$UHC6WURQJΩ3ULPHV1HHGHGIRU56$”

5RQDOG/ ȷ5LYHVW^⌉ 5REHUW’ ȷ6LOYHUP DQ^∩

’ HFˇfflˇøøœ

$ EVWUDFW

: HUHYLHZ WKHDUJXP HQWVLQIDYRURI XVLQJ VRıFDOOHG?VWURQJ SULP HVΠ LQWKH5 6$ SXEOLFıNH“ FU“ SWRV“ VWHP ȷ 7 KHUHDUHWZR W“ SHVRI VXFK DUJXP HQWVÆ WKRVHWKDWVD“ WKDWVWURQJ SULP HVDUHQHHGHGWRSURWHFWDJDLQVWIDFWRULQJ DWWDFNVfflDQGWKRVHWKDWVD“ WKDWVWURQJ SULP HVDUHQHHGHGWRSURWHFWDJDLQVW?F“ FOLQJΠ DWWDFNVffEDVHGRQUHSHDWHG HQFU“ SWLRQfiȷ

: HDUJXHWKDWfflFRQWUDU“ WRFRP P RQEHOLHIfflLWLVXQQHFHVVDU“ WRXVHVWURQJ SULP HV LQ WKH5 6$ FU“ SWRV“ VWHP ȷ 7 KDWLVffl E“ XVLQJ VWURQJ SULP HVRQHJDLQVD QHJOLJLEOH LQFUHDVHLQ VHFXULW“ RYHUZKDWLVREWDLQHG P HUHO“ E“ XVLQJ ?UDQGRP Π SULP HVRI WKH VDP HVL]Hȷ 7KHUHDUHWZR SDUWVWR WKLVDUJXP HQWȷ ) LUVWffl WKHXVHRI VWURQJ SULP HV SURYLGHVQRDGGLWLRQDOSURWHFWLRQDJDLQVWIDFWRULQJ DWWDFNVfflEHFDXVH/ HQVWUDΩVP HWKRG RI IDFWRULQJ EDVHGRQHOOLSWLFFXUYHVff( &0 fiFLUFXP YHQWVDQ“ SURWHFWLRQWKDWP LJKWKDYH EHHQRmHUHGE“ XVLQJ VWURQJ SULP HVȷ 7KHP HWKRGVWKDWΩVWURQJΩSULP HVDUHLQWHQGHG WRJXDUGDJDLQVWfflDVZHOODV( &0 fflDUHSUREDEDOLVWLFLQQDWXUHfflEXW( &0 VXFFHHGVZLWK KLJKHUSUREDELOLW“ȷ ) RU5 6$ NH“ VL]HVEHLQJ SURSRVHGQRZfflWKHSUREDELOLW“ RI VXFFHVV RI WKHVHP HWKRGVLVYHU“ ORZȷ $ GGLWLRQDOO“fflWKHQHZHU1 XP EHU) LHOG6LHYHDOJRULWKP FDQIDFWRU5 6$ NH“ VZLWKFHUWDLQW“ LQOHVVWLP HWKDQWKHVHP HWKRGVȷ

6HFRQGfflDVLP SOHJURXSıWKHRUHWLFDUJXP HQWVKRZVWKDWF“ FOLQJ DWWDFNVDUHH[WUHP HO“ XQOLNHO“ WREHHmHFWLYHfflDVORQJ DVWKHSULP HVXVHGDUHODUJHȷ,QGHHGfflHYHQSUREDEDOLVWLF IDFWRULQJ DWWDFNVZLOOVXFFHHG P XFK P RUHTXLFNO“ DQG ZLWK KLJKHUSUREDELOLW“ WKDQ F“ FOLQJ DWWDFNVȷ

ˇ ,QWURGXFWLRQ

7KH56$ SXEOLFıNH“ FU“ SWRV“ VWHP ¿˚ø@KDVUHFHLYHGZLGHVSUHDGDFFHSWDQFHLQWKHFRP P HUFLDO P DUNHWSODFHfflLQSDUWEHFDXVHLWKDVUHFHLYHGLQWHQVHVFUXWLQ“ E“ DFDGHP LF FU“ SWRJUDSKHUVȷ 7KHSXUSRVHRI WKLVSDSHULVWR H[WHQG WKLVVFUXWLQ“ E“ FDUHIXOO“ H[DP LQLQJ WKHFRP P RQ UHFRP P HQGDWLRQWKDWRQHVKRXOGXVH?VWURQJ SULP HVΠ ZKHQFRQVWUXFWLQJ NH“ VIRUDQ56$

⌉6XSSRUWHG E“ 5 6$ ’ DWD 6HFXULW“ffl ,QFȷ $ GGUHVVÆ / DERUDWRU“ IRU&RP SXWHU6FLHQFHffl 0 DVVDFKXVHWWV ,QVWLWXWHRI 7HFKQRORJ“ &DP EULGJHffl0 $ ´˘ˇ¯øŒ( P DLODGGUHVVÆULYHVW#WKHRU\ȷOFVȷPLWȷHGX ȷ ∩ $ GGUHVVÆ5 6$ / DERUDWRULHVffl˘´ &URVE“ ’ Uȷffl%HGIRUGffl0 $ ȷ´ˇæ¯´ffl( P DLODGGUHVVÆEREV# UVDȷFRP

FU“ SWRV“ VWHP ȷ: HnQGWKDWIRUSUDFWLFDOSXUSRVHVXVLQJ ODUJH?UDQGRP ΠSULP HVRmHUVVHFXULW“

HTXLYDOHQWWRWKDWREWDLQHGE“ XVLQJ ?VWURQJΠ SULP HVȷ &XUUHQWUHTXLUHP HQWVIRU?VWURQJΠ

SULP HVGRQRWP DNHWKHP DQ“ P RUHVHFXUHWKDQUDQGRP O“ FKRVHQSULP HVRI WKHVDP HVL]Hȷ

,QGHHGfflWKHVHUHTXLUHP HQWVFDQOHDGDJHQHUDODXGLHQFHWREHOLHYHWKDWLI DSULP HLV?VWURQJΠ

WKDWLWLVVHFXUHDQGWKDWLI LWLVQΩW?VWURQJΠ WKHQLWP XVWEH?ZHDNΠ DQGKHQFHLQVHFXUHȷ

7KLVVLP SO“ LVQRWWUXHȷ

: HEHJLQLQ6HFWLRQ˘ ZLWKDJHQHUDOGLVFXVVLRQRI WKHQRWLRQRI ?ZHDNNH“ VΠȷ

6HFWLRQ¯ WKHQSURYLGHVDUHYLHZ RI WKHHVVHQWLDOVRI WKH56$ SXEOLFıNH“ FU“ SWRV“ VWHP ffl

P RVWO“ DVDP HDQVRI HVWDEOLVKLQJ QRWDWLRQȷ

,Q6HFWLRQ˚ ZHFRQWLQXHZLWKDGHnQLWLRQRI D?VWURQJ SULP HȷΠ ff$ FWXDOO“fflZHSURYLGH

VHYHUDOGHnQLWLRQVffl FRUUHVSRQGLQJ WR WKHYDULRXVFULWHULDWKDWKDYHEHHQ SURSRVHG LQ WKH

OLWHUDWXUHȷfi ,QRUGHUWRDVVXUHRXUVHOYHVWKDWVWURQJ SULP HVDUHDSUDFWLFDOSRVVLELOLW“fflZH

UHYLHZ WZRDOJRULWKP VIRUnQGLQJ VWURQJ SULP HVLQ6HFWLRQ¸ȷ

$ TXLFNVXUYH“ RI WKHKLVWRU“ RI WKHUHFRP P HQGDWLRQWRXVHVWURQJ SULP HVLVJLYHQLQ

6HFWLRQßȷ ff+HUHWKHnUVWDXWKRUFRQIHVVHVWRKDYLQJ SOD“HGDSDUWLQWKLVKLVWRU“ RI WKLV

UHFRP P HQGDWLRQȷfi : HVHHWKDWWKHUHFRP P HQGDWLRQVDUHEDVHGRQWZREDVLF FRQFHUQVÆ D

FRQFHUQDERXWWKHGLp FXOW“ RI IDFWRULQJfflDQGDFRQFHUQDERXW?F“ FOLQJΠ DWWDFNVȷ

6HFWLRQæ GLVFXVVHVWKHUHTXLUHP HQWIRU?VWURQJΠ NH“ VfflUDWKHUWKDQMXVW?VWURQJΠ SULP HVȷ

&HUWDLQIDFWRULQJ DWWDFNVFDQH[SORLWWKHUHODWLRQVKLS EHWZHHQWKHWZRSULP HVWKDWP DNHXS

WKHNH“ DVRSSRVHGWRH[SORLWLQJ WKHVWUXFWXUHRI WKHLQGLYLGXDOSULP HVȷ7KHUHTXLUHP HQWIRU

?VWURQJΠ SULP HVLJQRUHVWKHVHDWWDFNVFRP SOHWHO“ȷ: HVKDOOVKRZ WKDWVXLWDEO“ ODUJHUDQGRP

SULP HVJXDUGDJDLQVWWKHVHDWWDFNVȷ

,Q6HFWLRQœ ZHFRQVLGHUIDFWRULQJ DWWDFNVRQWKHP RGXOXVȷ : HVHHWKDWEHIRUHˇøœ¸ LW

DSSHDUHGVHQVLEOHWRUHFRP P HQGXVLQJ VWURQJ SULP HVDVDSURWHFWLRQDJDLQVWFHUWDLQIDFWRULQJ

DWWDFNVfflNQRZQDVWKH?S⟨ ˇΠ DWWDFNVȷ ,QGHHGfflNH“ VL]HVEHLQJ SURSRVHGDWWKDWWLP HZHUH

DP HQDEOHWRDWWDFNE“ WKHVHP HWKRGVȷ7KHGHYHORSP HQWRI / HQVWUDΩV?HOOLSWLFFXUYHP HWKRGΠ

¿˘ø@RI IDFWRULQJ LQˇøœ¸ LVVHHQfflKRZHYHUfflWRUHP RYHWKHP RWLYDWLRQIRUXVLQJ VWURQJ SULP HV

DVDSURWHFWLRQDJDLQVWWKHS⟨ ˇ IDFWRULQJ DWWDFNVȷ : HVKDOOSUHVHQWWDEOHVZKLFKJLYHWKH

SUREDELOLW“ RI VXFFHVVIRUS⟨ ˇ DQG( &0 DWWDFNVIRUDJLYHQOHYHORI HmRUWȷ

,Q 6HFWLRQ ø ZHDGGUHVVWKHVHFRQG FRQFHUQÆ F“ FOLQJ DWWDFNVȷ +HUHZHSUHVHQWDQHZ

WKHRUHP WKDWVKRZVWKDWDVORQJ DVWKHSULP HVXVHGDUHODUJHfflWKHF“ FOLQJ DWWDFNVDUHXQOLNHO“

WRVXFFHHGȷ

) LQDOO“ffl6HFWLRQˇ´ FORVHVZLWKVRP HUHFRP P HQGDWLRQVȷ

: HDVVXP HWKDWWKHUHDGHULVIDP LOLDUZLWKHOHP HQWDU“ QXP EHUWKHRU“fflVXFKDVSUHVHQWHG

E“ 1 LYHQDQG=XFNHUP DQ¿¯æ@ffl/ H9HTXH¿¯´@fflRU&KDSWHU¯¯ RI &RUP HQHWDOȷ¿œ@ȷ) RUVXUYH“ V

RIIDFWRULQJ DQGQXPEHUıWKHRUHWLFDOJRULWKP VfflVHH%DFK¿˘@ffl%UHVVRXG¿ß@ffl%XHOO¿æ@ffl’ L[RQ¿ˇ´@ffl

* X“ ¿ˇ˚@ffl. QXWK¿˘˘@ffl/ HQVWUDDQG/ HQVWUD¿˘ß@ffl0 RQWJRP HU“ ¿¯ß@3RP HUDQFH¿˚´@fflDQG5LHVHO

¿˚˚@ȷ : HDVVXP HWKDWWKHUHDGHULVIDP LOLDUZLWK WKHHOHP HQWDU“ QRWLRQVRI FU“ SWRJUDSK“ ffHQFU“ SWLRQffl GHFU“ SWLRQffl NH“ Vffl HWFȷfiffl DVJLYHQffl IRUH[DP SOHffl LQ ’ DYLHVDQG 3ULFH¿ø@ȷ $ Q

XQGHUVWDQGLQJ RI FU“ SWRJUDSK“ LVQRWHVVHQWLDOffl H[FHSWDVP RWLYDWLRQ IRUWKLVSDSHUȷ ) RU

GLVFXVVLRQVRI WKHUHODWLRQVKLS EHWZHHQQXP EHUWKHRU“ DQGFU“ SWRJUDSK“fflVHH. UDQDNLV¿˘˚@ffl

3RP HUDQFH¿˚˘@fflDQG5LYHVW¿˚æ@ȷ

˘

˘ : HDN NH“ V

,QWKLVVHFWLRQZHUHYLHZ WKHQRWLRQRI D?ZHDNNH“fflΠ DQGDWWHP SWWRFKDUDFWHUL]HWKLVQRWLRQ P RUHIRUP DOO“ȷ

: KHQDFU“ SWRJUDSKHUVHOHFWVDFU“ SWRJUDSKLFNH“fflKHLVFUHDWLQJ DQLQVWDQFHRI DSUREOHP WKDWKLVDGYHUVDU“ ZRXOGOLNHWRVROYHȷ6XSSRVHWKHNH“ VHOHFWHGLVNfflDQGWKDWWKHVHWRI DOO SRVVLEOHNH“ VLVGHQRWHG▷ ȷ 7KHDGYHUVDU“ ZRXOGOLNHWRGHWHUP LQHNIURP VRP HDYDLODEOH GDWDffP HVVDJHVHQFU“ SWHGZLWKNH“ NfflHWFȷfiȷ

7KHDGYHUVDU“ P D“ HP SOR“ HLWKHU?JHQHUDOıSXUSRVHΠ RU?VSHFLDOıSXUSRVHΠ P HWKRGVLQKLV DWWHP SWWRGHWHUP LQHNȷ+HUHZHXQGHUVWDQGDJHQHUDOıSXUSRVHP HWKRGDVRQHWKDWLVDOZD“ V HmHFWLYHfflQRP DWWHUZKDWNZDVFKRVHQȷ$ QH[DP SOHRI DJHQHUDOıSXUSRVHP HWKRGLV?EUXWHı IRUFHVHDUFKΠÆ WU“ LQJ HDFKSRVVLEOHNLQWXUQXQWLOWKHFRUUHFWRQHLVIRXQGȷ 2 QWKHRWKHU KDQGfflDVSHFLDOıSXUSRVHP HWKRGLVGHnQHGE“ WKHUHTXLUHP HQWWKDWNEHRI DVSHFLDOIRUP ŒLI NLVQRWRI WKLVIRUP WKHQWKHP HWKRGZLOOFRP SOHWHO“ IDLOWRnQGNȷ) RUWKLVDWWDFNP HWKRGffl NH“ VRI WKHVSHFLDOIRUP P D“ EHFRQVLGHUHGDV?ZHDNNH“ VȷΠ ) RUH[DP SOHfflDSDUWLFXODUDWWDFN P HWKRGP D“ RQO“ ZRUNDJDLQVWNH“ VWKDWWHUP LQDWHLQˇ´ ]HURVŒVXFKNH“ VZRXOGEH?ZHDN NH“ VΠ IRUWKLVDWWDFNP HWKRGȷ

7KHQRWLRQRI D?ZHDNNH“ Π KDVDSSHDUHGEHIRUHLQWKHOLWHUDWXUHȷ6SHFLnFDOO“fflWKHQRWLRQ RI DZHDNNH“ KDVEHHQGHnQHGIRU’ ( 6 ffWKH’ DWD( QFU“ SWLRQ6WDQGDUGfiȷ’ DYLHVDQG3ULFH ¿øffl6HFWLRQ¯ȷ̊ @GLVFXVVWKHFKDUDFWHULVWLFVRIZHDNffDQGVHP LıZHDNfi’ ( 6 NH“ VDQGUHFRP P HQG WKDWWKH’ ( 6 XVHUDYRLGXVLQJ WKHVHNH“ VLQFHUWDLQVLWXDWLRQVȷ : HJLYHWKLVP HUHO“ DVDQ H[DP SOHfflDQGGRQRWSXUVXHWKHLVVXHRI ’ ( 6 ZHDNNH“ VIXUWKHULQWKLVSDSHUȷ : KHQDQDGYHUVDU“ XWLOL]HVDVSHFLDOıSXUSRVHDWWDFNP HWKRGfflKHLVWDNLQJ DJDP EOHȷ +H LVEHWWLQJ WKDWWKHFU“ SWRJUDSKHUKDVEHHQVRFDUHOHVVffRUXQOXFN“ fiDVWRKDYHFKRVHQDZHDN NH“ȷ,I WKHFU“ SWRJUDSKHUGLGQΩWFKRRVHDZHDNNH“fflWKHQWKHDGYHUVDU“ JDLQVQRWKLQJ E“ KLV XVHRI DVSHFLDOıSXUSRVHP HWKRĠ WKHHmRUWZLOOFRVWWLP HDQGP RQH“ DQGKHZRXOGKDYH EHHQ EHWWHURmXVLQJ DJHQHUDOıSXUSRVHP HWKRGȷ 2 Q WKHRWKHUKDQGffl WKHDGYHUVDU“ P D“ EHOXFN“fflWKHFU“ SWRJUDSKHUP D“ KDYHFKRVHQDZHDNNH“fflDQGWKHDGYHUVDU“ P D“ EHDEOH WR nQG N XVLQJ KLVVSHFLDOıSXUSRVHP HWKRG P XFK P RUHHp FLHQWO“ WKDQ KHZRXOG XVLQJ D JHQHUDOıSXUSRVHP HWKRGȷ: KHQLVLWZRUWKZKLOHIRUWKHDGYHUVDU“ WRWDNHVXFKDJDPEOH” 7RDQVZHUWKLVTXHVWLRQfflZHSURSRVHWKHIROORZLQJ ?nJXUHRI P HULWΠ IRUDQDWWDFNP HWKRGÆ WKHH[SHFWHGDP RXQWRIHmRUWUHTXLUHGIRUWKHDGYHUVDU“ WRnQGKLVnUVWVROXWLRQȷ: HLP DJLQH WKDWWKHDGYHUVDU“ LVJLYHQDVHTXHQFHRI SUREOHP LQVWDQFHVWRVROYHfflHDFKFRUUHVSRQGLQJ WRD GLmHUHQWFU“ SWRJUDSKLFNH“ȷ+HDSSOLHVKLVP HWKRGWRHDFKLQVWDQFHLQWXUQȷ+HP HWKRGP D“ QRWEHDEOHWRVROYHP DQ“ RI WKHLQVWDQFHVŒWKHVHP D“ QRWEHEDVHGRQZHDNNH“ Vȷ+HNHHSV WU“ LQJ XQWLOKHKDVKLVnUVWVXFFHVVȷ7KHWRWDODP RXQWRI HmRUWKHKDVH[SHQGHGXS XQWLOKLV nUVWVXFFHVVLVWKHGHVLUHG?nJXUHRI P HULWȷΠ : HFDOOWKLVP HDVXUHWKHWLP HıWRınUVWıVROXWLRQȷ : HFDQ P DNHWKLVQRWLRQ P RUHSUHFLVHDVIROORZVȷ / HW6 GHQRWHWKHVSHFLDOıSXUSRVH P HWKRGXQGHUFRQVLGHUDWLRQfflDQGOHW▷_6 ffDVXEVHWRI ▷ fi GHQRWHWKHVHWRI ffZHDNfi NH“ VIRU ZKLFK6 LVDEOHWRnQGDVROXWLRQȷ7KHSUREDELOLW“ WKDWWKHFU“ SWRJUDSKHUKDVFKRVHQDZHDN NH“ LVMXVWM▷_6 Mψ M▷ MffDVVXP LQJ WKDWKHFKRRVHVNH“ VIURP ▷ XQLIRUP O“ DWUDQGRP fifflDQGWKH H[SHFWHGQXP EHURI LQVWDQFHVWKHDGYHUVDU“ KDVWRFRQVLGHUEHIRUHKHVROYHVRQHLVM▷ Mψ M▷_6 Mȷ 6XSSRVHWKDWP HWKRG6 UXQVIRUWLP HW_6 RQDQ“ SUREOHP LQVWDQFHfflLQGHSHQGHQWRI ZKHWKHURU QRWWKHLQVWDQFHLVEDVHGRQDZHDNNH“ȷ7KHQWKHH[SHFWHGYDOXHRI 6ΩVWLP HıWRınUVWıVROXWLRQ ¯

LV 7ff6fi W^6 ⌋ M▷ M M▷^6 M υ 7KHJHQHUDOQRWLRQRI ?WLP HıWRınUVWıVROXWLRQΠ LVHDVLO“ H[WHQGHGWRKDQGOHYDULDWLRQVRQWKH

DERYHIRUP DOL]DWLRQffVXFKDVWKRVHFDVHVZKHUHW^6 GHSHQGVRQZKHWKHURUQRWNLVDZHDN

NH“ fiȷ

7KHQRWLRQRI ?WLP HıWRınUVWıVROXWLRQΠ LVDUREXVWQRWLRQWKDWFDQEHDSSOLHGWRJHQHUDOı

SXUSRVHP HWKRGVDVZHOODVVSHFLDOıSXUSRVHP HWKRGVȷ ,Q WKLVFDVHffl WKHQRWLRQ EHFRP HV

HTXLYDOHQWWRWKDWRI WKHH[SHFWHGUXQQLQJ WLP HRI WKHDOJRULWKP ffVLQFHDJHQHUDOıSXUSRVH

P HWKRGDOZD“ VVXFFHHGVRQWKHnUVWLQVWDQFHfiȷ

: HDVVHUWWKDWDVSHFLDOıSXUSRVHP HWKRGLVRI LQWHUHVWWRDQDGYHUVDU“ RQO“ LI LWVH[SHFWHG

WLP HıWRınUVWıVROXWLRQLVOHVVWKDQWKDWRI RWKHUP HWKRGVDYDLODEOHfflVXFKDVWKDWRI JHQHUDOı

SXUSRVHP HWKRGVȷ: HFDOOWKLVDVVHUWLRQWKH?7LP Hı7Rı) LUVWı6ROXWLRQ3ULQFLSOHȷΠ 7KH7LP Hı

7Rı) LUVWı6ROXWLRQ3ULQFLSOHLVQRWVXVFHSWLEOHWRSURRIfflDOWKRXJKYDULRXVGHFLVLRQıDQDO“ VLVRU

XWLOLW“ DUJXP HQWVFRXOGEHEURXJKWRXWLQVXSSRUWRI WKLVSULQFLSOHȷ ,WLVKDUGWRLP DJLQH

ZKDWSRVVLEOHUHDVRQDQDGYHUVDU“ FRXOGKDYHIRUFKRRVLQJ DVSHFLDOıSXUSRVHP HWKRGZKRVH

H[SHFWHGWLP HıWRınUVWıVROXWLRQZDVJUHDWHUWKDQIRURWKHUDYDLODEOHP HWKRGVȷ: HDVVXP HWKH

7LP Hı7Rı) LUVWı6ROXWLRQ3ULQFLSOHLQZKDWIROORZVȷ

: HVD“ DVSHFLDOıSXUSRVHP HWKRG LVFRP SHWLWLYHLI LWVWLP HıWRınUVWıVROXWLRQ LVVP DOOHU

WKDQWKDWIRUWKHDYDLODEOHJHQHUDOıSXUSRVHP HWKRGVȷ 2 QO“ LI DVSHFLDOıSXUSRVHP HWKRG6

LVFRP SHWLWLYHVKRXOGLWVGRP DLQ▷^6 EHFRQVLGHUHGDVEHLQJ ?ZHDNΠ NH“ Vȷ ,QWKLVFDVHfflWKH

FU“ SWRJUDSKHUVKRXOGVHULRXVO“ FRQVLGHUP RGLI“ LQJ KLVNH“ ıVHOHFWLRQSURFHGXUHVRDVWRDYRLG

WKHZHDNNH“ VLQ▷^6 ȷ

$ VDQH[DP SOHfflFRQVLGHUD?SDUWLDOEUXWHıIRUFHVHDUFKΠ P HWKRGfflZKLFKP HUHO“ VHDUFKHV

GLUHFWO“ IRUNLQDVHW▷^6 ȷ $ OWKRXJKWKHH[SHFWHGUXQQLQJ WLP HLVRQO“ W^6 M▷^6 Mψ ˘ ZKHQ

N≥ ▷^6 fflWKHWLP HıWRınUVWıVROXWLRQRI WKLVP HWKRGLVMXVW ffM▷^6 Mψ ˘fi M▷ M M▷^6 M M▷ M ˘ ZKLFKLVWKHH[SHFWHGUXQQLQJ WLP HRI RUGLQDU“ EUXWHıIRUFHVHDUFKȷ 7KHUHIRUHSDUWLDOEUXWHı

IRUFHVHDUFKLVQRWFRP SHWLWLYHȷ

,QWKHIROORZLQJ VHFWLRQVZHWU“ WRGHWHUP LQHLI WKHUHDUHDQ“ FRP SHWLWLYHVSHFLDOıSXUSRVH

P HWKRGVIRUDWWDFNLQJ 56$ fflVR WKDWFHUWDLQ 56$ NH“ VVKRXOG EHGHHP HG DV?ZHDNΠ DQG

DYRLGHGȷ

: HQRWHKHUHWKDWWUXO“ ZHDNNH“ VFDQEHFRQVWUXFWHGE“ DQ“RQHZDQWLQJ WRGRVRȷ2 QH

UHDVRQIRUGRLQJ VRZRXOGEHWRDOORZ UHSXGLDWLRQRI DP HVVDJHȷ,I RQHGHOLEHUDWHO“ JHQHUDWHV

DZHDNNH“fflRQHFRXOGODWHUFODLP WKDWWKHNH“ ZDVZHDNfflWKDWVRP HRQHHOVHEURNHLWDQGVHQW

DERJXVP HVVDJHȷ7RJXDUGDJDLQVWWKLVfflLWVKRXOGEHDUHTXLUHP HQWWKDWWKHUDQGRP QXP EHU

VHHGfflDORQJ ZLWKDVSHFLnFDWLRQRI WKHH[DFWSURFHGXUHIRUJHQHUDWLQJ SULP HVEHVWRUHGE“ WKH

XVHUȷ 1 RZfflDQRXWVLGHUFRXOGSURYHWKDWWKHDFWXDOZHDNNH“ ZDVQRWJHQHUDWHGDFFRUGLQJ

WRWKHVWDWHGDOJRULWKP ZLWKWKHJLYHQVHHGȷ

6LOYHUP DQ DQG : DJVWDm-Uȷ ¿¸ˇ@DQDO“ ]HLQ GHWDLOWKHSUREDELOLW“ RI VXFFHVVIRU( &0

JLYHQWKHVL]HRI WKHSULP HDQGOHYHORI HmRUWZLOOLQJ WREHH[SHQGHGȷ 6RP HRI WKRVHUHVXOWV

DUHVXP P DUL]HGEHORZ LQ6HFWLRQæȷ ,QDGGLWLRQfflWKH“ JLYHHVWLP DWHVRI WKHDP RXQWRI WLP H ˚

RQHVKRXOGVSHQGZLWK( &0 EHIRUHFKDQJLQJ WRWKH1 XPEHU) LHOG6LHYHLQRUGHUWRP LQLP L]H WKHH[SHFWHGWRWDOWLP HEHIRUHRQHVXFFHHGVȷ 7KHWLP HıWRınUVWıVROXWLRQIRUVSHFLDOSXUSRVH P HWKRGVLVQRWFRP SHWLWLYHZLWKZKDWFDQEHDFKLHYHGZLWKWKH1 XP EHU) LHOG6LHYHȷ

¯ 7 KH5 6$ SXEOLFıNH“ FU“ SWRV“ VWHP

: HUHYLHZ WKHHVVHQWLDOVRI WKH56$ SXEOLFıNH“ FU“ SWRV“ VWHP fflSULP DULO“ DVDP HDQVRI LQWURı GXFLQJ QRWDWLRQȷ6HH5LYHVWHWDOȷ¿˚ø@IRUDP RUHFRP SOHWHGHVFULSWLRQȷ

$ XVHUffVD“ffl$ OLFHfiRI WKH56$ SXEOLFıNH“ FU“ SWRV“ VWHP VHFUHWO“ VHOHFWVWZRODUJHSULP HV S DQGTfflDQGFRP SXWHVWKHLUSURGXFWQfflNQRZQDVKHUSXEOLF P RGXOXVȷ 6KHDOVRVHOHFWVDQ LQWHJHUHω ˘ VXFKWKDW JFGffHϕffS⌊ ˇfiffT⌊ ˇfifi ˇ υ ffˇfi

7KLVHLVNQRZQDVKHUHQFU“SWLRQH[SRQHQWȷ$ OLFHSXEOLVKHVWKHSDLUffHϕQfiDVKHUSXEOLFNH“ȷ 6KHWKHQFRP SXWHVGVXFKWKDW

GH∫ ˇ ffP RG�ffQfifiϕ ff˘fi

ZKHUH�ffQfiLV( XOHUΩVWRWLHQWIXQFWLRQffl �ffQfi MIDÆ´ χ D� QDQG JFGffDϕQfi ˇJM ff¯fi ZKLFKIRUQ STLV�ffQfi ffS⌊ ˇfiffT⌊ ˇfiȷ7KHYDOXHGLVKHUGHFU“SWLRQH[SRQHQWȷ$ FWXDOO“ffl HTXDWLRQff˘fiFDQEHLP SURYHGVOLJKWO“ WR

GH∫ ˇ ffP RGwffQfifiϕ ff˚fi

ZKHUH wffQfi OFP ffS⌊ ˇϕT⌊ ˇfiυ ff¸fi 6ROYLQJ IRUGXVLQJ HTXDWLRQff˚fiLQVWHDGRI HTXDWLRQff˘fiLVVOLJKWO“ SUHIHUDEOHEHFDXVHLWFDQ UHVXOWLQDVP DOOHUYDOXHIRUGȷ6KHUHWDLQVWKHSDLUffGϕQfiDVKHUSULYDWHNH“ȷ $ QRWKHUXVHUffVD“ffl%REfiFDQVHQG$ OLFHDQHQFU“ SWHGP HVVDJH0 fflZKHUH´ � 0 χ QfflE“ VHQGLQJ KHUWKHFLSKHUWH[W ς ∫ 0^H ffP RGQfi

FRP SXWHGXVLQJ $ OLFHΩVSXEOLF NH“ ffHϕQfiȷ : KHQ$ OLFHUHFHLYHVς VKHFDQGHFU“ SWLWXVLQJ WKHHTXDWLRQ 0 ∫ ς^G ffP RGQfi

FRP SXWHGXVLQJ KHUSULYDWHNH“ ffGϕQfiȷ6LQFHQRRQHEXW$ OLFHSRVVHVVHVGfflQRRQHEXW$ OLFH VKRXOGEHDEOHWRFRP SXWH0 IURP ςȷ

7KH56$ V“ VWHP FDQDOVREHXVHGWRVLJQP HVVDJHVȷ) RUUHDVRQVRI Hp FLHQF“ WKHVLJQLQJ SURFHGXUHW“ SLFDOO“ XVHVDn[HGSXEOLFDX[LOLDU“ P HVVDJHGLJHVWIXQFWLRQ⇁ ffDOVRNQRZQDVD RQHıZD“ IXQFWLRQRUDFU“SWRJUDSKLF KDVKIXQFWLRQfiȷ$ QH[DP SOHRI VXFKDIXQFWLRQLVJLYHQ E“ 5LYHVW¿˚œ@ȷ 7KHIXQFWLRQ⇁ LVIDVWWRHYDOXDWHEXWFRP SXWDWLRQDOO“ LQIHDVLEOHWRLQYHUWȷ $ OLFHFRP SXWHVKHUVLJQDWXUH6 IRUWKHP HVVDJH0 XVLQJ WKHHTXDWLRQ

6 ⇁ ff0 fi^G ffP RGQfiυ ¸

7KHSDLUff0 ϕ6fiIRUP DffP HVVDJHϕVLJQDWXUHfiSDLUWKDWFDQEHYHULnHGE“ DQ“RQHDVKDYLQJ

EHHQVLJQHGE“ $ OLFHȷ7RGRVRfflRQHXVHV$ OLFHΩVSXEOLFNH“ DQGFKHFNVWKDWWKHHTXDWLRQ

⇁ ff0 fi 6_H ffP RGQfi

KROGVȷ,I ffDQGRQO“ LIfiWKHHTXDWLRQKROGVGRHVRQHDFFHSWWKHVLJQDWXUHDVEHLQJ DVLJQDWXUH

UHDOO“ SURGXFHGE“ $ OLFHȷ 6LQFHQRRQHEXW$ OLFHSRVVHVVHVGfflQRRQHEXW$ OLFHFDQHDVLO“

FRP SXWH6 IURP 0 fflDOWKRXJKDQ“RQHFDQHDVLO“ YHULI“ WKHSDLUff0 ϕ6fiDVVKRZQDERYHȷ

,QSUDFWLFHWKHUHDULVHP DQ“ H[WHQVLRQVDQGDSSOLFDWLRQVRI WKHEDVLF56$ VFKHP HfflVXFK

DVWKHXVHRI FHUWLnFDWHVDQGK“ EULGV“ VWHP VLQYROYLQJ 56$ DQGDFRQYHQWLRQDOFU“ SWRV“ VWHP ȷ

%HFDXVHRXUFRQFHUQLVZLWKWKHVHFXULW“ RI WKHEDVLF VFKHP HfflKRZHYHUfflZHGRQRWGLVFXVV

WKHVHLVVXHVKHUHȷ

7KHVHFXULW“ RI 56$ GHSHQGVFULWLFDOO“ RQWKHLQDELOLW“ RI DQDGYHUVDU“ WRFRP SXWHGIURP

WKHSXEOLFNH“ ffHϕQfiȷ 7KHSUREOHP RI FRP SXWLQJ GIURP ffHϕQfiLVHTXLYDOHQWWRWKHSUREOHP

RI IDFWRULQJ Q LQWRLWVSULP HIDFWRUVS DQGTfflDVLVSURYHQE“ %DFKHWDOȷ¿¯@ȷ 7KHUHIRUHLW

LVLP SRUWDQWIRUWKH56$ XVHUWR VHOHFWSULP HVS DQG T LQ VXFK DZD“ WKDWWKHSUREOHP

RI IDFWRULQJ Q ST LVFRP SXWDWLRQDOO“ LQIHDVLEOHIRUDQ DGYHUVDU“ȷ &KRRVLQJ S DQG T DV

?VWURQJΠ SULP HVKDVEHHQUHFRP P HQGHGDVDZD“ RI P D[LP L]LQJ WKHGLp FXOW“ RI IDFWRULQJ Qȷ

,Q6HFWLRQœ ZHUHYLHZ WKHDUJXP HQWVLQIDYRURI XVLQJ VWURQJ SULP HVDVDSURWHFWLRQDJDLQVW

IDFWRULQJ DWWDFNVȷ

7KHVHFXULW“ RI 56$ DOVRGHSHQGVRQWKHLQDELOLW“ RI DFU“ SWDQDO“ VWWRLQYHUWWKHEDVLF

56$ IXQFWLRQHYHQZLWKRXWNQRZLQJ Gȷ 6RP HDWWDFNVDORQJ WKHVHOLQHVfflNQRZQDV?F“ FOLQJΠ

DWWDFNVfflKDYHEHHQSURSRVHGLQWKHOLWHUDWXUHȷ,Q6HFWLRQø ZHVKDOOFRQVLGHUVXFKDWWDFNVLQ

GHWDLOȷ

˚ : KDWLVDVWURQJ SULP H”

7KLVVHFWLRQJLYHVDGHnQLWLRQRI ?VWURQJ SULP HΠ WKDWLQFOXGHVDOORI WKHYDULRXVFRQGLWLRQV

WKDWKDYHSUHYLRXVO“ EHHQSURSRVHGLQWKHOLWHUDWXUHȷ: HDOVRSURYLGHWHUP LQRORJ“ IRUVRP H

YDULDQWGHnQLWLRQVȷ

: HOHWMSMGHQRWHWKHOHQJWKRI S LQELQDU“ȷ 7KHIROORZLQJ GHnQLWLRQXVHV( QJOLVKZRUGV

VXFKDV?ODUJHSULP HΠ WKDWDUHFODULnHGZLWKVSHFLnFUHFRP P HQGDWLRQVRQVL]HVȷ ff7KHVHDUH

RQO“ QRP LQDOYDOXHVŒLQSUDFWLFHRQHP LJKWZLVKWRXVHHYHQODUJHUYDOXHVȷfi

$ SULP HS LVFRQVLGHUHGWREHD?VWURQJ SULP HΠ LI LWVDWLVnHVWKHIROORZLQJ FRQGLWLRQVȷ

∐ S LVDODUJHSULP Hȷff6D“fflMSM⊒ ˘¸ßȷfi

∐ 7KHODUJHVWSULP HIDFWRURI S⌊ ˇfflVD“ S_⌊ fflLVODUJHȷff6D“fflMS_⌊ M⊒ ˇ´´ȷfi 7KDWLVffl

S D_⌊ S_⌊ ffi ˇ ffßfi

IRUVRP HLQWHJHUD_⌊ DQGODUJHSULP HS_⌊ ȷ

∐ 7KHODUJHVWSULP HIDFWRURI S_⌊ ⌊ ˇfflVD“ S_{⌊ ⌊} fflLVODUJHȷff6D“fflMS_{⌊ ⌊} M⊒ ˇ´´ȷfi

S_⌊ D_{⌊ ⌊} S_{⌊ ⌊} ffi ˇ ffæfi

IRUVRP HLQWHJHUD_{⌊ ⌊} DQGODUJHSULP HS_{⌊ ⌊} ȷ ß

∐ 7KHODUJHVWSULP HIDFWRURI Sffi ˇfflVD“ S^ffi fflLVODUJHȷff6D“fflMS^ffi M⊒ ˇ´´ȷfi 7KDWLVffl

S D^ffi S^ffi ⌊ ˇ ffœfi

IRUVRP HLQWHJHUD^ffi DQGODUJHSULP HS^ffi ȷ

: HGHQRWHWKHFRUUHVSRQGLQJ YDOXHVIRUWKHSULP HTDVT^⌊ fflT^{⌊ ⌊} fflT^ffi fflE^⌊ fflE^{⌊ ⌊} fflDQGE^ffi ȷ 6RP HWLP HVDSULP HLVFDOOHGVWURQJ LI LWVDWLVnHVRQO“ DVXEVHWRI WKHVHFRQGLWLRQVȷ 7R P DNHRXUWHUP LQRORJ“ SUHFLVHfflZHVD“ WKDWDSULP HLV

S^⌊ ıVWURQJ LI S^⌊ LVODUJHffl S^{⌊ ⌊} ıVWURQJ LI S^{⌊ ⌊} LVODUJHffl S^ffi ıVWURQJ LI S^ffi LVODUJHffl ffS^⌊ ϕS^ffi fiıVWURQJ LI ERWKS^⌊ DQGS^ffi DUHODUJHffl ffS^⌊ ϕS^{⌊ ⌊} ϕS^ffi fiıVWURQJfflRUMXVWVWURQJffl LI DOORI S^⌊ fflS^{⌊ ⌊} fflDQGS^ffi DUHODUJHȷ

6RP HWLP HVDP RUHVWULQJHQWUHTXLUHP HQWLVUHFRP P HQGHGffHȷJȷfflE“ : LOOLDP VDQG6FKP LG ¿¸ß@fifflVSHFLI“ LQJ WKDWZHP XVWKDYHD^⌊ ˘ ffRUD^{⌊ ⌊} ˘fflRUD^ffi ˘fflHWFȷfiȷ: HFDOOVXFKSULP HV S^⌊ ıVXSHUVWURQJ ffRUS^{⌊ ⌊} ıVXSHUVWURQJfflS^ffi ıVXSHUVWURQJfflHWFȷfi +HOOP DQDQG%DFK¿ˇ¸@KDYHDOVR UHFRP P HQGHGWKDWS^ffi ⌊ ˇ FRQWDLQDODUJHSULP HIDFWRUffZKLFKZHZRXOGFDOOS^{ffi ⌊} fiȷ

¸ ) LQGLQJ 6WURQJ 3 ULP HV

6WURQJ SULP HVDUHVRP HZKDWUDUHȷ,QSUDFWLFHfflKRZHYHUfflRQHFDQnQGVWURQJ SULP HVZLWKRXW XQGXHGLp FXOW“ȷ

7KHRULJLQDO56$ SDSHU¿˚ø@VXJJHVWHGWKHXVHRI S^{⌊ ⌊} ıVWURQJ SULP HVfflZKLFKFDQEHHDVLO“ IRXQGDVIROORZVȷ

ˇȷ ) LQGDODUJHUDQGRP SULP HS^{⌊ ⌊} E“ WHVWLQJ ODUJHUDQGRP O“ FKRVHQLQWHJHUVIRUSULP DOLW“ XQWLODSULP HLVIRXQGȷ ˘ȷ &RP SXWHS^⌊ DVWKHOHDVWSULP HRI WKHIRUP

S^⌊ D^{⌊ ⌊} S^{⌊ ⌊} ffi ˇ fføfi

IRUVRP HLQWHJHUD^{⌊ ⌊} ȷ 7KLVFDQEHDFFRP SOLVKHG E“ WU“ LQJ D^{⌊ ⌊} ˘ϕ˚ϕßϕυυυXQWLOD SULP HS^⌊ LVIRXQGȷ $ SUREDELOLVWLF WHVWIRUSULP DOLW“fflVXFK DVWKH0 LOOHUı5DELQ WHVW ¿¯ˇffl˚¯@fflFDQEHXVHGWRWHVWHDFKFDQGLGDWHS^⌊ IRUSULP DOLW“ȷ ¯ȷ &RP SXWHS DVWKHOHDVWSULP HRI WKHIRUP

S D^⌊ S^⌊ ffi ˇ ffˇ´fi

IRUVRP HLQWHJHUD^⌊ fflLQDVLP LODUP DQQHUȷ

æ

7KHWLP HUHTXLUHGWRnQGS LQWKLVP DQQHULVRQO“ DERXWWKUHHWLP HVWKHWLP HUHTXLUHGWR nQGDUDQGRP SULP HRI WKHVDP HVL]Hȷ

&OHDUO“fflDSULP HS FRP SXWHGXVLQJ WKHDERYHSURFHGXUHLVS_{⌊ ⌊} ıVWURQJȷ,WP D“ QRWEHS_ffi ı

VWURQJfflKRZHYHUfflDQGVR: LOOLDP VDQG6FKP LG¿¸ß@DQG* RUGRQ¿ˇ˘@KDYHVXJJHVWHGDOJRULWKP V

IRUnQGLQJ SULP HVWKDWDUHS_ffi ıVWURQJ DVZHOOffLȷHȷfflVWURQJ SULP HVfiȷ: HQRZ JLYHWKHDOJRULWKP V

IRUnQGLQJ VWURQJ SULP HVSURSRVHGE“ : LOOLDP VDQG6FKP LGfflDQGE“ * RUGRQȷ

¸ ȷ̌ 7 KH: LOOLDP V̀ 6FKP LG DOJRULWKP IRUnQGLQJ VWURQJ SULP HV

,Qˇøæøffl: LOOLDP VDQG6FKP LGSURSRVHGWKHIROORZLQJ DOJRULWKP IRUnQGLQJ VWURQJ SULP HVȷ

ˇȷ ) LQGS_{⌊ ⌊} DQGS_ffi DVODUJHUDQGRP SULP HVffVD“fflˇ¯´ ELWVLQOHQJWKHDFKfiȷ

˘ȷ &RP SXWH

U ⌊ ffS_{⌊ ⌊} fi_{⌊ ˇ} P RGS_ffi υ ffˇˇfi

+HUH´ χ Uχ S_ffi ȷ7KHLQYHUVHRI S_{⌊ ⌊} P RGXORS_ffi FDQEHFRP SXWHGXVLQJ WKHH[WHQGHG

IRUP RI ( XFOLGΩVDOJRULWKP ffVHHfflIRUH[DP SOHffl&RUP HQHWDOȷ¿œffl6HFWLRQ¯¯ȷ̊ @fiȷ

¯ȷ ) LQGWKHOHDVWDVXFKWKDWERWK

S_⌊ ˘DS_{⌊ ⌊} S_ffi ffi ˘US_{⌊ ⌊} ffi ˇ ϕ DQG ffˇ˘fi

S ˚DS_{⌊ ⌊} S_ffi ffi ˚US_{⌊ ⌊} ffi¯

˘S_⌊ ffi ˇ ffˇ¯fi

DUHSULP Hȷ

,WLVHDV“ WRYHULI“ WKDWS_ffi LVDIDFWRURI Sffi ˇȷ 1 RWHDOVRWKDWS LVS_⌊ ıVXSHUVWURQJfflVLQFH

D_⌊ ˘ȷ 7KHOHQJWKVRI S DQG S_⌊ DUHDERXWWZLFHWKHOHQJWKVRI S_{⌊ ⌊} DQG S_ffi ZLWK WKLV

SURFHGXUHȷ

7KLVSURFHGXUHLVQRWLFHDEO“ OHVVHp FLHQWWKDQnQGLQJ DUDQGRP SULP HfflVLQFHnQGLQJ DQD

WKDWVLP XOWDQHRXVO“ P DNHVERWKS_⌊ DQGSSULP HLQHTXDWLRQVffˇ˘fi^ffˇ¯fiLVPXFKP RUHGLp FXOW

WKDQfflVD“fflnQGLQJ DQD_⌊ WRP DNHS SULP HLQHTXDWLRQffˇ´fiȷ ff,QJHQHUDOfflRQHZRXOGH[SHFW

WKDWnQGLQJ S_⌊ ıVXSHUVWURQJ SULP HVZRXOGEHPXFKP RUHGLp FXOWWKDQP HUHO“ nQGLQJ ODUJH

SULP HVȷfi 1 RQHWKHOHVVfflWKLVSURFHGXUHLVTXLWHXVDEOHDQGHmHFWLYHIRUnQGLQJ VWURQJ SULP HVȷ

¸ ȷ̆ * RUGRQΩVDOJRULWKP IRUnQGLQJ VWURQJ SULP HV

,Qˇøœ˚ -RKQ* RUGRQ¿ˇ˘fflˇ¯@SURSRVHGDQRWKHUSURFHGXUHIRUnQGLQJ VWURQJ SULP HVȷ ff,WLV

QRWFOHDUZKHWKHU* RUGRQZDVDZDUHRI WKHSUHYLRXVO“ SXEOLVKHGDOJRULWKP RI : LOOLDP VDQG

6FKP LGȷfi * RUGRQDUJXHVWKDWnQGLQJ VWURQJ SULP HVLVRQO“ VOLJKWO“ KDUGHUWKDQnQGLQJ ODUJH

UDQGRP SULP HVRI WKHVDP HVL]Hȷ +LVDOJRULWKP LVP RUHHp FLHQWWKDQWKH: LOOLDP V̀6FKP LG

DOJRULWKP EHFDXVHLWGRHVQRWFUHDWHDS_⌊ ıVXSHUVWURQJ SULP HŒWKHYDOXHRI D_⌊ ZLOOW“ SLFDOO“

EHFRQVLGHUDEO“ ODUJHUWKDQ˘ ZLWK* RUGRQΩVSURFHGXUHȷ* RUGRQΩVDOJRULWKP LVDVIROORZVȷ

ˇȷ ) LQGS_{⌊ ⌊} DQGS_ffi DVODUJHUDQGRP SULP HVffVD“ ˇ¯´ ELWVLQOHQJWKHDFKfiȷ œ

HQFU“ SWLQJ LWZLWKWKHVDP HSXEOLFNH“ XVHGWRSURGXFHLWLQWKHnUVWSODFHfflXQWLOWKHP HVVDJH

DSSHDUVȷ6LQFHWKHHQFU“ SWLRQRSHUDWLRQHmHFWVDSHUP XWDWLRQRI =^Q I´ϕˇϕυυυϕQ⌊ ˇJfflWKH

P HVVDJHFDQHYHQWXDOO“ EHREWDLQHGLQWKLVP DQQHUȷ5LYHVW¿˚¸@UHVSRQGVWRWKHLUFRQFHUQE“ ffDfiVKRZLQJ WKDWWKHRGGVRI VXFFHVVDUHP LQXVFXOHLI WKHQLVWKHSURGXFWRI WZRS_{⌊ ⌊} ıVWURQJ

SULP HVfflDQGffEfiDUJXLQJ WKDWWKLVDWWDFNLVUHDOO“ DIDFWRULQJ DOJRULWKP LQGLVJXLVHfflDQGVKRXOG

EHFRP SDUHGZLWKRWKHUIDFWRULQJ DWWDFNVȷ

,Qˇøæœ +HUOHVWDP ¿ˇß@SURSRVHGDJHQHUDOL]DWLRQRI 6LP P RQVDQG1 RUULVΩVDWWDFNfflZKLFK

FDQEHYLHZHG DVDVHDUFKIRUDP XOWLSOHRI WKHRUGHURI 0 fflP RGXORQfflXVLQJ DWULQRP LDO

HTXDWLRQWRJHQHUDWHSRVVLEOHH[SRQHQWVȷ 5LYHVW¿˚ß@DUJXHG WKDWWKHJHQHUDOL]DWLRQLVQR

P RUHHmHFWLYHWKDQWKHRULJLQDODWWDFNfflZKHQS DQGTDUHERWKS_⌊ ıVWURQJȷ

,Qˇøæøffl%ODNOH“ DQG%RURVK¿¸@FRQVLGHUWKHQXP EHURI P HVVDJHV0 WKDWDUHOHIWXQHQı

FU“ SWHGE“ 56$ ȷ7KDWLVfflWKH“ FRQVLGHUP HVVDJHVWKDWVDWLVI“ WKHHTXDWLRQ

0_H ∫ 0 ffP RGQfiυ

) RUDQ“ P RGXOXVQWKHUHDUHDWOHDVWø VXFKP HVVDJHVffˇffl´fflDQGQ⌊ ˇ DUHH[DP SOHVfiȷ7KH“

SURYHWKDWWKHVHø P HVVDJHVDUHWKHRQO“ VXFKP HVVDJHVLI WKHIROORZLQJ FRQGLWLRQKROGVLQ

DGGLWLRQWRHTXDWLRQffˇfiÆ

JFGffH⌊ ˇϕOFP ffS⌊ ˇϕT⌊ ˇfifi ˘ υ ffˇ˚fi

7KLVFRQGLWLRQLVWULYLDOO“ VDWLVnHGLI H ¯ȷ,I HLVODUJHDQGH⌊ ˇ LVGLYLVLEOHE“ VRP HSRZHU

˘_N RI ˘ IRUN ω ˇffl WKHQ RQHP LJKWZDQWWR FKRRVHHLWKHUS RUT WR EHS_⌊ ıVXSHUVWURQJ VR

WKDWHTXDWLRQffˇ˚fiKROGVȷff7KLVLVSRVVLEO“ UHOHYDQWIRUWKRVHZKRVXJJHVWVWDQGDUGL]LQJ WKH

HQFU“ SWLRQH[SRQHQWDVH ↽^˚ ˘_{ˇß} ffi ˇȷfi

,Qˇøæøffl: LOOLDP VDQG6FKP LG¿¸ß@UHYLHZ WKHVWDWHRI WKHDUWLQIDFWRULQJ DQGF“ FOLQJ

DWWDFNVffl DQG JHQHUDOL]HWKH6LP P RQV̀1 RUULVDWWDFNWR GHWHFWF“ FOHVP RGXOR Sffl LQVWHDG RI

F“ FOHVP RGXORQȷ 7KH“ DOVR SURSRVHDSURFHGXUHffGHVFULEHG DERYHfi IRUJHQHUDWLQJ VWURQJ

SULP HVDVDGHIHQVHDJDLQVWVXFKDWWDFNVȷ

,Qˇøœˇffl. QXWK¿˘˘fflSDJH¯œæ@DUJXHGWKDWS DQGTVKRXOGERWKEHS_⌊ ıVWURQJfflWRDYRLG

3ROODUGΩVS ⌊ ˇ DWWDFN ffGHVFULEHG EHORZ LQ 6HFWLRQ œȷ̌ fiffl DQG VXJJHVWVFKHFNLQJ WR HQVXUH

WKDWQHLWKHUSffi ˇ QRUTffi ˇ KDVRQO“ VP DOOSULP HIDFWRUVȷ . QXWK DOVR GHVFULEHVDVOLJKW

LP SURYHP HQWWR3ROODUGΩVS⌊ ˇ P HWKRGLQH[HUFLVH˚ȷ̧ ȷ̊ ıˇøȷ

,Qˇøœ˘ %HUNRYLWV¿˚@DSSDUHQWO“ UHGLVFRYHUHGWKHJHQHUDOL]DWLRQRI WKH6LP P RQV̀1 RUULV

DWWDFNJLYHQE“ : LOOLDP VDQG6FKP LGȷff+HZDVDSSDUHQWO“ XQDZDUHRI WKH: LOOLDP V̀6FKP LG

SDSHUffl VLQFHKHGLGQΩWUHIHUHQFHLWȷfi +HFRQFOXGHVWKDWLI Q LVWKHSURGXFWRI WZR S_{⌊ ⌊} ı

VXSHUVWURQJfflS_⌊ ıVXSHUVWRQJ SULP HVfflWKHQWKHDWWDFNLVXQOLNHO“ WRVXFFHHGȷ +HDVVHUWVWKDW

ZKLOHWKHDWWDFN?LVQRWPXFKZRUVHWKDQJXHVVLQJ IDFWRUVRI QfflLWLVQRWP XFKEHWWHUHLWKHUȷΠ

,Qˇøœ˘ +RRJHQGRRUQ¿ˇæ@UHFRXQWHGDQGVXP P DUL]HGWKHDERYHDUJXP HQWVDQGUHFRP ı

P HQGDWLRQVȷ

,Qˇøœ¯ : LOOLDP V¿¸¸@VXJJHVWHGWKDWQVKRXOGEHWKHSURGXFWRI WZRS_⌊ ıVWURQJfflS_ffi ıVWURQJ

SULP HVSDQGTfflWRSUHYHQWQIURP EHLQJ IDFWRUHGHDVLO“ E“ DSffi ˇ RUDS⌊ ˇ P HWKRGȷ: LOOLDP V

QRWHVfflKRZHYHUfflWKDW?LI S DQGTDUHODUJHHQRXJKDQGVHOHFWHGDWUDQGRP fflZHVKRXOGH[SHFW

¿WKLVSURSHUW“ @ZRXOGDXWRP DWLFDOO“ KROGȷΠ

ˇ´

,Qˇøœ˚ +HOOP DQDQG%DFK¿ˇ¸@UHFRP P HQGHGWKDWS^ffi ⌊ ˇ FRQWDLQDODUJHSULP HIDFWRU ffZKLFKZHZRXOGFDOOS^{ffi ⌊} fiȷ7KH“ GRQRWfflKRZHYHUfflJLYHDMXVWLnFDWLRQIRUWKLVUHFRP P HQGDı WLRQȷ

-DP QLJ ¿˘´@VWXGLHVWKH%HUNRYLWV¿˚@DWWDFNfflDQGUHFRP P HQGVWKDWD^⌊ EHVP DOOffRQWKH RUGHURIORJffSfifiDQGWKDWE^⌊ ffWKHFRIDFWRURIT^⌊ LQT⌊ ˇfiEHVLP LODUO“ VP DOOȷ2 QWKHEDVLVRIKLV DQDO“ VLVKHFRQFOXGHVWKDW* RUGRQΩVSURFHGXUHLVOLNHO“ WR“ LHOGNH“ VWKDWDUHYXOQHUDEOHWRD F“ FOLQJ DWWDFNVLQFHLWSURGXFHVDODUJHYDOXHIRUD^⌊ ȷff: HGLVDJUHHZLWKKLVFRQFOXVLRQ̇ WKH P RVWKHFDQVD“ LVWKDWKLVSURRI WHFKQLTXHLVLQVXp FLHQWWRSURYH* RUGRQΩVP HWKRGVHFXUHffl QRWWKDWKLVSURRI WHFKQLTXHGHP RQVWUDWHVWKDW* RUGRQΩVP HWKRGLVLQVHFXUHȷfi -DP QLJ DOVR GLVDJUHHVZLWK WKHUHIHUHHΩVVXJJHVWLRQ WKDW/ HQVWUDΩVHOOLSWLF FXUYHP HWKRG P DNHVXVLQJ VWURQJ SULP HVLUUHOHYDQWDVDP HDQVRI SURWHFWLQJ DJDLQVWIDFWRULQJ DWWDFNVȷff7KHnUVWDXWKRU VXSSRVHVKHVKRXOGDGP LWWKDWKHZDVWKHUHIHUHHŒWKLVSDSHUoHVKHVRXWKLVHDUOLHUVXJJHVWLRQ WR-DP QLJȷfi

0 RVWUHFHQWO“fflWKH; ȷ̧ ´ø VWDQGDUGVFRP P LWWHHKDVSXEOLVKHGDGUDIWVWDQGDUG¿ˇø@UHFı RP P HQGLQJ WKHXVHRI VWURQJ SULP HVȷ7KHLUP RWLYDWLRQIRUWKLVUHFRP P HQGDWLRQLV* RUGRQΩV DUWLFOH¿ˇ˘@fflZKLFKUHIHUHQFHV. QXWK¿˘˘@DQG5LYHVWHWDOȷ¿˚ø@DVMXVWLnFDWLRQȷ : HUHP DUN WKDWERWKRI WKHVHUHIHUHQFHVKDYHEHHQP DGHREVROHWHE“ P RUHUHFHQWIDFWRULQJ DOJRULWKP Vȷ

æ 6WURQJ . H“ V

,QDGGLWLRQWRUHTXLUHP HQWVIRU?VWURQJΠ SULP HVLQWKHOLWHUDWXUHfflWKHUHKDYHDOVRDSSHDUHG UHTXLUHP HQWVIRUFRQVWUXFWLQJ ?VWURQJΠ NH“ Vȷ7ZRRI WKHROGHUIDFWRULQJ P HWKRGVfflRQHGDWLQJ EDFNWR) HUP DWfflDQGWKHRWKHUWRˇøæ˚ E“ 5ȷ6KHUP DQ/ HKP DQfflDWWHP SWWRIDFWRUDQXP EHU E“ UHSUHVHQWLQJ LWDVWKH¿SHUKDSVZHLJKWHG@GLmHUHQFHRI WZRVTXDUHVȷ7KHVHDWWDFNVVXFFHHG DQ“ WLP HWKHGLmHUHQFHEHWZHHQWKHWZRSULP HVFRP SULVLQJ WKHNH“ LVYHU“ VP DOOfflRUZKHQ WKHLUUDWLRLVYHU“ FORVHWRWKHUDWLRRI WZRVP DOOLQWHJHUVȷ

,I WKHUDWLR RI WKHWZR SULP HVSψ T LVYHU“ QHDUDψ E ZKHUHDDQG E DUHVP DOOLQWHJHUVffl WKHQ WKHDP RXQWRI ZRUNQHHGHG WR IDFWRUST LVDSSUR[LP DWHO“ DTffi ES⌊˘ S DESTȷ ( YHQ LI S DQGT DUHYHU“ QHDUO“ LGHQWLFDOffVD“ WKHLUˇ´´ P RVWVLJQLnFDQWELWVDUHLGHQWLFDOfifflWKH DP RXQWRI ZRUNQHHGHGLVLQH[FHVVRI ˘^{˘œœ} ‡ ˇ´^{œß} FRP SXWHURSHUDWLRQVȷ ,WZRXOGWDNHˇ´^{ßß} ˇ´´´ı0 ,36 FRP SXWHUVDERXW̌ ´´ffĺ ´´ “HDUVWRGRWKLVFRP SXWDWLRQȷ 7KHSUREDELOLW“ WKDW UDQGRP O“ FKRVHQS DQGTP DWFKWRWKHnUVWNELWVLV˘^{ˇ ⌊ N}ȷ ffVLQFHWKHnUVWELWLVDOZD“ Vˇfiȷ ’ LmHUHQWYDOXHVRI DDQGEJLYHVLP LODUUHVXOWVȷ

œ 6WURQJ SULP HVDVDSURWHFWLRQ DJDLQVWIDFWRULQJ

7KHnUVWDWWDFN WKDWDFU“ SWDQDO“ VWP LJKWDWWHP SWWR P RXQWDJDLQVWDQ LQVWDQFHRI WKH 56$ FU“ SWRV“ VWHP LVDIDFWRULQJ DWWDFNȷ 7R IDFWRU DQDWXUDOQXP EHUQ LVWR SURGXFHD FRP SOHWHOLVWRI LWVSULP HIDFWRUVȷ 7RVSOLWDQDWXUDOQXPEHUQ LVWRSURGXFHWZRQDWXUDO QXPEHUVfflQHLWKHURI ZKLFKLVˇ RUQfflZKRVHSURGXFWLVQȷ : KHQQLVWKHSURGXFWRI H[DFWO“ WZRSULP HVfflWKHQRWLRQVRI IDFWRULQJ QDQGVSOLWWLQJ QDUHHTXLYDOHQWȷ6WULFWO“ VSHDNLQJfflP RVW ?IDFWRULQJΠ DOJRULWKP VDUHUHDOO“ ?VSOLWWLQJΠ DOJRULWKP Vffl EXWDVSOLWWLQJ DOJRULWKP FDQ EH DSSOLHGUHFXUVLYHO“ WR“ LHOGDIDFWRULQJ DOJRULWKP ȷ ˇˇ

,WXVHIXOWRLQWURGXFHWKHQRWLRQRI ?VP RRWKQHVVΠȷ: HVD“ WKDW♭ LVDSULP HıSRZHUIDFWRU

RI QLI ♭ GLYLGHVQDQG♭ S_N IRUVRP HSULP HS DQGLQWHJHUNȷ: HVD“ WKDWQLVϱıVP RRWKLI

DOORI LWVSULP HıSRZHUIDFWRUVDUHOHVVWKDQWKHIDFWRUıERXQGϱȷ

7KHUHDUHP DQ“ IDFWRULQJ DOJRULWKP VDYDLODEOHIRUDQHQHP“ FU“ SWDQDO“ VWWRXVHLQDQ

DWWHP SWWR IDFWRUDSXEOLF P RGXOXVQȷ 7KHHp FLHQF“ RI WKHVHDOJRULWKP VFDQ GHSHQG RQ

P DQ“ WKLQJVȷ %URDGO“ VSHDNLQJfflZHFDQFODVVLI“ DOJRULWKP VLQWRWKUHHFDWHJRULHVDFFRUGLQJ

WRZKDWWKHUXQQLQJ WLP HRI WKHDOJRULWKP GHSHQGVXSRQȷ : HDVVXP HWKDWWKHQXPEHUWR

EHIDFWRUHGLVQ STfflZKHUHS DQGTDUHSULP Hȷ

ˇȷ £OJRULWKP VZKRVHUXQQLQJ WLP HGHSHQGVP DLQO“ RQ WKHVL]HRI Qȷ 7KHP RVWQRWDEOH

DOJRULWKP VLQWKLVFODVVDUHWKHTXDGUDWLFVLHYHDOJRULWKP ¿˚ˇ@DQGWKHJHQHUDOQXP EHU nHOGVLHYH¿˘æ@ȷ

˘ȷ £OJRULWKP VZKRVHUXQQLQJ WLP HGHSHQGVRQ WKHVL]HRI S DQG WKHVL]HRI Tȷ 7KHVH

DOJRULWKP VDUHSDUWLFXODUO“ JRRGDWIDFWRULQJ QXP EHUVZKHQRQHRI SRUTLVVP DOOȷ7KH

QDLYHKHXULVWLF RI WULDOGLYLVLRQDQG3ROODUGΩV?UKRΠ KHXULVWLF¿¯ø@DUHP HPEHUVRI WKLV

FODVVȷ/ HQVWUDΩVHOOLSWLFFXUYHP HWKRG¿˘ø@LVWKHP RVWQRWDEOHDOJRULWKP LQWKLVFODVVȷ

¯ȷ £OJRULWKP VZKRVHUXQQLQJ WLP HGHSHQGVRQWKHVL]HRI S_⌊ fflS_{⌊ ⌊} fflRUS_ffi ffRURI T_⌊ fflT_{⌊ ⌊} ffl

RUT_ffi fiȷ 7KHS⌊ ˇ DQGSffi ˇ P HWKRGVRI IDFWRULQJ DUHWKHP RVWQRWDEOHP HP EHUVRI

WKLVFODVVȷ

˚ȷ £OJRULWKP VZKRVHUXQQLQJ WLP HGHSHQGVRQWKHCFORVHQHVVΩRI S DQGT) HUP DWΩVP HWKRG

¿˘˘@DQG/ HKP DQΩVP HWKRG¿˘¸@IDOOLQWRWKLVFDWHJRU“ȷ

$WWKHP RP HQWfflIRUIDFWRULQJ ODUJHQXPEHUVWKHP RVWHmHFWLYHDOJRULWKP VVHHP WR EH

/ HQVWUDΩVHOOLSWLF FXUYHP HWKRG¿˘ø@ffl¿¸ˇ@fflZKLFKLVHVSHFLDOO“ JRRGLI WKHQXP EHUKDVVP DOO

SULP HIDFWRUVffl3RP HUDQFHΩVTXDGUDWLF VLHYHP HWKRGfflDQGWKHQXP EHUnHOGVLHYHȷ ¿˚ˇ@ffl¿˘æ@ȷ

: KLOHWKHQXPEHUnHOGVLHYHLVDV“ P SWRWLFDOO“ IDVWHUWKDQWKHTXDGUDWLFVLHYHfflZKHQLWZDV nUVWLQWURGXFHG LWZDVWKRXJKWWKDWLWGLG QRWEHFRP HIDVWHUWKDQ 4 6 XQWLOEHWZHHQ ˇ¯´

DQGˇ¸´ GHFLP DOGLJLWVȷ0 RUHUHFHQWZRUNE“ 0 RQWJRP HU“ DQG+XL]LQJ KDVVKRZQWKDQWKH

FURVVRYHUSRLQWLVVRP HZKHUHEHWZHHQˇ´´ DQGˇˇ´ GHFLP DOGLJLWV¿ˇœ@fflDOWKRXJKWKHH[DFW

FURVVRYHUSRLQWZLOODOZD“ VEHP DFKLQHDQGLP SOHP HQWDWLRQGHSHQGHQWȷ

: HEHJLQZLWKDUHYLHZ RI WKHIDFWRULQJ DWWDFNVWKDWP RWLYDWHWKHUHFRP P HQGDWLRQIRU

VWURQJ SULP HVffl EHJLQQLQJ ZLWK DUHYLHZ RI WKH?S ⌊ ˇ P HWKRGΠ RI 3ROODUG ¿¯œ@ȷ : HWKHQ

UHYLHZ WKHJHQHUDOL]DWLRQVRI WKHS⌊ ˇ P HWKRGÆWKHSffi ˇ P HWKRGDQG/ HQVWUDΩVHOOLSWLFFXUYH

P HWKRGȷ

œȷ̌ 3 ROODUGΩVS⌊ ˇ 0 HWKRG IRU) DFWRULQJ

3ROODUGΩVS⌊ ˇ P HWKRG¿¯œ@LVWKHVWDQGDUGMXVWLnFDWLRQIRUUHFRP P HQGLQJ WKHXVHRIS_⌊ ıVWURQJ

SULP HVȷ

7KHKHDUWRI 3ROODUGΩVS⌊ ˇ P HWKRGLVDWHFKQLTXHIRUVSOLWWLQJ DJLYHQFRP SRVLWHQXP EHU

QWKDWLVGLYLVLEOHE“ DWOHDVWWZRGLVWLQFWSULP HVfflXVLQJ DQ“ JLYHQP XOWLSOHP RI S⌊ ˇfflIRU

VRP HSULP HIDFWRUS RI Qȷ 7KHSUHVHQWDWLRQKHUHIROORZVWKHP RUHP RGHUQSUHVHQWDWLRQRI

%DFKHWDOȷ¿¯@ȷ ˇ˘

+RZ FDQRQHREWDLQDPXOWLSOHP RI S⌊ ˇ” 6XSSRVHWKDWS LV?ZHDNΠ LQWKHVHQVHWKDW S⌊ ˇ LVϱ_ˇ ıVP RRWKfflIRUDVXLWDEO“ VP DOOIDFWRUıERXQGϱ_ˇ ȷ $ OWKRXJKZHGRQΩWNQRZ ϱ_ˇ fflZH FDQSHUKDSVEHOXFN“ DQGJXHVVDVXLWDEOHYDOXHIRUϱ_ˇ ffVD“fflˇ´^ßfiȷ 7KHQLI ZHOHWP EHWKH SURGXFWRI DOOSULP HSRZHUVOHVVWKDQϱ_ˇ fflZHKDYHWKDWP LVDPXOWLSOHRI S⌊ ˇȷ * LYHQ DPXOWLSOHP RI S⌊ ˇfflWKHIROORZLQJ P HWKRG FDQ QRZ EHXVHG WRVSOLWWKHRGG QXPEHUQȷ

ˇȷ &KRRVHDQHOHP HQWDDWUDQGRP IURP =^⌉_Q Iˇϕ˘ϕυυυϕQ⌊ ˇJȷ

˘ȷ &RP SXWHG JFGffDϕQfiȷ,I Gω ˇfflUHSRUWWKDWGLVDIDFWRURI QDQGKDOWȷ

¯ȷ &RP SXWH♭ D^{P Q} P RGQȷ

˚ȷ &RP SXWHG JFGff♭ ⌊ ˇϕQfiȷ,I Gω ˇfflUHSRUWWKDWGLVDIDFWRURI QDQGKDOWȷ

¸ȷ ,I ♭ ˇ DQGP LVHYHQfflVHWP � P ψ ˘ DQGUHWXUQWRVWHS ¯ȷ

ßȷ 5HSRUWIDLOXUHWRnQGDIDFWRUȷ+DOWȷ

%DFKHWDOȷSURYHWKDWWKLVDOJRULWKP KDVD¸´Φ FKDQFHRI SLFNLQJ DQDWKDWFDXVHVQWREH VSOLWȷ%“ UXQQLQJ WKLVDOJRULWKP VHYHUDOWLP HVfflWKHQfflZHDUHYLUWXDOO“ FHUWDLQRI VSOLWWLQJ Qȷ 7KHUHDVRQZK“ S⌊ ˇ LVVSHFLDOLVWKDWS⌊ ˇ LVWKHVL]HRI WKHP XOWLSOLFDWLYHJURXS =^⌉_S P RGXORSȷ&RP SXWLQJ DSRZHURI DLQVWHS ¯ LVGRQHP RGXORQfflEXWWKHUHVXOWLVDOVRFRUUHFW P RGXORS E“ WKH&KLQHVHUHP DLQGHUWKHRUHP ȷ6LQFHD^{S⌊ ˇ} ∫ ˇ ffP RGSfiIRUDOOD≥ =^⌉_SfflZHVHH WKDWVWHS ˚ LVOLNHO“ WRUHWXUQS DVDIDFWRURI Qȷ

$ VHFRQG?) ) 7Π VWDJHRI WKHDOJRULWKP fflDOVRGXHWR3ROODUG¿¯œ@fflHQDEOHVWKHP HWKRGWR IDFWRUQLI S⌊ ˇ FRQWDLQVDVLQJOHSULP HIDFWRUS^⌊ EHWZHHQϱ_ˇ DQGVRP HVHFRQGERXQGϱ_˘ ffl ZKHUHϱ_˘ ω ω ϱ_ˇ fflDQGLI DOORWKHUSULP HIDFWRUVRI S⌊ ˇ DUHOHVVWKDQϱ_ˇ ȷ ) RUH[DP SOHfflZH P LJKWKDYHϱ_ˇ ˇ´^ß DQGϱ_˘ ˇ´^{ˇ ´} ȷ7KHDSSURDFKfflLQLWVP RVWHmHFWLYHIRUP fflP DNHVXVHRI WKH) DVW) RXULHU7UDQVIRUP ȷ0 RQWJRP HU“ DQG6LOYHUP DQ¿¯˚@GHP RQVWUDWHWKHSUDFWLFDOLW“ RI XVLQJ DYDULDQWRI WKHVHFRQGVWDJHWKDWLP SOHP HQWVWKH) ) 7 XVLQJ UHVLGXHDULWKP HWLFfflEXW QRWHWKDW?RQDYHUDJHWKH( OOLSWLF&XUYHDOJRULWKP ZLOOVWLOOEHP RUHHmHFWLYHWKDQWKHS⌊ˇ DOJRULWKP fflHYHQZLWKRXUHQKDQFHP HQWVȷΠ

œȷ̆ 7 KHSffi ˇ 0 HWKRG IRU) DFWRULQJ

$ YDULDWLRQRQWKHS⌊ ˇ P HWKRGfflFDOOHGWKH?Sffi ˇ P HWKRGΠfflKDVEHHQGHVFULEHGLQˇøæ¸ E“ * X“ ¿ˇ˚@fflZKRDWWULEXWHVWKHLGHDWR-ȷ+ȷ&RQZD“fflDQGLQˇøœ˘ E“ : LOOLDP V¿¸˚@ȷ 8 VLQJ / XFDVVHTXHQFHVLQVWHDGRI UDLVLQJ WRODUJHSRZHUVDOORZVRQHWRIDFWRUQLI Sffi ˇ LVVP RRWKȷ %DFKHWDOȷ¿¯@JLYHDQDOWHUQDWLYHLQWHUSUHWDWLRQRI WKLVP HWKRGDVWKHDQDORJXHRI WKHS⌊ˇ P HWKRGfflZRUNLQJ QRZ RYHU⇀ ↽^⌉ffS^˘ fifflWKHP XOWLSOLFDWLYHJURXS LQWKHH[WHQVLRQnHOGRI GHJUHH WZRRYHU⇀ ↽ ffSfifflUDWKHUWKDQ RYHU=^⌉_Sȷ 7KHSffi ˇ P HWKRGP RWLYDWHVWKHXVHRI S^ffi ıVWURQJ SULP HVfflVLQFHLI Sffi ˇ LVVP RRWKWKHQQFDQEHHDVLO“ IDFWRUHGȷ7KH) ) 7 VHFRQGVWDJHRI WKH S⌊ ˇ DOJRULWKP JHQHUDOL]HVWRWKHSffi ˇ DOJRULWKP DVZHOOŒVHH0 RQWJRP HU“ DQG6LOYHUP DQ ¿¯˚@IRUGHWDLOVȷ

ˇ¯

œȷ̄ 7 KH( OOLSWLF &XUYH0 HWKRG IRU) DFWRULQJ

,Q ˇøœ¸ +HQGULN : ȷ / HQVWUDffl -Uȷffl GLVFRYHUHG DIDFWRULQJ DOJRULWKP ¿˘ø@WKDWXSVHWDOORI

WKHSUHYLRXVZLVGRP DERXW?VWURQJ SULP HVȷΠ 6WHSKHQV¿¸¯@JLYHVDQDOWHUQDWLYHH[SRVLWLRQ

RI WKLVP HWKRGfflDQG0 RQWJRP HU“ ¿¯¯@ffl¿¯¸@GHVFULEHVVRP HLP SOHP HQWDWLRQGHWDLOVDQGLP ı

SURYHP HQWVȷ ) RUDGGLWLRQDOEDFNJURXQGfflQRWHWKDW. REOLW] ¿˘¯@ffl. DOLVNL¿˘ˇ@DQG0 LOOHU¿¯˘@

SURSRVHVRP HZD“ VWKDWHOOLSWLFFXUYHVFDQEHXVHIXOLQFU“ SWRJUDSK“ȷ

%DVHGRQ?HOOLSWLF FXUYHVfflΠ WKLVP HWKRGJHQHUDOL]HVWKHS⌊ ˇ P HWKRGHYHQIXUWKHUfflE“

UHSODFLQJ WKHPXOWLSOLFDWLYHJURXS P RGXORS ZLWKWKHJURXS RI SRLQWVRQDUDQGRP HOOLSWLF

FXUYH↼ GHnQHGP RGXORSȷ

6SHFLnFDOO“fflDQHOOLSWLFFXUYH(^{DϕE} LVGHnQHGffP RGXORSfiE“ WZRYDOXHVDDQGEVXFKWKDW

˚D_¯ ffi ˘æE_˘ ≈∫ ´ ffP RGSfiυ ffˇ¸fi

7R GHnQHWKHFXUYHffl ZHnUVWGHnQHDQ HTXLYDOHQFHUHODWLRQ RQ WKHVHW=_¯^S ⌊ Iff´ϕ´ϕ´fiJ RI

WULSOHVRI YDOXHVIURP =^SfflQRWDOO]HURfflE“ VD“ LQJ WKDWff♭ ϕ♮ ϕ♯fi LVHTXLYDOHQWWRff♭_⊇ϕ♮_⊇ϕ♯_⊇fi LI

WKHUHH[LVWVDQRQ]HURFVXFKWKDW♭ ∫ F♭_⊇ ffP RGSfiffl♮ ∫ F♮_⊇ ffP RGSfifflDQG♯ ∫ F♯_⊇ ffP RGSfiȷ

7KHHTXLYDOHQFHFODVVRI ff♭ ϕ♮ ϕ♯fi LVGHQRWHGff♭ Æ♮ Æ♯fiȷ 7KHHOOLSWLFFXUYHLVWKHQWKHVHWRI

SRLQWV

(^{DϕE} Iff♭ Æ♮ Æ♯fiÆ♮_˘ ♯ ∫ ♭_¯ ffi D♭ ♯_˘ ffi E♯_¯ ffP RGSfiJ υ

,WLVSRVVLEOHWRGHnQHDELQDU“ RSHUDWLRQ| RQ(^{DϕE} VRWKDWff(^{DϕE}ϕ| fiIRUP VDQDEHOLDQJURXSffl

DQDORJRXVWRPXOWLSOLFDWLRQP RGXORSȷff’ HWDLOVDUHRP LWWHGLQWKLVSDSHUfflVHH/ HQVWUD¿˘ø@ȷfi

/ HQVWUDΩVP HWKRG FDQ EHYLHZHG DVDJHQHUDOL]DWLRQ RI 3ROODUGΩVS⌊ ˇ P HWKRGfflZKHUH

WKHRSHUDWLRQVDUHQRZ WDNLQJ SODFHLQ WKHHOOLSWLF FXUYHJURXS ff(^{DϕE}ϕ| fi UDWKHUWKDQ WKH

P XOWLSOLFDWLYHJURXS ff=^Sϕ⌋fiP RGXORSȷ$ VDUHVXOWfflWKHFULWLFDOSDUDP HWHUQRZ EHFRP HVM(^{DϕE}M

UDWKHUWKDQ { { {=_⌉^S { { { S⌊ ˇȷ ,QWHUHVWLQJO“fflWKHVL]HM(^{DϕE}MGHSHQGVQRWRQO“ RQSfflEXWDOVRRQDDQGEȷ ,I DDQGEDUH

FKRVHQIURP =^SfflWKHQM(^{DϕE}MVDWLVnHV Sffi ˇ ⌊˘ S S� M(^{DϕE}M� Sffi ˇ ffi˘ S S υ ,I DDQGEDUHFKRVHQDWUDQGRP IURP =^S VDWLVI“ LQJ ffˇ¸fifflWKHQWRDnUVWDSSUR[LP DWLRQfflM(^{DϕE}M

FDQWDNHRQP RUHRUOHVVDQ“ YDOXHLQWKLVUDQJHffVHH/ HQVWUD¿˘ø@IRUDQDFFXUDWHGLVFXVVLRQfiȷ

6LQFHM(^{DϕE}MLVQRZ DUDQGRP YDULDEOHfflKRZHYHUfflRQHFDQUHSHDWHGO“ FKRRVHQHZ HOOLSWLF

FXUYHV(^{DϕE} E“ FKRRVLQJ QHZ YDOXHVIRUDDQG E XQWLODFXUYHLVIRXQG VXFK WKDWM(^{DϕE}MLV

VP RRWKȷ 2 QHFDQQRWGRWKLVZLWK3ROODUGΩVP HWKRĠ LI S⌊ ˇ LVQRWVP RRWK“RXDUHVWXFNȷ

1 RZfflKRZHYHUfflWKHIDFWRUHUFDQJHQHUDWHFXUYHVXQWLOKHDFKLHYHVVXFFHVVȷ7KHIDFWWKDWS⌊ˇ

P D“ KDYHDODUJHSULP HIDFWRUGRHVQRWGHWHUKLP ȷ+HZLOOFRQWLQXHWRJHQHUDWHHOOLSWLFFXUYHV

XQWLOKHnQGVRQHZKRVHVL]HM(^{DϕE}MLVVP RRWKȷ

/ HW

◁ ffQfi H_{S OQQOQOQQ} υ

7KHQ/ HQVWUDHVWLP DWHVWKDWWKHUXQQLQJ WLP HRI WKHHOOLSWLF FXUYHP HWKRGRQDQLQSXWQffl

ZKHUHS LVWKHVP DOOHVWSULP HIDFWRURI QfflLV

◁ ffSfi_{S ˘} υ ˇ˚

7KXVWKLVP HWKRGLVSDUWLFXODUO“ JRRGDWnQGLQJ VP DOOSULP HIDFWRUVŒEXWLVDOVRDV“ P SWRWLı FDOO“ RQHRI WKHIDVWHVWIDFWRULQJ DOJRULWKP VNQRZQIRUDUELWUDU“ QXPEHUVȷ 0 RQWJRP HU“fflLQKLVGRFWRUDOWKHVLVfflSUHVHQWHGDYHU“ HmHFWLYHIRUP RI ) ) 7ΩVWKDWZRUNV ZLWK WKHVHFRQG VWDJHRI ( &0 ¿¯¸@ffl ZKLFK LVPXFK EHWWHUWKDQ WKHLQHp FLHQWDSSURDFK VXJJHVWHGLQ¿¯˚@ȷ

7KXVZHVHHWKDWLWLVXVHOHVVWRSURWHFWDJDLQVWIDFWRULQJ DWWDFNVE“ EXLOGLQJ LQODUJH SULP HIDFWRUVLQWRS⌊ ˇ RUSffi ˇfflVLQFHWKHHQHP“ FU“ SWDQDO“ VWFDQLQVWHDGDWWHP SWWRnQGDQ HOOLSWLFFXUYH(_{DϕE} VXFKWKDWM(_{DϕE}MLVVP RRWKȷ7KHFU“ SWRJUDSKHUKDVQRFRQWURORYHUZKHWKHU M(_{DϕE}MLVVP RRWKRUQRWfflVLQFHWKLVLVHVVHQWLDOO“ DUDQGRP QXP EHUDSSUR[LP DWHO“ HTXDOWRSȷ 2 QO“ E“ P DNLQJ S VXp FLHQWO“ ODUJHFDQKHDGHTXDWHO“ SURWHFWDJDLQVWVXFKDQDWWDFNȷ 7KHUHDGHUVKRXOGQRWP LVLQWHUSUHWWKLVFRQFOXVLRQWRP HDQWKDWWKHHOOLSWLFFXUYHIDFWRUı L]DWLRQP HWKRGLVDXVHIXODWWDFNDJDLQVWWKH56$ FU“ SWRV“ VWHP ȷ ,QIDFWfflWKHHOOLSWLFFXUYH IDFWRUL]DWLRQ P HWKRG LVQRWYHU“ Hp FLHQWZKHQ XVHG DJDLQVWQXP EHUVRI WKHVRUWXVHG LQ 56$ FU“ SWRWV“ VWHP Vȷ %XWWKHQfflQHLWKHULVWKHS⌊ ˇ P HWKRGYHU“ Hp FLHQWfflZKLFKKDVEHHQ SURSRVHGDVDMXVWLnFDWLRQIRUXVLQJ VWURQJ SULP HVȷ 7KHSRLQWLVWKDWLI WKHFU“ SWRJUDSKHU DWWHP SWVWR DYRLG DS⌊ ˇ DWWDFNE“ XVLQJ VWURQJ SULP HVfflWKHQ WKHDGYHUVDU“ FDQ P HUHO“ VZLWFKWRDQHOOLSWLFFXUYHIDFWRUL]DWLRQP HWKRGfflZKLFKKDVJUHDWHUHp FLHQF“ ffEHFDXVHLWFDQ UXQLQSDUDOOHOfifflLQGHSHQGHQWRI ZKHWKHUS⌊ ˇ LVDVWURQJ SULP HRUQRWȷ &KRRVLQJ DVWURQJ SULP HLVOLNHORFNLQJ RQHGRRUfflEXWOHDYLQJ WKHRWKHUVXQORFNHGȷ&KRRVLQJ ODUJHSULP HVLVOLNH ORFNLQJ DOOWKHGRRUVȷ

œȷ̊ &ODVV* URXS IDFWRULQJ P HWKRGV

’ XULQJ WKHˇøœ´ΩVWKHUHZHUHDQXP EHURI DOJRULWKP VSURSRVHGIRUIDFWRULQJ ZKLFKGHSHQGHG XSRQVP RRWKQHVVSURSHUWLHVRI “HWDQRWKHUJURXSfflNQRZQDVWKH&ODVV* URXSȷ7KHWHFKQLFDO GHWDLOVDUHEH“RQGWKHVFRSHRI WKLVSDSHUfflKRZHYHUZHJLYHDEULHI VNHWFKRI WKHLGHDVEHKLQG WKHP HWKRGVEHFDXVHWKH“ JLYH“HWDQRWKHUUHDVRQZK“ ?VWURQJ SULP HVΠ DUHREVROHWHȷ ,I RQHFRQVLGHUVWKHTXDGUDWLF nHOG 4 ff S ⌊ N1 fi IRUVRP HVP DOOLQWHJHUNffl WKHUHH[LVWV DJURXS DVVRFLDWHG ZLWK WKLVnHOG NQRZQ DVWKH&ODVV* URXSȷ $ Q DOJRULWKP E“ 6FKQRUU DQG/ HQVWUD¿¸´@DQGODWHULP SURYHGDQGLP SOHP HQWHGE“ $WNLQDQG5LFNHUWZLOOVXFFHHGLQ IDFWRULQJ 1 LI WKH&ODVV* URXS LVVP RRWKȷ,WEDVLFDOO“ DSSOLHVWKHS⌊ ˇ P HWKRGE“ UHSODFLQJ WKHPXOWLSOLFDWLYHJURXS P RGSfflZLWKWKH&ODVV* URXSȷ+RZHYHUfflDVRQHFDQYDU“ NfflRQHJHWV P XOWLSOHFKRLFHVRI JURXSVDVZLWK( &0 fflDQGLQIDFWWKLVP HWKRGKDVWKHVDP HDV“ P SWRWLF UXQWLP HDV( &0 ȷ: KLOHRQHFDQJHWOXFN“fflDVZLWKS⟨ ˇfflWKLVDOJRULWKP KDVQRWSURYHG HmHFWLYHIRUNH“ VP XFKEH“RQGß´ GHFLP DOGLJLWVȷ

1 HYHUWKHOHVVfflWKHUHLVQRZD“ WRJXDUGDJDLQVWWKH&ODVV* URXS EHLQJ VP RRWKE“ VSHı FLDOFRQVWUXFWLRQRI WKHSULP HVZKLFKIRUP WKHP RGXOXVȷ 2 QHFDQRQO“ JXDUGDJDLQVWWKLV DOJRULWKP E“ FKRRVLQJ WKHSULP HVWREHVXp FLHQWO“ ODUJHȷ

œȷ̧ 3 UREDELOLW“ RI VXFFHVVRI VSHFLDOP HWKRGV

5HIHUHQFHV¿¯˚@DQG¿¸ˇ@GLVFXVVLQGHWDLOWKHSUDFWLFDOFRP SXWLQJ OLP LWVRI ( &0 DQGS⟨ ˇȷ 7KLVVHFWLRQVXP P DUL]HVWKRVHUHVXOWVȷ: HJLYHWKHSUREDELOLW“ RI VXFFHVVIRUWKHVHP HWKRGV RQ¸ˇ˘ıELWSULP HVffˇ´˘˚ ELWNH“ VfiIRUYDULRXVOHYHOVRI HmRUWȷ7LP HVDUHJLYHQLQKRXUVIRUD ˇ¸

0 ,36ı5ˇ´´´´ FRP SXWHUȷ$ VP HQWLRQHGEHIRUHfflERWKS⟨ ˇ DQG( &0 DUH˘ıVWHS DOJRULWKP Vȷ

,QWKHnUVWVWHS RQHKRSHVWKDWWKHRUGHURI WKHUHOHYDQWJURXS LVVP RRWKXS WRDOLP LWϱˇȷ

,Q WKHVHFRQG VWHS RQHDOORZVWKDWWKHRUGHURI WKHJURXS LVGLYLVLEOHE“ DVLQJOHffl ODUJHU

SULP H3 fflZKHUHϱˇ χ 3 χ χ ϱ˘ȷ ,WLVLP SRUWDQWWRQRWHWKDWWKHnUVWVWHS RI WKHS⟨ˇ

DOJRULWKP VLVLQKHUHQWO“ VHULDOfflZKLOH( &0 P D“ EHUXQLQSDUDOOHOE“ JLYLQJ VHSDUDWHFXUYHV

WRGLmHUHQWP DFKLQHVȷ 2 QHFDQWKHUHIRUHLQFUHDVHWKHFKDQFHRI VXFFHVVIRUS⟨ ˇ RQO“ E“

LQFUHDVLQJ HODSVHGWLP HfflZKLOHRQHFDQLQFUHDVHWKHFKDQFHRI VXFFHVVIRU( &0 E“ LQFUHDVLQJ

WKHQXP EHURI P DFKLQHVȷ7KHWDEOHEHORZ JLYHVϱˇ WKHVWHSıˇ ERXQGIRUERWKWKHS⟨ ˇ DQG

( &0 DOJRULWKP Vȷ,WWKHQJLYHVWKHWLP HUHTXLUHGWRH[HFXWHWKHDOJRULWKP IRUS⟨ ˇ DQGIRU

DVLQJOH( OOLSWLF &XUYHȷ 7KHQH[WFROXP QJLYHVWKHSUREDELOLW“ RI VXFFHVVIRUS⟨ ˇ RUIRU

( &0 ZLWKDVLQJOHFXUYHffWKHSUREDELOLWLHVDUHWKHVDP Hfiȷ ) LQDOO“fflWKHODVWFROXP JLYHVWKH

SUREDELOLW“ RI VXFFHVVLI RQHZHUHWRUXQˇ´´´ ( OOLSWLF&XUYHVLQSDUDOOHOȷ ϱˇ 3 ⟨ ˇ 7LP H ( &0 7LP H 3UREff6XFFHVVfi ( &0 Z` ˇ´´´ &XUYHV

ˇ´_æ ȷß ˚ȷß ¯ ⌈ ˇ´_{⌊ ¯ ´} ¯ ⌈ ˇ´_{⌊ ˘æ}

ˇ´_œ ß ˚ß ˘ ⌈ ˇ´_{⌊ ˘ ¸} ˘ ⌈ ˇ´_{⌊ ˘˘}

ˇ´_ø ß´ ˚ß´ œ⌈ ˇ´_{⌊ ˘ ˘} œ⌈ ˇ´_{⌊ ˇø}

ˇ´_{ˇ´} ß´´ ˚ß´´ ß⌈ ˇ´_{⌊ ˇ ø} ß⌈ ˇ´_{⌊ ˇß}

ˇ´_{ˇˇ} ß´´´ ˚ß´´´ ø⌈ ˇ´_{⌊ ˇ æ} ø⌈ ˇ´_{⌊ ˇ˚}

ˇ´_{ˇ˘} ß´´´´ ˚ß´´´´ ß⌈ ˇ´_{⌊ ˇ ¸} ß⌈ ˇ´_{⌊ ˇ˘}

,WVKRXOGDOVREHQRWHGWKDWIRU( &0 fflRQHFDQVSHQGDn[HGDP RXQWRI WLP HE“ ORZHULQJ ϱˇ DQGLQFUHDVLQJ WKHQXP EHURIFXUYHVSURSRUWLRQDOO“ȷ) RUQXPEHUVWKDWDUHZLWKLQSUDFWLFDO

FRP SXWLQJ UDQJHRI WKLVP HWKRG ffVD“ ˚´ GHFLP DOGLJLWVfi LWRIWHQ P DNHVVHQVHWR GR WKLVȷ

+RZHYHUfflIRU¸ˇ˘ıELWSULP HVfflLWGRHVQRWP DNHP RUHVHQVHWRORZHUϱˇ DQGUXQP RUHFXUYHV

XQWLOϱˇ UHDFKHVDERXW̌´_{ˇß} DQGWKLVLVZD“ EH“RQGFRP SXWLQJ UDQJHȷ

$ VLQGLFDWHGE“ WKHWDEOHfflLWWDNHVDERXW̊ ȷß KRXUVWRUXQVWHS ˇ WRˇ´_æȷ ( &0 SHUIRUP V

DSSUR[LP DWHO“ OLNHDQ2 ffS_{ˇ ψ ¸} fi DOJRULWKP IRUIDFWRUVWKDWDUHZLWKLQUHDFKRI HYHQH[WUDRUı

GLQDU“ FRP SXWHUIDFLOLWLHV¿¸ˇ@ȷ 7KHFRVWWRnQGDˇ˘œıELWIDFWRUZLWKSUREDELOLW“ ffˇ ⌊ ˇψ Hfi

LVDERXW˚ø´´ FXUYHVZLWK VWHS ˇ OLP LWRI ¯ῡ ⌈ ˇ´_ßȷ $ VLQJOHFXUYHFDQ EHUXQ LQ DERXW

ˇ`˚ KRXURQD0 ,36ı5ˇ´´´´ȷ2 QHFDQWKHUHIRUHnQGDˇ˘œıELWIDFWRURI Dˇ´˘˚ıELWP RGXOXV

ZLWKSUREDELOLW“ DERXWȷß¯ ZLWKDERXW̧´´´ VXFKP DFKLQHVUXQQLQJ LQSDUDOOHOȷ’ RXEOLQJ WKH

QXPEHURI P DFKLQHVZLOOLQFUHDVHWKHFKDQFHRI VXFFHVVWRDERXWȷœßȷ) LQGLQJ D˘¸ßıELWIDFWRU

ZLWKWKHVDP HSUREDELOLWLHVZLOOWDNHDERXW̆_{ˇ ˘œψ ¸} ‡ ¸ ⌈ ˇ´_æ PXFKZRUNȷ ) LQGLQJ D¸ˇ˘ıELW

IDFWRUZLOOWDNHDERXW̆_{¯œ˚ψ ¸} ‡ ˇῡ ⌈ ˇ´_{˘¯} WLP HVDVP XFKZRUNȷ3XWDQRWKHUZD“fflLWZLOOWDNH

ˇ ELOOLRQP DFKLQHVUXQQLQJ IRU¯υæ¸ ⌈ ˇ´_{ˇ ´} “HDUVWRJLYHDȷß¯ FKDQFHRI VXFFHVVIXOO“ IDFWRULQJ

Dˇ´˘˚ıELWP RGXOXVZLWK( &0 ȷ7KLVLVURXJKO“ WZLFHWKHDJHRI WKHXQLYHUVHȷ

6LQFHˇøœ¸fflWKHHQWLUHZRUOGZLGHJURXS RI SHRSOHGRLQJ IDFWRULQJ KDVGLVFRYHUHGH[DFWO“

RQH˚æ GHFLP DOGLJLWSULP HIDFWRUZLWK ( &0 ȷ7KLVZRUN FRP SULVHVGR]HQVRI UHVHDUFKHUV

UXQQLQJ P DQ“ P LOOLRQVRIFXUYHVȷ,WZLOOWDNHDSSUR[LP DWHO“ ˘_{ff¸ˇ ˘⌊ ˇ¸ßfiψ ¸} ‡ ˘υæ⌈ ˇ´_{˘ˇ} WLP HVWKLV

WRWDOHmRUWWRJLYHDȷß¯ FKDQFHRI IDFWRULQJ Dˇ´˘˚ıELW56$ NH“ ZLWK( &0 ȷ7KHFRQFOXVLRQ

WKDWLVHDVLO“ UHDFKHG IURP WKLVGDWD LVWKDWˇ´˘˚ıELW56$ P RGXOLDUHZHOOEH“RQG WKH

FRP SXWLQJ UDQJHRI WKHS⟨ ˇ DQG( &0 P HWKRGVZLWKLQWKHOLIHWLP HRI WKHXQLYHUVHȷ

ˇß

ø 6WURQJ SULP HVDVSURWHFWLRQ DJDLQVWF“ FOLQJ DWWDFNV

7KHRULJLQDO?F“ FOLQJΠ DWWDFNLVGXHWR6LP P RQVDQG1 RUULV¿¸˘@fflDVQRWHGDERYHȷ * LYHQD FLSKHUWH[Wς 0^HP RGQfflWKHFU“ SWDQDO“ VWUHSHDWHGO“ UHıHQFU“ SWVWKHFLSKHUWH[WXQWLOς LV DJDLQREWDLQHGȷ,I NUHıHQFU“ SWLRQVDUHSHUIRUP HGfflWKHQ

ς^{HN} ∫ ς ffP RGQfiϕ ffˇßfi

DQGVR ς^{HN⌊ ˇ} ∫ 0 ffP RGQfiυ ffˇæfi

7KHJHQHUDOL]DWLRQ RI WKLVF“ FOLQJ DWWDFN SURSRVHG E“ : LOOLDP VDQG 6FKP LG ¿¸ß@DQG %HUNRYLWV¿˚@LVDOZD“ VDWOHDVWDVHp FLHQWDVWKH6LP P RQV̀1 RUULVDWWDFNȷ,QWKHJHQHUDOL]HG F“ FOLQJ DWWDFNfflUDWKHUWKDQnQGLQJ WKHOHDVWNVXFKWKDWς^{HN} ∫ ς ffP RGQfifflZHORRNIRUWKH OHDVWXVXFKWKDW JFGffQϕς^{HX} ⌊ ςfiω ˇ υ 7“ SLFDOO“fflWKHJFGFRP SXWDWLRQZLOOUHWXUQRQHRI WKHSULP HIDFWRUVRI QfflDQGZHKDYHWKHUHE“ IDFWRUHGQȷ ,QWKHUDUHFDVHWKDWWKHJFGFRP SXWDWLRQUHWXUQVQfflZHFDQVWLOOFRP SXWH0 ffl VLQFHLQWKDWFDVHHTXDWLRQffˇæfi KROGVȷ 7KHUHIRUHWKHJHQHUDOL]HGDWWDFNVXFFHHGVZKHQHYHU WKHRULJLQDODWWDFNZRXOG KDYHVXFFHHGHG DQGffl LQ IDFWffl LWLVOLNHO“ WR VXFFHHG P XFK P RUH TXLFNO“ffl VLQFHZHDUHQRZ GHWHFWLQJ F“ FOLQJ P RGXOR S ffRUP RGXOR Tfi UDWKHUWKDQ F“ FOLQJ P RGXORQȷ,QGHHGfflHTXDWLRQffˇßfiLP SOLHVERWKRI WKHHTXDWLRQV

ς^{HN} ∫ ς ffP RGSfi ffˇœfi ς^{HN} ∫ ς ffP RGTfiϕ ffˇøfi

ZKHUHDVWKHJHQHUDOL]HGDWWDFNVXFFHHGVffDQGIDFWRUVQfiLI RQO“ RQHRI WKHVHFRQGLWLRQVKROGVȷ ,IWKHVHFRQGLWLRQVDUHP RUHıRUıOHVVLQGHSHQGHQWffDUHDVRQDEOHDVVXP SWLRQfiDQGHTXDOO“ OLNHO“ffl WKHQLI WKHRULJLQDOF“ FOLQJ DWWDFNVXFFHHGVLQWLP H7fflWKHQWKHJHQHUDOL]HGF“ FOLQJ DWWDFN ZLOOVXFFHHG LQ WLP H S 7ȷ $ QGffl P RUHRYHUffl LWW“ SLFDOO“ VXFFHHGVE“ IDFWRULQJ Qffl QRWMXVW GHWHUP LQLQJ WKHP HVVDJH0 fflDVLQWKHRULJLQDODWWDFNȷ

6LQFHWKHJHQHUDOL]HGF“ FOLQJ DWWDFNLVWKXVHVVHQWLDOO“ DIDFWRULQJ DWWDFNfflRQHFDQDUJXH WKDWLWP XVWQRWEHYHU“ HmHFWLYHfflRQWKHJURXQGVWKDWLI LWZHUHDQHp FLHQWDWWDFNfflWKHQ SHRSOHZRXOGEHXVLQJ LWDVDJHQHUDOıSXUSRVHIDFWRULQJ P HWKRGffZKLFKWKH“ DUHQRWfiȷ,QGHHGffl WKLVDWWDFNLVHTXLYDOHQWWRWKH3ıˇ IDFWRULQJ DOJRULWKP ZLWKWKHFRQGLWLRQWKDWDOORI WKH SULP HIDFWRUVRI S⌊ ˇ DUHFRQWDLQHGLQH^N⌊ ˇȷ7KH7DEOHLQVHFWLRQœȷ̧ GLVFXVVHGWKHOLNHOLKRRG RI VXFFHVVRI WKH3 ⌊ ˇ P HWKRGȷ: KLOHWKLVLVSHUKDSVDVRXQGDUJXP HQWDJDLQVWWKHHp FDF“ RI WKHVHF“ FOLQJ DWWDFNVfflLWEHJVWKHTXHVWLRQRI DQDO“ ]LQJ MXVWKRZ ffLQfiHp FLHQWWKHVHDWWDFNV DUHȷ ,QWKHUHVWRI WKLVVHFWLRQZHSURYLGHDJURXSıWKHRUHWLFDQDO“ VLVRI WKHHp FLHQF“ RI WKH JHQHUDOL]HGF“ FOLQJ DWWDFNȷ

( YHQLQWKHH[WUHP HO“ XQOLNHO“ HYHQWWKDWRQHRI S⌊ ˇ RUT⌊ ˇ KDVRQO“ VP DOOSULP HV IDFWRUVfflLWLVP XFKP RUHXQOLNHO“ WKDWERWKKDYHRQO“ VP DOOIDFWRUVȷ6XSSRVHULVDP RGHUDWHO“ ODUJHSULP HH[DFWO“ GLYLGLQJ ◁ ς0 ffS⌊ ˇϕT⌊ ˇfiȷ : LWKRXWORVVRI JHQHUDOLW“fflDVVXP HWKDWU GLYLGHVS⌊ ˇ VRS⌊ ˇ 5 Uȷ ,I UGLYLGHVRUGffHfiP RGSfflWKHQWKHRUGHURI HLVDXWRP DWLFDOO“ ODUJHDQGWKHDP RXQWRI FRP SXWDWLRQQHHGHGWRHmHFWWKHF“ FOLQJ DWWDFNLVEH“RQGUHDFKȷ ˇæ

6XSSRVHUGRHVQRWGLYLGHRUGffHfiP RGwff1 fiȷ ,WIROORZVLP P HGLDWHO“ WKDWHP XVWEHDQU_{WK}

SRZHUP RGSȷ7KLVIROORZVIURP / DJUDQJHΩV7KHRUHP ÆRUGffHfiP XVWGLYLGHS⌊ ˇfflDQGZHKDYH

DVVXP HGWKDWUGLYLGHVS⌊ ˇ EXWUGRHVQRWGLYLGHRUGffHfiȷ +HQFHHPXVWEHDQU_{WK} SRZHU

P RGSȷ 7KHQXP EHURI VROXWLRQVWRD_U HP RGS LVDWP RVWUDQGWKHSUREDELOLW“ WKDWHLV

DQU_{WK} SRZHULVDWP RVWUVRWKHSUREDELOLW“ WKDWHLVDQU_{WK} SRZHULVDWP RVWUψ Sȷ ,I ULV

DERXW̌´´ ELWVDQGS LV¸ˇ˘ ELWVfflWKLVSUREDELOLW“ LV˘_{⌊ ˚ˇ ˘} ȷ

ˇ ´ &RQFOXVLRQV

: HVHHWKDWWKHHOOLSWLFFXUYHP HWKRGRI IDFWRULQJ UHP RYHVDQ“ VSHFLDOVWDWXVWKDWS⌊ ˇ RU

Sffi ˇ P D“ KDYHKDGEHFDXVHRI WKHS⟨ ˇ P HWKRGVRI IDFWRULQJȷ 7KHUHLVQRDGYDQWDJHWR

WKHFU“ SWRJUDSKHULQEXLOGLQJ ?VSHFLDOVWUXFWXUHΠ LQWRS⌊ ˇ DQGSffi ˇ LQWHUP VRI SURWHFWLRQ

DJDLQVWIDFWRULQJ DWWDFNVȷ

,I RQHH[SHQGVWKHVDP HOHYHORI HmRUWZLWKS⟨ ˇ DVZDVVSHQWIDFWRULQJ 56$ ıˇ¯´ ZLWK

WKH1 XPEHU) LHOG6LHYHffURXJKO“ ¸´ “HDUVRQDVLQJOH6SDUFıˇ´fifflRQHFDQWDNHVWHS ˇ RI S⟨ˇ

WRDERXW̌ ´_{ˇ˘} ȷ 7KHSUREDELOLW“ RI IDFWRULQJ Dˇ´˘˚ıELWP RGXOXVZLWKWKLVOHYHORI HmRUWLV

DERXWß⌈ ˇ´_{⌊ ˇ¸} ȷ) XUWKHUP RUHfflWKLVZRUNLVLQKHUHQWO“ VHULDOŒLWFDQQRWEHUXQLQSDUDOOHOfflVR

ZKLOH56$ ıˇ¯´ ZDVnQLVKHGLQVHYHUDOP RQWKVE“ XVLQJ P DQ“ P DFKLQHVfflWKHWLP HIRUS⟨ ˇ LV

HODSVHGWLP Hȷ : KLOHVWURQJ SULP HVSURWHFWDJDLQVWWKHS⟨ ˇ P HWKRGVfflWKH“ GRQRWSURWHFW

DJDLQVWWKHLUJHQHUDOL]DWLRQÆ WKHHOOLSWLF FXUYHP HWKRGȷ 8 VLQJ VWURQJ SULP HVGRHVQΩWVHHP

WREHKDUP IXOfflH[FHSWIRUWKHH[WUDFRVWRI JHQHUDWLQJ WKHP fflEXWXVLQJ WKHP GRHVQΩWVHHP

WREX“ P XFKSURWHFWLRQHLWKHUȷ 7KHRQO“ UHDOSURWHFWLRQFRP HVIURP FKRRVLQJ ODUJHHQRXJK

SULP HVS DQGTȷ

$ FWXDOO“fflVRP HKDUP GRHVFRP HIURP WKHXVHRI ?VWURQJΠ SULP HVfflEXWLWKDVQRWKLQJ WRGR

ZLWKWKHHmHFWLYHVHFXULW“ RI NH“ VWKDWXVHWKHP ȷ,QVWHDGfflWKHKDUP FRP HVIURP WKHIDFWWKDW

WKH“ OHDGDQXQVRSKLVWLFDWHGXVHULQWREHOLHYLQJ WKDWEHFDXVHWKH“ DUH?VWURQJΠ WKDWWKH“

DUHP RUHVHFXUHWKDQNH“ VWKDWDUHQRW?VWURQJΠfflLȷHȷWKDWDQ“ RWKHUNH“ P XVWEH?ZHDNΠȷ

6LP LODUO“fflZHVHHWKDWVWURQJ SULP HVEX“ OLWWOHLI DQ“ WKLQJ LQWHUP VRI SURWHFWLRQDJDLQVW

F“ FOLQJ DWWDFNVȷ7KHFKDQFHWKDWDF“ FOLQJ DWWDFNZLOOVXFFHHGLVQHJOLJLEOHfflHYHQLI WKHSULP HV

DUHFKRVHQUDQGRP O“ȷ) DFWRULQJ DWWDFNVKDYHDP XFKKLJKHUSUREDELOLW“ RI VXFFHVVȷ

7KHJLVWRI WKLVSDSHULVWKXVWKDWVWURQJ SULP HVRmHUOLWWOHSURWHFWLRQEH“RQGWKDWRmHUHG

E“ UDQGRP SULP HVȷ2 QWKHRWKHUKDQGfflDVLGHIURP WKHDGGLWLRQDOHmRUWUHTXLUHGWRJHQHUDWH

WKHP fflWKHUHVHHP VWREHQRWHFKQLFDOUHDVRQQRWWRXVHVWURQJ SULP HVLI RQHVRGHVLUHVȷ %XW

ZHVHHQRUDWLRQDOHIRUUHTXLULQJ WKHXVHRI VWURQJ SULP HVLQSXEOLFıNH“ 56$ VWDQGDUGVȷ

: HQRWHWKDWWKHWKHFRQFOXVLRQVLQWKLVSDSHUUHoHFWWKHFXUUHQWVWDWHRINQRZOHGJHDERXW

IDFWRULQJȷ,WLVHQWLUHO“ SRVVLEOHWKDWIXWXUHGHYHORSP HQWVP LJKWFKDQJHWKHVHFRQFOXVLRQV̇ LQ

HLWKHUGLUHFWLRQȷ$ QHZ IDFWRULQJ DOJRULWKP P LJKWDJDLQP DNHVWURQJ SULP HVVHHP GHVLUDEOḢ

RULWP LJKWP DNHVWURQJ SULP HVVHHP SDUWLFXODUO“ GDQJHURXVȷ

$ FNQRZOHGJP HQWV

: HZRXOGOLNHWRWKDQN%XUW. DOLVNLffl+HQGULN/ HQVWUDffl-Uȷffl’ DYH0 F$ OOHVWHUfflDQG* DU“ 0 LOOHU

IRUKHOSIXOGLVFXVVLRQVȷ

ˇœ

¿ˇ¸@0 DUWLQ( ȷ+HOOP DQDQG&DUO( ¿ULF@%DFKȷ0 HWKRGDQGDSSDUDWXVIRUXVH

LQSXEOLFıNH“ GDWDHQFU“ SWLRQV“ VWHP ȷ 8 ȷ6ȷ3DWHQW̊ fflß¯¯ffĺ ¯ßffl’ HFHP EHU

ˇøœßȷff) LOHG0 D“ ¯ˇfflˇøœ˚ȷfiȷ

¿ˇß@7RUH+HUOHVWDP ȷ6RP HFULWLFDOUHP DUNVRQSXEOLFıNH“ FU“ SWRV“ VWHP Vȷ%,7ffl

ˇœÆ̊ ø¯^˚øßfflˇøæœȷ

¿ˇæ@3ȷ -ȷ +RRJHQGRRUQȷ 2 Q D VHFXUHSXEOLFıNH“ FU“ SWRV“ VWHP ȷ ,Q +ȷ : ȷ

/ HQVWUDffl-UȷDQG5ȷ7LMGHP DQfflHGLWRUVffl&RP SXWDWLRQDO0 HWKRGVLQ1XP ı

EHU7KHRU“fflSDJHVˇ¸ø^ˇßœȷ0 DWKHP DWLFDO&HQWUH7UDFVˇ¸˚ffl$ P VWHUGDP ffl

ˇøœ˘ȷ

¿ˇœ@0 ȷ( ONHQEUDFKWı+XL]LQJ $ QLP SOHP HQWDWLRQRI WKH1 XPEHU) LHOG6LHYH

( [SHULP HQWDO0 DWKHP DWLFVWRDSSHDU

¿ˇø@,62 ȷ $ QQH[ & ^ WKH56$ SXEOLF NH“ FU“ SWRV“ VWHP fflLQ,62 `,( & ø¸ø˚ı œÆ̌ øœøff( fiȷ3DUWRI ,62 `,( & ; ȷ̧ ´ø ’ UDIW6WDQGDUGfflˇøœøȷ

¿˘´@3HWHU-DP QLJȷ 6HFXULQJ WKH56$ ıFU“ SWRV“ VWHP DJDLQVWF“ FOLQJ DWWDFNVȷ

&U“SWRORJLDffl; ,,ff¯fiÆ̌ ¸ø^ˇß˚ffl-XO“ ˇøœœȷ

¿˘ˇ@%XUWRQ6ȷ. DOLVNLffl-Uȷ ( OOLSWLF &XUYHVDQG&U“SWRJUDSK“Æ £ 3VHXGRUDQı

GRP %LW* HQHUDWRUDQG2 WKHU7RROVȷ3K’ WKHVLVffl0 ,7 ( ( &6 ’ HSWȷffl-DQı

XDU“ ˇøœœȷ 3XEOLVKHGDV0 ,7 / &6 7HFKQLFDO5HSRUW0 ,7`/ &6`75ı˚ˇˇ ff-DQȷˇøœœfiȷ

¿˘˘@’ RQDOG ( ȷ. QXWKȷ 6HP LQXP HULFDO£OJRULWKP VfflYROXP H˘ RI 7KH£UWRI

&RP SXWHU3URJUDP P LQJȷ$ GGLVRQı: HVOH“fflˇøßøȷ6HFRQGHGLWLRQfflˇøœˇȷ

¿˘¯@1 ȷ. REOLW]ȷ ( OOLSWLF FXUYHFU“ SWRV“ WHP Vȷ 0 DWKHP DWLFVRI &RP SXWDWLRQffl

˚œffˇææfiÆ̆ ´¯^˘´øfflˇøœæȷ

¿˘˚@( ȷ. UDQDNLVȷ3ULP DOLW“ DQG&U“SWRJUDSK“ȷ: LOH“ ı7HXEQHU6HULHVLQ&RP ı

SXWHU6FLHQFHfflˇøœßȷ

¿˘¸@5ȷ6ȷ/ HKP DQ ) DFWRULQJ / DUJH,QWHJHUV 0 DWKHP DWLFVRI &RP SXWDWLRQffl

˘œffˇøæ˚fiÆß¯æıß˚ßfflˇøæ˚

¿˘ß@$ ȷ. ȷ/ HQVWUDDQG+ȷ: ȷ/ HQVWUDffl-Uȷ$ OJRULWKP VLQQXP EHUWKHRU“ȷ,Q-DQ

YDQ/ HHXZHQfflHGLWRUffl+DQGERRNRI 7KHRUHWLFDO&RP SXWHU6FLHQFHff9ROXP H

£ Æ£OJRULWKP VDQG&RP SOH[LW“fifflFKDSWHUˇ˘fflSDJHVßæ¯^æˇ¸ȷ( OVHYLHUDQG

0 ,7 3UHVVfflˇøø´ȷ

¿˘æ@$ ȷ. ȷ/ HQVWUDΨ +ȷ: ȷ/ HQVWUDffHGVȷfi

7KH’ HYHORSP HQWRI 7KH1 XPEHU) LHOG6LHYH 6SULQJHUı9HUODJ / HFWXUH

1 RWHVLQ0 DWKHP DWLFVΣ ˇ¸¸˚ ˇøø¯

˘´

¿˘œ@$ ȷ. ȷ/ HQVWUDffl+ȷ: ȷ/ HQVWUDffl-Uȷffl0 ȷ6ȷ0 DQDVVHfflDQG -ȷ0 ȷ3ROODUGȷ 7KHQXP EHUnHOG VLHYHȷ ,Q 3URFȷ ˘˘QG£&0 6“P SRVLXP RQ 7KHRU“ RI &RP SXWLQJfflSDJHV¸ß˚^¸æ˘ffl%DOWLP RUHffl0 DU“ ODQGfflˇøø´ȷ$&0 ȷ

¿˘ø@+ȷ: ȷ/ HQVWUDffl -Uȷ ) DFWRULQJ LQWHJHUVZLWK HOOLSWLF FXUYHVȷ £QQDOVRI 0 DWKHP DWLFVfflˇ˘ßÆß˚ø^ßæ¯fflˇøœæȷ

¿¯´@: ȷ-ȷ/ H9HTXHȷ) XQGDP HQWDOVRI 1XP EHU7KHRU“ȷ$ GGLVRQı: HVOH“fflˇøææȷ

¿¯ˇ@* DU“ / ȷ 0 LOOHUȷ 5LHP DQQΩVK“ SRWKHVLVDQG WHVWVIRUSULP DOLW“ȷ -&66ffl ˇ¯ff¯fiǢ ´´^¯ˇæfflˇøæßȷ

¿¯˘@9 LFWRU6ȷ0 LOOHUȷ8 VHRI HOOLSWLFFXUYHVLQFU“ SWRJUDSK“ȷ,Q+ȷ&ȷ: LOOLDP Vffl HGLWRUffl3URFHHGLQJV&5¡372 œ¸fflSDJHV˚ˇæ^˚˘ßȷ6SULQJHUfflˇøœßȷ/ HFWXUH 1 RWHVLQ&RP SXWHU6FLHQFH1 Rȷ˘ˇœȷ

¿¯¯@3HWHU/ ȷ0 RQWJRP HU“ȷ 6SHHGLQJ WKH3ROODUGDQGHOOLSWLF FXUYHP HWKRGV RI IDFWRUL]DWLRQȷ0 DWKHP DWLFVRI &RP SXWDWLRQffl˚œffˇææfiÆ̆ ˚¯^˘ß˚ffl-DQXDU“ ˇøœæȷ

¿¯˚@3HWHU/ ȷ0 RQWJRP HU“ DQG5REHUW’ ȷ6LOYHUP DQȷ $ Q) ) 7 H[WHQVLRQWR WKHS⌊ ˇ DOJRULWKP ȷ0 DWKHP DWLFVRI &RP SXWDWLRQffl¸˚ffˇø´fiÆœ¯ø^œ¸˚ffl$ SULO ˇøø´ȷ

¿¯¸@3ȷ/ ȷ 0 RQWJRP HU“ $ Q) ) 7 ( [WHQVLRQRI WKH( OOLSWLF &XUYH0 HWKRGRI ) DFWRUL]DWLRQ 8&/ £ GLVVHUWDWLRQfflˇøø˘

¿¯ß@3ȷ/ ȷ0 RQWJRP HU“ $ 6XUYH“ RI 0 RGHUQ,QWHJHU) DFWRUL]DWLRQ$ OJRULWKP V &: , 4 XDUWHUO“ ˇøø¸

¿¯æ@,YDQ1 LYHQDQG+HUEHUW6ȷ=XFNHUP DQȷ£Q,QWURGXFWLRQWRWKH7KHRU“ RI 1 XP EHUVȷ-RKQ: LOH“ Ψ 6RQVfflIRXUWKHGLWLRQfflˇøœ´ȷ

¿¯œ@-ȷ0 ȷ3ROODUGȷ7KHRUHP VRQIDFWRUL]DWLRQDQGSULP DOLW“ WHVWLQJȷ3URFHHGı LQJV&DP EULGJH3KLORVRSKLFDO6RFLHW“fflæßÆ̧ ˘ˇ^¸˘œfflˇøæ˚ȷ

¿¯ø@-ȷ0 ȷ3ROODUGȷ$ 0 RQWH&DUORP HWKRGIRUIDFWRUL]DWLRQȷ%,7fflˇ¸Ǣ ¯ˇ^¯¯˚ffl ˇøæ¸ȷ

¿˚´@&ȷ3RP HUDQFHȷ $ QDO“ VLVDQGFRP SDULVRQRI VRP HLQWHJHUIDFWRULQJ DOJRı ULWKP Vȷ ,Q+ȷ: ȷ/ HQVWUDffl-UȷDQG5ȷ7LMGHP DQfflHGLWRUVffl&RP SXWDWLRQDO 0 HWKRGVLQ 1XP EHU7KHRU“ffl SDJHVœø^ˇ¯øȷ0 DWKȷ&HQWUXP 7UDFWˇ¸˚ffl $ P VWHUGDP fflˇøœ˘ȷ

¿˚ˇ@&DUO3RP HUDQFHȷ 7KHTXDGUDWLF VLHYHIDFWRULQJ DOJRULWKP ȷ ,Q7ȷ%HWKffl 1 ȷ&RWfflDQG,ȷ,QJHP DUUVRQfflHGLWRUVffl£GYDQFHVLQ&U“SWRORJ“fflYROXP H˘´ø RI / HFWXUH1 RWHVLQ &RP SXWHU6FLHQFHfflSDJHVˇßø^ˇœ˘ȷ6SULQJHUı9HUODJffl ˇøœ˚ȷ

˘ˇ

¿˚˘@&DUO3RP HUDQFHffl HGLWRUȷ 3URFHHGLQJVRI WKH£0 6 6“P SRVLDLQ £ SSOLHG

0 DWKHP DWLFVÆ &RP SXWDWLRQDO1 XP EHU7KHRU“ DQG&U“SWRJUDSK“ȷ$ P HULı

FDQ0 DWKHP DWLFDO6RFLHW“fflWRDSSHDUȷ

¿˚¯@0 ȷ5DELQȷ3UREDELOLVWLFDOJRULWKP VIRUWHVWLQJ SULP DOLW“ȷ-ȷ1XP EHU7KHı

RU“fflˇ˘Æ̌ ˘œ^ˇ¯œfflˇøœ´ȷ

¿˚˚@+DQV5LHVHOȷ 3ULP H1XP EHUVDQG&RP SXWHU0 HWKRGVIRU) DFWRUL]DWLRQȷ

3URJUHVVLQ0 DWKHP DWLFVȷ%LUNK�DXVHUfflˇøœ¸ȷ

¿˚¸@5RQDOG / ȷ5LYHVWȷ 5HP DUNVRQ DSURSRVHG FU“ SWDQDO“ WLF DWWDFNRI WKH

0 ȷ,ȷ7ȷSXEOLFıNH“ FU“ SWRV“ VWHP ȷ&U“SWRORJLDffl˘ffˇfiÆß˘^ß¸ffl-DQXDU“ ˇøæœȷ

¿˚ß@5RQDOG/ ȷ5LYHVWȷ &ULWLFDOUHP DUNVRQC6RP HFULWLFDOUHP DUNVRQSXEOLFı

NH“ FU“ SWRV“ VWHP VΩE“ +HUOHVWDP ȷ%,7fflˇøÆ̆ æ˚^˘æ¸fflˇøæøȷ

¿˚æ@5RQDOG/ ȷ5LYHVWȷ&U“ SWRJUDSK“ȷ,Q-DQYDQ/ HHXZHQfflHGLWRUffl+DQGERRNRI

7KHRUHWLFDO&RP SXWHU6FLHQFHff9ROXP H£Æ£OJRULWKP VDQG&RP SOH[LW“fiffl

FKDSWHUˇ¯fflSDJHVæˇæ^æ¸¸ȷ( OVHYLHUDQG0 ,7 3UHVVfflˇøø´ȷ

¿˚œ@5RQDOG / ȷ5LYHVWȷ 7KH0 ’ ˚ P HVVDJHGLJHVWDOJRULWKP ȷ 7HFKQLFDO5Hı

SRUW0 ,7`/ &6`70 ı˚¯˚ffl0 ,7 / DERUDWRU“ IRU&RP SXWHU6FLHQFHffl2 FWREHU

ˇøø´ȷff7RDSSHDULQ3URFHHGLQJV&5¡372 ˇøø´ȷfiȷ

¿˚ø@5RQDOG/ ȷ5LYHVWffl$ GL6KDP LUfflDQG/ HRQDUG0 ȷ$ GOHP DQȷ$ P HWKRGIRU

REWDLQLQJ GLJLWDOVLJQDWXUHVDQGSXEOLFıNH“ FU“ SWRV“ VWHP Vȷ &RP P XQLFDı

WLRQVRI WKH£&0 ffl˘ˇff˘fiÆ̌ ˘´^ˇ˘ßfflˇøæœȷ

¿¸´@&ȷ3ȷ6FKQRUUDQG+ȷ: ȷ/ HQVWUD$ 0 RQWHı&DUORIDFWRULQJ DOJRULWKP ZLWK

OLQHDUVWRUDJH0 DWKȷ&RP Sȷffl˚¯Æ̆ œøı¯ˇ˘fflˇøœ˚

¿¸ˇ@5ȷ’ ȷ6LOYHUP DQΨ 6ȷ6ȷ: DJVWDm-Uȷ $ 3UDFWLFDO$ QDO“ VLVRI WKH( OOLSWLF

&XUYH) DFWRULQJ $ OJRULWKP 0 DWKȷ&RP Sȷfflßˇff˘´¯fiÆ̊ ˚¸^˚ß˘ffl-XO“ ˇøø¯ȷ

¿¸˘@* XVWDYXV-ȷ6LP P RQVDQG0 LFKDHO-ȷ1 RUULVȷ 3UHOLP LQDU“ FRP P HQWVRQ

WKH0 ,7 SXEOLFıNH“ FU“ SWRV“ VWHP ȷ &U“SWRORJLDffl ˇff˚fiÆ̊ ´ß^˚ˇ˚ffl 2 FWREHU

ˇøææȷ

¿¸¯@1 ȷ0 ȷ6WHSKHQVȷ/ HQVWUDΩVIDFWRUL]DWLRQP HWKRGEDVHGRQHOOLSWLFFXUYHVȷ

,Q +ȷ &ȷ : LOOLDP Vffl HGLWRUffl 3URFHHGLQJV&5¡372 œ¸ffl SDJHV˚´ø^˚ˇßȷ

6SULQJHUfflˇøœßȷ/ HFWXUH1 RWHVLQ&RP SXWHU6FLHQFH1 Rȷ˘ˇœȷ

¿¸˚@+ȷ&ȷ: LOOLDP Vȷ$ Sffi ˇ P HWKRGRIIDFWRULQJȷ0 DWKHP DWLFVRI &RP SXWDWLRQffl

¯øffˇ¸øfiÆ̆ ˘¸^˘¯˚ffl-XO“ ˇøœ˘ȷ

¿¸¸@+ȷ&ȷ: LOOLDP Vȷ$ QRYHUYLHZ RI IDFWRULQJȷ,Q’ ȷ&KDXP fflHGLWRUffl3URFHHGı

LQJVRI &5¡372 œ¯fflSDJHVæˇ^œ´ffl1 HZ ¡RUNfflˇøœ˚ȷ3OHQXP 3UHVVȷ

¿¸ß@+ȷ&ȷ: LOOLDP VDQG%ȷ6FKP LGȷ6RP HUHP DUNVFRQFHUQLQJ WKH0 ,7 SXEOLFı

NH“ FU“ SWRV“ VWHP ȷ%,7fflˇøÆ̧ ˘¸^¸¯œfflˇøæøȷ

˘˘