7RSRORJLFDO,QYDULDQWVLQ 0 LFURVFRSLF 7UDQVSRUWRQ 5 RXJK / DQGVFDSHVÆ 0 RUSKRORJ“ DQG + RUWRQ $ QDO“ VLVRI 5 LYHUıOLNH1 HWZRUNVRI 9 RUWLFHV

$ ȷ3ȷ0 HKWDffl&ȷ5 HLFKKDUGWffl&ȷ-ȷ2 OVRQDQG) UDQFR1 RUL^⌉ ’ HSDUWP HQWRI 3K“VLFVffl7 KH8 QLYHUVLW“ RI 0 LFKLJDQffl£ QQ£UERUffl0 LFKLJDQ˚œˇ´øıˇˇ˘´ ff$ XJXVW̄ ˇfflˇøøœfi

5 LYHUEDVLQVDVGLYHUVHDVWKH1 LOHffl WKH$ P D]RQffl DQG WKH0 LVVLVVLSSLVDWLVI“ FHUWDLQ WRSRORJLFDO LQYDULDQWVNQRZQ DV+RUWRQΩV/ DZVȷ ’ R WKHVHP DFURVFRSLF ffXS WR ˇ´^¯ NP fi ODZVH[WHQG WR WKH P LFURQVFDOH” 7 KURXJKUHDOLVWLF VLP XODWLRQVfflZHDQDO“ ]HWKHP RUSKRORJ“ DQGVWDWLVWLFDOSURSHUWLHV RI QHWZRUNVRI YRUWH[ qRZ LQqX[ıJUDGLHQWıGULYHQVXSHUFRQGXFWRUVȷ: HGHULYHDSKDVHGLDJUDP RI WKH GLoHUHQWQHWZRUNP RUSKRORJLHVfflLQFOXGLQJ RQHLQZKLFK+RUWRQΩVODZVRI OHQJWKDQGVWUHDP QXP EHU DUHREH“ HĠ HYHQWKRXJKWKHVHQHWZRUNVDUHDERXW̌ ´^ø WLP HVVP DOOHUWKDQJHRSK“ VLFDOULYHUEDVLQVȷ 3$&6 QXP EHUVÆß˚ȷß´ȷ+Wfflæ˚ȷß´ȷ* Hfflø˘ȷ̊ ´ȷ) E

,QWURGXFWLRQȷ̇ 7KHQDWXUHRI ULYHUEDVLQV¿ˇ^˚@ffl LQı FOXGLQJ WKHLUSK“ VLFDOVWUXFWXUHDQGHYROXWLRQfflKDVEHHQ DSUREOHP RI P DMRULQWHUHVWWRFLYLOL]HGVRFLHWLHVWKURXJKı RXWKLVWRU“ȷ +RUWRQΩVODZVDUHSHUKDSVRQHRI WKHP RVW LQWULJXLQJ SURSHUWLHVRI ULYHUQHWZRUNV¿ˇ^˚@ȷ ,QRUGHUWR DSSO“ WKHP WR DQHWZRUNffl WKHLQGLYLGXDOVWUHDP VFRP ı SRVLQJ WKHQHWZRUNP XVWEHLGHQWLpHGDQGODEHOHGZLWK DQRUGHUQXP EHUfflDVLQWKHWRS OHIWFRUQHURI ) LJȷˇffDfiȷ 7KHORZHVWRUGHUVWUHDP VDUHWKHVP DOOHVWRXWO“ LQJ WULEı XWDULHVRQ WKHHGJHVRI WKHQHWZRUNffl DFFRUGLQJ WR WKH 6WUDKOHURUGHULQJ VFKHP Hȷ$WHDFKSRLQWZKHUHWZRWULEı XWDU“ VWUHDP VMRLQfflDQHZ VWUHDP EHJLQVȷ: KHQHYHUWZR WULEXWDULHVRI WKHVDP HRUGHUP HHWfflWKHRXWJRLQJ VWUHDP KDVDQ RUGHUQXP EHURQHKLJKHUWKDQ WKDWRI WKHWULEı XWDULHVȷ ,I WZR WULEXWDULHVRI GLoHUHQWRUGHUVP HHWffl WKH RXWJRLQJ VWUHDP KDVWKHVDP HRUGHUQXP EHUDVWKHKLJKHU RUGHUHGWULEXWDU“ȷ( YHQWXDOO“fflDOOVWUHDP VLQWKHQHWZRUN FRP ELQHWR IRUP WKHKLJKHVWRUGHUffP DLQfi VWUHDP ȷ 7KH QXP EHURIVWUHDP VRI RUGHUZ LV1_Z fflZKLOH◁_Z LVWKHDYHUı DJHOHQJWKRIVWUHDP VRIRUGHUZȷ+RUWRQΩVODZVVWDWHWKDW WKHELIXUFDWLRQUDWLR5_ϱ DQGWKHOHQJWKUDWLR5_◁ fflJLYHQ E“ 5_ϱ 1_Z ψ1_{Z ffi ˇ} DQG5_◁ ◁_{Z ffi ˇ} ψ ◁_Z fflDUHFRQVWDQWffl RULQGHSHQGHQWRI Zȷ 7KHVHUDWLRVDOVRSURYLGHWKHIUDFı WDOGLP HQVLRQ¿ˇ^¯@RI WKHQHWZRUNfflφ_↽ ♦ ORJ5_ϱψ ORJ 5_◁ ȷ * HRSK“ VLFDOULYHUEDVLQV¿ˇ^¯@W“ SLFDOO“ KDYHYDOXHVRI 5_ϱ ♦ ˚ DQG5_◁ ♦ ˘ȷ ’ RWKHVHP DFURVFRSLF ff+RUWRQΩVfi ODZVDSSO“ WRP LFURVFRSLF ODQGVFDSHV” +HUHZHSUHVHQW HYLGHQFHWKDWWKLVLVWKHFDVHIRUULYHUıOLNHQHWZRUNVRI qRZLQJ TXDQWL]HGP DJQHWLF qX[ȷ

9RUWH[ 5LYHU%DVLQVȷ̇ 1 HDUWKHGHSLQQLQJ WUDQVLWLRQffl P DJQHWLFYRUWLFHVLQW“ SHı,, VXSHUFRQGXFWRUVP RYHLQLQı WULFDWHqRZ SDWWHUQVWKDWKDYHEHHQ VHHQERWK LQ FRP ı SXWHUVLP XODWLRQVDQGLQ H[SHULP HQWVfflLQFOXGLQJ pQJHUı OLNHRUGHQGULWLFVKDSHVDVZHOODVWKHpODP HQWDU“ qRZ RI YRUWLFHVLQULYHUıOLNHSDWKVDQGQHWZRUNVffVHHfflHȷJȷffl¿¸^æ@ DQGUHIHUHQFHVWKHUHLQfiȷ’ HVSLWHWKHXELTXLW“ RIWKHULYHUı OLNHSDWKZD“ VSURGXFHGE“ WKHYRUWH[ P RWLRQfflYHU“ OLWı WOHZRUNKDVEHHQGRQHWRZDUGVFKDUDFWHUL]LQJ WKHP RUı SKRORJ“ RI WKHVHqRZ SDWWHUQVȷ 0 RUHRYHUfflFRQFHSWVDQG LGHDVXVHGIRUGHFDGHVWR FKDUDFWHUL]HJHRSK“ VLFDOULYHU EDVLQVKDYHQRWEHHQDSSOLHGWRWKHVWXG“ RI WKHP LFURı VFRSLF qRZ WKURXJKWUHĤVKDSHGFKDQQHOQHWZRUNVȷ 7KLV

LVVXUSULVLQJ VLQFHWKHXQGHUO“ LQJ SK“ VLFVRI YRUWH[ DQG JHRORJLFDOULYHUVRoHUVVWULNLQJ VLP LODULWLHVÆ GULYHQQRQı HTXLOLEULXP GLVVLSDWLYHV“ VWHP VGLVSOD“ LQJ EUDQFKHGffRU UDP LpHGfiWUDQVSRUWDP RQJ P HWDVWDEOHVWDWHVRQDURXJK ODQGVFDSH¿œ@ȷ 2 QHLVGULYHQ E“ WKH/ RUHQW] IRUFHDQG WKHRWKHUE“ JUDYLW“ȷ/ LNHJHRSK“ VLFDOULYHUVfflYRUWH[ qRZ EDVLQVH[KLELWVLQXRVLW“ ffLȷHȷfflWRUWXRVLW“ fifflDQDEUDQFKLQJffl EUDLGLQJffl RFFDVLRQDOVXGGHQ qRRGVffl DQG RWKHUIHDWXUHV WKDWP DNHWKHP UHP DUNDEO“ VLP LODUWRJHRSK“ VLFDOULYHUV ¿ˇ@ȷ,QGHHGfflVRP HVDWHOOLWHSKRWRJUDSKVRIULYHUEDVLQVFDQ EHVWULNLQJO“ VLP LODUWRWKHFKDQQHOVSURGXFHGE“ YRUWH[ P RWLRQȷ +RZHYHUffl VLJQLpFDQWGLoHUHQFHVDOVR H[LVWffl LQı FOXGLQJÆqRZ GLUHFWLRQfflTXDQWL]HGqX[ qRZ YHUVXVFRQWLQı XXP ZDWHUqRZfflFRP SUHVVLEOHYRUWH[ ODWWLFHYHUVXVLQFRP ı SUHVVLEOHqXLGfflQHJOLJLEOHLQHUWLDZLWKRYHUGDP SHGYRUWH[ G“ QDP LFVYHUVXVP DVVLYHqXLGfflQRQıHURVLRQDOYHUVXVHURı VLRQDOODQGVFDSHfflSHULSKHUDOqX[ VRXUFHVYHUVXVXQLIRUP UDLQfflDQGFRUUHODWHGORQJıUDQJHYHUVXVVKRUWıUDQJHLQWHUı DFWLRQVffVR WKHUDSLGO“ YDU“ LQJ YRUWH[^YRUWH[ UHSXOVLRQ ODQGVFDSHVP RRWKHVRXWWKHXQGHUO“ LQJ VWDWLFSLQVFDSHfiȷ 7KLVVWURQJO“ ıFRUUHODWHGYRUWH[ G“ QDP LFVJHQHUDWHVqX[ P RWLRQWKDWFDQEHHLWKHUFRQWLQXRXVıqRZ W“ SHfflOLNHZDı WHUfflRULQWHUP LWWHQWVWLFNıVOLSıW“ SHP RWLRQ̇ GHSHQGLQJ RQ WKHEDODQFHRI IRUFHVȷ $ OVRfflYRUWLFHVW“ SLFDOO“ P RYHRYHU UHODWLYHO“ qDWODQGVFDSHVZLWKP DQ“ GLYRWVfflDVRSSRVHGWR WKHP RXQWDLQıUDQJHıOLNHYHU“ URXJK ODQGVFDSHVRI VRP H JHRSK“ VLFDOULYHUVȷ 0 RUHRYHUfflYRUWH[ ULYHUEDVLQVRFFXU LQVLGHP DWHULDOVDWDSSUR[LP DWHVFDOHVEHWZHHQ´ȷ̌ WRˇ´´ zP fflP XFKVP DOOHUWKDQJHRSK“ VLFDOULYHUEDVLQVffRI XS WR ˇ´^¯ NP fi˙ DQG DOVR VSDQQLQJ DVP DOOHUUDQJHRI OHQJWK VFDOHVȷ 7KXVfflJLYHQWKHVHQXP HURXVVLP LODULWLHVDQGGLIı IHUHQFHVffl LWLVYHU“ XQFOHDUDSULRULZKLFK P DFURVFRSLF UHVXOWVFDUU“ RYHUWRWKHP LFURVFRSLF GRP DLQȷ

%“ FRQGXFWLQJ P DQ“ UHDOLVWLF VLP XODWLRQVRI VORZO“ GULYHQ YRUWLFHVffl ZHKDYHLGHQWLpHG VHYHUDOGLVWLQFWQHWı ZRUNSKDVHVȷ 7KHVHYRUWH[ EDVLQVDSSHDULQWKHLQLWLDO SHQHWUDWLQJ IURQWRI YRUWLFHV¿ßfflæ@ȷ 5 HP DUNDEO“fflZHpQG WKDWÆ IRUD ZLGH UDQJH RI SDUDP HWHUVYRUWH[ QHWZRUN VWUXFWXUHVREH“ +RUWRQΩVODZVMXVWDVJHRSK“VLFDOULYHU QHWZRUNVGRȷ7KLVLVUHP DUNDEOHfflJLYHQWKHP DQ“ SK“ VLFDO GLoHUHQFHVEHWZHHQEDVLQVRI qX[ TXDQWDDQGJHRSK“ VLı FDOULYHUVfflDQGWKDWWKH“ P RYHRYHUYHU“ GLoHUHQWW“ SHV

ˇ

RI SRWHQWLDOıHQHUJ“ ODQGVFDSHVȷ 0 RUHRYHUfflE“ V“ VWHP DWLı

FDOO“ VLP XODWLQJ P DQ“ VDP SOHVfflZHKDYHGHULYHGWKHpUVW

P RUSKRORJLFDOSKDVHGLDJUDP IRUYRUWH[ P RWLRQȷ

6LP XODWLRQȷ̇ : HP RGHODWUDQVYHUVH˘’ VOLFHffLQWKH

♭ ^♮ SODQHfi RI DQLQpQLWH]HURıpHOGıFRROHG7 ´ VXSHUı

FRQGXFWLQJ VODE FRQWDLQLQJ qX[ıJUDGLHQWıGULYHQ¯’ ULJLG

YRUWLFHVWKDWDUHSDUDOOHOWRWKHVDP SOHHGJH¿ßfflæ@ȷ 9RUı

WLFHVDUHDGGHGDWWKHVXUIDFHDWSHULRGLF WLP HLQWHUYDOVffl

DQG HQWHUWKHVXSHUFRQGXFWLQJ VODE XQGHUWKHIRUFHRI

WKHLURZQP XWXDOUHSXOVLRQ¿ßfflæ@ȷ 7KHVODE LV¯ßy ⌈ ¯ßy

LQVL]HfflZKHUHy LVWKHSHQHWUDWLRQGHSWKȷ 7KHYRUWH[ı

YRUWH[ UHSXOVLYHLQWHUDFWLRQ LVFRUUHFWO“ P RGHOHG E“ D

P RGLpHG %HVVHOIXQFWLRQffl ▷^ˇ ffUψ yfiȷ 7KHYRUWLFHVDOVR

LQWHUDFWZLWK øæ˘ QRQıRYHUODSSLQJ DWWUDFWLYHSDUDEROLF

ZHOOVRI UDGLXVȷ^S ´ῡ yȷ 7KHGHQVLW“ RI SLQVQ^S LV

Q^S ´υæ¸ψ y_˘ ȷ $ OOSLQVLQDJLYHQVDP SOHKDYHWKHVDP H

P D[LP XP SLQQLQJ IRUFHI^SfflZKLFKUDQJHGIURP I^S ´ῡ I^´

WR I^S ßύ I^´ LQ WKLUWHHQ GLoHUHQWVDP SOHVȷ ) RUHDFK

VDP SOHW“ SHfflZHFRQVLGHUHGpYHUHDOL]DWLRQVRI GLVRUGHUȷ

7KXVfflWKHpYHSRLQWVDWHDFK SLQQLQJ IRUFHfflGHOLQHDWLQJ

WKHEURDG FURVVRYHUERXQGDU“ EHWZHHQ +RUWRQLDQ DQG

EUDLGHGSKDVHVLQ) LJȷ˘fflUHIHUWRWKHVHpYHUHDOL]DWLRQVRI

GLVRUGHUȷ$ VL[WKSRLQWfflLQGLFDWLQJ WKHDYHUDJHYDOXHIURP

WKHpYHWULDOVfflLVQRWYLVLEOHZKHQLWRYHUODSVZLWKDQRWKHU

SRLQWȷ : HP HDVXUHDOOIRUFHVLQXQLWVRI I^´ j_˘^´ ψ œ℘_˘ y_¯ ffl

P DJQHWLFpHOGVLQXQLWVRI j^´ ψ y_˘ fflDQGOHQJWKVLQXQLWVRI

WKHSHQHWUDWLRQGHSWKyȷ+HUHfflj^´ LVWKHqX[ TXDQWXP ȷ

7KHRYHUGDP SHG HTXDWLRQ RI YRUWH[ P RWLRQ LVI^L

I_{YY}^L ffi I_{YS}^L uY^LfflZKHUHWKHWRWDOIRUFHI^L RQYRUWH[ LffGXH

WRRWKHUYRUWLFHVI_{YY}^L fflDQGSLQQLQJ VLWHVI_{YS}^L fiLVJLYHQE“ I^L 1^Y M ˇ I^´ ▷^ˇ ffMU^L ⌊ U^MMψ yfiAU^{LM}ffi 1^S N ˇ ffI^Sψ ȷ^SfiMU^L ⌊ U_{ffSfi}^N M d ⨀ ȷ^S ⌊ MU^L⌊ U_{ffSfi}^N M ⨁ AU^{LN}υ +HUHffl d LV WKH +HDYLVLGH VWHS

IXQFWLRQfflU^L ffY^LfiLVWKHORFDWLRQffYHORFLW“ fiRI WKHLWKYRUı

WH[ffl U_{ffSfi}^N LVWKHORFDWLRQ RI WKHNWK SLQQLQJ VLWHffl ȷ^S LV

WKHSLQQLQJ VLWHUDGLXVffl1^S ff1^Yfi LVWKHQXP EHURI SLQı

QLQJ VLWHVffYRUWLFHVfiffl AU^{LM} ffU^L ⌊ U^Mfiψ MU^L ⌊ U^MMffl AU^{LN} ffU^L⌊ U_{ffSfi}^N fiψ MU^L⌊ U_{ffSfi}^N MfflDQGZHWDNHu ˇȷ

0 RUSKRORJLFDO&KDUDFWHUL]DWLRQȷ̇ ,QRUGHUWRLGHQWLI“

DQGFKDUDFWHUL]HWKHYRUWH[ ULYHUQHWZRUNVIRUP HGDVWKH qX[ıJUDGLHQWıGULYHQIURQWLQLWLDOO“ SHQHWUDWHVWKHVDP SOHffl

ZHGLYLGHRXUVLP XODWLRQDUHDLQWRD¯´´ ⌈ ¯´´ JULGȷ( DFK

WLP HDYRUWH[ HQWHUVDJULGHOHP HQWfflWKHFRXQWHUDVVRFLı

DWHGZLWKWKDWHOHP HQWLVLQFUHP HQWHGȷ$ OOJULGHOHP HQWV

WKDWDUHYLVLWHGDWOHDVWRQFHE“ DYRUWH[ DUHFRQVLGHUHG

SDUWRIWKHQHWZRUN¿ß@ȷ7KHP D[LP XP QXP EHURIYRUWLFHV

LQWKHVDP SOHLVDSSUR[LP DWHO“ ˇ˘´´ȷ 7KHSLQQLQJ GHQı

VLW“ Q^S DQGUDGLXVȷ^S ZHUHNHSWFRQVWDQWDWQ^S ´υæ¸ψ y_˘

DQG ȷ^S ´ῡ yffl ZKLOHWKHSLQQLQJ IRUFHI^S YDULHG IURP

VDP SOHWRVDP SOHȷ: HDOVRSHUIRUP HGDGGLWLRQDOVLP XODı

WLRQVLQZKLFKI^S ZDVNHSWFRQVWDQWDQGQ^S YDULHGIURP

Q^S ´υ̌ ¸ψ y_˘ WRQ^S ˘υ̌ ¸ψ y_˘ ȷ

: HREVHUYHGWKUHHGLVWLQFWYRUWH[ ULYHUQHWZRUNP RUı

SKRORJLHVfflGHSHQGLQJ RQWKHORFDOP DJQHWLF pHOGϱ DQG

WKHSLQQLQJ IRUFHI^SfflDVLQGLFDWHGLQRQHRI RXUP DLQUHı

VXOWVÆ WKH?P RUSKRORJLFDOSKDVHGLDJUDP Π LQ) LJȷ˘ȷ ,Q

) LJȷˇ WKHYRUWH[ WUDMHFWRULHVDUHSUHVHQWHGIRUWKHWKUHH

P RUSKRORJLHVȷ ,QVDP SOHVZLWKORZ SLQQLQJ IRUFHYDOXHVffl

I^S χ♣ ´υæ¸I^´ ffVHH) LJȷ ˘fiffl YRUWLFHVqRZ WKURXJKRXWWKH

VDP SOHfflSURGXFLQJ GHQVHYRUWH[ ULYHUEDVLQVȷ 7KHVHEHı

FRP HVSDFHıpOOLQJ IRUODUJHWLP HV̇ RUODUJHpHOGVVLQFH

WKHH[WHUQDOpHOG LVVORZO“ UDP SHG XSȷ $ QH[DP SOHRI

WKHYRUWH[ FKDQQHOVLQWKLVUHJLP HfflDVWKH“ DSSHDUDIWHU

ˇß´´´´ 0 ’ VWHSVffl LVVKRZQ LQ ) LJȷ ˇffFfiȷ ,I WKHVLP Xı

ODWLRQLVDOORZHGWRSURFHHGIRUDODUJHUQXP EHURI 0 ’

VWHSVfflWKHFKDQQHOVHYHQWXDOO“ pOOWKHHQWLUHUHJLRQVKRZQ

LQ ) LJȷ ˇffFfiȷ ) RUVWURQJHUSLQQLQJffl I^S ω♣ ˇύ I^´ ffl DQG

ORZ YRUWH[ GHQVLWLHVϱ χ♣ j^´ ψ y_˘ ♦ ¯ϱ^� ψ ˘ffl ZHREVHUYH

EUDQFKHG ?+RUWRQLDQΠ ULYHUQHWZRUNVWKDWIROORZ +RUı

WRQΩVODZVRI VWUHDP QXP EHUDQGOHQJWK¿VHH) LJȷˇffDfi@ȷ

$WKLJKHUP DJQHWLF pHOGVϱ ω♣ j^´ ψ y_˘ ♦ ¯ϱ^� ψ ˘fflWKHYRUı

WH[ ULYHUVEHFRP HKLJKO“ EUDLGHGRULQWHUFRQQHFWHGDQG

DUHQRORQJHU+RUWRQLDQLQIRUP ¿VHH) LJȷˇffEfi@ȷ 8 QOLNH

WKHGHQVHQHWZRUNVRI ) LJ ˇffFfiffl ZKHUHSUHIHUUHG YRUWH[

SDWKVDUHXQFRP P RQfflLQWKHEUDLGHGUHJLP HYRUWLFHVFRQı

VLVWHQWO“ P RYHDORQJ FHUWDLQSDWKZD“ VfflZKLOHLQVRP HDUı

HDVRI WKHVDP SOHYRUWH[ P RWLRQYHU“ UDUHO“ RFFXUVȷ7KH

P DWFKLQJ pHOG ϱ^� RFFXUVZKHQ WKHQXP EHURI YRUWLFHV

1^Y HTXDOVWKHQXP EHURI SLQQLQJ VLWHV1^Sȷϱ^� LVXVHGWR

TXDQWLI“ WKHUHODWLYHVWUHQJWKRI SLQQLQJ YHUVXVYRUWH[ı

YRUWH[ UHSXOVLRQ¿æ@ȷ

) RUORZ SLQQLQJ IRUFHVLQ WKHGHQVHQHWZRUNUHJLP Hffl

YRUWH[ P RWLRQRFFXUVERWKLQWHUVWLWLDOO“ ffZLWKWKHYRUWLFHV

P RYLQJ RQO“ LQWKHDUHDVEHWZHHQSLQQLQJ VLWHVfi DQGE“

P HDQVRI GHSLQQLQJȷ,I YRUWH[ GHSLQQLQJ LVRFFXUULQJ LQD

ODQGVFDSHZLWKWUDSVRI FRP SDUDEOHVWUHQJWKfflQRIDYRUHG

SDWKVIRUqX[ P RWLRQFDQIRUP fflOHDGLQJ WRWKHREVHUYHG

GHQVHSDWKZD“ Vȷ 7KH+RUWRQLDQ DQG EUDLGHG UHJLP HV

DULVHRQFHWKHSLQQLQJ LVVWURQJ HQRXJK WKDWSUHGRP Lı

QDQWO“ LQWHUVWLWLDOP RWLRQ RFFXUVȷ 7KDWLVffl SLQQHG YRUı

WLFHVDOP RVWQHYHUGHSLQȷ 2 WKHUYRUWLFHVDUHSUHYHQWHG

IURP P RYLQJ FORVH WR D SLQQHG YRUWH[ E“ WKHYRUWH[ı

YRUWH[ UHSXOVLRQfflZKLFKKDVDORQJHUffE“ QHDUWZRRUGHUV

RI P DJQLWXGHfiUDQJHWKDQWKHDWWUDFWLRQRI HDFKSLQQLQJ

VLWHȷ 6LQFHWKHUHDUHUHJLRQVRI WKHVDP SOHffLȷHȷffl DWRU

QHDUSLQQHGYRUWLFHVfi ZKHUHqX[ P RWLRQGRHVQRWRFFXUffl

WKHqRZ RI WKHP RYLQJ YRUWLFHVP XVWEHFRQFHQWUDWHGLQ

FHUWDLQZHOOıGHpQHGUHJLRQVRUULYHUVfflOHDGLQJ WRWKHIRUı

P DWLRQRI HLWKHU+RUWRQLDQRUEUDLGHGULYHUVȷ

7KHEURDG FURVVRYHUEHWZHHQ +RUWRQLDQ DQG EUDLGHG

ULYHUVRFFXUVZKHQWKHqX[ GHQVLW“ KDVLQFUHDVHGHQRXJK

WKDWDODUJHIUDFWLRQRI WKHSLQQLQJ VLWHVDUHRFFXSLHGȷ,Q

) LJȷ˘fflWKHFURVVRYHUUHJLRQLQFUHDVHVIURP ϱ♦ ´υøj^´ ψ y_˘

IRUI^S ˇύ I^´ ffl WR ϱ ♦ ˇῡ j^´ ψ y_˘ IRUI^S ßύ I^´ ȷ ,Q

HDFKFDVHfflWKHFURVVRYHURFFXUVDWYRUWH[ GHQVLWLHVKLJKHU ff¯ϱ^� ψ ˘ χ♣ ϱ χ ˘ϱ^� fi WKDQ WKHP DWFKLQJ pHOG ϱ^�

´υæ¸ j^´ ψ y_˘ ffl ZKHQ 1^S 1^Y ¿ˇˇ@ȷ 7KLVLVLQ DJUHHP HQW

ZLWKWKHUHVXOWVIRUWKHLQVHWRI ) LJȷ˘fflZKLFKVKRZVWKDW

WKHWUDQVLWLRQIURP +RUWRQLDQULYHUVWREUDLGHGULYHUVRFı

FXUVDWKLJKHUYRUWH[ GHQVLWLHVDVQ^S ffDQG WKHUHE“ WKH

P DWFKLQJ pHOGfiLVLQFUHDVHGȷ $ GGLWLRQDOVXSSRUWIRUWKLV ˘

LQWHUSUHWDWLRQ FRP HVIURP H[DP LQLQJ WKHIUDFWLRQ 5_{XSV} RI XQRFFXSLHGSLQQLQJ VLWHV¿) LJȷ¯ffDfi@ȷ $WWKHP DWFKLQJ pHOG ϱ_� ´υæ¸ j_´ ψ y^˘ fflRQO“ DERXWß¸Φ RI WKHSLQVDUH RFFXSLHGȷ7KHSLQVDUHQRWIXOO“ RFFXSLHGXQWLODpHOGRI ϱ ♦ ˇυ̊ j_´ ψ y^˘ ♦ ˘ ϱ_� LVDSSOLHGȷ 2 QFHP RVWRI WKHSLQV DUHRFFXSLHGfflWKHSRWHQWLDOHQHUJ“ ODQGVFDSHH[SHULHQFHG E“ WKHP RYLQJ YRUWLFHVEHFRP HVP XFKP RUHXQLIRUP ȷ +RUWRQ£QDO“ VLVȷ̇ ,QRUGHUWRGHWHUP LQHZKHWKHUWKH YRUWH[ ULYHUQHWZRUNVZHREVHUYHREH“ +RUWRQΩVODZVfflZH SHUIRUP HG +RUWRQLDQ DQDO“ VLVRQ pYHGLoHUHQWUHDOL]Dı WLRQVRI GLVRUGHUIRUHDFKRI QLQHGLoHUHQWSLQQLQJ IRUFHV I_S IDOOLQJ ZLWKLQWKH+RUWRQLDQUHJLP Hȷ ,QHDFKWULDOfflD EUDQFKLQJ ULYHUZDVLGHQWLpHGIRUDQDO“ VLVȷ7KHQXP EHUV 1_Z DQGOHQJWKV◁_Z RI VWUHDP VRI RUGHUZ ˇ WR˚ ZHUH UHFRUGHG ¿ø@ȷ 5 HSUHVHQWDWLYHSORWVRI WKHW“ SHXVHG WR GHWHUP LQHWKHOHQJWKUDWLRffl5_◁ ◁_{Z ffi ˇ} ψ ◁_Z fflDQGWKHELı IXUFDWLRQUDWLRffl5_ϱ 1_Z ψ1_{Z ffi ˇ} fflDUHVKRZQLQ) LJȷ˚ȷ,Q WKHEHVWpWH[SRQHQWLDOUHJUHVVLRQVXVHG WR H[WUDFW5_◁ DQG5_ϱfflWKHDYHUDJHFRUUHODWLRQFRHr FLHQWZDV ´υøøfflLQı GLFDWLQJ DJRRGpWWRWKH+RUWRQLDQUHODWLRQVKLSVȷ 7KH DYHUDJHYDOXHVIRU5_ϱ DQG5_◁ WKURXJKRXWWKH+RUWRQLDQ ULYHUUHJLRQZHUH5_ϱ ¯υøø⟨ ´υ̌ œ DQG5_◁ ˘ύ ˚ ⟨ ´υ̌ ˘ffl LQH[FHOOHQWDJUHHP HQWZLWKJHRSK“ VLFDOULYHUV¿ˇffľ ´@ȷ 7KHFKDUDFWHULVWLFVRI WKH+RUWRQLDQULYHUQHWZRUNVDUH GHSHQGHQWRQWKHSLQQLQJ IRUFHI_Sȷ ,Q) LJȷ¯ffEfi ZHSORW WKHOHQJWKUDWLRV5_◁ fflDQGIUDFWDOGLP HQVLRQVφ_↽ fflIRUHDFK SLQQLQJ IRUFHLQWKH+RUWRQLDQUHJLRQȷ7KHEUDFKLQJ UDWLR ffQRWVKRZQfi LVURXJKO“ FRQVWDQWDVI_S LVYDULHGȷ &KDQJı LQJ WKHSLQQLQJ IRUFHDOWHUVWKHHDVHZLWKZKLFKLQGLYLGXDO YRUWLFHVFDQEHGHSLQQHGfflDQGWKHUHE“ FKDQJHV5_◁ DQG φ_I ψ G_Fȷ $ VWKHSLQQLQJ IRUFHGHFUHDVHVfflLWLVP RUHOLNHO“ WKDWVRP HYRUWLFHVZLOOEHGHSLQHGDQGIRUP QHZ SDWKı ZD“ VRI YRUWH[ P RWLRQȷ 7KLVZLOOGHFUHDVHWKHOHQJWKRI WKHKLJKHURUGHUULYHUVE“ FXWWLQJ VKRUWKRZ IDUWKHYRUı WH[ FKDQQHOVSURSDJDWHEHIRUHELIXUFDWLQJȷ7KHUHIRUH5_◁ ZLOOGHFUHDVHZLWKGHFUHDVLQJ I_Sȷ 6LQFHDODUJHUQXP EHU RI SDWKVDUHFUHDWHGfflφ_I ZLOOLQFUHDVHZLWKGHFUHDVLQJ I_Sffl LQDJUHHP HQWZLWK) LJȷ¯ffEfiȷ

&RQFOXGLQJ UHP DUNVȷ̇ : H KDYH DQDO“ ]HG WKH P RUı SKRORJLHV RI qX[ıqRZ FKDQQHOV VORZO“ GULYHQ WR LWV P DUJLQDOO“ VWDEOHVWDWHfflDVDIXQFWLRQRI qX[ GHQVLW“ DQG GLVRUGHUVWUHQJWKȷ: HKDYHLGHQWLpHGWKUHHGLVWLQFWP RUı SKRORJLHV¿ˇ˘@ZKLFKLQFOXGHÆ DffODUJHϱfi GHQVHQHWZRUN UHJLP HfflZKHUHqRZ FDQRFFXUDQ“ ZKHUHŒDEUDLGHG QHWı ZRUNUHJLP HfflZKHUHqRZ LVUHVWULFWHGWRFHUWDLQUHJLRQVŒ DQGDffORZ ϱfi+RUWRQLDQQHWZRUNUHJLP HfflZKHUH+RUWRQΩV ODZVRI OHQJWKDQGEUDQFKLQJ UDWLRDUHREH“ HGLQDJUHHı P HQWZLWK JHRSK“ VLFDOULYHUVȷ ,Q WKHIXWXUHffl LWZRXOG DOVREHYHU“ LQWHUHVWLQJ WR VWXG“ RWKHUH[DP SOHVRI P Lı FURVFRSLFEUDQFKHGWUDQVSRUWDQGH[SORUHWKHVLP LODULWLHV DQGGLoHUHQFHVZLWKJHRSK“ VLFDOULYHUVȷ ,QGHHGfflLWVHHP V SURP LVLQJ WRDQDO“ ]HWUHHıVKDSHGFKDQQHOqRZ DWWKHP Lı FURVFRSLFOHYHODGDSWLQJ FRQFHSWVWKDWKDYHDOUHDG“ EHHQ VXFFHVVIXOLQ WUHDWLQJ P DFURVFRSLF ULYHUEDVLQVȷ 7KHVH W“ SHVRI DQDO“ VLVDUHODUJHO“ XQH[SORUHGȷ 7KHGLUHFWLRQ DQGVXFFHVVRI VXFKDQDSSURDFKFRQVWLWXWHVDQRSHQDQG

IDVFLQDWLQJ DUHDȷ

$ 30 ff&-2 fiDFNQRZOHGJHVVXSSRUWIURP WKH1 6) ı5 ( 8 ff1 $ 6$ fiȷ: HWKDQN5ȷ5LRORfflWKH8 0 SURJUDP IRUWKH VWXG“ RI FRP SOH[ V“ VWHP VfflDQGWKH0 DXLVXSHUFRP SXWHU FHQWHUfflIRUWKHLUKHOSȷ: HWKDQN) ȷ0 DUFKHVRQLffl0 ȷ%UHW]ffl DQG( ȷ6RP IDLfflIRUYHU“ XVHIXOFRP P HQWVȷ

⌉ FRUUHVSRQGLQJ DXWKRUȷ ¿ˇ@,ȷ5 RGULJXH]ı,WXUEHDQG$ ȷ5 LQDOGR) UDFWDO5LYHU%DVLQVÆ &KDQFHDQG6HOIı2 UJDQL]DWLRQff&DP EULGJHffl1 ¡fflˇøøæfiȷ ¿˘@* ȷ . RUYLQffl ) UDFWDO0 RGHOVLQ WKH ( DUWK 6FLHQFHV ff( Oı VHYLHUffl $ P VWHUGDP ffl ˇøø˘fiŒ ’ ȷ/ ȷ 7XUFRWWHffl ) UDFWDOVDQG &KDRV LQ * HRORJ“ DQG * HRSK“ VLFV ff&DP EULGJHffl &DP ı EULGJHffl ˇøø˘fiŒ -ȷ ) HGHUffl ) UDFWDOV ff3OHQXP ffl 1 HZ ¡RUNffl ˇøœœfiŒ %ȷ%ȷ 0 DQGHOEURWffl 7KH) UDFWDO* HRP HWU“ RI 1 Dı WXUHff) UHHP DQffl6DQ) UDQFLVFRfflˇøœ¯fiȷ ¿¯@6ȷ’ ȷ 3HFNP DQffl : DWHU 5 HVRXUȷ 5 HVȷ ¯ ˇ ffl ˇ´˘¯ ffˇøø¸fiŒ 8 6* 6 SUHSULQWŒ ’ ȷ* ȷ 7DUERWRQffl 5 ȷ/ ȷ %UDVffl DQG ,ȷ 5 RGULJXH]ı,WXUEHffl LELG ˘ ˚ ffl ˇ¯ˇæ ffˇøœœfiŒ ˘ ¸ ffl ˘´¯æ ffˇøœøfiŒ˘ ßffl˘˘˚¯ ffˇøø´fiŒ-ȷ* ȷ0 DVHNDQG’ ȷ/ ȷ7XUFRWWHffl * HRORJ“ffl˘ ˘ ffl¯œ´ ffˇøø˚fiŒ ,ȷ¡HNXWHOLffl%ȷ%ȷ0 DQGHOEURWffl -ȷ3K“ Vȷ$ ffl˘ æffl˘œ¸ ffˇøø˚fiȷ ¿˚@( ȷ6RP IDLDQG/ ȷ0 ȷ6DQGHUffl3K“ Vȷ5 HYȷ( ¸ ßffl5 ¸ ffˇøøæfiŒ 6ȷ . UDP HUDQG 0 ȷ 0 DUGHUffl 3K“ Vȷ 5 HYȷ / HWWȷ ßœffl ˘´¸ ffˇøø˘fiŒ$ ȷ5 LQDOGRHWDOȷLELGȷfflæ´ fflœ˘˘ ffˇøø¯fiŒ-ȷ: DWVRQ DQG’ ȷ6ȷ) LVKHUffl3K“ Vȷ5 HYȷ%¸ ¸ fflˇ˚ø´ø ffˇøøæfiȷ ¿¸@) ȷ1 RULffl6FLHQFH˘ æœfflˇ¯æ¯ ffˇøøßfiŒ7ȷ0 DWVXGDfflLELGȷˇ¯ø¯ ffˇøøßfiŒ+ȷ-ȷ-HQVHQfflHWDOȷ3K“ Vȷ5 HYȷ%¯ œfflø˘¯¸ ffˇøœœfiȷ ¿ß@&ȷ-ȷ2 OVRQffl&ȷ5 HLFKKDUGWfflDQG) ȷ1 RULffl3K“ Vȷ5 HYȷ/ HWWȷ œ´ ffl˘ˇøæ ffˇøøœfiȷ ¿æ@&ȷ5 HLFKKDUGWHWDOȷ3K“ Vȷ5 HYȷ%¸ ¯ ffl5 œœøœ ffˇøøßfiȷ ¿œ@5 HFHQWHoRUWVKDYHEHHQ P DGH WR OLQN ULYHUEDVLQVWR VHOIıRUJDQL]HGıFULWLFDOLW“ ¿ˇ@ȷ,QGHHGfflZKHQ1_S ω 1_Y ffWKH +RUWRQLDQ UHJLP HLQ ) LJȷ˘fifflWKHDGLDEDWLF G“ QDP LFVRI YRUWLFHVDOVRH[KLELWVDYDODQFKHVZLWKSRZHUıODZ VL]HGLVı WULEXWLRQV¿&ȷ-ȷ2 OVRQffl&ȷ5 HLFKKDUGWfflDQG) ȷ1 RULffl3K“ Vȷ 5 HYȷ%¸ ßfflˇßˇ´œ ffˇøøæfi@ȷ ¿ø@6WUHDP V RI RUGHU Z ¸ DQG DERYH ZHUH YHU“ UDUH LQ RXUVDP SOHV EHFDXVH RXUODQGVFDSHV DUH qDWffl ZLWK VP DOOSDUDEROLF SRWHQWLDOVRQLWȷ7KXVfflWKHYRUWH[ P LFURı VFRSLF ODQGVFDSHLVYHU“ GLoHUHQWIURP WKHTXLWHURXJK P RXQWDLQıOLNHODQGVFDSHVXVHGWRP RGHOVRP HJHRSK“ VLı FDOULYHUEDVLQVȷ7 KHUHIRUHffl+RUWRQΩVODZVIRUYRUWLFHVGR QRWH[WHQGRYHUDZLGHUDQJHRI OHQJWKVFDOHVȷ ¿ˇ´@7 KHUDQGRP WRSRORJLFDOP RGHOffl DP RQJ RWKHUVffl VXJJHVW WKDWDODUJHFODVVRI QHWZRUNVREH“ +RUWRQΩVODZV¿ˇı¯@ȷ +RZHYHUfflWKHVHP RGHOVLJQRUHWKHIXQGDP HQWDOO“ LP SRUı WDQWUROHRI WKHWKLUGGLP HQVLRQÆWKHODQGVFDSHHOHYDWLRQȷ $ OVRfflWKHVHP RGHOVLJQRUHWKHSK“ VLFDOODZVWKDWGHVFULEH WKHFDUYLQJ RI LQGLYLGXDOFKDQQHOVȷ) RUP DFURVFRSLFULYHU EDVLQVfflWKHUROHRI ERWKFKDQFHDQGQHFHVVLW“ IRU+RUWRQΩV ODZVKDYHEHHQOXFLGO“ GLVFXVVHGLQ¿ˇffl̄ @ȷ,WLVXQFOHDUKRZ WKHVHDUJXP HQWVFDQEHH[WHQGHGWRRXUFDVHEHFDXVHWKH P RWLRQRI qX[ TXDQWDLVKLJKO“ ıFRUUHODWHGȷ$ OVRfflWKHODFN RI ?XQLIRUP UDLQΠ DQGHURVLRQLQVLGHP DWHULDOVfflFRP P RQ LQULYHUEDVLQP RGHOVfflP DNHVLWGLr FXOWWRP DNHFRP SDUı LVRQVZLWKSUHYLRXVZRUNRQULYHUEDVLQVȷ0 RUHRYHUfflWKHUH LVQRFRQVHQVXV¿ˇffl̄ @RQWKHSUHFLVHFRQGLWLRQVUHTXLUHGWR REWDLQ+RUWRQΩVODZVDWWKHP DFURVFRSLF OHYHOffOHWDORQH DWWKHP LFURVFRSLFTXDQWXP UHJLP Hfiȷ7 KHVHJHQHUDOLVVXHV

¯

UHP DLQRSHQfflDUHEH“ RQGWKHVFRSHRI WKLVSDSHUfflDQGZLOO

EHH[SORUHGHOVHZKHUHȷ

¿ˇˇ@7 KLVLVGXHWR WKHIDFWWKDWDIUDFWLRQ RI SLQQLQJ VLWHV

UHP DLQVXQRFFXSLHG DWWKHP DWFKLQJ pHOGffl DVVKRZQ LQ

H[ SHULP HQWVDQG VLP XODWLRQV¿æ@ȷ7 KLVLVDFRQVHTXHQFH

RI WKHUDQGRP VSDWLDOGLVWULEXWLRQRI WKHSLQQLQJȷ,I RQH

SLQQLQJ VLWHLVYHU“ FORVHWR DVHFRQG VLWHFRQWDLQLQJ D

YRUWH[fflWKHUHSXOVLYHIRUFHRI WKHWUDSSHGYRUWH[ ZLOOSUHı

YHQWWKHHP SW“ SLQIURP EHLQJ RFFXSLHGXQWLOWKHYRUWH[

GHQVLW“ LQFUHDVHVIXUWKHUȷ

¿ˇ˘@9 LGHRVZLWKH[ DP SOHVRI YRUWH[ ULYHUQHWZRUNVDSSHDULQ

KWWSÆ̀ `ZZZıSHUVRQDOȷHQJLQȷXP LFKȷHGX`aQRUL̀ULYHUVȷKWP O

) ,* ȷˇȷ 6QDSVKRWVRI QRUWKERXQG YRUWH[ SDWKZD“ VÆ ffDfi

+RUWRQLDQffZKHQWKHSLQQLQJ IRUFHfflIS fflLVVWURQJHUWKDQWKH

YRUWH[ ıYRUWH[ UHSXOVLRQI_{YY} ŒLȷHȷfflDWORZ ϱ DQGKLJKI SfiŒffEfi

EUDLGHGffZKHQI S LVFRP SDUDEOHWRI_{YY} Æ ϱ ♦ ¯ϱ� ψ ˘ ¿æ@fiŒDQG ffFfi GHQVHffZKHQ SLQQLQJ LVP XFK ZHDNHUWKDQ I_{YY} Œ LȷHȷffl IRU ϱ ω ˘ϱ� fflRUDWDQ“ pHOGIRUORZ I Sfiȷ +HUHfflQS ´υæ¸ψ y_˘ ȷ

) ,* ȷ˘ȷ 7 KHYRUWH[ ULYHUQHWZRUNP RUSKRORJLFDOSKDVHGLı

DJUDP IRUSLQQLQJ IRUFHffl I Sffl YHUVXVP DJQHWLF pHOGffl ϱffl IRU

QS ´υæ¸ψ y_˘ ffWKXVffl KHUH ϱ^� ´υæ¸ j ´ ψ y_˘ fiȷ ,Q UHJLRQV

RI YHU“ ORZ SLQQLQJ IRUFH I Sffl GHQVH YRUWH[ ULYHUQHWZRUNV

GRP LQDWHȷ ) RUVDP SOHVZLWK KLJKHUSLQQLQJfflLWLVWKHLQLWLDO

IURQWffZLWK ORZ ORFDOGHQVLW“ RI pHOG OLQHVϱffl ϱ χ ¯ϱ^� ψ˘

¿æ@fflDQGWKXVGRP LQDQWSLQQLQJ IRUFHI Sfi ZKLFKEUDQFKHVRXW

LQ D +RUWRQLDQ P DQQHUȷ %HKLQG WKLVLQLWLDOIURQWIROORZV

WKH ffLQWHUP HGLDWHıϱfi EUDLGHG UHJLRQȷ ) XUWKHUEHKLQGffl IROı

ORZVWKHffODUJHıϱfi GHQVHıqX[ UHJLP Hȷ 7 KHLQVHWVKRZVWKH

VKLIWLQWKH+RUWRQıEUDLGHGERXQGDU“ I S ¯ύ I ´ DVWKHSLQı

QLQJ GHQVLW“ffl QSffl LVFKDQJHGȷ $ VQS LVLQFUHDVHGffl WKH+RUı

WRQıEUDLGHG ERXQGDU“ VKLIWVWRZDUGVKLJKHUϱȷ 7 KHEURDG

FURVVRYHUERXQGDULHVDUHLQWKHUHJLRQRI WULDQJOHVDQGUKRP ı

EXVHVȷ 7 KHffSRZHUıODZ pWfi OLQHVDUHMXVWJXLGHVWR WKHH“ Hȷ

7 KHGHQVHıEUDLGHGFURVVRYHUDWKLJKıpHOGVffGDVKHGfi LVDQH[ı

WUDSRODWLRQ RI WKHSRZHUıODZ pWIRUORZ pHOGVŒ WKHIRUP HULV

YHU“ GLr FXOWWRFRP SXWHEHFDXVHLWUHTXLUHVDODUJHQXP EHU

RI YRUWLFHVP RQLWRUHGRYHUYHU“ ORQJ WLP HVȷ

) ,* ȷ¯ȷ ffDfi) UDFWLRQ5 XSV RI XQRFFXSLHGSLQQLQJ VLWHVffXSVfi

YHUVXVϱ IRUVL[ VDP SOHVZLWKGLoHUHQWISΩVȷ: HpQGDFKDQJH

LQ WKHUDWHDWZKLFK SLQVEHFRP HRFFXSLHG ZLWK LQFUHDVLQJ ϱÆ LWGHFUHDVHVQRWLFHDEO“ IRUϱ ω ϱ� ȷ ffEfi 7 KHOHQJWKUDWLR

5 ◁ DQGIUDFWDOGLP HQVLRQφ ↽ GF ORJ 5 ϱ ψ ORJ 5 ◁ fflYHUVXVWKH

SLQQLQJ IRUFHfflI Sȷ +HUHfflWKHDYHUDJHVWUHDP GLP HQVLRQfflGFfflLV

RQHȷ 2 QO“ WKHWUHQGVLQ 5 ◁ DQG φ ↽ FDQ EHREVHUYHG KHUH

EHFDXVHWKHLUHUURUEDUVDUH⟨ ´ύ ¸ȷ 7 KHOLQHVDUHSRZHUıODZ

EHVWpWFXUYHVfflZKLFK RQO“ SURYLGHDJXLGHWR WKHH“ Hȷ 7 KH

IRUP XODIRUφ ↽ JLYHVYDOXHVVOLJKWO“ DERYH˘fflEHFDXVHLWDVı

VXP HVWKDW+RUWRQΩVODZVKROGDWDOOOHQJWKVFDOHVfflZKLOHRXU

YRUWH[ EDVLQVRQO“ VSDQDYHU“ OLP LWHGUDQJHRI OHQJWKVFDOHVȷ

) ,* ȷ˚ȷ 7 KHQXP EHURI VWUHDP V1 Z RI RUGHUZfflDQGWKHLU

OHQJKWV◁ Z ffl IRUYRUWH[ ULYHUQHWZRUNVZLWK WKUHH GLoHUHQW

SLQQLQJ IRUFHVISȷ 6L[ GLoHUHQWISΩVJDYHYLUWXDOO“ LGHQWLFDO

SORWV̇ DOOREH“ LQJ +RUWRQΩVODZVȷ ˚