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MNOPQMRSTUVWXYVZPY[ \]Q][ ^OT[ WQW_S`TaWZOVWXYVZPY[ Y]bPbcYSMQYMN]bVWXYVZPY[ RRaMPSTUVWXYVZPY

ABSTRACTdPNMefU NMgM UgPaMh] UeUg]YU Ma] WbZa]MUWbhQe MNPigWbh QPjkZPUg NWUR NaWl]U gOMg OMl] OWhO]a ZMiMZWge XTg QPj]a a]QWMXWQkWge[ Q]MNWbh gP YPa] ma]nT]bg a]XTWQNU MbN gP M OWhO]a aWURPm Tba]ZPl]aMXQ] Y]NWM ]aaPaUV o] iaPiPU] M b]j pqrkXMU]N WbgaMkNWUR a]NTbNMbZe UZO]Y][ ZMQQ]N Wbg]aQ]Ml]N iMakWge ZO]ZR stuvw[ gP ]bOMbZ] gO] a]QWMXWQWge Pm rxty UeUg]YUgOMg WbZTaU PbQe b]hQWhWXQ] tzq i]amPaYMbZ] N]haMNMgWPbVdO] iaPiPU]N UZO]Y] WbgaPNTZ]U Mb MNNWgWPbMQ Q]l]Q Pm a]kNTbNMbZe WbUWN] ]MZO NWUR[ Pb gPi Pm gO] rxty a]NTbNMbZeMZaPUU YTQgWiQ] NWURUV dO] rxty iMaWge iaPlWN]U iaPg]ZkgWPb MhMWbUg NWUR mMWQTa]U[ jOWQ] gO] iaPiPU]N UZO]Y] MWYUgP iaPg]Zg MhMWbUg Y]NWMka]QMg]N Tba]ZPl]aMXQ] ]aaPaUV x
ZPYiMaWUPb X]gj]]b gO] iaPiPU]N UZO]Y] MbN gaMNWgWPbMQ a]kNTbNMbZe UZO]Y]U XMU]N Pb r]]Nk{PQPYPb sr{w ZPN]U MbNUWbhQ]kiMaWgekZO]ZR s{uvw ZPN]U WU ZPbNTZg]N Xe MbMQegWZMQY]MbUV x b]j YPN]Q WU N]l]QPi]N gP ZMigTa] gO] ]|]ZgPm ZPaa]QMg]N Tba]ZPl]aMXQ] U]ZgPa ]aaPaUV dO] iaPXMXWQWgePm Mb Tba]ZPl]aMXQ] mMWQTa] MUUPZWMg]N jWgO gO]U] UZO]Y]UWU N]aWl]N mPa gO] b]j ZPaa]QMg]N YPN]Q MU j]QQ MU mPa gO]UWYiQ]a WbN]i]bN]bg ]aaPa YPN]QV }TagO]aYPa][ j] N]aWl]ZQPU]NkmPaY ]^ia]UUWPbU mPa gO] Y]Mb gWY] gP NMgM QPUU Pmrxty ~ MbN rxty � UeUg]YU Wb gO] ia]U]bZ] Pm Tba]ZPlk]aMXQ] ]aaPaU MbN NWUR mMWQTa]UV o] gO]b ZPYXWb] gO]U] a]kUTQgU mPa M ZPYia]O]bUWl] ZOMaMZg]aW`MgWPb Pm gO] a]QWMXWQWgePm rxty UeUg]YU gOMg WbZPaiPaMg] gO] iaPiPU]N WbgaMkNWURa]NTbNMbZe UZO]Y]V qTa a]UTQgU UOPj gOMg Wb gO] iaMZgWkZMQ ZMU] Pm ZPaa]QMg]N ]aaPaU[ gO] iaPiPU]N UZO]Y] iaPlWN]UgO] UMY] a]QWMXWQWge MU gO] PigWYTY MQX]Wg YPa] ZPYiQ]^r{ ZPNWbh UZO]Y]V }WbMQQe[ gO] gOaPThOiTg i]amPaYMbZ] PmWbZPaiPaMgWbh gO] WbgaMkNWUR a]NTbNMbZe Pb lMaWPTU rxty
UeUg]YU WU ]lMQTMg]N Xe Y]MbU Pm ]l]bgkNaWl]b UWYTQMgWPbUV
1. INTRODUCTION�Mah]kZMiMZWge NMgM UgPaMh] UeUg]YU Ma] TXWnTWgPTU Wb YPNk]ab ]bg]aiaWU]U[ MbN gO] N]YMbN mPa YPa] ZMiMZWge ZPbgWbT]UgP haPjV {TZO NMgM UgPaMh] UeUg]YU TU] OTbNa]NU Pm OMaNNWUR NaWl]U s�yyUw gP MZOW]l] gO] a]nTWa]N Mhha]hMg] NMgMZMiMZWgeV x iaPXQ]Y ]bZPTbg]a]N Wb gO]U] UeUg]YU WU mMWQkTa]U Pm �yyUV uaPg]ZgWPb MhMWbUg �yy mMWQTa]U WU MZOW]l]NXe ]YiQPeWbh a]NTbNMbg NWURU Wb M UeUg]YV dO] ZPYYPbg]ZObWnT] TU]N Wb YPN]ab NMgM UgPaMh] UeUg]YU mPa gPQ]aMgkWbh NWUR mMWQTa]U WU gO] a]NTbNMbg MaaMe Pm WbN]i]bN]bg NWURUsrxtyw ��[ ���V x iPiTQMa rxty UZO]Y] WU rxty �]l]Q ~[

Wb jOWZO NWURU Ma] MaaMbh]N Wb haPTiU sPa MaaMeUw[ ]MZO jWgOPb] a]NTbNMbg NWURV rxty ~ MaaMeU ZMb gPQ]aMg] Pb] NWURmMWQTa] i]a MaaMeV tb MNNWgWPb[ NMgM UgaWiWbh MbN NWUgaWXTg]NiMaWge iQMZ]Y]bg MZaPUU YTQgWiQ] NWURU Ma] TU]N gP X]b]�gmaPY mMUg]a iMaMQQ]Q MZZ]UU MbN QPMN XMQMbZWbhVxU gO] bTYX]a Pm NWURU Wb M NMgM UgPaMh] UeUg]Y haPjU[MQUP gO] b]]N mPa gPQ]aMgWbh gjP NWUR mMWQTa]U Wb Mb MaaMe WbkZa]MU]UV dO] rxty ~ UZO]Y] ZMbbPg iaPg]Zg MhMWbUg NMgMQPUU Wm gjP NWURU mMWQV tbUg]MN[ TUWbh M rxty � UZO]Y] MQQPjUTi gP gjP NWURU gP mMWQ Wb Mb MaaMeV dO] rxty � UZO]Y]UgPa]U gjP iMaWge UgaWi] TbWgU i]a U]g Pm NMgM UgaWi] TbWgU ��[~�V �Pj]l]a[ gOWU WbZa]MU] Wb a]QWMXWQWge a]NTZ]U gO] Pl]aMQQgOaPThOiTg i]amPaYMbZ] Pm rxty � MaaMeU MU j]QQ MU gO]MlMWQMXQ] UgPaMh] UiMZ] mPa M �^]N bTYX]a Pm gPgMQ NWURU WbMb MaaMeV dO] YMWb a]MUPb mPa gO] a]NTZ]N gOaPThOiTg WUgOMg ]MZO jaWg] a]nT]Ug MQUP a]nTWa]U TiNMgWbh gO] gjP ZPaka]UiPbNWbh iMaWge TbWgU Pb NW|]a]bg NWURUVx ZTaa]bg ga]bN Wb gO] NMgM UgPaMh] WbNTUgae WU gPjMaNU gO]MNPigWPb Pm QPjkZPUg ZPYiPb]bgU[ YPUg bPgMXQe {xdx NWURNaWl]U WbUg]MN Pm }v MbN {v{t NWUR NaWl]UV {xdx NaWl]U P|]aOWhO]a ZMiMZWge i]a NaWl][ XTg OMl] M ZPYiMaMgWl]Qe QPj]aa]QWMXWQWgeV xU gO] NWUR ZMiMZWge haPjU[ gO] gPgMQ bTYX]aPm Xeg]U gOMg Ma] a]MN NTaWbh M a]XTWQN Pi]aMgWPb X]ZPY]Ul]ae QMah]V dOWU WbZa]MU]U gO] iaPXMXWQWge Pm ]bZPTbg]aWbh MbTba]ZPl]aMXQ] ]aaPa[ WV]V[ Mb ]aaPa gOMg ZMbbPg X] ZPaa]Zg]NXe ]WgO]a gO] UgMbNMaN U]ZgPakMUUPZWMg]N ]aaPakZPbgaPQ ZPNWbhs�vvw Pa gO] a]ka]MN Y]ZOMbWUY Pm gO] �yyV�ba]ZPl]aMXQ]Y]NWM ]aaPaU geiWZMQQe a]UTQg Wb Pb] Pa YPa] U]ZgPaU X]ZPYWbhTba]MNMXQ]V dOWU WU iMagWZTQMaQe iaPXQ]YMgWZ jO]b ZPYXWb]NjWgO NWUR mMWQTa]UV }Pa ]^MYiQ][ Wm M NWUR mMWQU Wb M rxty ~
MaaMe[ gO] a]XTWQN iaPZ]UU YTUg a]MN MQQ gO] NMgM Pb gO]a]YMWbWbh NWURU gP a]XTWQN gO] QPUg NMgM Pb M UiMa] NWURVyTaWbh gOWU iOMU][ M Y]NWM ]aaPa Pb Mbe Pm gO] hPPN NWURUjPTQN X] Tba]ZPl]aMXQ] MbN Q]MN gP NMgM QPUU X]ZMTU] gO]a]WU bP jMe gP a]ZPbUgaTZg gO] QPUg NMgM U]ZgPaUV x UWYWQMaiaPXQ]Y PZZTaU jO]b gjP NWURU mMWQ Wb M rxty � UZO]Y]Vtb gOWU ZMU][ Mbe Tba]ZPl]aMXQ] U]ZgPaU ]bZPTbg]a]N Pb gO]hPPN NWURU NTaWbh gO] a]XTWQN iaPZ]UU MQUP Q]MN gP NMgM QPUUVdeiWZMQ NMgM UgPaMh] WbUgMQQMgWPbU MQUP WbZQTN] M gMi]kXMU]NXMZRkTi Pa M NWURkXMU]N YWaaPa]N ZPie Mg M a]YPg] QPZMgWPbVdO]U] Y]ZOMbWUYU ZMb X] TU]N gP a]ZPbUgaTZg NMgM QPUg X]kZMTU] Pm Tba]ZPl]aMXQ] ]aaPaUV �Pj]l]a[ gO]a] WU M UWhbW�ZMbgi]bMQge Wb g]aYU Pm QMg]bZe MbN gOaPThOiTgVo] iaPiPU] M b]j g]ZObWnT] gP ]bOMbZ] gO] a]QWMXWQWge
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Pm rxty UZO]Y]U gOMg WbZTaU PbQe M b]hQWhWXQ] tzq i]amPakYMbZ] N]haMNMgWPb MbN WU XMU]N Pb WbgaMkNWUR a]NTbNMbZeVdO] Y]gOPN WbgaPNTZ]U Mb MNNWgWPbMQ �NWY]bUWPb� Pm a]NTbkNMbZe WbUWN] ]MZO NWUR gOMg WU PagOPhPbMQ gP gO] TUTMQ rxtyNWY]bUWPb[ jOWZO WU XMU]N Pb a]NTbNMbZe MZaPUU YTQgWiQ]NWURUV dO] rxty a]NTbNMbZe iaPlWN]U iaPg]ZgWPb MhMWbUgNWUR mMWQTa]U[ jO]a]MU gO] iaPiPU]N WbgaMkNWUR a]NTbNMbZeMWYU gP iaPg]Zg MhMWbUg Y]NWMka]QMg]N Tba]ZPl]aMXQ] ]aaPaUVdO] XMUWZ WbgaMkNWUR a]NTbNMbZe UZO]Y] jPaRU MU mPQQPjU�]MZO UgaWi] TbWg WU iMagWgWPb]N WbgP U]hY]bgU[ MbN jWgOWb]MZO U]hY]bg[ M iPagWPb Pm gO] UgPaMh][ TUTMQQe U]l]aMQ U]ZkgPaU[ WU TU]N mPa UgPaWbh NMgM[ ZMQQ]N NMgM U]ZgPaU[ jO]a]MUgO] a]YMWbN]a WU a]U]al]N mPa a]NTbNMbg U]ZgPaU[ jOWZO Ma]ZPYiTg]N XMU]N Pb Mb ]aMUTa] ZPN]V dO] bPl]Qge Pm gO]iaPiPU]N UZO]Y] QW]U Wb gO] mMZg gOMg Wg ZPi]U jWgO ia]ZWU]QegOPU] gei] Pm ]aaPaU gOMg ZMbbPg X] OMbNQ]N Xe gO] XTWQgkWb�vv MbN a]ka]MN Y]ZOMbWUYU Pm Mb �yyV tg ZMb MQUP X] TU]NgP MNNa]UU UWYWQMa �NMgMkWbg]haWge� ]aaPaU UTZO MU XWgk�WiUMbN PgO]a WbZPaa]Zg a]UiPbU]UV }TagO]aYPa][ j] MNNa]UU gO]iQMZ]Y]bg WUUT] Pm gO] a]NTbNMbg U]ZgPaU jWgOWb gO] U]hY]bggP YWbWYW`] gO] WYiMZg Pb gO] gOaPThOiTg i]amPaYMbZ]VdO] R]e ZPbgaWXTgWPbU Pm gOWU iMi]a Ma] gO] mPQQPjWbhV x
b]j pqrkXMU]N WbgaMkNWUR a]NTbNMbZe UZO]Y] WU WbgaPNTZ]NmPa ]aMUTa] ZPaa]ZgWPb Wb gO] ia]U]bZ] Pm Tba]ZPl]aMXQ] U]ZkgPa ]aaPaUV dO] bPl]Qge Pm gOWU UZO]Y] WU gO] ZPYXWbMgWPb PmpqrkXMU]N iMaWge[ Wbg]aQ]MlWbh[ MbN iMaWge iQMZ]Y]bg[ MQQiTg gPh]gO]a Wb M iaMZgWZMQ WYiQ]Y]bgMgWPbV }TagO]aYPa][M b]j YPN]Q ZMigTaWbh gO] ]|]Zg Pm ZPaa]QMg]N Tba]ZPl]akMXQ] U]ZgPa ]aaPaU WU N]l]QPi]N MbN UTXU]nT]bgQe TU]N gPMbMQe`] gO] iaPiPU]N UZO]Y] MU j]QQ MU gO] gaMNWgWPbMQ a]kNTbNMbZe UZO]Y]U XMU]N Pb r]]Nk{PQPYPb sr{w ZPN]U MbNUWbhQ]kiMaWgekZO]ZR s{uvw ZPN]UV dO] iaPXMXWQWge Pm Mb Tbka]ZPl]aMXQ] mMWQTa] MUUPZWMg]N jWgO gO]U] UZO]Y]U WU N]aWl]NmPa gO] b]j ZPaa]QMg]N YPN]Q MU j]QQ MU mPa gO] UWYiQ]a WbN]ki]bN]bg ]aaPa YPN]QV }TagO]aYPa][ UTWgMXQ] �MaRPl YPN]QUMa] N]l]QPi]N gP N]aWl] ZQPU]NkmPaY ]^ia]UUWPbU mPa gO] Y]MbgWY] gP NMgM QPUU Pm rxty ~ MbN rxty � UeUg]YU Wb gO]ia]U]bZ] Pm Tba]ZPl]aMXQ] ]aaPaU MbN NWUR mMWQTa]UV o] gO]bZPYXWb] gO]U] a]UTQgU gP ZPYia]O]bUWl]Qe ZOMaMZg]aW`] gO]a]QWMXWQWge Pm gO]U] rxty UeUg]YU jOWZO WbZPaiPaMg] gO] iaPkiPU]N WbgaMkNWUR a]NTbNMbZe UZO]Y]V }WbMQQe[ gO] gOaPThOkiTg i]amPaYMbZ] Pm gO]U] rxty UeUg]YU WU ]lMQTMg]N TUWbh]l]bgkNaWl]b UWYTQMgWPbU TbN]a M lMaW]ge Pm jPaRQPMNUVxU PTa a]UTQgU N]YPbUgaMg][ gO] ]MUekgPkWYiQ]Y]bg Wbg]akQ]Ml]N iMaWgekZO]ZR ZPNWbh UZO]Y] iaPiPU]N O]a] MZOW]l]U Ma]QWMXWQWge l]ae ZQPU] gP gOMg Pm gO] PigWYMQ XTg YTZO YPa]ZPYiQ]^ r{ UZO]Y]V xU jWQQ X] ]^iQPa]N Wb mTagO]a N]gMWQ WbgOWU iMi]a[ M R]e MNlMbgMh] Pm gO] b]j UZO]Y] WU gOMg Wg ZMbX] MiiQW]N gP lMaWPTU rxty UeUg]YU[ WbZQTNWbh rxty ~ MbNrxty �VdO] a]YMWbN]a Pm gO] iMi]a WU PahMbW`]N MU mPQQPjUV {]ZkgWPb � iaPlWN]U M UTal]e Pm gO] a]Q]lMbg QWg]aMgTa] Pb a]QWMXWQkWge ]bOMbZ]Y]bg UZO]Y]U mPa rxty UeUg]YUV {]ZgWPb � N]kUZaWX]U gO] iaPXQ]Y Pm NMgM QPUU NT] gP Tba]ZPl]aMXQ] ]aaPaUWb YPa] N]gMWQV {]ZgWPb � ia]U]bgU gO] WbgaMkNWUR a]NTbNMbZeUZO]Y][ WbZQTNWbh M N]gMWQ]N MbMQeUWU Pm gO] ]aMUTa] ZPaa]ZkgWPb ZMiMXWQWge Wb gO] ia]U]bZ] Pm WbN]i]bN]bg MU j]QQ MUZPaa]QMg]N Tba]ZPl]aMXQ] U]ZgPa ]aaPaUV {]ZgWPb ~ WU N]lPg]NgP MUU]UUWbh gO] a]QWMXWQWge Pm rxty ~ MbN rxty � UgPaMh]UeUg]YU gOMg WbZPaiPaMg] gO] iaPiPU]N ZPNWbh UZO]Y]V tb{]ZgWPb �[ gO] gOaPThOiTg i]amPaYMbZ] WU ]lMQTMg]N TUWbh]l]bgkNaWl]b UWYTQMgWPbU gP MNNa]UU NebMYWZ tzqV {]ZgWPb �ZPbZQTN]U gO] iMi]aV

2. RELATED WORKyMgM UgPaMh] UeUg]YU Ma] X]Wbh N]UWhb]N gP Y]]g WbZa]MUkWbhQe YPa] UgaWbh]bg NMgM Wbg]haWge a]nTWa]Y]bgU ����V �UWbhM gMi]kXMU]N XMZRkTi Pa M NWURkXMU]N YWaaPa]N ZPie WU gO]MiiaPMZO ZPYYPbQe TU]N gP ]bOMbZ] NMgM Wbg]haWgeV �Pjk]l]a[ a]ZPl]aWbh NMgM maPY UTZO ZPiW]U WU gWY] ZPbUTYWbhVdO] ]Y]ah]bZ] Pm {xdx NaWl]U MU gO] QPjkZPUg MQg]abMkgWl] gP gO] {v{t MbN }v NaWl]U Wb NMgM UgPaMh] UeUg]YU OMUXaPThOg gO] WUUT] Pm UeUg]Y a]QWMXWQWge gP gO] mPa]maPbgV dO]R]e iaPXQ]Y jWgO {xdx NaWl]U Wb gOWU a]Ui]Zg WU gOMg Tba]kZPl]aMXQ] ]aaPaU Ma] g]b gWY]U YPa] QWR]Qe gOMb Pb {v{tz}vNaWl]U �	�V x UWYiQ] UZO]Y] XMU]N Pb TUWbh WbgaMkNWUR a]NTbkNMbZe WU N]UZaWX]N Wb ��� MbN MWYU Mg WbZa]MUWbh gO] a]QWMXWQWgePm {xdx NaWl]U gP gO] UMY] Q]l]Q MU gOMg Pm {v{tz}v NaWl]UVdOWU UZO]Y] WU XMU]N Pb TUWbh M UWbhQ] iMaWge U]ZgPa mPa MQMah] bTYX]a Pm NMgM U]ZgPaU XTg NP]U bPg MNNa]UU WgU iQMZ]kY]bg WUUT]V tb gO] ZMU] Pm UYMQQ jaWg]U[ gO] NMgM MbN iMaWgeU]ZgPaU gP X] TiNMg]N jWQQ a]nTWa] U]iMaMg] tzq a]nT]UgU[Q]MNWbh gP M U]l]a] i]bMQge Wb gOaPThOiTg i]amPaYMbZ]V}PQQPjWbh gO] WbgaPNTZgWPb Pm rxty ����[ gO] a]QWMXWQWge Pmrxty UeUg]YU jMU MbMQe`]N Xe U]l]aMQ haPTiUV x XMUWZ a]kQWMXWQWge MbMQeUWU Pm rxty UeUg]YU jMU ia]U]bg]N Wb ��[ ��[�~�V �ba]ZPl]aMXQ] ]aaPaU j]a] ZPbUWN]a]N Wb ����[ jO]a] MN]gMWQ]N �MaRPl YPN]Q WU N]l]QPi]N gP ZMigTa] M lMaW]ge PmmMWQTa]U iPUUWXQ] Wb M NWUR MaaMeV dO] YPN]Q MQUP WbZPaiPaMg]NTbZPaa]ZgMXQ] i]aYMb]bg ]aaPaU ZMTU]N Xe Y]NWMka]QMg]N ]akaPaUV tb ����[ gO] a]QWMXWQWge Pm rxty ~ MaaMeU Wb gO] ia]Uk]bZ] Pm TbZPaa]ZgMXQ] XWg ]aaPaU jMU MbMQe`]NV dO] MTgOPaUMUUTY] gOMg a]MNWbh NMgM maPY NWURU NP]U bPg ZMTU] TbZPaka]ZgMXQ] ]aaPaUV dO]U] ]aaPaU Ma] MUUTY]N gP PZZTa NTaWbhjaWgWbh[ MbN Ma] ]bZPTbg]a]N NTaWbh a]MNWbhV x U]iMaMg]MbMQeUWU Pm gjP ZMU]U WU NPb]� Pb] Wb jOWZO TbZPaa]ZgMXQ]]aaPaU ]^WUg Pb hPPN NWURU X]mPa] M NWUR mMWQTa][ gO] PgO]a WbjOWZO TbZPaa]ZgMXQ] ]aaPaU PZZTa NTaWbh jaWg]U gP hPPN NWURUMmg]a M NWUR mMWQTa] XTg X]mPa] gO] a]XTWQN WU ZPYiQ]g]NV dO]QMgg]a UZ]bMaWP ZMigTa]U gO] ZMU] jO]b gO] NWUR MaaMe ZPbkgWbT]U gP a]Z]Wl] a]MN MbN jaWg] a]nT]UgU NTaWbh gO] a]XTWQNiOMU]V dO] MTgOPaU TU] �MaRPl YPN]QU gP ZOMaMZg]aW`] gO]PZZTaa]bZ] Pm TbZPaa]ZgMXQ] ]aaPaU MbN PXgMWb ]^ia]UUWPbUmPa gO] a]QWMXWQWge Pm rxty ~ MaaMeUV dO]e N]YPbUgaMg] gOMgTba]ZPl]aMXQ] ]aaPaU OMl] M XWh WYiMZg Pb gO] a]QWMXWQWge PmgO] UeUg]YV
�Pa] a]Z]bgQe[ gO] a]QWMXWQWge Pm QMah] UgPaMh] UeUg]YU gOMg]bZPTbg]a NWUR mMWQTa]U MU j]QQ MU Tba]ZPl]aMXQ] ]aaPaU jMU]lMQTMg]N Wb ����V dO] TU] Pm M UWhbMgTa] UZO]Y] jMU iaPkiPU]N gP WN]bgWme Tba]ZPl]aMXQ] XQPZRUV r]NTbNMbZe jMUWbgaPNTZ]N XMU]N Pb gjPkjMe YWaaPaWbh[ gOa]]kjMe YWaaPakWbh[ MbN rxty ~ jWgO YWaaPaWbh srxty ~
�wV dO] a]NTbkNMbZe Wb gO] UZO]Y]U MbMQe`]N jMU iQMZ]N Pb NW|]a]bg NWURUgP iaPg]Zg MhMWbUg NWUR mMWQTa]U[ gOTU ]^iQPWgWbh gO] rxty

NWY]bUWPbV dO] a]QWMXWQWge Pm gO]U] UZO]Y]U jMU MbMQe`]NTUWbh �MaRPl YPN]QUV tb ���[ gO] i]amPaYMbZ] Pm NW|]a]bgrxty UeUg]YU jMU UgTNW]N MbN lMaWPTU UZO]NTQWbh iPQWZW]Uj]a] ia]U]bg]NV �Pa] a]Z]bgQe[ Mb Wbg]haMg]N i]amPaYMbZ]YPN]Q jMU N]l]QPi]N Wb ���� gOMg WbZPaiPaMg]N U]l]aMQ m]MkgTa]U Pm a]MQ NWUR MaaMeU UTZO MU ZMZOWbh[ iMaMQQ]QWUY MbNMaaMe ZPbgaPQQ]a PigWYW`MgWPbUV

3. DATA LOSS FROM UNRECOVERABLE
ERRORStb gOWU U]ZgWPb[ j] ZPbUWN]a gO] iaPXQ]Y Pm Tba]ZPl]aMXQ]]aaPaU MbN gO]Wa WYiMZg Pb gO] a]QWMXWQWge Pm M rxty ~ UeUg]Y

�



gP YPgWlMg] gO] b]]N mPa N]lWUWbh M ZPNWbh UZO]Y]VvPbUWN]a Mb ]^MYiQ] Pm M bTYX]a Pm rxty ~ UeUg]YU WbkUgMQQ]N Wb gO] �]QNV �MZO UeUg]Y YMe ZPbgMWb YPa] gOMb Pb]rxty ~ MaaMeV oOMg WU WYiPagMbg WU gO] gPgMQ bTYX]a Pmrxty ~ MaaMeUV o] MUUTY] gOMg MQQ MaaMeU OMl] gO] UMY] iMkaMY]g]aUV vPbUWN]a Mb WbUgMQQ]N XMU] Pm �� � ��~��� rxty~ MaaMeU[ ]MZO jWgO � � 	 NWURUV xQQ gO] UeUg]YU Wb gO]�]QN Ma] MUUTY]N gP ZPYiaWU] gO] UMY] gei] Pm NWURUV djPgei]U Pm NWURU Ma] MUUTY]N[ ]WgO]a gO] ]^i]bUWl] MbN OWhOQea]QWMXQ] {v{t NaWl]U Pa gO] QPjkZPUg {xdx NaWl]U jWgO QPj]aa]QWMXWQWgeV dO] NWURU Ma] ZOMaMZg]aW`]N Xe gO] mPQQPjWbh iMkaMY]g]aU�
� �]Mb gWY] gP mMWQTa] s���w� � � ��� O mPa {v{t MbN~ ���	 O mPa {xdx NaWl]UV
� �]Mb gWY] gP a]XTWQN s��
w� ��� O mPa {v{t MbN ���	O mPa {xdx NaWl]UV
� �ba]ZPl]aMXQ] XWg ]aaPa iaPXMXWQWge s�
��w� � � ����	
mPa {v{t MbN � ������ mPa {xdx NaWl]UV

� yaWl] ZMiMZWge s�� Wb Xeg]Uw� {v{t NaWl]U jWgO ��[ ���[MbN ��� ��[ MbN {xdx NaWl]U jWgO ��� MbN ~�� ��V
xUUTYWbh M U]ZgPa UW`] Pm ~�� Xeg]U[ gO] ]nTWlMQ]bg Tba]ZPlk]aMXQ] ������ ]aaPa iaPXMXWQWge WU �� � �
�� �����[ jOWZO WU
����� � ����� Wb gO] ZMU] Pm {v{t MbN ����� � ����� Wb gO]ZMU] Pm {xdx NaWl]UV}Pa M rxty ~ MaaMe[ gO] Tba]ZPl]aMXQ] ]aaPaU Q]MN gP NMgMQPUU jO]b ]bZPTbg]a]N Wb gO] ZaWgWZMQ YPN][ WV]V jO]b Pb]NaWl] OMU MQa]MNe mMWQ]NV tb gOWU ZMU][ gO] a]YMWbWbh �  �
NaWl]U Ma] a]MN gP a]XTWQN gO] NMgM Pb gO] mMWQ]N NaWl]V xUgO] bTYX]a Pm U]ZgPaU Pb M NaWl] WU ���~��[ gO] gPgMQ bTYkX]a Pm U]ZgPaU a]MN jOWQ] a]XTWQNWbh maPY �  � NaWl]U WUs�  �w���~��V xUUTYWbh ]MZO U]ZgPa ]bZPTbg]aU Mb Tba]kZPl]aMXQ] ]aaPa WbN]i]bN]bgQe Pm MQQ PgO]a U]ZgPaU jWgO iaPXkMXWQWge �� [ gO] iaPXMXWQWge Pm ]bZPTbg]aWbh Mg Q]MUg Pb] Tbka]ZPl]aMXQ] U]ZgPa[ WV]V[ gO] iaPXMXWQWge Pm Mb Tba]ZPl]aMXQ]mMWQTa] �!" WU hWl]b Xe

�!" � � s� ��w#$��%&'(	�� � s�w
}WhV � UOPjU �!" mPa NWURU Pm ��� �� ZMiMZWge MU M mTbZgWPb PmgO] Tba]ZPl]aMXQ] U]ZgPa ]aaPa iaPXMXWQWgeV xQUP UOPjb Ma]gO] a]UTQgU mPa {v{t NaWl]U jWgO gOa]] NW|]a]bg ZMiMZWgW]UMbN {xdx NaWl]U jWgO gjP NW|]a]bg ZMiMZWgW]UV xb MaaMejWgO ��� �� {v{t NaWl]U OMU M �!" Pm YPa] gOMb �)V }PaMaaMeU TUWbh gO] QPjkZPUg {xdx NaWl]U jWgO ~�� �� ZMiMZWge[
�!" WbZa]MU]U gP YPa] gOMb �~)VdO] N]gaWY]bgMQ ]|]Zg Pm Tba]ZPl]aMXQ] mMWQTa]U Pb gO]Pl]aMQQ NMgM QPUU ]^i]aW]bZ]N Xe TU]aU Pm QMah] UgPaMh] UeUkg]YU ZMb X] U]]b Xe ]^MYWbWbh gO] Y]Mb gWY] gP NMgM QPUUs�ddy�w Y]gaWZV tb gO] ia]U]bZ] Pm NWUR mMWQTa]U PbQe[ gO]
�ddy� Pm M rxty ~ MaaMe WU j]QQ RbPjb ��[ ��� MbN WU hWl]bXe

*++,- � 

��� s�  �w�� . s�w

MUUTYWbh � / 
V dO] �ddy� Pm M QMah] NMgM UgPaMh] WbkUgMQQMgWPb Pm rxty ~ MaaMeU MU M mTbZgWPb Pm gO] gPgMQ TU]aZMiMZWge WU UOPjb Wb }WhV �V tg ZMb X] U]]b gOMg M �� u� WbkUgMQQMgWPb TUWbh ]WgO]a {v{t Pa {xdx NaWl]U OMU Mb �ddy�Pm YPa] gOMb �l] e]MaUV �aWbhWbh Tba]ZPl]aMXQ] mMWQTa]U WbgPZPbUWN]aMgWPb ZOMbh]U gO] iWZgTa] NaMYMgWZMQQeV �UWbh gO]]^ia]UUWPb mPa gO] �ddy� Wb gO] ia]U]bZ] Pm XPgO NWUR mMWQkTa]U MbN Tba]ZPl]aMXQ] mMWQTa]U[ jOWZO j] N]aWl] Wb {]ZgWPb
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300 GB SATA: Disk failures only
300 GB SATA: Disk failures + Stripe unit losses
146GB SCSI: Disk failures only
146GB SCSI: Disk failures + Stripe unit losses

012345 C7 DEEFG @< HIJF K :44:L; :; : <3=>?1@=
@< ?@?:M 1=;?:MM5N 3;54 >:O:>1?LB

~V�[ M �� u� WbUgMQQMgWPb TUWbh ��� �� {v{t NaWl]U ]^i]aWk]bZ]U M �ddy� Pm MaPTbN g]b j]]RU[ MU UOPjb Wb }WhV �V
�Pa] Wbg]a]UgWbhQe[ gO] �ddy� Pm M �� u� WbUgMQQMgWPb TUkWbh ��� �� {xdx NaWl]U NaPiU gP Q]UU gOMb Pb] j]]RV dO]U]]^MYiQ]U a]l]MQ gOMg NMgM QPUU a]UTQgWbh maPY Tba]ZPl]aMXQ]U]ZgPaU WU M R]e QWYWgMgWPb Pm ZTaa]bg QMah]kUZMQ] NMgM UgPaMh]UeUg]YUV

4. INTRA-DISK REDUNDANCY SCHEME�]a] j] WbgaPNTZ] MbN N]UZaWX] gO] WbgaMkNWUR a]NTbNMbZeUZO]Y]V x bTYX]a Pm ZPbgWhTPTU U]ZgPaU Wb M UgaWi] TbWg Ma]haPTi]N gPh]gO]a WbgP M U]hY]bgV r]NTbNMbg U]ZgPaU N]aWl]NmaPY gO] NMgM U]ZgPaU Ma] MQUP WbZQTN]N Wb gO] UMY] U]hY]bgVx bTYX]a Pm NW|]a]bg UZO]Y]U ZMb X] TU]N gP PXgMWb gO]a]NTbNMbg iMaWge U]ZgPaU[ MU jWQQ X] N]UZaWX]N QMg]a Wb gOWUU]ZgWPbV dO] ]bgWa] U]hY]bg[ ZPYiaWUWbh P NMgM MbN iMaWgeU]ZgPaU[ WU UgPa]N ZPbgWhTPTUQe Pb gO] UMY] NWUR[ MU UOPjbWb }WhV �[ jO]a] P � � 
QV
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sectors

Intra−disk

segment

redundancy

n data sectors

m redundant sectors
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dO] UW`] Pm M U]hY]bg UOPTQN X] ZOPU]b UTZO gOMg M UT�kZW]bg N]ha]] Pm UgPaMh] ]�ZW]bZe[ i]amPaYMbZ] MbN a]QWMXWQWgeMa] ]bUTa]NV tb MNNWgWPb[ gO] bTYX]a Pm iMaWge U]ZgPaU Wb MU]hY]bg WU M N]UWhb iMaMY]g]a gOMg ZMb X] PigWYW`]N XMU]NPb gO] N]UWa]N U]g Pm Pi]aMgWbh ZPbNWgWPbUV tb h]b]aMQ[ YPa]a]NTbNMbZe iaPlWN]U YPa] iaPg]ZgWPb MhMWbUg Tba]ZPl]aMXQ]Y]NWM ]aaPaUV �Pj]l]a[ Wg MQUP WbZTaU YPa] Pl]aO]MN Wb g]aYUPm UgPaMh] UiMZ] MbN ZPYiTgMgWPbU a]nTWa]N gP PXgMWb MbNTiNMg] gO] iMaWge U]ZgPaUV }TagO]aYPa][ mPa M �^]N N]ha]] PmUgPaMh] ]�ZW]bZe[ WbZa]MUWbh gO] U]hY]bg UW`] a]UTQgU Wb MbWbZa]MU]N a]QWMXWQWge[ XTg MQUP Wb Mb WbZa]MU]N i]bMQge Pb gO]tzq i]amPaYMbZ]V dO]a]mPa][ M cTNWZWPTU gaMN]kP| X]gj]]bgO]U] ZPYi]gWbh a]nTWa]Y]bgU b]]NU gP X] YMN]V

4.1 Independent and Correlated ErrorsdO] i]amPaYMbZ] Pm gO] WbgaMkNWUR a]NTbNMbZe UZO]Y] WUMbMQegWZMQQe MUU]UU]N XMU]N Pb gjP YPN]QUV xZZPaNWbh gP gO]�aUg YPN]Q sWbN]i]bN]bg YPN]Qw[ ]MZO U]ZgPa ]bZPTbg]aU MbTba]ZPl]aMXQ] ]aaPa[ WbN]i]bN]bgQe Pm MQQ PgO]a U]ZgPaU[ jWgOiaPXMXWQWge �� V dOWU WYiQW]U gOMg gO] Q]bhgOU sWb bTYX]a PmU]ZgPaUw Pm ]aaPakma]] Wbg]alMQU Ma] WbN]i]bN]bg MbN h]PY]gkaWZMQQe NWUgaWXTg]N jWgO iMaMY]g]a �  �� V tb MNNWgWPb[ j]WbgaPNTZ] M YPN]Q mPa ZMigTaWbh ]aaPa ZPaa]QMgWPb ]|]ZgU WbjOWZO U]ZgPa ]aaPaU Ma] MUUTY]N gP PZZTa Wb XTaUgUV o] a]m]agP gOWU YPN]Q MU gO] ZPaa]QMg]N YPN]QV �]g � MbN � N]bPg]gO] Q]bhgOU sWb bTYX]a Pm U]ZgPaUw Pm XTaUgU MbN Pm gO] ]aaPakma]] Wbg]alMQU X]gj]]b UTZZ]UUWl] XTaUgU[ a]Ui]ZgWl]QeV �]g	� MbN 	� N]bPg] gO] ZPaa]UiPbNWbh Ml]aMh] Q]bhgOUV dO]U]Q]bhgOU Ma] MUUTY]N gP X] WWN[ WV]V WbN]i]bN]bgQe MbN WN]bgWkZMQQe NWUgaWXTg]N aMbNPY lMaWMXQ]UV tb iMagWZTQMa[ MU Wb gO]WbN]i]bN]bg YPN]Q[ gO] ]aaPakma]] Wbg]alMQU Ma] MUUTY]N gPX] h]PY]gaWZMQQe NWUgaWXTg]N jWgO M iMaMY]g]a 
V dO]a]mPa][gO] iNm \�� _ Pm gO] Q]bhgO 
 Pm M geiWZMQ ]aaPakma]] Wbg]alMQWU hWl]b Xe �� � � s� � 
w � s�  
w
��� mPa 
 � �.�. � � �[UTZO gOMg 	� � ��s�  
wV �]g MQUP \�� _ N]bPg] gO] iNm PmgO] Q]bhgO 
 Pm M geiWZMQ XTaUg Pm ZPbU]ZTgWl] ]aaPaU[ WV]V
��s� � 
w � �� V dO] Ml]aMh] XTaUg Q]bhgO WU gO]b hWl]bXe 	� ������ 
�� MbN WU MUUTY]N gP X] XPTbN]NV qjWbh gP]ahPNWZWge[ gO] iaPXMXWQWge �� gOMg Mb MaXWgaMae U]ZgPa OMUMb Tba]ZPl]aMXQ] ]aaPa WU hWl]b Xe
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}aPY gO] MXPl] Wg mPQQPjU gOMg
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� � ��	�  �s� �� w � � ��	� � s�w
dOWU MiiaP^WYMgWPb MU j]QQ MU gO] Pb]U N]aWl]N X]QPj Ma]

lMQWN jO]b �� WU nTWg] UYMQQ[ Wb jOWZO ZMU] g]aYU WblPQlkWbh iPj]aU Pm �� gP OWhO]a PaN]aU Ma] b]hQWhWXQ] MbN ZMb X]WhbPa]NV�Pg] gOMg gO] WbN]i]bN]bg YPN]Q WU M Ui]ZWMQ ZMU] Pm gO]ZPaa]QMg]N YPN]Q Wb jOWZO gO] \�� _ NWUgaWXTgWPb WU h]PY]gaWZjWgO iMaMY]g]a �� [ WV]V �� � s�  ��w����� mPa 
 � �.�. � � �[MbN 	� � ��s�  ��wV �]g \��_ N]bPg] gO] ZPYiQ]Y]bkgMae ZTYTQMgWl] N]bUWge mTbZgWPb sZZNmw Pm gO] XTaUg UW`]� V dO]b �� N]bPg]U gO] iaPXMXWQWge gOMg gO] Q]bhgO Pm MXTaUg WU ha]Mg]a gOMb Pa ]nTMQ gP �[ WV]V �� � ����� �� [ mPa
� � �.�. � � �V tb gOWU ZMU][ MbN mPa M hWl]b Q sQ � �w[ WgOPQNU gOMg gO] iaPXMXWQWge ���� gOMg M XTaUg Pm YPa] gOMb
Q ZPbU]ZTgWl] ]aaPaU PZZTaU WU b]hQWhWXQ] X]ZMTU] ���� ���� / �� V tb gO] a]YMWbN]a Pm gO] iMi]a[ OPj]l]a[ j] ZPbkUWN]a �^]N sWbN]i]bN]bg Pm ��w XTaUg NWUgaWXTgWPbU mPa jOWZOgOWU iaPXMXWQWge WU bPbb]hQWhWXQ][ WV]V ���� � �� [ MbN gO]Ml]aMh] XTaUg Q]bhgO WU a]QMgWl]Qe UYMQQ[ WV]V 	� / ���� V vPbkU]nT]bgQe[ gO] a]UTQgU mPa gO] WbN]i]bN]bg YPN]Q b]]N gP X]PXgMWb]N U]iMaMg]Qe MU gO]e ZMbbPg X] N]aWl]N maPY gOPU]mPa gO] ZPaa]QMg]N YPN]QV�]g TU ZPbUWN]a gO] U]ZgPaU NWlWN]N WbgP haPTiU Pm P sP �
Qw UTZZ]UUWl] U]ZgPaU[ jWgO ]MZO UTZO haPTi ZPbUgWgTgWbh MU]hY]bgV tm bP ZPNWbh UZO]Y] WU MiiQW]N sQ � �w[ M U]hY]bgWU Wb ]aaPa Wm gO]a] WU Mb Tba]ZPl]aMXQ] U]ZgPa ]aaPaV }Pa gO]WbN]i]bN]bg YPN]Q[ gO] iaPXMXWQWge �� ! gOMg M U]hY]bg WUWb ]aaPa WU gO]b hWl]b Xe

�� ! � � s� ��w" � P�� 
�s� �� w � P�� � s~w
}Pa gO] ZPaa]QMg]N YPN]Q[ gO] U]hY]bg WU ZPaa]Zg Wm gO] �aUgU]ZgPa WU ZPaa]Zg MbN gO] UTXU]nT]bg P  � U]ZgPaU Ma] MQUPZPaa]ZgV dO] iaPXMXWQWge Pm gO] �aUg U]ZgPa X]Wbh ZPaa]Zg WU]nTMQ gP � �� [ jO]a]MU maPY gO] h]PY]gaWZ MUUTYigWPb gO]iaPXMXWQWge Pm ]MZO UTXU]nT]bg U]ZgPa X]Wbh ZPaa]Zg WU ]nTMQgP 
V �e YMRWbh TU] Pm s�w j] h]g
�� ! � � s� ��w
"�� � � s� ��w #� ��	� $"��

� #�
 P  �	� $�� � s�w
o] bPj iaPZ]]N jWgO gO] ]lMQTMgWPb Pm �� ! mPa lMaWPTU ZPNkWbh UZO]Y]UV }WaUg j] ]UgMXQWUO gO] mPQQPjWbh iaPiPUWgWPbUjOWZO OPQN WbN]i]bN]bgQe Pm gO] ZPNWbh UZO]Y] TU]NV%4@O@;1?1@= 6B dO] iaPXMXWQWge �
!&��'( gOMg M U]hY]bgZPbgMWbU ) s) * P��w XTaUgU WU Pm PaN]a �s� (� wV+���, - {]] xii]bNW^ xV%4@O@;1?1@= CB tg OPQNU gOMg �� ! � � sU]hY]bg ZPbgMWbUM UWbhQ] XTaUg Pm ]aaPaU MbN WU Wb ]aaPawV+���, - �e ZPbNWgWPbWbh Pb gO] bTYX]a Pm XTaUgU Pm ]aaPaU WbM U]hY]bg MbN TUWbh uaPiPUWgWPb �[ j] h]g �� ! � �"(�(��� sU]hY]bg Wb ]aaPa .) XTaUgUw�
!&��'( � �"(�( � sU]hY]bgWb ]aaPa .) XTaUgUw�s� (� w� � sU]hY]bg Wb ]aaPa .UWbhQ] XTaUgw�s��w[ jWgO gO] MiiaP^WYMgWPb OPQNWbh W| gO] iaPXMXWQWge
� sU]hY]bg Wb ]aaPa .UWbhQ] XTaUgw WU U]l]aMQ PaN]aU Pm YMhkbWgTN] QMah]a gOMb �� V dOWU OPQNU jO]b gO] iaPXMXWQWgegOMg gO] Q]bhgO Pm M XTaUg ]^Z]]NU M lMQT] Q sjOWZO N]ki]bNU Pb gO] ZPNWbh UZO]Y] TU]Nw WU UTXUgMbgWMQ[ WV]V jO]b���� � �� V vPbU]nT]bgQe[ gP PXgMWb gO] MiiaP^WYMg] ]^kia]UUWPb mPa �� ! [ Wg UT�Z]U gP ZPbUWN]a PbQe gO] ZMU] Pm MUWbhQ] XTaUg jWgOWb gO] U]hY]bgVdO] gjP YPN]QU Ma] bPj TU]N mPa gO] i]amPaYMbZ] ]lMQkTMgWPb Pm lMaWPTU ZPNWbh UZO]Y]UV tb gO] ZaWgWZMQ YPN][ MbTba]ZPl]aMXQ] mMWQTa] PZZTaU jO]b Mg Q]MUg Pb] PTg Pm gO] �/
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U]hY]bgU gOMg b]]N gP X] a]MN WU Wb ]aaPaV vPbU]nT]bgQe[ gO]iaPXMXWQWge Pm Mb Tba]ZPl]aMXQ] mMWQTa][ �!" [ WU hWl]b Xe
�!" � � s� �� !w�� � s�w

}Pa M rxty ~ MbN M rxty � UeUg]Y Wb gO] ZaWgWZMQ YPN][gO] ZPaa]UiPbNWbh iaPXMXWQWgW]U Pm Mb Tba]ZPl]aMXQ] mMWQTa]
� #�%!" MbN � #�%!" Ma] PXgMWb]N Xe U]ggWbh �/ � s�  �w���~��PMbN �/ � s�  �w���~��P[ MU gO]a] Ma] �  � MbN �  �Pi]aMgWPbMQ NWURU[ a]Ui]ZgWl]Qe[ WV]V

� #�%!" � � s� �� !w ������'���	 . s	w
MbN

� #�%!" � � s� �� !w ������'���	 � s�w
o] iaPZ]]N jWgO gO] ]lMQTMgWPb Pm gO] iaPXMXWQWge �� ! ZPaka]UiPbNWbh gP gO] lMaWPTU ZPNWbh UZO]Y]UV
4.2 Reed-Solomon (RS) Codingr]]Nk{PQPYPb sr{w ZPNWbh WU gO] UgMbNMaN ZOPWZ] mPa ]aMkUTa] ZPaa]ZgWPb jO]b gO] WYiQ]Y]bgMgWPb ZPYiQ]^Wge WU bPgM ZPbUgaMWbgV dOWU WU X]ZMTU] gO] ZPN]U iaPlWN] gO] X]UgiPUUWXQ] ]aMUTa] ZPaa]ZgWPb ZMiMXWQWge mPa M hWl]b bTYX]a PmiMaWge UeYXPQU[ WV]V[ mPa M hWl]b UgPaMh] ]�ZW]bZe sZPN] aMg]wV�UU]bgWMQQe[ mPa M ZPN] jWgO Q iMaWge UeYXPQU Wb M ZPN]jPaNPm � UeYXPQU[ Mbe Q ]aMUTa]U Wb gO] XQPZR Pm � UeYXPQU ZMbX] ZPaa]Zg]NV r{ ZPN]U Ma] TU]N Wb M jWN] lMaW]ge Pm MiiQWZMkgWPbU MbN Ma] gO] iaWYMae Y]ZOMbWUY gOMg MQQPjU gO] UgaWbkh]bg TbZPaa]ZgMXQ] ]aaPa iaPXMXWQWge Ui]ZW�ZMgWPb Pm �yyUgP X] Y]gV �Pg] gOMg gO] r{ ZPN]U ZPbUWN]a]N O]a] iaPlWN]Mb MNNWgWPbMQ Q]l]Q Pm a]NTbNMbZe gP gOMg Pm gO] XTWQgkWb �vvUZO]Y]VdO] i]amPaYMbZ] Pm gO] r{ UZO]Y] WU gO] X]Ug gOMg ZMbX] MZOW]l]NV oWgO UTZO M ZPN][ gO] iaPXMXWQWge Pm M U]hY]bgX]Wbh Wb ]aaPa WU ]nTMQ gP gO] iaPXMXWQWge Pm h]ggWbh YPa] gOMb
Q Tba]ZPl]aMXQ] U]ZgPa ]aaPaU i]a U]hY]bg MbN WU hWl]b Xe
�
�� ! � "��
��� #P
 $��� s� ��w"�� � # P

Q
 �$����� � s��w
tb gO] ZMU] Pm gO] ZPaa]QMg]N YPN]Q[ MbN MZZPaNWbh gP uaPiPkUWgWPb �[ gO] iaPXMXWQWge Pm M U]hY]bg X]Wbh Wb ]aaPa WU aPThOQe]nTMQ gP gO] iaPXMXWQWge Pm Wg ZPbgMWbWbh M XTaUg Pm YPa] gOMb
Q Tba]ZPl]aMXQ] U]ZgPa ]aaPaUV tb xii]bNW^ � Wg WU UOPjbgOMg

�
�� ! � ��
 sP  Q  �w����  �������	� � �� � s��w
�Pg] gOMg gO] g]aY Wb XaMZR]gU ZMb MQUP X] jaWgg]b MU ssP  
Qw���� 
 ��������� w� 	� [ jOWZO[ PjWbh gP gO] MUUTYikgWPbU gOMg ���� � �� MbN 	� / ���� [ WU U]l]aMQ PaN]aU PmYMhbWgTN] QMah]a gOMb �� V
4.3 Single-Parity Check (SPC) CodingdO] UWYiQ]Ug ZPNWbh UZO]Y] WU Pb] Wb jOWZO M UWbhQ] iMakWge U]ZgPa WU ZPYiTg]N Xe TUWbh gO] pqr Pi]aMgWPb Pb P  �
NMgM U]ZgPaU gP mPaY M U]hY]bg jWgO P U]ZgPaU Wb gPgMQV {TZOM UZO]Y] ZMb gPQ]aMg] M UWbhQ] ]aMUTa] MbejO]a] Wb gO] U]hkY]bgV tb mMZg[ gO] iMaWge Wb M rxty ~ UZO]Y] WU XMU]N PbUTZO M UWbhQ] iMaWgekZO]ZR s{uvw UZO]Y][ MQX]Wg jWgO gO] a]kNTbNMbZe MQPbh gO] rxty NWY]bUWPbV dO] iaPXMXWQWge Pm MU]hY]bg X]Wbh Wb ]aaPa WU ]nTMQ gP gO] iaPXMXWQWge Pm h]ggWbh
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An interleave Single parity per interleave
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Conceptual
encoding
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Mg Q]MUg gjP Tba]ZPl]aMXQ] U]ZgPa ]aaPaUV dO] WbN]i]bN]bgYPN]Q eW]QNU

� ���� ! �
"���� #P
 $��� s� ��w"�� � PsP  �w

�
� �� � s��w

tb gO] ZMU] Pm gO] ZPaa]QMg]N YPN]Q[ MbN MZZPaNWbh gP uaPiPkUWgWPb �[ gO] iaPXMXWQWge Pm M U]hY]bg X]Wbh Wb ]aaPa WU aPThOQe]nTMQ gP gO] iaPXMXWQWge Pm ZPbgMWbWbh M XTaUg Pm Mg Q]MUg gjPTba]ZPl]aMXQ] U]ZgPa ]aaPaUV dO] ZPaa]UiPbNWbh ]^ia]UUWPbWU N]aWl]N maPY s��w Xe U]ggWbh Q � �[
� ���� ! � ��
 sP  �w��  �	� � �� � s��w

4.4 Interleaved Parity-Check (IPC) Codingxb]j ZPNWbh UZO]Y][ ZMQQ]N Wbg]aQ]Ml]N iMaWge ZO]ZR stuvw[gOMg OMU M UWYiQWZWge MRWb gP gOMg Pm gO] {uv UZO]Y] XTgZPbUWN]aMXQe X]gg]a i]amPaYMbZ] WU WbgaPNTZ]N b]^gV tb gOWUUZO]Y][ � ZPbgWhTPTU NMgM U]ZgPaU Ma] ZPbZ]igTMQQe MaaMbh]NWb M YMgaW^ MU UOPjb Wb }WhV �V yMgM U]ZgPaU Wb M ZPQTYbMa] pqr]N gP PXgMWb gO] iMaWge U]ZgPa MbN gPh]gO]a mPaY Mb����������V oO]b TiNMgWbh M NMgM U]ZgPa[ gO] ZPaa]UiPbNkWbh iMaWge U]ZgPa b]]NU gP X] TiNMg]N MU j]QQV tbUg]MN PmgjP a]MN a]nT]UgU[ M UWbhQ] QPbh]a a]nT]Ug WblPQlWbh gO]U]gjP U]ZgPaU WU WUUT]N gP a]NTZ] gO] a]UiPbU] gWY]V vPbU]knT]bgQe[ gO] iMaWge U]ZgPaU Ma] iQMZ]N Wb gO] Z]bg]a Pm gO]tuv U]hY]bg gP YWbWYW`] gO] ]^i]Zg]N Q]bhgO Pm gOWU UWbhQ]a]nT]UgVxb tuv UZO]Y] jWgO Q sQ * P��w Wbg]aQ]Ml]U i]a U]hkY]bg[ WV]V P�Q U]ZgPaU i]a Wbg]aQ]Ml][ OMU gO] ZMiMXWQWge PmZPaa]ZgWbh M UWbhQ] ]aaPa i]a Wbg]aQ]Ml]V vPbU]nT]bgQe[ M U]hkY]bg WU Wb ]aaPa Wm gO]a] WU Mg Q]MUg Pb] Wbg]aQ]Ml] Wb jOWZOgO]a] Ma] Mg Q]MUg gjP Tba]ZPl]aMXQ] U]ZgPa ]aaPaUV �Pg] gOMggOWU UZO]Y] ZMb ZPaa]Zg M UWbhQ] XTaUg Pm Q ZPbU]ZTgWl] ]akaPaU PZZTaaWbh Wb M U]hY]bgV �Pj]l]a[ TbQWR] gO] r{ UZO]Y][Wg Wb h]b]aMQ NP]U bPg OMl] gO] ZMiMXWQWge Pm ZPaa]ZgWbh Mbe
Q U]ZgPa ]aaPaU Wb M U]hY]bg[ WYiQeWbh gOMg � ���� ! � �
�� ! VxZZPaNWbh gP gO] WbN]i]bN]bg YPN]Q[ gO] iaPXMXWQWge ���� &� �� Pm Mb Wbg]aQ]Ml] X]Wbh Wb ]aaPa WU hWl]b Xe
���� &� �� � "(���
� # P�Q
 $��� s� ��w"(��� � PsP  Qw
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vPbU]nT]bgQe[
� ���� ! � � s� ���� &� �� w� � PsP  Qw

�Q
��� � s��w

tb gO] ZMU] Pm gO] ZPaa]QMg]N YPN]Q[ MbN MZZPaNWbh gP uaPiPkUWgWPb �[ gO] iaPXMXWQWge Pm M U]hY]bg X]Wbh Wb ]aaPa WU aPThOQe]nTMQ gP gO] iaPXMXWQWge Pm Wg ZPbgMWbWbh M XTaUg Pm YPa] gOMb
Q Tba]ZPl]aMXQ] U]ZgPa ]aaPaU[ jOWZO jMU N]aWl]N Wb s��w[ WV]V
� ���� ! � ��
 sP  Q  �w����  �������	� � �� � s�~w

}aPY s��w MbN s�~w Wg mPQQPjU gOMg � ���� ! � �
�� ! hWl]b gOMg
� ���� !  �
�� ! � �s� �� wV dO]a]mPa][ jO]b gO] Tba]ZPl]aMXQ]U]ZgPa ]aaPaU Ma] RbPjb gP PZZTa Wb XTaUgU jOPU] Q]bhgO ZMb]^Z]]NQjWgO M bPbb]hQWhWXQ] QWR]QWOPPN[ TUWbh Mb tuv ZO]ZRZPN] WU ia]m]aMXQ] X]ZMTU] Wg WU MU ]�ZW]bg MU gO] YPa] ZPYkiQ]^ r{ ZPN]V dOWU WU X]ZMTU] gO] Wbg]aQ]Ml]N ZPNWbh UZO]Y]iaPlWN]U MNNWgWPbMQ hMWb Xe a]ZPl]aWbh maPY ZPbU]ZTgWl] Tbka]ZPl]aMXQ] U]ZgPa ]aaPaU[ jOWZO ZMb X] MU YMbe MU gO] Wbg]akQ]MlWbh N]igOV �Pg] MQUP gOMg Wm[ ZPbgaMae gP PTa MUUTYigWPb[gO] YM^WYTY XTaUg Q]bhgO NP]U bPg ]^Z]]NQ[ gO]b gO] g]aYWb XaMZR]gU WU ]nTMQ gP `]aP[ WYiQeWbh gOMg �
�� ! MbN � ���� ! Ma]bP QPbh]a Pm PaN]a �s��wV tb gOWU ZMU][ gO] gjP iaPXMXWQWgW]UMa] Pm PaN]a �s� �� w MbN UWhbW�ZMbgQe NW|]a]bgV
4.5 Numerical Resultso] ZPbUWN]a {xdx NaWl]U jWgO gO] mPQQPjWbh U]g Pm iMaMYk]g]aU� �� � ���� � ����� [ � � ����	�� ����� ������ ������
������ ������ ������ ������ � ������ � ������ ������ �
������ �������[ P � ��	 MbN Q � 	V dO]b[ j] OMl] XTaUgU PmMg YPUg �� U]ZgPaU jWgO 	� � ������[ �� � ����		[ �� �
�����~[ UTZO gOMg YWbs��.�� . 	���w � �����~ � ���� ������ V dO]U] lMQT]U Ma] XMU]N Pb MZgTMQ NMgM ZPQQ]Zg]N maPYgO] �]QN mPa M iaPNTZg gOMg WU X]Wbh UOWiiWbhV dO] a]UTQgUmPa �� ! Ma] QWUg]N Wb dMXQ] �V dO] ZPaa]UiPbNWbh Tba]ZPl]akMXQ] mMWQTa] iaPXMXWQWgW]U mPa M rxty ~ UeUg]Y jWgO � � 	

Ma] QWUg]N Wb dMXQ] �V }aPY gO] a]UTQgU Wg mPQQPjU gOMg WbgO] ZMU] Pm ZPaa]QMg]N ]aaPaU[ gO] iaPiPU]N tuv UZO]Y] WYkiaPl]U gO] Tba]ZPl]aMXQ] mMWQTa] iaPXMXWQWge Xe gjP PaN]aUPm YMhbWgTN] ZPYiMa]N jWgO gO] {uv UZO]Y]V dOWU WU MQUPgO] WYiaPl]Y]bg j] jPTQN h]g Xe TUWbh gO] YPa] ZPYiQ]^r{ ZPN]V
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One disk failure
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Time to failure

Time

N
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5. RELIABILITY ANALYSIStb gOWU U]ZgWPb[ gO] a]QWMXWQWge Pm M rxty ~ MaaMe WU MbMkQe`]N TUWbh M NWa]Zg iaPXMXWQWUgWZ MiiaPMZOV dO]b[ Mb MQg]akbMgWl] MiiaPMZO XMU]N Pb M ZPbgWbTPTUkgWY] �MaRPl ZOMWbsvd�vw YPN]Q WU ia]U]bg]NV dOWU MiiaPMZO WU UTXU]nT]bgQeMiiQW]N gP PXgMWb gO] �ddy� mPa M rxty � MaaMeV xUkUTYWbh gOMg gO] �ddy� Pm M UWbhQ] MaaMe WU ]^iPb]bgWMQQeNWUgaWXTg]N[ gO] �ddy� Pm M rxty UeUg]Y[ *++,-��� [ZPYiaWUWbh �� MaaMeU WU UTXU]nT]bgQe PXgMWb]N MU mPQQPjU�

*++,-��� � *++,-
��

� s��w

5.1 Reliability of RAID 5 ArraydO] i]aWPN Pm UMm] Pi]aMgWPb +� Pm Mb MaaMe haPTi ZPbUWUgUPm M bTYX]a[ UMe * [ Pm ZeZQ]U ��. � � � .�
 . � � � .�� .jWgO ZeZQ]
�
 s� * � **w ZPbUWUgWbh Pm M bPaYMQ Pi]aMgWPb Wbg]alMQ +
mPQQPj]N Xe M UTXU]nT]bg ZaWgWZMQ YPN] Wbg]alMQ �
 Wb jOWZOgO] a]XTWQN iaPZ]UU gMR]U iQMZ]V dOTU[ �
 � +

�
 sU]] }WhV~wV dO] mPaY]a Wbg]alMQ ]bNU jO]b M NWUR mMWQU[ jO]a]MU gO]QMgg]a Wbg]alMQ ]bNU jO]b ]WgO]a gO] a]XTWQN �bWUO]U Pa gO]a]WU MbPgO]a NWUR mMWQTa] NTaWbh gO] a]XTWQN iOMU]Vo] MUUTY] gOMg NWUR mMWQTa]U Ma] WbN]i]bN]bg MbN ]^iPkb]bgWMQQe NWUgaWXTg]N jWgO iMaMY]g]a �V dO]b M rxty ~
MaaMe jWgO � NWURU Pi]aMgWbh Wb bPaYMQ YPN] ]^i]aW]bZ]UgO] �aUg NWUR mMWQTa] Mmg]a M i]aWPN gOMg WU ]^iPb]bgWMQQe NWUkgaWXTg]N jWgO iMaMY]g]a ��V dOTU[ �s+
w � ����V �]g� N]bPg] gO] gWY] gP gO] b]^g NWUR mMWQTa] jOWQ] Wb ZaWgWZMQYPN]V dO]b � WU ]^iPb]bgWMQQe NWUgaWXTg]N jWgO iMaMY]g]as�  �w�[ hWl]b gOMg bPj gO]a] Ma] �  � NWURU Pi]aMgWbh WbbPaYMQ YPN]V �]g TU MQUP MUUTY] gOMg gO] a]XTWQN gWY] � WbZaWgWZMQ YPN] WU ]^iPb]bgWMQQe NWUgaWXTg]N jWgO iMaMY]g]a 
VdO]b gO] NTaMgWPb Pm M ZaWgWZMQ YPN] WU ]nTMQ gP gO] YWbWYTYPm � MbN �[ jOWZO Wb gTab WU ]^iPb]bgWMQQe NWUgaWXTg]N jWgOiMaMY]g]a s�  �w�

[ WYiQeWbh gOMg �s�
w � �#$��%��� V}TagO]aYPa][ gO] iaPXMXWQWge �"& gOMg gO] ZaWgWZMQ YPN]]bNU X]ZMTU] Pm MbPgO]a NWUR mMWQTa] WU hWl]b Xe

�"& � � s� � �w � � �

 � s� � �.� � �w��s�w��

�
s�  �w�s�  �w�
 
 � s��w

�Pg] gOMg �"& WU MQUP gO] iaPXMXWQWge gOMg Mbe ZeZQ] WU gO]QMUg Pb]V vPbU]nT]bgQe[ gO] iaPXMXWQWge � s* � )w gOMggO] i]aWPN Pm UMm] Pi]aMgWPb ZPbUWUgU Pm ) s) � �w ZeZQ]UWU ]nTMQ gP s�  �"&w(���"& [ MU gO]a] Ma] )  � UTZZ]UUmTQa]XTWQNU mPQQPj]N Xe M mMWQ]N Pb]V vPbU]nT]bgQe[ gO] aMbNPYlMaWMXQ] * OMU M h]PY]gaWZ NWUgaWXTgWPb jWgO Y]Mb ���"& [
�



WV]V �s*w � ���"& V }aPY gO] MXPl] Wg mPQQPjU gOMg gO] Y]MbgWY] Wb ]MZO ZeZQ] WU bPj hWl]b Xe
�s�
w � �s+
w
�s�
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 . s�	w

MbN gOMg gO] Y]Mb gWY] gP NMgM QPUU Pm gO] rxty ~ MaaMe WUhWl]b Xe
*++,- � �s

��

�� �
w � �s*w�s�
w� s��w

vPYXWbWbh s��w[ s�	w MbN s��w[ j] h]g
*++,- �

s��  �w�
 

� s�  �w�� � s��w

�Pg] gOMg Wb gO] ZMU] jO]a] �� 
[ s��w Q]MNU gP gO] ]^ia]UkUWPb s�w N]aWl]N Wb ��[ ���V
5.2 Unrecoverable Errors and Disk Failures�]g �"�& N]bPg] gO] iaPXMXWQWge gOMg gO] ZaWgWZMQ YPN] ]bNUX]ZMTU] Pm ]WgO]a MbPgO]a NWUR mMWQTa] Pa Mb Tba]ZPl]aMXQ]]aaPaV dO]b[ gO] iaPXMXWQWge �  �"�& Pm gO] ZaWgWZMQ YPN]]bNWbh jWgO M UTZZ]UUmTQ a]XTWQN WU ]nTMQ gP gO] iaPNTZg Pm � 
�"& [ gO] iaPXMXWQWge Pm bPg ]bZPTbg]aWbh M NWUR mMWQTa] NTaWbhM a]XTWQN[ MbN � � #�%!" [ gO] iaPXMXWQWge Pm bPg ]bZPTbg]aWbhMb Tba]ZPl]aMXQ] ]aaPa NTaWbh gO] a]XTWQN[ WV]V �  �"�& �s� � #�%!" ws� �"&wV vPbU]nT]bgQe[

�"�& � � #�%!" 
 s� � #�%!" w�"& s��w
xbMQPhPTUQe gP gO] N]aWlMgWPb Pm s��w MbN TUWbh �"�& WbUg]MNPm �"& [ j] h]g
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5.3 CTMC ModelsvPbgWbTPTUkgWY] �MaRPl YPN]QU svd�vw OMl] X]]b ]^kg]bUWl]Qe TU]N mPa gO] a]QWMXWQWge MbMQeUWU Pm rxty UeUg]YU ��[���V �]a] j] ]UgMXQWUO gOMg gO] a]QWMXWQWge Pm rxty UeUg]YUWb gO] ia]U]bZ] Pm Tba]ZPl]aMXQ] ]aaPaU ZMb MQUP X] PXgMWb]NTUWbh MiiaPiaWMg] vd�v YPN]QUV }TagO]aYPa][ gO] vd�vYPN]QU WbgaPNTZ]N Ma] MQUP UTWgMXQ] gP MbMQe`] gO] a]QWMXWQkWge Pm rxty UeUg]YU gOMg Pi]aMg] Wb ZPbcTbZgWPb jWgO MbWbgaMkNWUR a]NTbNMbZe UZO]Y]V}WaUg[ j] N]YPbUgaMg] gOMg gO] �ddy� mPa M rxty ~
MaaMe N]aWl]N Wb {]ZgWPb ~V� ZMb MQUP X] PXgMWb]N TUWbh Mvd�v YPN]Q TbN]a gO] MUUTYigWPbU YMN] Wb {]ZgWPbU ~V�MbN ~V� a]hMaNWbh gO] NWUR mMWQTa][ Tba]ZPl]aMXQ] ]aaPa[ MbNa]XTWQN iaPZ]UU]UV �MU]N Pb gOWU[ j] UTXU]nT]bgQe TU] gO]vd�v Y]gOPNPQPhe gP PXgMWb gO] �ddy� mPa M rxty �
MaaMeV dO] bTYX]a]N UgMg]U Pm gO] �MaRPl YPN]QU a]ia]U]bggO] bTYX]a Pm mMWQ]N NWURUV dO] y} MbN �} UgMg]U a]ia]U]bgM NMgM QPUU NT] gP M NWUR mMWQTa] MbN Mb Tba]ZPl]aMXQ] U]ZgPamMWQTa][ a]Ui]ZgWl]QeV
5.3.1 Intra-Disk Redundancy with RAID 5tb M rxty ~ MaaMe[ jO]b gO] �aUg NWUR mMWQU[ gO] NWUR MaaMe]bg]aU gO] ZaWgWZMQ YPN]V dOWU WU a]�]Zg]N Xe gO] gaMbUWgWPbmaPY UgMg] � gP UgMg] � Wb gO] �MaRPl ZOMWb YPN]Q UOPjbWb }WhV �V dO] ZaWgWZMQ YPN] ]bNU X]ZMTU] Pm ]WgO]a MbPgO]aNWUR mMWQTa] sUgMg] gaMbUWgWPb maPY UgMg] � gP UgMg] y}w[ Pa MmMWQ]N a]XTWQN NT] gP Mb Tba]ZPl]aMXQ] mMWQTa] sUgMg] gaMbUWkgWPb maPY UgMg] � gP UgMg] �}w[ Pa M UTZZ]UUmTQ a]XTWQN sUgMg]
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jOWZO WU gO] UMY] a]UTQg MU Wb s��wV
5.3.2 Intra-Disk Redundancy with RAID 6x rxty � MaaMe ZMb gPQ]aMg] Ti gP gjP NWUR mMWQTa]U� gOTUWg WU Wb gO] ZaWgWZMQ YPN] jO]b gO] NWUR MaaMe OMU gjP NWURmMWQTa]UV oO]b gO] �aUg NWUR mMWQU[ gO] NWUR MaaMe ]bg]aU WbgPgO] N]haMN]N YPN][ Wb jOWZO gO] a]XTWQN Pm gO] mMWQWbh NWURgMR]U iQMZ] jOWQ] UgWQQ U]alWbh tzq a]nT]UgUV dO] a]XTWQNPm M U]hY]bg Pm gO] mMWQ]N NaWl] WU i]amPaY]N XMU]N Pb TigP �  � ZPaa]UiPbNWbh U]hY]bgU a]UWNWbh Pb gO] a]YMWbWbhNWURUV oO]b gO] a]XTWQN mMWQU[ gO]b gjP Pa YPa] Pm gO]U] U]hkY]bgU Ma] Wb ]aaPaV �Pg][ OPj]l]a[ gOMg gO] ZPbl]aU] NP]UbPg OPQNV tg YMe j]QQ X] gOMg gjP U]hY]bgU Ma] Wb ]aaPaMbN gO] ZPaa]UiPbNWbh U]ZgPaU Wb ]aaPa Ma] Wb UTZO iPUWgWPbUgOMg gO] rxty � a]ZPbUgaTZgWPb Y]ZOMbWUY ZMb ZPaa]Zg MQQPm gO]YV vPbU]nT]bgQe[ gO] iaPXMXWQWge �& �" gOMg M hWl]bU]hY]bg Pm gO] mMWQ]N NWUR ZMbbPg X] a]ZPbUgaTZg]N WU Tii]akXPTbN]N Xe gO] iaPXMXWQWge gOMg gjP Pa YPa] Pm gO] ZPaka]UiPbNWbh U]hY]bgU a]UWNWbh Wb gO] a]YMWbWbh NWURU Ma] Wb
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5.4 Numerical Examples�]a] j] MUU]UU gO] a]QWMXWQWge Pm lMaWPTU UZO]Y]U ZPbUWNk]a]N MXPl] gOaPThO WQQTUgaMgWl] ]^MYiQ]UV dO] ZPYXWb]N ]mkm]ZgU Pm NWUR MbN Tba]ZPl]aMXQ] mMWQTa]U ZMb X] U]]b Wb }WhUV
	[ �[ �� MbN �� MU M mTbZgWPb Pm gO] Tba]ZPl]aMXQ] U]ZgPa]aaPa iaPXMXWQWgeV o] MUUTY] {xdx NaWl]U jWgO � � 	[
�� � ��~���[ �� � ��� �� MbN ��� � ~ � ��	 OV }Pa
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M rxty ~ UeUg]Y[ 
�� � ���	 O[ MbN mPa M rxty � UeUkg]Y 
��� � 
��� � ���	 OV dO] l]agWZMQ QWb] Wb gO] �hTa]UUOPjU gO] {xdx NaWl] Ui]ZW�ZMgWPb mPa Tba]ZPl]aMXQ] U]ZgPa]aaPaUV tb MQQ ZMU]U[ gO] WbgaMkNWUR a]NTbNMbZe UZO]Y]U ZPbkUWN]aMXQe WYiaPl] gO] a]QWMXWQWge Pl]a M jWN] aMbh] Pm U]ZgPa]aaPa iaPXMXWQWgW]UV tb iMagWZTQMa[ Wb gO] ZMU] Pm ZPaa]QMg]N]aaPaU[ gO] tuv ZPNWbh UZO]Y] P|]aU gO] YM^WYTY iPUUWXQ]WYiaPl]Y]bg gOMg WU MQUP MZOW]l]N Xe gO] r{ ZPNWbh UZO]Y]V}TagO]aYPa][ gO] hMWb maPY gO] TU] Pm gO] WbgaMkNWUR a]NTbkNMbZe UZO]Y]U WU UYMQQ]a Wb gO] ZMU] Pm ZPaa]QMg]N ]aaPaUZPYiMa]N jWgO WbN]i]bN]bg ]aaPaUV

6. PERFORMANCE EVALUATION

6.1 Impact of Intra-Disk Redundancy on I/O
PerformancedO] gjP R]e ZPYiPb]bgU gOMg YMR] Ti gO] a]UiPbU] gWY]mPa Mb tzq a]nT]Ug gP M NWUR Ma] gO] U]]R gWY] MbN gO] MZZ]UUgWY] ����V dO] U]]R gWY] N]i]bNU Pb gO] ZTaa]bg MbN gO]N]UWa]N iPUWgWPb Pm gO] NWUR O]MN MbN WU geiWZMQQe Ui]ZW�]NTUWbh Mb Ml]aMh] lMQT] ZPaa]UiPbNWbh gP M U]]R gOMg a]nTWa]UgO] O]MN gP YPl] OMQm Pm gO] YM^WYTY iPUUWXQ] YPl]Y]bgVdO] MZZ]UU gWY] N]i]bNU Pb gO] UW`] Pm gO] a]nT]Ug]N NMgMTbWgV dO] a]UiPbU] gWY] WU N]g]aYWb]N Xe gO] gei] Pm jPaRkQPMN s]VhV[ aMbNPY lUV U]nT]bgWMQ tzqw MbN gO] UW`] Pm gO]NMgM TbWgV}Pa rxty ~ MaaMeU[ jaWgWbh UYMQQ s]VhV[ � ��w ZOTbRU PmNMgM QPZMg]N aMbNPYQe Pb gO] NWUR iPU]U M ZOMQQ]bh][ gO] UPkZMQQ]N �UYMQQkjaWg]� iaPXQ]YV dOWU WU X]ZMTU] ]MZO jaWg] Pik]aMgWPb gP NMgM MQUP a]nTWa]U gO] ZPaa]UiPbNWbh rxty iMaWgegP X] TiNMg]NV x iaMZgWZMQ jMe gP NP gOWU WU gP a]MN gO] PQNNMgM MbN gO] PQN iMaWge maPY gO] gjP ZPaa]UiPbNWbh NWURU[ZPYiTg] gO] b]j iMaWge[ MbN gO]b jaWg] gO] b]j NMgM MbNgO] b]j iMaWgeV �]bZ][ ]MZO UYMQQkjaWg] a]nT]Ug a]UTQgU WbmPTa tzq a]nT]UgU X]Wbh WUUT]NV �]ZMTU] Pm gO] UYMQQ UW`]Pm gO] NMgM TbWgU WblPQl]N[ gO] ia]NPYWbMbg ZPYiPb]bg PmgO] a]UiPbU] gWY] mPa ]MZO tzq a]nT]Ug WU gO] U]]R gWY]V xrxty � MaaMe YTUg TiNMg] gjP iMaWge TbWgU mPa ]MZO NMgMTbWg X]Wbh jaWgg]bV dOWU Q]MNU gP UW^ tzq a]nT]UgU[ bMY]Qe[a]MNWbh Pm gO] PQN NMgM MbN gjP PQN iMaWge TbWgU[ MbN jaWgWbhPm gO] b]j NMgM MbN gO] gjP b]j iMaWge TbWgUV�UWbh Mb WbgaMkNWUR a]NTbNMbZe UZO]Y][ UTZO MU tuv[ a]knTWa]U gOMg gO] WbgaMkNWUR iMaWge YTUg MQUP X] TiNMg]N jO]bk
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]l]a M NMgM TbWg WU jaWgg]bV dOWU WYiPU]U UPY] ZPbUgaMWbgUPb gO] N]UWhb Pm WbgaMkNWUR a]NTbNMbZe UZO]Y]UV x iaMZgWZMQUPQTgWPb WU gP a]MN gO] PQN NMgM MbN gO] ZPaa]UiPbNWbh PQNWbgaMkNWUR iMaWge MU iMag Pm M UWbhQ] tzq a]nT]UgV dO] UW`]Pm gO] a]nT]Ug]N NMgM WbZa]MU]U[ gO]a]Xe WbZa]MUWbh gO] MZkZ]UU gWY]V �Pj]l]a[ mPa UYMQQ jaWg]U MbN Mb MiiaPiaWMg]QeN]UWhb]N WbgaMkNWUR a]NTbNMbZe UZO]Y][ gO] a]UiPbU] gWY]WU UgWQQ NPYWbMg]N Xe gO] U]]R gWY]V dO] WYiMZg Pm gO] WbkZa]MU]N MZZ]UU gWY] ZMb X] gMR]b WbgP MZZPTbg gP PXgMWb MbMZZTaMg] lMQT] mPa gO] a]UiPbU] gWY]V }Pa Mb tuv UZO]Y]jWgO 	 a]NTbNMbg U]ZgPaU mPa ]MZO ��� NMgM U]ZgPaU[ gO] a]kUiPbU] gWY] mPa ]MZO Pm gO] mPTa tzq a]nT]UgU WbZa]MU]U XeMiiaP^V ��)VdO] UZO]Y] iaPiPU]N Wb ��� NP]U bPg NWUZTUU iQMZ]Y]bgPm gO] WbgaMkNWUR iMaWge U]ZgPaUV }TagO]aYPa][ gO] UThh]Ug]NUZO]Y] MNNU M iMaWge U]ZgPa mPa M l]ae QMah] bTYX]a Pm NMgMU]ZgPaUV dO]a]mPa][ M UYMQQ jaWg] a]nT]Ug YTUg WUUT] U]iMaMg]tzq a]nT]UgU mPa TiNMgWbh gO] NMgM MbN gO] ZPaa]UiPbNWbhWbgaMkNWUR iMaWge[ XaWbhWbh gO] gPgMQ tzq a]nT]UgU gP ]WhOgVdOWU OMU Mb MNl]aU] WYiMZg Pb gO] Pl]aMQQ gOaPThOiTg i]akmPaYMbZ]V
6.2 Simulation Resultstb gOWU U]ZgWPb j] mPZTU Pb TUWbh ]l]bgkNaWl]b UWYTQMgWPbg]ZObWnT]U gP ZOMaMZg]aW`] lMaWPTU a]NTbNMbZe UZO]Y]U[ iMak
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gWZTQMaQe gP UgTNe gO] i]amPaYMbZ] WYiMZg Pm gO] WbgaMkNWURa]NTbNMbZe UZO]Y] jO]b WbZPaiPaMg]N WbgP rxty UeUg]YUVdOa]] i]amPaYMbZ] Y]gaWZU Ma] ZPYYPbQe TU]N gP X]bZOkYMaR M UgPaMh] UeUg]Y[ bMY]Qe[ a]UiPbU] gWY][ UMgTaMgWPbgOaPThOiTg[ MbN nT]T] Q]bhgOV r]UiPbU] gWY] WU gO] gWY]Ui]bg Xe Mb tzq a]nT]Ug Mg gO] NWUR MaaMe[ maPY WgU WbZ]igWPbgP gO] ZPYiQ]gWPb Pm U]alWZ]V dO] UW`] Pm gO] Y]YPae Pm gO]rxty ZPbgaPQQ]a UOPTQN X] NWY]bUWPb]N gP MZZPYYPNMg] gO]nT]T] Q]bhgOU gOMg XTWQN TiV dO] Y]Mb nT]T] Q]bhgO ZMb X]PXgMWb]N Xe �WggQ]fU QMj MU gO] iaPNTZg Pm gO] Y]Mb a]UiPbU]gWY] MbN gO] Y]Mb MaaWlMQ aMg] Pa gOaPThOiTgV
�PUg YPN]ab rxty ZPbgaPQQ]aU OMl] M QMah] XMgg]aekXMZR]NZMZO] gOMg XPPUgU gO] Pl]aMQQ UeUg]Y i]amPaYMbZ] Xe a]NTZkWbh gO] tzq a]nT]UgU gP gO] NWURU[ i]amPaYWbh Mhha]UUWl]a]MNkMO]MN MbN jaWg]kX]OWbNV dO] a]UiPbU] gWY] ZMb X]NaMYMgWZMQQe UOPag]b]N Xe WbZa]MUWbh gO] UW`] Pm MaaMe ZMZO]MbN U]Q]ZgWbh gO] a]iQMZ]Y]bg UgaMg]he XMU]N Pb gO] ZOMaMZkg]aWUgWZU Pm jPaRQPMNUV xU PTa YMWb Wbg]a]Ug Wb gO] UWYTQMkgWPb WU gO] i]amPaYMbZ] NW|]a]bZ] Pm rxty UZO]Y]U[ aMgO]agOMb ZMZOWbh Y]ZOMbWUY Pa ZOMaMZg]aWUgWZU Pm jPaRQPMNU[ j]UWYiQe MUUTY] gOMg gO] rxty ZPbgaPQQ]a OMU M UT�ZW]bgQeQMah] Y]YPae UP gOMg gO]a] Ma] bP XMZRia]UUTa] ]|]ZgU PbgO] MaaWlMQ Pm tzq a]nT]UgUVdO] UMgTaMgWPb gOaPThOiTg Y]MUTa]U gO] YM^WYTY gOaPThOkiTg gO] UeUg]Y ZMb UTUgMWbV �]a][ j] NP bPg ZPbUWN]a gO]gPgMQ a]UiPbU] gWY] ]^i]aW]bZ]N Xe gO] ]bN TU]a Pa gO] nT]T]Q]bhgOV o] mPZTU PTa Mgg]bgWPb UPQ]Qe Pb gO] UMgTaMgWPbgOaPThOiTg MbN gO] NWUR a]UiPbU] gWY]V dO] UMgTaMgWPbgOaPThOiTg WU TU]mTQ mPa ZPYiMaWbh gO] i]amPaYMbZ] Pm lMakWPTU rxty UZO]Y]UV tb PgO]a jPaNU[ gO] OWhO]a gO] UMgTkaMgWPb gOaPThOiTg[ gO] X]gg]a gO] i]amPaYMbZ] Pm gO] TbkN]aQeWbh rxty Y]ZOMbWUYV tb mMZg[ jO]b gO] MaaMe ZMZO]WU UT�ZW]bgQe QMah] MbN gO] ZMZO] a]iQMZ]Y]bg UgaMg]he WUiaPi]aQe gTb]N[ gO] UMgTaMgWPb gOaPThOiTg Pm rxty UZO]Y]WU N]g]aYWb]N Xe gO] i]amPaYMbZ] Pm gO] NWUR MaaMe[ MU gO]XPggQ]b]ZR PZZTaU X]gj]]b gO] rxty ZPbgaPQQ]a MbN gO] NWURMaaMeVo] OMl] N]l]QPi]N M QWhOgj]WhOg ]l]bgkNaWl]b UWYTQMgPagOMg MQUP WbZQTN]U M �yy YPN]Q[ Ui]ZW�ZMQQe M �V~kWbZO {v{tt�� �QgaMUgMa ������ OMlWbh M ZMiMZWge Pm ���V	 �� MbNM aPgMgWPbMQ Ui]]N Pm ��� ru�V �MaWPTU UgMbNMaN rxty

UWYTQMgPaU Ma] iTXQWZQe MlMWQMXQ] Wb gO] ZPYYTbWge[ UTZOMU[ mPa ]^MYiQ][ gO] �u �MXUf uMbgO]Pb mPa NWUR MaaMeU ���V�Pj]l]a[ gO]U] UWYTQMgPaU mPZTU YMWbQe Pb UgMbNMaN rxty
�



mTbZgWPbU MbN Ma] bPg �]^WXQ] ]bPThO gP ]MUWQe MZZPYYPkNMg] M b]j Q]l]Q Pm a]NTbNMbZe UTZO MU j] jWUOV oWgOgO] MNl]bg Pm gO] v
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MbN vk�qq�[ MbN OMl] mPTbN gOMg gO] i]amPaYMbZ] Pm gO]WbgaMkNWUR a]NTbNMbZe UZO]Y] WU iaMZgWZMQQe bPg M|]Zg]N XegO] UZO]NTQWbh iPQWZeVo] ZPYiMa] gO] rxty ~ MbN rxty � UZO]Y]U jWgO gO]ZPaa]UiPbNWbh UZO]Y]U ]bOMbZ]N Xe gO] MNNWgWPb Pm PTa iaPkiPU]N WbgaMkNWUR a]NTbNMbZe UZO]Y]V o] MQUP ZPbUWN]a Mrxty �
� UZO]Y][ jOWZO WU M bMgTaMQ ]^g]bUWPb Pm gO]rxty ~ MbN rxty � UZO]Y]U gOMg TgWQW`]U gOa]] a]NTbNMbgNWURU gP iaPg]Zg MhMWbUg MU YMbe MU gOa]] UWYTQgMb]PTU NWURmMWQTa]UV tb PTa ]bgWa] ]lMQTMgWPb[ ]MZO MaaMe ZPbUWUgU Pm 	NWURUV }Pa gO] WbgaMkNWUR a]NTbNMbZe UZO]Y][ j] ]YiQPe Mbtuv UZO]Y] jWgO M U]hY]bg UW`] Pm ��	 U]ZgPaU ZPYiaWUWbh 	a]NTbNMbg U]ZgPaU MbN ��� NMgM U]ZgPaUV}WaUg j] mPZTU Pb gO] UYMQQkjaWg] UZ]bMaWP MbN TU] UebkgO]gWZ jPaRQPMNU h]b]aMgWbh MQWhb]N � �� UYMQQ tzq a]nT]UgUjWgO TbWmPaYQe NWUgaWXTg]N QPhWZMQ XQPZR MNNa]UU]U s��xUwVdO] aMgWP Pm a]MN gP jaWg] WU U]g gP X] ���[ WV]V gO]a] Ma]��V��) a]MNU MbN ��V��) jaWg]U[ X]ZMTU] M maPbgk]bN ZMZO]a]NTZ]U gO] bTYX]a Pm a]MN a]nT]UgU U]bg gP gO] NWURUV dO]a]nT]Ug Wbg]akMaaWlMQ gWY]U Ma] MUUTY]N gP X] ]^iPb]bgWMQQeNWUgaWXTg]NV }WhV �� UOPjU gO] Ml]aMh] a]UiPbU] gWY]U mPa MaMbh] Pm MaaWlMQ aMg]UV qm iaWYMae Wbg]a]Ug WU gO] Y]Mb MaaWlMQaMg] Mg M hWl]b Y]Mb a]UiPbU] gWY]V tg WU ]lWN]bg gOMg rxty� MbN rxty �
� UT|]a U]l]a]Qe maPY UYMQQkjaWg] iaPXQ]YZPYiMa]N jWgO rxty ~[ UThh]UgWbh gOMg gO]e Ma] gPP ZPUgQegP ZPi] jWgO Tba]ZPl]aMXQ] mMWQTa]U jO]b gO]U] Ma] gO] ia]kNPYWbMbg UPTaZ]U Pm NMgM QPUUV tb ZPbgaMUg[ gO] rxty ~ MbNrxty � UZO]Y]U ]bOMbZ]N Xe gO] iaPiPU]N WbgaMkNWUR a]kNTbNMbZe UZO]Y] ]^OWXWg M YPa] haMZ]mTQ N]haMNMgWPbV dO]UMgTaMgWPb gOaPThOiTg mPa rxty ~ WU ��~ tzq a]nT]UgU i]aMaaMe i]a U]ZPbN[ jO]a]MU mPa gO] tuv UZO]Y] Pb gPi Pmrxty ~ Wg WU ��~ tzq a]nT]UgU i]a MaaMe i]a U]ZPbNV dOWUa]ia]U]bgU M YWbPa[ �) N]haMNMgWPb Wb UMgTaMgWPb gOaPThOkiTg NT] gP gO] tuv UZO]Y]V {WYWQMaQe[ M YWbPa N]haMNMgWPbWb UMgTaMgWPb gOaPThOiTg WU PXU]al]N jO]b gO] tuv UZO]Y]WU TU]N Pb gPi Pm rxty �Vtb }WhV �� j] Wbl]UgWhMg] gO] WYiMZg Pm OMlWbh a]nT]Ug UW`]UgOMg Ma] ]^iPb]bgWMQQe NWUgaWXTg]N jWgO M Y]Mb Pm �~� ��VdO]U] a]nT]UgU MiiaP^WYMg] M YW^ Pm aMbNPY MbN U]nT]bgWMQa]nT]UgUV o] U]g gO] a]MNkgPkjaWg] aMgWP gP ���V o] PXU]al]gOMg gO] a]QMgWl] i]amPaYMbZ] Pm gO] �l] rxty UZO]Y]U Y]bk
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gWPb]N NP]U bPg ZOMbh][ MQgOPThO gO] ZPaa]UiPbNWbh NW|]ak]bZ]U Ma] a]NTZ]NV dOWU WU gP X] ]^i]Zg]N X]ZMTU] mPa a]MNa]nT]UgU MbN mPa U]nT]bgWMQ a]nT]UgU gO] WYiMZg Pm NW|]a]bga]NTbNMbZe UZO]Y]U WU bPg MU UWhbW�ZMbg MU Wb gO] ZMU] PmUYMQQ TiNMg]UV dO] UMgTaMgWPb gOaPThOiTg mPa rxty ~ WU
��	 tzq a]nT]UgU i]a MaaMe i]a U]ZPbN[ jO]a]MU mPa gO] tuvUZO]Y] Pb gPi Pm rxty ~ Wg WU ��� tzq a]nT]UgU i]a MaaMei]a U]ZPbNV dOWU a]ia]U]bgU M �) N]haMNMgWPb Wb UMgTaMgWPbgOaPThOiTg NT] gP gO] tuv UZO]Y]V tg YMe U]]Y ZPbZ]ikgTMQQe ZPTbg]aWbgTWgWl] gOMg gO] tuv Pl]aO]MN WU UYMQQ]a mPagO] UYMQQkjaWg] gOMb mPa gO] QMah]kjaWg] ZMU]V dOWU WU NT] gPgO] mMZg gOMg gO] UYMQQkjaWg] ZMU] WU �� MQWhb]N[ jO]a]MU gO]QMah]kjaWg] ZMU] WU bPgVdP hMWb Mb TbN]aUgMbNWbh Pm OPj gO]U] a]NTbNMbZe UZO]Y]Ui]amPaY TbN]a MZgTMQ TU]a jPaRQPMNU[ j] TU] gjP gaMZ]U maPYgO] {gPaMh] u]amPaYMbZ] vPTbZWQ s{uvw X]bZOYMaR {uvk����[ ��� gOMg OMl] gO] QMah]Ug NMgM a]ZPaNU[ bMY]Qe[ gO] }WkbMbZWMQ � s�~� ��w MbN o]XU]MaZO � s��� ��wV dO] gaMZ]U
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lMae jWN]Qe Wb gO]Wa a]MNzjaWg] aMgWPU[ MZZ]UU UW`]U[ MaaWlMQaMg]U[ N]ha]] Pm U]nT]bgWMQWge[ MbN XTaUgWb]UUV dO] i]amPakYMbZ] haMiOU TU] M aMbh] Pm MaaWlMQkaMg] UZMQWbh mMZgPaU mPagO] gaMZ]UV dO] jPaRQPMNU jWgO Mb WN]bgWge s���)w UZMQkWbh mMZgPa ZPaa]UiPbN gP gO] PaWhWbMQ a]nT]Ug Uga]MYV }WhV ��UOPjU gO] Ml]aMh] a]UiPbU] gWY]U mPa M aMbh] Pm gaMZ] UZMQWbhmMZgPaU Pb gO] }WbMbZWMQ � gaMZ]V xU MiiaP^V ��V	) a]nT]UgUMa] UYMQQ jaWg]U Wb }WbMbZWMQ � gaMZ][ j] PXU]al] gOMg gO]tuv Pb gPi Pm rxty ~ UZO]Y] i]amPaYU UQWhOgQe jPaU] gOMbgO] rxty ~ UZO]Y] XTg UWhbW�ZMbgQe X]gg]a gOMb gO] rxty� UZO]Y]V {WYWQMaQe[ gO] tuv Pb gPi Pm rxty � UZO]Y] i]akmPaYU jPaU] gOMb gO] rxty � UZO]Y] XTg X]gg]a gOMb gO]rxty �
� UZO]Y]V}WhV �~ UOPjU gO] Ml]aMh] a]UiPbU] gWY]U mPa M aMbh] PmgaMZ] UZMQWbh mMZgPaU Pb o]XU]MaZO � gaMZ]V dOWU gaMZ] WUZOMaMZg]aW`]N Xe M b]MaQe ���) a]MNU jWgO a]nT]Ug UW`]UaMbhWbh maPY 	 R� gP �� ��V tg mPQQPjU gOMg gO]a] WU M UQWhOgi]amPaYMbZ] OWg Wb gO] ZMU] Pm gO] WbgaMkNWUR a]NTbNMbZeUZO]Y] NT] gP MQWhbY]bg WUUT]UV

dO] tzq i]amPaYMbZ] iaWYMaWQe N]i]bNU Pb gO] ZOPWZ] PmU]hY]bg UW`] MbN gP M Q]UU]a ]^g]bg Pb gO] NMgMziMaWge aMkgWPV tb h]b]aMQ[ gO] QMah]a gO] U]hY]bg UW`][ gO] OWhO]a gO]i]amPaYMbZ] i]bMQge Pm gO] jaWg] a]nT]UgUV �Pj]l]a[ mPa M�^]N U]hY]bg UW`][ gO] tzq i]amPaYMbZ] i]bMQge N]Za]MU]UUQWhOgQe MU gO] NMgMziMaWge aMgWP WbZa]MU]U[ XTg gO] a]UWUgMbZ]gP Y]NWM ]aaPaU WU a]NTZ]NV
7. CONCLUSIONSqjWbh gP WbZa]MUWbh NWUR ZMiMZWgW]U MbN gO] MNPigWPb PmQPjkZPUg NWURU Wb YPN]ab NMgM UgPaMh] UeUg]YU[ Tba]ZPl]akMXQ] ]aaPaU Ma] X]ZPYWbh M UWhbW�ZMbg ZMTU] Pm TU]a NMgM QPUUVdP ZPi] jWgO gOWU WUUT][ M b]j pqrkXMU]N WbgaMkNWUR a]kNTbNMbZe UZO]Y] ZMQQ]N Wbg]aQ]Ml]N iMaWgekZO]ZR stuvw ZPNkWbh jMU WbgaPNTZ]N MbN WgU N]UWhb N]UZaWX]NV x b]j YPN]QZMigTaWbh gO] ]|]Zg Pm ZPaa]QMg]N Tba]ZPl]aMXQ] U]ZgPa ]akaPaU jMU N]l]QPi]N gP MbMQe`] gOWU UZO]Y]V daMNWgWPbMQ a]kNTbNMbZe UZO]Y]U XMU]N Pb UWbhQ]kiMaWgekZO]ZR ZPN]U MbNr]]Nk{PQPYPb sr{w ZPN]U j]a] MQUP MbMQe`]NV vQPU]NkmPaY]^ia]UUWPbU j]a] N]aWl]N mPa gO] Y]Mb gWY] gP NMgM QPUU Pmrxty ~ MbN rxty � UeUg]YU Wb gO] ia]U]bZ] Pm Tba]ZPl]akMXQ] ]aaPaU MbN NWUR mMWQTa]UV dO] gOaPThOiTg i]amPaYMbZ]Pm gO] ]bOMbZ]N rxty ~ MbN rxty � UeUg]YU jMU ]lMQTMg]NXe Y]MbU Pm UWYTQMgWPbUV qTa a]UTQgU N]YPbUgaMg] gOMg gO]iaPiPU]N tuv UZO]Y] ZPbUWN]aMXQe WYiaPl]U gO] a]QWMXWQWgePl]a M jWN] aMbh] Pm U]ZgPa ]aaPa iaPXMXWQWgW]UV tb iMagWZTQMa[Wb gO] ZMU] Pm ZPaa]QMg]N ]aaPaU[ gO] tuv ZPNWbh UZO]Y] P|]aUgO] YM^WYTY iPUUWXQ] WYiaPl]Y]bg gOMg WU MQUP MZOW]l]N XegO] r{ ZPNWbh UZO]Y]V }TagO]aYPa][ gO] MUUPZWMg]N i]bMQgePb gO] tzq i]amPaYMbZ] WU YWbWYMQV xQg]abMgWl] N]UWhbU PmgO] WbgaMkNWUR a]NTbNMbZe ZPbZ]ig WbgaPNTZ]N Wb gOWU iMi]a[MbN iPg]bgWMQ MNPigWPb Pm PgO]a ]aMUTa] ZPNWbh UZO]Y]U Ma]UTXc]ZgU Pm mTagO]a Wbl]UgWhMgWPbV �Pa]Pl]a[ Wg jPTQN MQUP X]Wbg]a]UgWbh gP ]bOMbZ] gO] YPN]QU ia]U]bg]N Xe gMRWbh WbgPMZZPTbg gO] ]|]ZgU Pm gO] ZMZOWbh Y]ZOMbWUYV
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