1AB�IBbFR1I�w3<dTKmd�CFG1I,<DCFE?G\HFCJIB<?A,^TABG\ZPVm< ] O�KmC-IBbF<2ABHPCFO�w3< ] R\dP<2G\C�IBbP<��|CTuIB<?V�^PVmR1IY>rG1A ] _qn<QVmKLOjI�IBbP< ] G�dPKX�SEDR1IBKLG\CPO3AB<liJHFKXAB<ld-R$CFd�dTKmOYE?HFOYOIBbP<DKXA=EDG\OjI=KLC��T<?E?IBKLG\C���Zf<?VmGlw�_

1.6 Implementationn�<�bSRlop<7K ] ^FVL< ] <DCJIB<ld¾G\HTA�R1VmM$G$ABKXIBb ] G\C¿���2�[� O-�pRlo$R�2KXAYuIBHFR$V���R1EsbPKLCF<��\_ ��_ ��R$CSdºAUR1CÍKXI"G$C�R�1uÆw�RDWÍ�j��� �Q<?IY�SCPKLIzW
�\�$�$�$;�OY<?ABop<sA�w,KXIBb¾R��\�1�p�"�2k-�|CJIB<DV3��<DCJIBKLH ] �Y�Y���Q<DG\C�^TABG$uE?<DOYOYG$AQR$CFd"�$���ºG$>g^FbJWTOYKLElR$V ] < ] G1AYWJ_«n�<2HFOY<DdNIBbP<QI|w3GtOjIUR1CPudPR1AUdÍ�pRlo$R ] HFVXIBKXIBbPAB<DR\dP<DdºZf<DCFEUb ] ReAB��OD³��P�c²h°«×jZFZS�$�$�\�¾R$CSdIBbP< ] IYAYI2Zf<?CFEUb ] R1AB�->@ABG ] �P�c²h°«×jo ] Þ\��_�`�bF<DOY<�Zf<DCFEUb ] ReAB��OReAB<�dP<DOYEsABKmZf<Dd-KLC�dT<?IUR$KLV�KLC��T�h²h°Q� O,n�<DZ-OYKLIB<\Î ¬\ÐeÑÆ_h�zI�IBHPABCPO�G\HTI
IBbFR1I-G\HTA�R1VLM\G$ABKXIBb ] bFR$O-R$CÍ<?��IYAB< ] <?VLW¾VLGlw VmReIB<DCFE?WJ_À�zI-K ] u^TABGeop<DO�Geop<?A�IBbF<�G$ABKLM\KLCFR$V��\����ZJW�Izw�G�G$AUdP<sABO[G1> ] R$M$CFKXIBHSdT<\_ª OQ>@G$A�<?~�EDKL<DCFE?WJ©fIBbP<t�$��� w,KXIBb�G\HTA2AB<?>@<?AB<DCFE?<tEDG$HFCJIBKLCFMNEDG\VXu
VL<DEsIBG$A�ZPKLIBO=IBbF<[G$ABKLM\KLCFR$Vc�\���¹ZJW�HF^7IBG7�l�\¶K ] ^TABG1o\< ] <DCJI=KmCIBbP<tGeop<?AUR1VLVaABHPCFCPKmCPM-IBK ] <�w,KXIBbvIBbF< ] IYAYIQZf<DCFEUb ] ReAB�f_ ª O2>@G$A�T�h²h°«×jZPZ«©�KX>hw3<tR1VLVmGlw R*VmR1ABM$< ] R1�TK ] H ] bF<lR1^�xrw,bFKLEsb�KLO2IBbP<IUReABM\<?I=G1>aG\HPA,E?G\VLVL<DE?IBG$As}s©PIBbF<DC�G\HTAQE?G\VLVL<DE?IBG$AQOYVLKLM\bJIBVXW"K ] ^PABGeop<?OGeop<sA*IBbF<"ABHPCFCFKLCPMvIBK ] <"G1>�IBbF<�G1ABKLM\KLCSR1V��\���v_cnÝKLIBb½O ] R$VLVL<?AbP<lR$^PO3IBbF<,G1ABKmM$KLCSR$V��\��� dPGJ<?O�Zf<?IYIB<?AhIBbSR$CNG$HPABOh>@G$A=�T�h²h°«×jZPZ«_
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R�CFGeop<DVcG\CTu{IBbP<?uÆÜFW�E?WTEDVL<NdT<?IB<DE?IBKLG\C�_�`�bF<DKXA�R$VLM\G1ABKXIBb ] ElR$C�Zf<ABHPC7w,KLIBb�R1C�W�R$VLM\G1ABKXIBb ] R1CSd7KLC7^SR1AYIBKLEDHPVmR1A�w,KXIBb�G\HPABOD©�R1CSd7KXIdT< ] G\CPOjIYAUR1IB<DO[IBbSReItIBbF<-<DCJIBKXAB<�E?G\VLVL<DE?IBKLG\C½ElR$C�Zf<NABHFCw,KXIBb¾R^PHPAB<�AB<?>r<sAB<DCFED<�EDG\HPCJIBKmCPM-R$VLM\G1ABKLIBb ] _��zC7EDG\CJIYAUR$OjI2IBGNIBbP<DKXA�R1^Pu^TABGpR1Esb�©Sw�<[bSRlop<�EUbFG$OY<DC7IBGNdP<Dop<?VmG$^�R$C7G$CPuÆIBbF<?uÆÜPW ] ReAB�Ju|R1CSd�uOjw3<D<D^[EDG\VLVL<DE?IBG1AaIBbSR1Ig<?�T^FVLG\KXIBOgIBbP<hOYVLKmdPKLCPMQo�KL<?w ] <DEUbSR1CFKLO ] R$CSdHPOY<DO�IBbF<*OBR ] <-dPR1IUR"OjIYABHPE?IBHPAB<NR1O�IBbF<�AB<s>r<?AB<DCPED<NEDG\HPCJIBKmCPM�R$VXuM$G$ABKXIBb ] _Ý`�bFKLO ] R1AB�JuzR$CFdTu{Ojw�<D<?^¾E?G\VLVL<DE?IBG$A�KLO�ABHFC¾OY<DVmdPG ] KmCG1AUdP<?A�IBG�EDG\VLVL<DE?I�E?WTEDVL<DO"R$CFdºAB<DOjIBG$AB<vOjIBHFEU�½AB<?>@<?AB<DCFE?<�EDG$HFCJIBO
xyOY<?<"Zf<DVLGlwQ}s_�Û2HTAtG$CPuÆIBbF<su{ÜPW ] ReAB�Ju|R1CSd�uzOjw3<D<D^�EDG$VLVm<?E?IBG$A*KLOtROjIUR1CSd�u|R1VLG\CF<tEDG\VLVL<DE?IBG1A�IBbFR1I�ElR1C�Zf<tABHPC�R1VLOYG"w,KXIBbFG\HTI�IBbF<tAB<s>@u
<sAB<DCFED<�EDG$HFCJIBKLCFM*R1VLM\G$ABKXIBb ] ©fR$CFd"KLOQKLCJIB<?AB<DOjIBKLCPM*G\C�KXIBO=Gew,C�_3�{IKLO2dPKX~*EDHPVLI=IBGNEDG ] ^FR1AB<�IBbP<[<s~*EDKL<DCFEsW�G$>aIBbP<�Izw�G-R$^P^PABG\R$EUbF<DOD©R1CSdNOYKLCFED<=IBbF<�R1VLM\G$ABKXIBb ] KLO3ABHFCNOY<DVmdPG ] ©TOYHFEUb�R�EDG ] ^SR1ABKLOYG$C�KLOCPG$I=OYG�KLCJIB<?AB<DOjIBKLCFMT_c�2Glw�<Do\<?Al©Pw3<�CFG1IB<�IBbSReI�IBbF<�HPOY<�G$>aR�IYAUR1E?u
KLCPM�E?G\VLVL<DE?IBG$A�R$VLVLGlw,O�OBRloTKLCPM7OY^SR$E?<\_7n<*HPOY<NIzw�G�ZFKXIBO�>rG1AtIBbP<
AB<s>r<?AB<DCPED<�EDG\HPCJIBOD_3;=<?>r<sAB<DCFED<�E?G\HFCJIBO�IBbSReI=<?�TED<D<ld�IBbP<�o$R$VLHF<�G1>
�J©JM\<sI3OjIBHPEs�[R$CFd�R1AB<�AB<DOjIBG1AB<ldtZJW�IBbF<�IYAUR1EDKLCFM�EDG$VmVL<DEsIBG$Al_c�|Ct��R1u
E?G\C*<?Il_cR1VÆ_L©�KXIhKmOcCF<?ED<DOYOBR1AYWtIBG��p<D<D^tIBbP<,EDG\HPC�IB<sABOhEDG1AYAB<DE?Il©JOYKLCPED<
IBbP<?AB<NKLO�CPG ] <DEUbSR$CPKLO ] IBG�AB<DOjIBG$AB<NEDG1AYABHF^PIB<DdEDG\HPC�IBOD_�`�b�HFOD©
] G1AB<�OY^SR1ED<*KLO�HFOY<ld�>rG1A[IBbP<�EDG$HFCJIB<?Al©gR$CSdvR"ElR1EsbP<�KLO[HPOY<ld�IBG^PVmR$ED<*G$ZT×|<DE?IBO�w,bFG\OY<�AB<s>r<?AB<DCPED<*EDG$HFCJIBO�<?�TED<D<ld�IBbF< ] Re�TK ] H ]R1VLVmGlw3<ld�o\R1VLHF<\_

1.10 Organization�zC½�T<DE?IBKLG$Cº�"w3<�^TAB<DOY<DCJI*dT<?�SCPKLIBKLG$CFO�R$CSdIB<?A ] KLCPG\VLG\M1WIBG�Zf<HPOY<ldvKLC�IBbF<�AB<?OjI�G1>3IBbP<�^SR1^f<?Al_��zC��<DE?IBKLG\C�¬Nw�<�^TAB<DOY<DCJI�G\HTA
��CSR1^FOYbFG1I ª VLM\G1ABKLIBb ] _��|CÝ�T<DE?IBKLG$CÝ��w�<7^TAB<DOY<DCJI*IBbF<7OYVLKmdPKLCPMo�KL<?w R$VLM$G$ABKXIBb ] _-�|C�T<DEsIBKmG$C��Nw3<NdPKLOYEDHPOYOtR$dFR$^TIUR1IBKLG\C�G$>�IBbP<R1VLM\G$ABKXIBb ] IBG2^FVmR1IY>@G$A ] OqIBbSReI3dTG2CPG$Ic^PABGeo�KmdP<�OY<liJHP<DCJIBK¯R1VLVLW�EDG$CPuOYKLOjIB<DCJI ] < ] G$AYW½R1CSdºKLC¿�T<?E?IBKLG\CÍÏ�w3<�^TAB<DOY<DCJI�^f<?AY>rG1A ] R$CFE?<AB<?OYHFVXIBOD_an<�EDG$CFEDVLHSdT<�KLC�Ð�_

2. SYSTEM MODEL, DEFINITIONS¼PG$AhR$C�KmCJIYABG�dTHFE?IBKLG\CtG\CtM\R1ABZFR$M\<,EDG$VLVm<?E?IBKLG\CNR$CFd ] < ] G1AYW ] R$CTuR1M\< ] <?C�IqIBbP<3AB<lR$dP<?AcKLOqAB<?>r<?AYAB<Dd�IBGtÎ �$ÏeÑÆ_qn<�R1OYOYH ] <3IBbP<3AB<lR\dT<?A

KLO*>yR ] KLVLKmR1A-w,KXIBbºIBbF<7EDG$CFED<?^PIBONOYHFEUbÝR1O-bP<lR$^�©,G\Z�×j<DEsIl©�ABGJG$IBOD©AB<lR1EsbFR$ZFKLVLKXI|WJ©T<?IBE\_a�QG$IB<=IBbSR1I3KLC"R ] HPVLIBKXIBbTAB<lR\dT<ld�<DC�o�KLABG$C ] <DCJI<lR1Esb"IBbTAB<lR\d-bSR1O=KXIBO,Glw,C"ABGJG$IBO=G\C�IBG\^"G1>qIBbF<�M$VLG\ZSR1V«ABGJG1IBOD_
¼�KL<DVmdPO=KLC"G\Z�×j<?E?IBOQKLC-IBbF<�bP<lR$^"IBbFR1I,bPG\Vmd�AB<?>@<?AB<DCFE?<DO2ReAB<�ElR$VLVL<ld
ÇFÈYÓsÄÝÊYÈrÔlÈsÊBÈsÖSàUÈ�ÁsËLÃ1ÂyÁ�ZFHTI ] G$OjI�G1>,IBbF<*IBK ] <Nw3<*w,KmVLV�×|HFOjI�ElR$VLVIBbF< ] OYVLG$IBOD_an�<=w,KLVLV	EDG\HPC�IhAB<?>r<sAB<DCFED<?O�IBG�G$ZT×|<DE?IBO�ZJW�OYH ]*] KmCPMGeop<?A2R$VLV�OYVLG$IBOQKLC�IBbF<�bF<DR$^«_�n�<�w,KLVmVqCPG$I=EDG$CFOYKmdP<?AQIBbF<�IBbPAB<DR\dPO
VLGJElR$VqOjIUR1Es�"R$CFd�AB<DM\KLOjIB<?ABOQ>rG$AQIBbF<�EDG$HFCJIl_�n�<�R1OYOYH ] <�R1VmVgOYVmG1IBOR1AB<�KLCPKLIBKmR1VmKLkD<Dd"w,KLIBb"R � ��!	!�^fG\KLCJIB<?Al_an<�dP<DCPG$IB<2IBbP<2AB<?>r<sAB<DCFED<
EDG$HFCJI=R$OYOYGJEDKmReIB<ld�w,KLIBb�R$C�G$ZT×|<DE?I �tZJW ��� �
	$_
� ¤	¤S¥1¦��	��� ���@¤�� ¤�� ���g¥e¡ �S¦�§ �7n�<NR$OYOYH ] <�IBbFR1I�IBbF<tMpR1ABZFR$M$<EDG$VmVL<DEsIBG$A,IBbPAB<lR$d ] RDW7ÁBá�ÁÆÄPÈsÖfÌ�R$CFd-OYHPZFOY<liJHP<DCJIBVLW"ÊBÈsÁBá�"NÈ3HFOY<sAIBbPAB<DR\dPOD_qnÝbF<DC"R[IBbPAB<DR\dNKmO,OYHPOY^f<DCSdT<ld�©JIBbP<�EDG\VLVL<DE?IBG1A ] RlWNKLCTuOY^f<DE?I�R$CFd�EsbFR$CFM$<,KLIBOhVLGJElR$VfOjIUReIB<,w,KXIBb*IBbF<,<?Ø	<?E?IBOhIUR1�TKLCPM�^FVmR$ED<
R1>¯IB<?AtIBbP<�IBbPAB<lR$d�KLO�AB<DOYH ] <ld�_��|C�G\HPAtR$VLM$G$ABKXIBb ] ©qw3<�R1OYOYH ] <IBbPAB<DR\dPO=ReAB<�CFG1IQOjIBG$^F^f<ld�dPHTABKmCPMt<?�T<DE?HPIBKLG\C�G$>�ÄSÊjÃ$ÂzÈYà?ÂzÈYÌ�EDG�dT<\_
�|C[^SReAYIBKLEDHFVmR1Al©\KLC�G$HPAcR$VLM$G$ABKXIBb ] ©1IBbF<�G$CFVXW�^FKL<DE?<DOqG$>fE?G�dP<3w,bPKmEUbR1AB<�^TABG$IB<DE?IB<Dd�R1AB<�^TABGJED<ldPHTAB<DO� �c¦�� �?¡"R1CSd��"¡�£"©Tw,bFKLEUb7R1AB<
KLC*EsbFR1ABM$<QG1>	HF^	dFReIBKLCFM�bF<DR$^Pu{OYVLG$IBO3R$CFd�R$VLVLGJElR1IBKLCPMtCF<swºG$ZT×|<DE?IBOD©
AB<DOY^f<DEsIBKmo\<DVXWJ_

3. THE SNAPSHOT ALGORITHM¼FG1AhE?V¯ReABKXI|W�G1>f^PAB<?OY<DCJIUR1IBKLG\C�©pw�<�OjIUReAYIhw,KXIBb*R1C�KLC�IB<sA ] <ldPKmR1IB<�R$VXuM\G1ABKXIBb ] ElR$VLVL<ld7Â@ÇFÈ2ÁUÖSÓsÄSÁjÇPÃ$Â3Ó\Ë âpÃ$ÊUÕrÂ@Ç�"�_a�2<?AB<$©pw�<Q^PAB<DOY<DCJIcIBbF<KmdP<lR1O3AB<liJHFKXAB<ld�>@G$A,R1C-<s~*EDKL<DCJI�w�ABKXIB<2ZFR1AYABKL<?A�w,KXIBbNCFG�OjWTCFEUbPABG1u
CFKLklReIBKLG\C«_À�|C¾IBbFKLONKmCJIB<?A ] <DdPKmR1IB<�R1VmM$G$ABKXIBb ] ©�IBbP<�IBbPAB<lR$dPO-R1AB<OjIBG\^P^f<ld�>@G$A�^FR1AYI=G$>aIBbP<�EDG\VLVL<DE?IBKLG\C�_=`�bF<�VL<DCFM1IBb�G$>aIBbPKmO,^FR$HFOY<
KLOtCPG$ItIBGJG�VLG\CPM�xrIBbF<NZfG$IYIBVL<-CF<DEU��KLOtE?Vm<DR1ABKLCFMvR7ZFKXI ] R$^�w,KXIBbdPKXAYIzW*ÜfR$M$O�>rG1A=R$VLV«G$ZT×|<DE?IBO�KLC�IBbP<2bP<lR$^S}s©�ZFHPI�KLI,KLO�VLG\CPMt<DCPG\HPM\b
IBG"bPKLCSdP<sA�OYElR$VmR1ZFKLVLKLIzW�G$CR ] HFVXIBKL^PABGJE?<DOYOYG$Al_t�|C��T<DE?IBKLG$C��P©�w�<<?��IB<DCFd-IBbFKLO�KLCJIB<?A ] <ldTK¯ReIB<�R$VLM\G1ABKXIBb ]¶] R$��KLCFM�KLI,G$CPuÆIBbF<su{ÜPWJ_
`�bF<,KmdP<DRT©�R1Oc^TAB<DOY<DCJIB<ldtKLCN��<DE?IBKLG\C��$_ ¬T©JKLOcZSR$OY<DdtG\C*EDG ] ^FHTIBKmCPMdPKXØ	<?AB<?CFED<DOqZf<sI|w�<?<DCtbP<lR$^�OYCSR$^POYbFG1IBOD_a`�bF<�R1VLM\G$ABKXIBb ] G$^f<?AUR1IB<?OKLC�E?WTEDVL<DOD_ ª E?WTEDVL<-Zf<DM\KLCFO�w,KLIBb¾R7EDG$VmVL<DEsIBKmG$CÝR1CSd�<DCSdTO[w,KXIBb
R$CPG$IBbP<?Al_*»�<?I�HFO�dT<DOYE?ABKLZf<tIBbP<tEDG$VmVL<DEsIBG$A�R$E?IBKLG$CFO[dPHTABKmCPM�EsWPE?Vm<
� xrIBbPABG\HPM\bPG\HPI2IBbF<t^FR$^f<?A2w�<�VL<?I�IBbP<tOYHFZPOYE?ABKL^PI � dP<?CFG$IB<[IBbF<
C�H ] Zf<?A�G$>qRtMpReABZSR$M$<�EDG\VLVL<DE?IBKLG\C�E?WTEDVL<e}s_
Û2HPA,�PABOjI2M$GpR$VgKmO=IBG�AB<DEDG1AUd7R$VLV�^fG\KLCJIB<?AQOYVLG$IBO2KLC�IBbP<�bF<lR1^�IBbSR1I
bSRlop<�EUbSR1CFM\<Dd�OYKLCPED<�IBbP<[^TAB<Do�KLG\HFOQEDG\VLVL<DE?IBKLG$CvE?WTEDVL< ��� �\_Qn<
VL<?I�IBbF< ] HPIUR1IBG1ABO�dPG"IBbP<�AB<DEDG1AUdPKLCFM"w,KXIBb�R�w�ABKXIB<?u{ZFR1AYABKL<?Al_��|CG$AUdT<?AtIBGvRlopG\KmdAB<DEDG1AUdPKLCFM�OYVLG$IBO�R$MpR1KLCÝR$CFd�R$M\R$KLC«©cw�<��p<D<D^�R
dPKXAYIzW�ÜfR$M�>rG1A�<DR$EUbºOYHFEUb¾OYVmG1Il_ÝnÍbP<DCºR ] HTIUR1IBG$A�HF^	dFReIB<DO*R^fG\KLCJIB<?Al©aKXI�EsbP<DEs��O�IBbF<-dTKLAYIzW�ZPKXIl_7�z>,KXI�KmO[EDVL<lReAl©cIBbP< ] HPIUReIBG$AOY<?IBO�IBbP<�dPKXAYIzW�ZFKXINR1CSd�AB<DEDG$AUdTO�IBbF<-OYVLG$INKLCJIBGR�VmGJEDR$V=ZFHPØ	<sAl_
`�bF<[AB<DEDG1AUdP<ld7KLCP>@G$A ] R1IBKLG$CvKLO2IBbP<tR$dFdTAB<?OYO�G$>cIBbF<[OYVLG$I�R1CSd7KXIBOo$R$VLHF<�Zf<?>@G$AB<�IBbF<�E?HPAYAB<DCJI ] G�dPKX�FElR1IBKLG\C�_3;=<DEDG1AUdPKLCFMtKmOQdPG$CF<�KLCRtVLGJElR1VgZFHTØ	<?A�w,KXIBb�CFGtOjWPCPEsbTABG\CPKmkDR1IBKLG\C�_
nÍbP<DC�R=EDG\VLVL<DE?IBKLG\C*Zf<?M\KLCFOD©$IBbF<�EDG$VLVm<?E?IBG$AcOjIUR1AYIBOaZJW�OjIBG\^P^FKLCFM�R$VLV
IBbPAB<DR\dPO=R1CSd ] ReAB�TKLCPM*R$O,VLGJElR$V�R$VLVgG$ZT×|<DE?IBOQAB<s>r<?AB<DCPED<ld7dTKLAB<?E?IBVXWZJW�IBbF<3IBbTAB<lR\dTOD�1OjIUR$EU��ReIqIBbF<cIBK ] <3G$>FIBbP<�^SR1HFOY<\_��2<?��Il©1KXIqAB<lR\dTOR$VLV=IBbF<�IBbPAB<DR\dPOD�3VLGJElR$V�ZPHPØ	<?ABO�xyKLCºw,bPKmEUb ] G�dTKL�F<ldºOYVLG$IBO�R1AB<AB<DEDG1AUdP<ldF}s©JKXI3E?Vm<DR1ABO�R1VmVPIBbF<=dPKXAYI|W�ZFKXIBOhR$CFd�KLIhVL<?IBOhIBbP< ] HTIUR1IBG$ABOAB<DOYH ] <\_ ª >@IB<?A[IBbF< ] HTIUR1IBG1ABO�AB<?OYH ] <\©�IBbP<*EDG\VLVL<DE?IBG1A*HF^	dPR1IB<DOR$VLV�IBbP<-bP<lR$^AB<s>r<?AB<DCPED<"E?G\HFCJIBO�IBG7AB<?ÜS<DEsI�IBbP<DKXA�o$R$VLHF<DO�R1I�IBbF<
IBK ] <�G$>cIBbF<�^SR1HFOY<\_�xy;Q<?ElR$VLV�IBbSReIQIBbP<�bF<lR1^�AB<s>r<?AB<DCPED<tE?G\HFCJIQKLOIBbF<=C�H ] Zf<?AcG$>	AB<?>r<sAB<DCFED<?O3IBG�IBbF<=G\Z�×j<DE?I3>@ABG ] G$IBbP<?A�G$ZT×|<DE?IBO�KLCIBbF<�bF<lR1^«_ }`�bF<tR$VLM\G1ABKXIBb ] >rG1A�IBbFKLO�HP^	dFR1IB<�KLO�^PAB<DOY<?C�IB<DdvR1CSd×jHPOjIBKX�S<ld�KLC[IBbP<hAB< ] R1KmCFdP<?AgG$>PIBbFKLO�OY<DE?IBKLG$C«_q�QGew3<Dop<?Al©\R$OYOYH ] KLCFMIBbSReIgIBbP<hbP<lR$^�AB<?>r<sAB<DCFED<hEDG\HPCJIBO�R1AB<h^PABG$^f<?ABVXW�HF^	dFReIB<ld�©lIBbP<hE?G\VXu
VL<DE?IBG1A ] RDW�AB<DEDVmR$K ] R1VLVJG\Z�×j<DE?IBO�w,bPG\OY<cAB<?>r<?AB<?CFED<�E?G\HFCJIBOgdTABG\^�IBG
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k?<?ABG�ZJW�IBbFKLO�HF^	dPR1IB<=R$CFdNR1AB<2CPG$I ] R1AB�p<ld�VLGJElR1Vy_ ª O3HPOYHSR$Vy©JIBbP<AB<s>r<?AB<DCPED<�EDG$HFCJIBO�G1>�G\Z�×j<?E?IBO�AB<?>r<sAB<DCFED<DdvZJW"AB<DE?V¯R1K ] <ldvG$ZT×|<DE?IBOReAB<-dP<DE?AB< ] <DCJIB<ldvR1CSdvIBbP<�AB<DEDVmR ] ReIBKLG\C^TABGJED<D<ldTO[AB<DE?HPABOYKLop<DVXWJ_ª OjIUR1CSdFReAUdkD<?ABG1uzE?G\HFCJI�IUR$ZFVL<�xz�«°�`,}-ÎL�?�$Ñ,�p<?<D^FO�IYAUR$EU�G$>2R$VLV
G$ZT×|<DE?IBO-w,bFG\OY<7AB<?>@<?AB<DCPED<�EDG\HPC�I-d�ABG\^PONIBG�k?<?ABG�R1I"R$CJW�IBK ] <\_`�bP<DOY<"G$ZT×|<DE?IBO*ReAB<�EDR$CSdTKmdFR1IB<?O�>rG1A�AB<DEDVmR ] R1IBKLG\C�_vn�<-AB< ] ReAB�IBbFR1I[w,bF<DCP<Dop<?A�R1C�G\Z�×j<DE?I�KLOtE?AB<DR1IB<ldKXI�bSR$O�R�kD<?ABG7bP<lR$^AB<s>@u
<sAB<DCFED<[EDG$HFCJIl_Q`�bTHPOD©�R$VLV�E?AB<DR1IB<ld7G\Z�×j<?E?IBO�R1AB<[^FHTI2KLC�xÆR*VLGJElR$V¯}
��°�`�HF^fG$CtE?AB<lReIBKLG\C«_c`�bP<�EDG�dP<h>rG$AcIBbF<3E?AB<lR1IB<�ABG$HPIBKLCF<�R$^F^f<DR1ABO
KLC7¼�KLM$HPAB<��\_
�{I,AB< ] R$KLCFO�IBGNdTKmOYE?HFOYO=HF^	dFReIBKLCFMtIBbP<�AB<?>r<?AB<?CFED<�EDG$HFCJIBO=R$EDEDG1AUdTuKLCPMtIBG*R$VLV ] G�dPKX�S<ld-OYVLG$IBO=Zf<?I|w3<D<DC�EDG$VLVm<?E?IBKLG\C � � ��R$CFd � _ ª O<s�P^PVmR$KLCF<ld�KLCÝ��<DE?IBKLG\C��\_ ¬�©3>rG1A*<lR1Esb¾OYHFEUb½OYVLG1I¡ \©hw3<"CF<?<ld�IBG
��CPGewºIBbF<=G\Z�×j<DE?I�¢�3IBbFR1I� 2^fG\KLCJIB<ld�IBG�ReI�IBbF<=^SR1HFOY<QG$>«EDG\VLVL<DE?u
IBKLG$C � � �tR$CFd�IBbF<[G\Z�×j<DE?I,¢ ��IBbFR1I, �^fG\KLCJIBO2IBG-R1I�IBbP<�^FR$HPOY<
G1>�EDG$VLVm<?E?IBKLG\C � _�Û2CFED<[IBbF<DOY<�o\R1VLHF<DO�ReAB<���CFGlw,C«©fIBbP<tEDG$VLVm<?E?IBG$A
dT<DE?AB< ] <?C�IBO�IBbP<"AB<?>@<?AB<DCFE?<7EDG\HPC�ING1>t¢��R1CSd½KLCPE?AB< ] <DCJIBOtIBbP<AB<s>r<?AB<DCPED<*EDG$HFCJI�G$>(¢ � _[nÍbF<?C�IBbPKmO�G$^f<?AUR1IBKLG$C�KLO�dPG$CF<�>@G$A�R$VLV
] G�dTKX�S<ld-OYVmG1IBOD©FIBbP<2AB<?>r<sAB<DCFED<�EDG$HFCJIBO=R1AB<�HP^	dFR1IB<Dd"R$CFd ] ReIBEsbIBbP<�OjIUR1IB<�G1>�IBbF<�bP<lR$^"R1I,IBbF< � IBb"E?G\VLVL<DE?IBKLG\C�^SR1HFOY<\_
n�<7M\G�G$CÍCFGlw®R$CSdºdP<DOYE?ABKLZf<�bFGlw�IBGG\ZTIUR$KLCÝIBbF<�R$dFd�AB<DOYOY<DO
G1>=G\Z�×j<DE?IBO�¢  R$CFd£¢ � _�n<*OjIUReAYI�w,KXIBbG$ZPIUR$KLCPKmCPM¤¢  _"�z>,CFG
AUR1ED<tGJE?EDHPAB<ld"w,bP<DC7IBbF<�OYVLG$I� �w�R1OQ�FABOjI ] G�dPKX�S<Dd�dPHTABKmCPM*IBbFKLOEsWPE?Vm<$©«IBbP<DC�IBbP<�w�ABKXIB<�ZFR1AYABKL<?A�AB<DE?G$AUdP<Dd�IBbF<tR\dPdTAB<DOYO�G1>�¢  KmC
IBbP<,VmGJEDR$VSZPHPØ	<?Al_g�zIcKLOhIBbF<�o$R$VLHP<�IBbSR1I( �bF<DVmdtZf<?>@G$AB<,IBbSReIQxr�PABOjIs}
] G�dTKX�SElReIBKmG$C«_c�3HTI3OYHP^F^fG$OY<2R�AUR$E?<2dTK¯d�GJE?EDHPA3Zf<?I|w3<D<DC*I|w3G-xyG1A
] G1AB<e}[IBbTAB<lR\dTOtIYAYWTKmCPM7IBG ] G�dPKX>¯Ww \_¾`�bF<"E?G�dP<�G1>QIBbP<�w�ABKXIB<
ZFR1AYABKL<?A=R1^F^f<lReABO�KmC�¼�KLM\HTAB<���_ �z>«G\CF<2G$>�IBbF<2HP^	dFReIBKmCPM[IBbTAB<lR\dTO
OY<sIBONIBbP<�dTKLAYIzW�ÜfR1M�G$>t "Zf<?>rG1AB<�R$CJW�G$IBbP<?A*IBbPAB<lR$d¾AB<lR$dPO�IBbP<
dTKXAYI|WtÜSR$MT©pIBbF<DC*G$CFVXW�G$CF<�IBbPAB<DR\dtAB<DEDG1AUdPOcIBbFKLO3R$dFd�AB<DOYO3R1CSdtIBbP<
AB<?EDG$AUdTKmCPMvw,KLVLV,^PABG\^f<sABVLW�AB<sÜS<DE?I�IBbF<�o\R1VmHP<�G1>t "ReI�IBbF< � � �
^FR$HPOY<\_=ÛQIBbF<sAYw,KmOY<$© ] G$AB<�IBbFR$C�G$CF<�IBbPAB<lR$d��SCFdPO�IBbF<�dTKXAYI|W�ZFKXIE?Vm<DR1Al_=»«GJG$��KmCPMNR1I=IBbF<�EDG�dT<\©S<DR$EUb�IBbPAB<lR$d"OjIUR1AYIBO=ZJW�AB<DE?G$AUdPKLCPM
IBbP<tG$V¯d�o\R1VLHF<tG1>3IBbP<tOYVLG$Il©�R$CSd�G\CPVXW7IBbF<DC�KXI�EsbP<DEs��O2IBbP<�dTKLAYIzW
ZPKXIl_�Û2C-IBbF<�G$IBbP<?A=bSR1CSd�©TIBbF<�R1E?IBHSR1VgHP^	dFR1IB<2G$>C �GJEDEDHPABOQR1>¯IB<?A
IBbP<�dTKLAYIzW�ZFKXIqKLOqOY<?Il_q`�bTHPOD©1KL>SR=IBbTAB<lR\d�dP<sIB<DE?IBOaR,EDVL<lR1AcdTKLAYIzW�ZFKXIl©
IBbP<DC*KXI3KLOhM\HSReAUR$CJIB<D<ld�IBbFR1IcIBbF<,o\R1VLHF<,KXIhAB<DE?G$AUdPOhKLOhIBbF<,o$R$VLHF<,G1>
 =Zf<?>rG1AB<�R$CJWtG$>�IBbF<�IBbPAB<lR$dPOhbSR$O ] G�dPKX�S<Dd�KLIl_h��G�w,bFKLVL<2OY<Do\<?AUR$VIBbTAB<lR\dTO ] RDW�AB<DEDG1AUd�IBbF<*OYVLG$I@ NKLCIBbF<?KLA�ZFHTØ	<?ABOD©aR1VmV3G$>�IBbF< ]
] HFOjIhAB<DEDG$AUd*IBbF<=OBR ] <[xyEDG1AYAB<DE?Is}hKLCP>@G$A ] ReIBKmG$C«_h`gG[OYH ]*] ReABKmk?<\©
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KLC�ElR$OY<3R3AUR$ED<cGJEDEDHTABOD©\KXI«KLOg^fG\OYOYKLZPVm<cIBbSReIgOY<Do\<?AUR$V\IBbTAB<lR\dTO�AB<?EDG$AUd
IBbF<QOYVLG$I¶ 2KLC-IBbP<DKXA,VmGJEDR$V�ZFHPØ	<sABOD_q�2Glw�<?op<?Al©PR$VLV�G$>gIBbP< ] AB<?EDG$AUdIBbF<7OBR ] <�EDG1AYAB<DE?I�o\R1VmHP<�G$>� �R1INIBbP< ��� �DOjI-^SR1HFOY<\_�nÍbP<DCEDG$VmVL<DEsIBKmCPMtIBbF<QVLGJElR$V�ZFHTØ	<?ABO3>@ABG ] R$VLV	IBbPAB<lR$dPOD©TElReAB<�KLO�IUR$�p<DC*IBGRlopG\Kmd ] HPVXIBKm^PVL<aAB<?EDG$AUdTOgG$>FR�OYVLG$Il_�xÆ¼PG$A�K ] ^PVm< ] <DCJIUR1IBKLG\C�dT<?IUR$KLVLOD©OY<D<"IBbP<->@HFVLV,^SR1^f<?A�Î �$�eÑ@}s_½n�<�EDG$CFEDVLHFdP<�IBbFR1I�IBbP<"R$dFd�AB<DOYO*G$>
G\Z�×j<?E?IK¢ ,ElR$C"Zf<�^PABG\^f<sABVLW-G$ZPIUR$KLCP<ld�_
n<7CPGlw <?�T^PV¯R1KLCÝbFGlw�IBbF<7EDG$VmVL<DEsIBG$A�G$ZPIUR1KmCPO-IBbP<�R\dPdTAB<DOYO-G$>
¢ � ©qIBbP<*G\Z�×j<DEsItIBbSReI@ �AB<?>@<?AB<DCFE?<DO*R1I[IBbF<*^FR$HPOY<-G1>=EDG\VLVL<DE?IBKLG\C
� _��2G1IB<�IBbSReItReI�IBbP<�IBK ] <tIBbF<*EDG$VLVm<?E?IBG$A�IYABKm<?O[IBG7G$ZPIUR$KLC�IBbPKLOo$R$VLHF<�IBbF<�IBbPAB<lR$dPO"R1AB<vR$VXAB<lR\d�WÍABHFCPCFKLCFM�Re>@IB<?A�IBbP< � ^FR$HPOY<\_
`�bF<�EDG\VLVL<DE?IBG1A-OjIUR1AYIBO�ZJWAB<lR$dPKLCFM�IBbF<-EDHPAYAB<?C�I�o\R1VmHP<�G1>t \_��zI
IBbF<?C�AB<DR\dPO, p� O2dPKXAYI|W�ÜSR$MT_��z>cIBbF<�ÜfR1M�KLO�EDVL<lReA�IBbF<?C� [bSR$O2CFG$I
Zf<D<DC ] G�dPKX�S<ld�OYKLCFED<7IBbP<�^SR1HFOY<7G$>�E?G\VLVL<DE?IBKLG\C � R$CSd¾w�<�R1AB<dPG$CF<\_��z>�IBbP<�dTKXAYI|W�ZFKXI=G$>: �KLO=OY<?Il©SIBbP<DC�KXI2bFR$O=Zf<D<DC ] G�dTKX�S<ld	_�3HTI*KX>�KXI*bSR1O�Zf<D<DC ] G�dPKX�F<ld�©cIBbF<DC�IBbP<"o$R$VLHF<�G$>K �R1I*^FR$HFOY<
� KLO[EDHPAYAB<?C�IBVXW�AB<DEDG1AUdP<ld�KLCG$CF<NG$>�IBbP<�IBbPAB<lR$dPO�VLGJElR$V3ZFHPØ	<sABOD_
`�bFKLO�o$R$VLHF<2ElR$C�Zf<2G\ZTIUR$KLCF<Dd�ZJW*OY<lReABEsbPKmCPMtIBbF<QVLGJElR$V«ZFHPØ	<sABO�G$>
R$VLV�IBbTAB<lR\dTOD_Q�QG$IB<�IBbSReIQIBbP<�IBbTAB<lR\dTO2CP<D<ld�CFG1I�Zf<�OjIBG\^P^f<ld�>rG1A
^f<D<D��KLCFM�R1IaIBbF<DKXAaZPHPØ	<?ABOD_�n�<���CFGlw�IBbSReIqIBbFKLOaOYVmG1IcbSR$OcRQAB<?EDG$AUd
OYG ] <sw,bF<?AB<2R$CSdNKXI�w,KLVLV�CPG$I�Zf<=EUbSR$CPM\<ldNHFCJIBKLVFIBbP<2CF<s�TI2x � ���l}EDG$VmVL<DEsIBKmG$C«_
`�bF<�EDG$VLVm<?E?IBG$A"G\^f<?AUReIBKmG$C�KmO-M\KLop<?CÝKLC�¼�KmM$HPAB<�¬T_ �zCÝ;=<lR\d�u
°3HPAYAB<?C�IYu|�JIUR1IB<7IBbF<�EDG$VmVL<DEsIBG$A7OjIBG$^FO�IBbP<7IBbPAB<lR$dPOD©,IUR$�p<?O�IBbF<?KLA
ZFHTØ	<?ABOD© ] R1AB�7G\Z�×j<?E?IBOtdTKXAB<DE?IBVXW�AB<?>r<?AB<?CFED<ld�>@ABG ] IBbP<tABGJG$IBO[R1OVLGJElR$Vy©fIUR1�p<DOQR$VLV�VLGJElR$V]��°�`2� OtxyKLCFE?VmHFdPKLCFM�AB<?EDG$AUdTOQG1>hCP<?w,VXW�E?AB<su
R1IB<DdvG\Z�×j<?E?IBOU}s©aR$CFdvEDVL<lReABOtR1VLVcIBbP<*dPKXAYI|W ] ReAB�TOD_*`�bF<�IBbPAB<DR\dPOR1AB<�IBbP<DC�AB<DOYH ] <Dd�_cnÍbFKLVL<[IBbP<�IBbPAB<lR$dPO,ABHFC�©FIBbF<�E?G\VLVL<DE?IBG$A�HF^PudFReIB<DOaIBbF<�AB<?>r<sAB<DCFED<,EDG$HFCJIBOhR$O ] HFEUb�R1OhKXIhElR$C7xy<s�PE?VmHFdPKLCFM2OYVmG1IBOIBbSReIQw3<?AB< ] G�dPKX�S<ld�OYKmCPED<�IBbF<�^SR1HFOY<e}s_,�{I,IBbF<DC�AB<lR$dPO,IBbF<�EDHTAYuAB<DCJI�ZFHTØ	<?ABO�G1>�IBbF<[IBbPAB<lR$dPO*xrw,KXIBbFG$HPI�OjIBG\^P^FKLCFM�IBbF< ] }�IBG"M\<sIKLCP>@G$A ] R1IBKLG$C�G\CR1VLV3OYVLG$IBO ] G�dPKX�S<DdvOYKLCFED<*IBbP<�VmR$OjI�^SR$HPOY<\©aR1CSd�SCPKLOYbtHF^	dPR1IBKLCFM,IBbF<hAB<?>r<?AB<?CFED<�EDG$HFCJIBOD_q¼�KLCFR$VLVXWJ©pKXI,xrAB<DEDHTABOYKmo\<DVXWS}
AB<DEDVmR1K ] O�R$VLVhG\Z�×j<DE?IBO�w,KXIBbkD<?ABG�AB<?>r<?AB<?CFED<NEDG$HFCJI�IBbSR1I[ReAB<NCFG$I
] R1AB�\<ld-VLGJElR1Vy_
n<*AB< ] ReAB��IBbFR1I[>rG1A�IBbF<*EDG1AYAB<DE?IBCP<DOYO�G$>,IBbP<�R1VLM\G$ABKXIBb ] ©hKXI�KLOAB<liJHFKXAB<ld"IBbFR1IQIBbF<�OjIBG\^�G$>hR1VmV ] HPIUReIBG$ABOQdPGJ<DO2CFG$IQOjIBG\^�R1C�W"G$>IBbF< ] HPIUReIBG$ABOaKLCtIBbF< ] KmdFdTVL<�G$>�R2^fG$KLC�IB<sA ] G�dTKL�FElR1IBKLG$C«_�n�<,dPGCFG1I=<DVmR$ZfG$AUReIB<�G\C�K ] ^FVL< ] <?C�IUReIBKLG\C-KmOYOYHP<DOD_��"G$AB<[dPKLOYEDHPOYOYKmG$C7G$>IBbFKLO,KLCJIB<?A ] <ldPKmReIB<�R$VLM\G1ABKLIBb ] IBG$M\<?IBbP<?A=w,KLIBb�>rHFVLV«EDG�dP<�KLOQM$KLop<DCKLCIBbF<*>rHPVLV�^SR$^f<sA"Î �$�eÑÆ_`�bP< ] R1KmC�M$GpR1V�G$>=IBbFKLO[OY<DE?IBKLG\C�KLO�IBG<?�T^FVmR1KmCIBbP<*w�ABKLIB<-ZSReAYABKL<?AtIBbFR1I�RlopG\KmdPO�OjWTCFEUbPABG\CPKLklR1IBKLG\C�_7n<
CFGlw�IBHPABC-IBGtIBbF<2G\CPuÆIBbP<?uÆÜFW-R$VLM$G$ABKXIBb ] _

4. THE SLIDING VIEW ALGORITHM�|C�IBbP<�OYCFR$^FOYbPG$INR1VLM\G$ABKXIBb ] w�<�bSRlop< ] R$CSR1M\<ldIBG�<?�T<DEDHTIB<"R
] Rl×jG$A,^FR1AYI,G1>�IBbF<QEDG\VLVL<DE?IBKLG\C�w,bPKLVm<QIBbF< ] HPIUR1IBG1ABO3ABHFC-EDG$CFEDHTAYuAB<DCJIBVXW½w,KXIBbÝIBbP<7EDG\VLVL<DE?IBG1Al_µ`�bF< ] R$KLCÍdTKLOBR\dPo$R$CJIUR1M\<7G$>�IBbPKLOR$VLM$G$ABKXIBb ] KLO�IBbF<�bSR1VLIBKLCPMvG1>�IBbF< ] HTIUR1IBG$ABOtKmC�IBbF<�Zf<DM\KLCPCFKLCFMG$>�IBbP<*EDG\VLVL<DE?IBKLG$C«_�±�HTABKmCPM"IBbFKLO�bSR1VXI�R1VmVcIBbPAB<lR$dPO�R1AB<NOjIBG\^P^f<ld
w,bFKLVL<�IBbF<�EDG\VLVL<DE?IBG1A7EDVL<lReABO"IBbF<�dPKXAYIzW½ÜSR$M\O"R$CFdºAB<DED<DKLop<DO-IBbF<



] HPIUReIBG$ABOD��ZPHPØ	<?ABO[R1CSdVLGJElR$V��«°�`�OD_�`�bPKmO�bSR1VLI�bFKLCFdP<?ABO�ZfG$IBb<s~*EDKL<DCFEsWJ©$OYKLCPED<hG$CFVXW�G$CF<c^PABGJED<DOYOYG1Aq<?�T<DEDHTIB<DO«IBbP<cw3G$AB��R1CSd2IBbP<
AB<?OjItReAB<�KmdPVL<\©�R$CSd�OYElR$VmR1ZFKLVLKLIzWJ©�OYKLCFE?< ] G$AB<tIBbTAB<lR\dTO�w,KmVLVcElR$HPOY<
] G1AB<,dP<DVmRDWTOD_�nÍbPKmVL<,<?~*E?Km<?CFE?W�ElR$CtZf<�<DCFbFR$CFE?<ldtZJW[^SR1AUR1VLVm<?VmKLk?uKLCPM�IBbF<,ÜfR1M\OD�TEDVL<lReABKmCPM�^FbFR$OY<\©TOYElR1VmR$ZFKLVLKXI|W-ElR1VmVLO�>rG1A�<DVLK ] KLCSR1IBKLCPME?G ] ^FVL<?IB<[bSR1VXIBOQ>@ABG ] IBbP<[R$VLM\G1ABKLIBb ] _�`�bPKLO2KLO2KLCSdT<D<ld�IBbF<�ElR1OY<w,KXIBb�G$HPAaOY<DE?G\CSd�R$VLM\G1ABKXIBb ] ©\w,bPKLEsbtReo\G\KmdPOqM1ABKmCFdPKLCFMQbSR1VLIBOaEDG ] u^PVL<?IB<DVXWJ_
ª bSR1CSdTOYbSR$�\<ºÎX�l��©*�eÐeÑ�KLO�R¾OjWTCPEsbTABG\CFKLklReIBKLG\C ] <?EsbFR$CFKLO ] KmCw,bPKLEsb-<lR$EUbNIBbPAB<lR$dNOjIBG$^FO,ReI�R[IBK ] <,IBG�^f<?AY>rG1A ] OYG ] <,IYAUR$CPOBR$E?uIBKLG$C�w,KXIBb�IBbP<�EDG\VLVL<DE?IBG1Al_hÛ2HPAaR1VLM\G$ABKXIBb ] HFOY<DOq>rG$HPAabFR$CSdTOYbSR1�p<DOD_`�b�HPOD© ] HTIUR1IBG$ABOcReAB<QG$CFVXWtOjIBG$^F^f<ld�G$CF<=R1I3R2IBK ] <\©�R1CSdtG$CFVXWt>@G$AR�OYbFG$AYI�KLCJIB<?ABo$R$Vy©�KXIBO[dPHTAUR1IBKLG\C�dP<D^f<?CSdPO2G\CvIBbP<�OYKLkD<*G$> ] HPIUReuIBG1ABOD�SVLGJElR1VgOjIUR1IB<?OD_
�zCÍIBbF<�OYCSR1^FOYbFG1I7R1VmM$G$ABKXIBb ] w�<�bSR\dÍR��F�T<ldÝ^fG$KLC�I�G$>[IBK ] <\©CFR ] <DVXWJ©pw,bP<DC-R$VLV ] HTIUR1IBG1ABOcw3<?AB<2OjIBG$^F^f<ld	©p>rG1A�w,bFKLEUbNw3<2EDG ] u^PHPIB<ld-IBbF<�AB<?>@<?AB<DCFE?<[E?G\HFCJIBO,G$>cR1VLVgG\Z�×j<?E?IBOD_,`�b�HFOD©FKLI,w�R$O=<lR$OjW
IBG[EDVmR$K ] IBbSR1I3KX>gR1C�G$ZT×|<DE?I�bFR$O3R�k?<?ABG�bP<lR$^*AB<?>@<?AB<DCPED<2EDG$HFCJI�ReIIBbFR1IhIBK ] <$©�R$CFdNKXI3KmO3CFG$I3VLGJElR$V�R1IhIBbSReI3IBK ] <\©pIBbP<DCNKLI3ElR$CNZf<,AB<?uE?V¯R1K ] <ld�_a�cWtdTKLOY^f<DCFOYKLCFM=w,KXIBbtIBbF<�E?G ] ^FVL<?IB<hbSR1VLIBKLCPM�G$>SIBbTAB<lR\dTOw3<�CFG�VmG$CFM$<?A=bSRlop<QIBbPKLO��F�T<ldN^fG\KLCJI,G$>�IBK ] <\_a;QR1IBbP<?Al©�w�<�bFReo\<R�>@HFkDkDKL<?AQ^FKLE?IBHTAB<�G$>aIBbF<�OjWTOjIB< ] ©T>rG$A ] R1VLKmk?<ld7Z�W-IBbF<�CPG$IBKLG\C7G1>RÁUË ÕÆÌ$Õ@Ö�â #lÕ{ÈsÉºw,bFKLEsb�KLO�<?OYOY<DCJIBK¯R1VLVLW�R�CPG\CTu|ReIBG ] KLE-^FKLE?IBHPAB<NG1>IBbP<,bF<lR1^«_qn<,OYbPGew½bFGlwºOYVmKmdTKmCPM�oTKL<?w,O3ElR$C*Zf<,HFOY<Dd�KmCPOjIB<lR\d*G1>
ReIBG ] KLEtOYCFR$^POYbFG$IBO�KLC�G$AUdT<?A�IBG�dP<Do�KLOY<�R-EDG\VLVL<DE?IBKLG$CR$VLM$G$ABKXIBb ] _`�bPKLO�R$^P^PABGpR1Esb�KLO2OYK ] KLVmR1A�IBG*IBbP<[w�RlW�OYCSR$^POYbFG1IBO�R1AB<[IUR$�p<?C7KmCR�dPKLOjIYABKLZFHTIB<ld�OY<sIYIBKmCPMP_t²hR1Esb ] HTIUR1IBG1A�R1I�RNIBK ] <[w,KLVLVh^TABGeoTKmdT<KXIBO�o�KL<?w G$>hIBbF<�bP<lR$^�©�R1CSd�OY^f<DEDKmR$VcElR1AB<�w,KmVLVhZf<�IUR$�\<DCvZJW7IBbP<
OjWTOjIB< ] IBG ] R$�p<,OYHPAB<,IBbSReIhw,bPKLVm<=IBbF<=KLCP>rG1A ] R1IBKLG\C-KLO3M\R1IBbF<sAB<ld�©
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