&RQVWUXFWLYLW“ LQWKH1LQHWLHV^⌉

0 LFKDHO%HHVRQ ’ HSDUWP HQWRI 0 DWKHP DWLFVDQG&RP SXWHU6FLHQFH 6DQ-RVH6WDWH8QLYHUVLW“ 6DQ-RVHffl&DOLIRUQLDø¸ˇø˘ 8 6$ HP DLOÆEHHVRQ# FDWVȷXFVFȷHGX

0 DUFKøfflˇøøœ

ˇ ,QWURGXFWLRQ

,Q WKHODVWWHQ “HDUVffl ZKDW+H“ WLQJ FDOOHG ?WKHFRQVWUXFWLYHWUHQG LQ P DWKHı P DWLFVΠ KDVEURDGHQHGDQGEUDQFKHGfflSDUWO“ LQUHVSRQVHWRWKHLP SDFWRI WKH FRP SXWHUȷ7KLVSDSHUJLYHVDQRYHUYLHZ RI WKHVHGHYHORSP HQWVȷ6SHFLqFDOO“fflZH ZLOOGLVFXVVÆ

∐ FRQVWUXFWLYHW“ SHWKHRULHVLQFRP SXWHUVFLHQFH

∐ VHP DQWLFVRI FRQVWUXFWLYHV“ VWHP V

∐ DFWXDOLP SOHP HQWDWLRQRI FRQVWUXFWLYHV“ VWHP V

∐ FRP SXWHUDOJHEUDDVFRQVWUXFWLYHP DWKHP DWLFV

∐ VSUHDGRI WKHFRP SXWDWLRQDOYLHZSRLQWLQP DWKHP DWLFV

∐ FRQVWUXFWLYLW“ DQGWKHVFLHQFHV

˘ + LVWRULFDO2 ULJLQVRI WKH6XEMHFW

,WLVZRUWKZKLOHWR UHYLHZ WKHRULJLQDOUHDVRQVIRULQWHUHVWLQ FRQVWUXFWLYLW“ȷ $ QLQWHUHVWLQJ VWDUWLQJ SRLQWLVWKHFRQWURYHUV“ RYHU=HUP HORΩVSURRI WKDWWKH VHWRI UHDOQXP EHUVFDQEHZHOOıRUGHUHGȷ =HUP HOR SUHVHQWHGWKLVSURRI WR WKH ,QWHUQDWLRQDO&RQJUHVVRI 0 DWKHP DWLFLDQVLQ ˇø´ßȷ ,WZDVQRWZHOOıUHFHLYHGffl

{ 3 XEOLVKHGLQWKH3 URFHHGLQJVRI WKH,QWHUQDWLRQDO: LWWJHQVWHLQ6“ P SRVLXP RQ3 KLORVRSK“ RI 0 DWKHP DWLFVffl. LUFKEHUJ DP : HFKVHOffQHDU9 LHQQDfiffl$ XVWULDffl$ XJȷ ˇ ßı˘ ˘ fflˇ øø˘ ȷ

ˇ

SULP DULO“ EHFDXVH=HUP HOR FRXOG QRWH[KLELWWKHZHOOıRUGHULQJ KHFODLP HG WR

KDYHSURYHGH[LVWHGȷ =HUP HORUHVSRQGHGfflDVDP DWKHP DWLFLDQP XVWfflE“ ZULWLQJ

KLVSURRI XS LQP RUHGHWDLOȷ7KLVSURFHVVOHGWRWKHqUVWH[SOLFLWIRUP XODWLRQRI

WKHD[LRP RI FKRLFHȷ

7KLVZDVQRWWKHqUVWVXFKFRQWURYHUV“fflIRUWKHUHKDGDOUHDG“ EHHQDVLP LODU

IXURURYHU+LOEHUWΩVSURRI RI H[LVWHQFHRI LQYDULDQWVȷ %XW=HUP HORΩVSURRI FDP H

MXVWWKUHH“ HDUVDIWHU5XVVHOOΩVSDUDGR[ KDGVKDNHQWKHIRXQGDWLRQVRI P DWKHı

P DWLFVfflDQGLWVHHP HGWRVRP HWKDWWKHZROI ZDVDWWKHGRRUfflEHFDXVH=HUP HORΩV

WKHRUHP FRQFHUQHG QRWVRP HDEVWUDFWVHWWKDWFRXOG EHGLVSHQVHG ZLWK LI LW

WXUQHGRXWWREHFRQWUDGLFWRU“fflEXWWKHUHDOQXP EHUVWKHP VHOYHVȷ

7KHFOLP DWHZDVULSHIRUDJHQHUDOSKLORVRSKLFDOUHrHFWLRQRQWKHP HDQLQJ RI

H[LVWHQFHȷ6XFKLQYHVWLJDWLRQVZHUHXQGHUWDNHQE“ %URXZHULQWKHVHFRQGGHFDGH

RIWKHFHQWXU“fflDQGLQWKHWZHQWLHV+LOEHUWΩVSURRIWKHRU“ ZDVLQWHQGHGWRDGGUHVV

WKHVDP HLVVXHȷ %URXZHUDQG+LOEHUWDUHRIWHQSRUWUD“ HGDVDQWDJRQLVWVfflEXWLW

LVLP SRUWDQWWRUHP HP EHUWKDWWKH“ ZHUHERWKHUHGE“ WKHVDP HWKLQJ^H[LVWHQFH

SURRIVWKDWFRXOGQRWEHVXSSRUWHGE“ H[DP SOHıJLYLQJȷ 7KHLUGLpHUHQFHVDURVH

RQO“ LQZKDWWKH“ SURSRVHGWRGRDERXWWKLVGLs FXOW“ȷ%URXZHUZDQWHGWRJLYH

XS DOOVXFKSURRIVDQGDQ“ SDUWVRI P DWKHP DWLFVWKDWUHTXLUHGWKHP ȷ +LOEHUW

ZDQWHGDV“ VWHP DWLF ZD“ WRVKRZ WKDWWKH“ ZHUHXQQHFHVVDU“ LQSULQFLSOHȷ

7KHHpRUWVWRP DNHWKHTXHVWLRQVSUHFLVHOHGWRSURRI WKHRU“fflZKLFKLQWXUQ

OHGWRWKHSUHFLVHIRUP XODWLRQRI WKH( QWVFKHLGXQJVSUREOHP fflRUGHFLVLRQSUREOHP

IRUSUHGLFDWHFDOFXOXVȷ 7KLVSUREOHP LQWXUQOHGWRWKHGHYHORSP HQWRI P DWKHı

P DWLFDOWKHRULHVRI FRP SXWDWLRQE“ 7XULQJffl&KXUFKffl. OHHQHfflDQG* �RGHOLQWKH

WKLUWLHVfflDQGWRWKHLQFRP SOHWHQHVVWKHRUHP VRI* �RGHOȷ7KHSRLQWLVWKDWfflGLUHFWO“

RULQGLUHFWO“fflWKHWURXEOHVRP HEXVLQHVVRI H[LVWHQFHSURRIVZLWKRXWH[DP SOHVZDV

WKHVWLP XOXVWRDOOWKHVHLP SRUWDQWGHYHORSP HQWVȷ

,QWKHIRUWLHVffl* HQW]HQDQG. OHHQHOHGWKHZD“ EDFNWRWKHRULJLQDOTXHVWLRQVffl

DUP HGZLWKWKHQHZ WHFKQLFDOWRROVȷ : LWKWKHLULQYHQWLRQVRI FXWıHOLP LQDWLRQ

DQGUHFXUVLYHUHDOL]DELOLW“fflWKH“ ZHUHDEOHWRVKRZ KRZ H[HP SOLI“ LQJ LQIRUP DWLRQ ffH[DP SOHVDQGDOJRULWKP VIRUFRQVWUXFWLYHH[DP SOHVfi FRXOGEHH[WUDFWHGIURP

FHUWDLQ NLQGVRI IRUP DOSURRIVȷ : LWK WKHKHOS RI * �RGHOΩVWZR LQWHUSUHWDWLRQV ffWKHGRXEOHıQHJDWLRQDQGWKH’ LDOHFWLFDfi_ˇ LWFRXOGEHVDLGWKDWVRP HSURJUHVV

ZDVP DGHLQWKHGLUHFWLRQSRLQWHGWRE“ +LOEHUWfflXVLQJ WRROVLQYHQWHGE“ WKRVH

IROORZLQJ LQWKHIRRWVWHSVRI %URXZHUȷ

7KHFRP SXWHUZDVERUQDERXW̌ ø¸´fflEXWKDGOLWWOHLP P HGLDWHLQrXHQFHRQ

WKHVXEMHFWȷ $ P DQ WKLUW“ “HDUVDKHDG RI KLVWLP Hffl1 ȷGH%UXLMQffl EXLOW$8 ı

72 0 $7+ LQWKHqIWLHV¿ˇ˚@fflEXWQRWXQWLOWKHHLJKWLHVGLGWKLVOLQHRI ZRUNJHW

FDUULHGIRUZDUGȷ 7KHqIWLHVZHUHDSHULRGRI FRQVROLGDWLRQfflLQZKLFK. OHHQHΩV

ERRNRQLQWXLWLRQLVWLFDQDO“ VLVfflP DQ“ SDSHUVRI . UHLVHOffl+H“ WLQJΩVERRNfflDQGWKH

$ P VWHUGDP YROXP H&RQVWUXFWLYLW“ LQ0 DWKHP DWLFVDSSHDUHGfflDSSO“ LQJ WKHWRROV

RI SURRI WKHRU“ DQGUHDOL]DELOLW“ V“ VWHP DWLFDOO“ WRYDULRXVV“ VWHP Vȷ 7KLVGHYHOı

ˇ 7 KH’ LDOHFWLFDLQWHUSUHWDWLRQZDVNQRZQLQWKHHDUO“ IRUWLHVfflDOWKRXJKLWZDVQRWSXEOLVKHG

XQWLOˇø¸ œȷ

˘

RSP HQWFRQWLQXHG LQWR WKHVL[WLHVffl DQG EHFDP HLQFUHDVLQJO“ WHFKQLFDOȷ 7KHVH WHFKQLFDOGHYHORSP HQWVfflZKLOHRI JUHDWLQWHUHVWLQWKHLURZQULJKWfflGLGQRWFDVW IXUWKHUOLJKWRQWKHSKLORVRSKLFDOLVVXHVUDLVHGE“ =HUP HORΩVSURRIȷ ,QGHHGfflLQ WKHP HDQWLP HP DWKHP DWLFVKDGP DUFKHGDKHDGfflDQGWKHQRQıFRQVWUXFWLYHH[ı LVWHQFHSURRI KHOG VZD“ LQ WKHODQG ZLWKRXWGLVVHQVLRQfflVDYHIRUDKDQGIXORI SURRIıWKHRULVWVfflZKRZHUHQRWHYHQFRQVLGHUHG?UHDOP DWKHP DWLFLDQVΠȷ %LVKRSΩVERRNffl )RXQGDWLRQVRI &RQVWUXFWLYH£QDO“VLV¿ˇˇ@ffl ZDVZULWWHQ WR VKRZ WKDWP RGHUQ DQDO“ VLVGRHVKDYHDFRQVWUXFWLYHFRQWHQWȷ %LVKRS KRSHG WKDWKLVZRUN ZRXOG SURGXFHDZLGHVSUHDG DSSUHFLDWLRQ IRUWKHFRQVWUXFWLYH YLHZSRLQWDP RQJ WKHP DWKHP DWLFDOFRP P XQLW“fflDQGGLHGGLVDSSRLQWHGZLWKWKH UHVXOWVȷ%XWKLVZRUNKDVEHHQYHU“ LQrXHQWLDOfflDOWKRXJKQRWSHUKDSVDVGLUHFWO“ RUDVTXLFNO“ DVKHKDGKRSHGȷ +LVZRUNVWLP XODWHG WKHORJLFLDQVWR GHYHORS QHZ WKHRULHVfflFDSDEOHRI IRUP DOL]LQJ FRQVWUXFWLYHP DWKHP DWLFVP RUHQDWXUDOO“ȷ 7KHVHWKHRULHVfflGXHWR0 “ KLOO¿¸´@ffl)ULHGP DQfflDQG)HIHUP DQ¿˘˘@fflDQGWKHW“ SH WKHRULHVRI 0 DUWLQı/ �RI ¿˚œ@ffZKLFK ZHUHGHYHORSHG LQGHSHQGHQWO“ RI %LVKRSΩV LQrXHQFHfifflZHUHIRUP XODWHGDQGVWXGLHGGXULQJ WKHˇøæ´ΩVDQGKDOI WKHˇøœ´ΩVȷ 7KHUHVXOWVDUHVXP P DUL]HGLQ¿˚@ȷ

¯ 7 “ SH WKHRU“ DQG WKH &XUU“ ı+ RZDUG LVRP RUı SKLVP

&XUU“ DQG +RZDUG UHDOL]HG WKDWW“ SHG ODP EGDıWHUP VFRXOG EHWKRXJKWRI DV GHQRWLQJ IRUP DOSURRIVfflDQGWKDWW“ SHVDUHLVRP RUSKLFWRSURSRVLWLRQVȷ$ SURRI RI DSURSRVLWLRQLVDODP EGDıWHUP RI WKHW“ SHRI WKDWSURSRVLWLRQȷ 7KHUXOHRI LQIHUHQFH

ϖ ϖ ÷ ϱ ϱ FRUUHVSRQGVWRWKHUXOHRI W“ SHGzıFDOFXOXV SÆϖ TÆϖ ÷ ϱ TSÆϱ DQGWKHUXOH S Æϱff♭ Æϖ fi z♭ Æϖ υSÆϖ ÷ ϱ FRUUHVSRQGVWRWKHORJLFDOUXOH

¿ϖ @ ϱ ϖ ÷ ϱ ,QWKLVZD“ W“ SHG ODP EGDıFDOFXOXVUHSUHVHQWVWKHLP SOLFDWLRQDOIUDJP HQWRI D QDWXUDOıGHGXFWLRQ ORJLFDOFDOFXOXVȷ 2 WKHUW“ SHıIRUP LQJ RSHUDWLRQVFRUUHVSRQG ¯

WRRWKHUORJLFDOFRQQHFWLYHVȷ) RUH[DP SOHffl&DUWHVLDQSURGXFWϖ ⌈ ϱ FRUUHVSRQGV

WRFRQMXQFWLRQȷ$ SURRI RI ϖ Aϱ LVMXVWDP HP EHURI WKHSURGXFWϖ ⌈ ϱȷ

7KHQDWXUDOTXHVWLRQZDVfflZKDWW“ SHıIRUP DWLRQRSHUDWLRQVDUHUHTXLUHGWR

H[WHQG WKLVLVRP RUSKLVP WR LQFOXGHGLVMXQFWLRQ DQG TXDQWLqHUV” ’ LVMXQFWLRQ

FRUUHVSRQGVWRWKH?GLVMRLQWXQLRQΠ W“ SHıIRUP LQJ RSHUDWLRQfflLQZKLFKDP HP EHU

RI ϖ ffi ϱ LVDP HP EHURI ϖ RURI ϱ WRJHWKHUZLWKD?ODEHOΠ ff IRUH[DP SOH´ RU

ˇfiWHOOLQJ ZKLFKȷ

4 XDQWLqFDWLRQRQWKHORJLFDOVLGHUHTXLUHV?GHSHQGHQWSURGXFWVΠ DQG?GHı

SHQGHQWVXP VΠ RQWKHW“ SHıWKHRU“ VLGHȷ’ HSHQGHQWSURGXFWVDUHZULWWHQ ffh ♭ Æϖ fiϱff♭ fi

DQG LQWXLWLYHO“ WKHLUP HP EHUVDUH?IXQFWLRQVΠ VXFK WKDWIRU♭ Æ ϖ ffl ZHKDYH

I ff♭ fiÆϱff♭ fiȷ 1 RWHWKDWWKHVHWıWKHRUHWLF UDQJHZRXOGEHWKHXQLRQRI WKHϱff♭ fi

IRU♭ Æϖ fflZKLFKGRHVQΩWH[LVWLQWKHW“ SHWKHRU“ȷ’ HSHQGHQWVXP V ffi ♭ Æϖ fiϱff♭ fi

DUHDNLQGRI JHQHUDOL]HG&DUWHVLDQSURGXFWŒWKHP HP EHUVDUHSDLUVff♭ ϕ♮ fi ZLWK

♭ Æϖ DQG♮ Æϱff♭fiȷ

7KHVHZHUHLQWURGXFHGE“ 0 DUWLQı/ �RI DURXQGˇøæ´ȷ +LVW“ SHWKHRULHVZHUH

UHqQHGDQGGHYHORSHGWKURXJKRXWWKHˇøæ´ΩVŒVHH¿˚œ@DQG¿˚@IRUGHWDLOHGIRUı

P XODWLRQVȷ

* LUDUGΩVWKHVLVLQWURGXFHGKLV6“ VWHP ) fflZKLFKKDVDVHFRQGıRUGHUW“ SHIRUı

P DWLRQUXOHfflDOORZLQJ TXDQWLqFDWLRQRYHUW“ SHVȷ 2 QWKHORJLFDOVLGHfflWKLVFRUı

UHVSRQGVWRVHFRQGıRUGHUSURSRVLWLRQDOORJLFȷ 7KHUXOHVRI 6“ VWHP ) DUHIDLUO“

VLP SOHÆ

,I 8 DQG9 DUHW“SHVfflWKHQ8 ÷ 9 LVDW“SHȷ

,I 9 LVDW“SHDQG, DW“SHYDULDEOHfflWKHQh , υ9 LVDW“SHȷ

,I 7 LVDW“SHWKHQZHKDYHYDULDEOHVRI W“SH7ȷ,QRWKHUZRUGVfflDOOYDULDEOHV

DUHODEHOOHGZLWKDW“ SHȷ

7HUP VRI W“ SH7 DUHIRUP HGE“ ffqUVWıRUGHUfi DSSOLFDWLRQDQGzıDEVWUDFWLRQffl

RUE“ VHFRQGıRUGHUDSSOLFDWLRQDQGf ıDEVWUDFWLRQÆ

,I Y Æ 9 WKHQ f , υY Æ h , υ9 ffl SURYLGHG ; LVQRWIUHHLQ WKHW“SHRI DIUHH

YDULDEOHRI Yȷ

,I WÆh , υ9 DQG8 LVDW“SHfflWKHQW8 Æ9 ¿8ψ , @ȷ

7KLVV“ VWHP ZDVUHGLVFRYHUHGE“ 5 H“ QROGV¿¸˚@fflZKRFDOOHGLWVHFRQGıRUGHU

ODP EGDFDOFXOXVȷ * LUDUGFDP HWR6“ VWHP ) IURP SURRI WKHRU“ Œ5H“ QROGVFDP H

WRLWIURP SURJUDP P LQJ ODQJXDJHWKHRU“ȷ7KLVVKRZVZKDWDFHQWUDOSRVLWLRQLW

RFFXSLHVȷ

2 EVHUYHWKDW0 DUWLQı/ �RIΩVW“ SHWKHRU“ H[WHQGVWKH&XUU“ ı+RZDUGLVRP RUı

SKLVP WRV“ VWHP VLQFOXGLQJ qUVWıRUGHUSUHGLFDWHFDOFXOXVDQG3HDQRΩVDULWKP HWLFffl ˚

ZKLOH* LUDUGΩV6“ VWHP ) FRUUHVSRQGVWRVHFRQGıRUGHUSURSRVLWLRQDOFDOFXOXVEXW GRHVQRWLQFOXGHWKHGHSHQGHQWıVXP DQGGHSHQGHQWıSURGXFWW“ SHIRUP DWLRQRSı HUDWLRQVȷ6“ VWHP ) fflZLWKLWVLP SUHGLFDWLYHVHFRQGıRUGHUW“ SHıIRUP DWLRQUXOHfflFDQ EHXVHGWRLQWHUSUHWVHFRQGıRUGHU3HDQRDULWKP HWLFfflVRLWLVSURRIıWKHRUHWLFDOO“ TXLWHVWURQJŒ0 DUWLQı/ �RIΩVWKHRULHVDUHP XFKZHDNHUȷ 6WLOOWKHUHGRHVQΩWVHHP WREHDQDWXUDOHP EHGGLQJ RI 0 DUWLQı/ �RIΩVWKHRULHVLQ6“ VWHP ) ^DWOHDVW, GRQΩW NQRZ RQHȷ

6“ VWHP ) KDVEHHQH[WHQGHGWRV“ VWHP ↽^Ξ fflZKLFKFRUUHVSRQGVRQWKHORJLFDO VLGHWRWKHWKHRU“ ⇁ ϖ^Ξ fflWKDWLVfflWKHWKHRU“ RI WKHqUVWΞ OHYHOVRI WKHFXP XODWLYH KLHUDUFK“ RI VHWVȷ7KLVWKHRU“ LVIXUWKHUH[WHQGHGE“ WKH&RTXDQGı+XHWWKHRU“ RI FRQVWUXFWLRQV¿ˇœ@ȷ

)HIHUP DQKDVLQWURGXFHGDQRWKHUYDULHW“ RI W“ SHWKHRU“fflEHJLQQLQJ LQˇøæ¸ ¿˘˘@ȷ 7KHW“ SHWKHRULHVRI * LUDUG DQG &RTXDQGı+XHWDUHIDUIURP qUVWıRUGHU ORJLFȷ ) HIHUP DQΩVWKHRULHVffl LQ HVVHQFHffl UHGXFHW“ SHWKHRU“ WR qUVWıRUGHUORJLF DJDLQE“ LQWURGXFLQJ DSUHGLFDWH?LVDW“ SHΠfflUHJDUGLQJ WKHUHODWLRQ♭ Æϖ DVD ELQDU“ SUHGLFDWHfflDQGVWDWLQJ W“ SHIRUP DWLRQUXOHVVLP SO“ DVRUGLQDU“ D[LRP V RI DqUVWıRUGHUWKHRU“ȷ7KHLQWXLWLYHP RWLYDWLRQLVWKDWWKHYDULDEOHVUDQJHRYHU ?REMHFWVΠfflLQFOXGLQJ GDWDREMHFWVfflDOJRULWKP VfflDQGUHSUHVHQWDWLRQVRI W“ SHVDV GDWDREMHFWVffQDP HVRI WKHW“ SHVfiȷ2 QHFDQHTXLYDOHQWO“ XVHDWZRıVRUWHGSUHGı LFDWHORJLFfflZLWKFDSLWDOOHWWHUVIRUW“ SHVfflORZHUıFDVHOHWWHUVIRUREMHFWVfflDQGD ELQDU“ UHODWLRQ↼ ffDϕϖ fiWRP HDQDLVDQDP HRI ϖ ȷ2 QHREWDLQVGLpHUHQWYDULDQWV RI WKHWKHRU“ DFFRUGLQJ WRZKLFKW“ SHıIRUP DWLRQD[LRP VDUHDOORZHGȷ2 QHLQWHUı HVWLQJ W“ SHıIRUP DWLRQSULQFLSOHLVWKHHOHP HQWDU“ FRP SUHKHQVLRQD[LRP fflZKLFK DOORZVWKHIRUP DWLRQRI WKHW“ SHF_� I♭ Æ�ff♭ fiJ ZKHUH� LVHOHP HQWDU“fflZKLFK P HDQVLQHVVHQFHWKDWRQO“ IUHHW“ SHYDULDEOHVDUHDOORZHGRQWKHULJKWRI WKH FRORQLQ�fflDQGWKHQDP HUHODWLRQ↼ GRHVQRWRFFXULQ�ȷ $ QRWKHUSULQFLSOHffl MRLQfflDOORZVWKHIRUP DWLRQRI GHSHQGHQWW“ SHVfflDQGFRQVHTXHQWO“ WKHHP EHGGLQJ RI 0 DUWLQı/ �RI VW“ OHW“ SHWKHRULHVLQ)HIHUP DQΩVWKHRULHVȷ ’ HWDLOVFDQEHIRXQG LQ¿˚@ȷ

%ULQJLQJ WKLVVXEMHFWDWODVWLQWRWKHQLQHWLHVffl)HIHUP DQVKRZHGWKDWDGGLQJ DVHFRQGıRUGHUFRP SUHKHQVLRQD[LRP WRKLVWKHRULHVDOORZVKLP WRHP EHG* Lı UDUGΩV6“ VWHP ) ¿˘˚@ffl¿˘¯@ȷ7KHP RGHOFRQVWUXFWLRQV) HIHUP DQXVHGWRSURYHWKH FRQVLVWHQF“ RI WKHVHWKHRULHVDUHXQUHODWHGWRWKRVHSUHYLRXVO“ XVHGWRSURYHWKH FRQVLVWHQF“ RI 6“ VWHP ) fflDQGKHQFHFDVWQHZ OLJKWRQWKLVUHVXOWȷ 0 RUHRYHUfflLW LVKHOSIXOWRKDYHDVLQJOHV“ VWHP WKDWXQLqHVWKHW“ SHWKHRULHVRI 0 DUWLQı/ �RI DQG* LUDUGȷ) XUWKHUGHYHORSP HQWVRI ) HIHUP DQΩVW“ SHWKHRULHVP D“ EHIRXQGLQ ¿˘¸@ffl¿˘ß@ffl¿˘æ@ȷ

)URP WKHSRLQWRI YLHZ RI DSSO“ LQJ W“ SHWKHRU“ WRWKHDFWXDOIRUP DOL]DWLRQRI FRQVWUXFWLYHP DWKHP DWLFVfflRQHSUREOHP DWLFSRLQWLVWKHQRWLRQRI VXEW“ SHȷ7KLV QRWLRQLVVXSSRUWHGRQO“ LQGLUHFWO“ E“ 0 DUWLQı/ �RIΩVWKHRULHVDQGE“ 6“ VWHP ) ffl YLDH[SOLFLWHP EHGGLQJVȷ ) HIHUP DQΩVWKHRULHVRpHUDP RUHQDWXUDOWUHDWP HQW RI VXEW“ SHVȷ 2 WKHUUHVHDUFKHUVfflIRUH[DP SOH&XULHQ¿ˇß@DQG&DUGHOOL¿ˇ¸@fflDUH ZRUNLQJ RQZD“ VRI DGGLQJ VXEW“ SLQJ WR6“ VWHP ) ȷ

¸

˚ 6HP DQWLFVRI &RQVWUXFWLYH6“ VWHP V

: RUNRQWKHVHP DQWLFVRI FRQVWUXFWLYHV“ VWHP VJRHVEDFNWR%HWKDQG. ULSNHffl

ZKRLQWURGXFHGFHUWDLQNLQGVRI P RGHOVIRU+H“ WLQJΩVSUHGLFDWHFDOFXOXVLQWKH

ˇø¯´ΩVffVHH¿ß¯@IRUDQLQWURGXFWLRQfifflDQGWR. OHHQHfflZKRLQWURGXFHGWKHUHDOL]ı

DELOLW“ VHP DQWLFVLQWKHˇø˚´ΩVȷ

+DOI DFHQWXU“ ODWHUffl WKHUHDUHGR]HQVRUP D“ EHHYHQ KXQGUHGVRI SHRSOH

ZRUNLQJ RQWKHVHP DQWLFVRI YDULRXVFRQVWUXFWLYHWKHRULHVȷ0 DQ“ GLpHUHQWNLQGV

RI VHP DQWLFVKDYHEHHQGLVFRYHUHGfflDQGDWWKHVDP HWLP HfflWKHYDULRXVNLQGVRI

VHP DQWLFVKDYHEHHQUHODWHGDQGXQLqHGXVLQJ WKHWRROVRI FDWHJRU“ WKHRU“ȷ7KLV

H[SORVLRQEHJDQZLWK6FRWWΩVFRQVWUXFWLRQRI P RGHOVRI WKHXQW“ SHGzıFDOFXOXV

LQˇøßø ffVHH¿¯@IRUWKHGHWDLOVRI WKLVFRQVWUXFWLRQfiȷ

6FRWWΩVFRQVWUXFWLRQ DQGFDWHJRU“ WKHRU“ȷ ,Q WKHˇøæ´ΩVDQLP SRUWDQWFRQı

QHFWLRQZDVP DGHEHWZHHQWKHzıFDOFXOXVDQGFDWHJRU“ WKHRU“ȷ ,WZDVUHDOL]HG ffE“ / DP EHNfi WKDWWKHUHLVDRQHıRQHFRUUHVSRQGHQFHEHWZHHQP RGHOVRI W“ SHG zıFDOFXOXVDQG&DUWHVLDQFORVHGFDWHJRULHVȷ ff$ &DUWHVLDQFORVHGFDWHJRU“ LVD

FDWHJRU“ LQZKLFKRQHFDQIRUP IURP WZRREMHFWVDQHZ REMHFWϖ_ϱ EHKDYLQJ OLNH

WKHVSDFHRI DUURZVIURP ϖ WRϱȷfi 3UHYLRXVO“fflP RGHOVRI W“ SHGzıFDOFXOXVKDG

EHHQFRQVWUXFWHGE“ VWDUWLQJ ZLWKP RGHOVRI XQW“ SHGzıFDOFXOXVfflDQGVHOHFWLQJ

RXWWKHW“ SHGHOHP HQWVȷ 1 RZfflWKDQNVWR6FRWWDQG/ DP EHNfflRQHFRXOGUHYHUVH

WKHSURFHVVȷ 6FRWWFRQVWUXFWHG&DUWHVLDQ FORVHGFDWHJRULHVLQZKLFKDFHUWDLQ

REMHFW8 VDWLVLHG8_8 LVRP RUSKLF WR8 fflVRP RGHOVRI XQW“ SHGzıFDOFXOXVFRXOG

EHFRQVWUXFWHGIURP W“ SHGP RGHOVȷ

7RSRVWKHRU“ DVVHP DQWLFVȷ7KHVHYHQWLHVDOVRVDZ WKHGHYHORSP HQWRI WRSRVı

WKHRUHWLF VHP DQWLFVRI LQWXLWLRQLVWLF V“ VWHP Vȷ $ WRSRVLVD &DUWHVLDQ FORVHG

FDWHJRU“ ZLWKDQREMHFWo WRSOD“ WKHUROHRI WKHW“ SHRI SURSRVLWLRQVfflDQGD

?VXEREMHFWFODVVLqHUΠfflZKLFKHVVHQWLDOO“ P HDQVWKDWDUURZVLQWRo EHKDYHOLNH

FKDUDFWHULVWLFIXQFWLRQVfflWKDWLVfflWKHUHLVDQREMHFWLQWKHFDWHJRU“ EHKDYLQJ OLNH

I♭ ≥ ϖ Æ�ff♭ fi WJffl ZKHQ � LVDQ DUURZ IURP ϖ WR oȷ ) RUDQ LQWURGXFWLRQ

WR WRSRVWKHRU“fflRQHVKRXOG UHDG ¿¯˚@ȷ 7KHFRQQHFWLRQ EHWZHHQ WRSRVWKHRU“ ffZKLFKZDVLQGHSHQGHQWO“ GHYHORSHGfiDQGLQWXLWLRQLVWLFV“ VWHP VJUHZ RXWRI WKH

UHDOL]DWLRQWKDWLI DFRP SOHWH+H“ WLQJ DOJHEUD⇁ ffWKHLQWXLWLRQLVWLFDQDORJXHRI

D%RROHDQDOJHEUDfi LVJLYHQfflWKHQWKH⇁ ıVHWVffGHqQHGLQGXFWLYHO“ DVIXQFWLRQV

IURP ⇁ ıVHWVWR⇁ fiIRUP DWRSRVȷ

,QFRQQHFWLRQZLWKFDWHJRU“ WKHRU“fflLWLVQDWXUDOWRFRQVLGHU?LQWXLWLRQLVWLF

W“ SHWKHRU“ Π ⇁ ϖ_Ξ ffl ZKLFK GLpHUVIURP WKHW“ SHWKHRULHVFRQVLGHUHG DERYHLQ

WKDWWKHUHLVD?SRZHUW“ SHΠ RSHUDWLRQ FRQVWUXFWLQJ WKHSRZHUW“ SH3 ffϖ fi RI

DW“ SHϖ ȷ 7KLVW“ SHWKHRU“ LVP RUHOLNHWKHVLP SOHW“ SHWKHRU“ RI WUDGLWLRQDO

VHWWKHRU“ȷ 7KHWHUP P RGHORI ⇁ ϖ_Ξ LVWKH?IUHHWRSRVΠȷ &DWHJRU“ ıWKHRUHWLF

WHFKQLTXHVGXHWR3HWHU)UH“ GZHUHXVHGWRVKRZ WKDWWKHIUHHWRSRV7 VDWLVqHV

WKHH[LVWHQFHDQGGLVMXQFWLRQSURSHUWLHVÆ LI SB TKROGVLQ7fflWKHQS KROGVLQ7

RUTKROGVLQ7fflDQGLI ff≪♭ Æϖ fiϱ KROGVLQ7 WKHQWKHUHLVDQDUURZ DÆˇ ÷ ϖ

VXFKWKDWϱ¿Dψ ♭ @KROGVLQ7ȷ 7KHVHWHFKQLTXHVWXUQHGRXWWREHHTXLYDOHQWWR

NQRZQYDULDQWVRI UHDOL]DELOLW“ RQWKHSURRIıWKHRUHWLF VLGHfflEXWWKHFRQQHFWLRQ ß

WRWRSRVWKHRU“ KHOSHGWRV“ VWHP DWL]HWKHVHFRQVWUXFWLRQVfflDQGJLYHZKDWKDG EHHQ SXUHO“ V“ QWDFWLF WUDQVODWLRQVDVHP DQWLF DSSHDUDQFHȷ )RUWKHGHWDLOVRI WKHVHFRQFHSWVDQGUHVXOWVfflRQHVKRXOGUHDG¿˚ß@ȷ

5HDOL]DELOLW“ 7RSRVȷ 0 DUWLQ+“ ODQG¿˚´@LQYHQWHGWKH?UHDOL]DELOLW“ WRSRVΠffl ZKLFK JDYHUHDOL]DELOLW“ D VHP DQWLF DSSHDUDQFHVLP LODUWR ⇁ ıVHWVffl DQG P DGH LWHDVLHUWR H[WHQG UHDOL]DELOLW“ WR FRP SOLFDWHG IRUP DOWKHRULHVȷ 7KLVLVZHOOı H[SODLQHG LQ ¿ß˚@ffl Sȷæ˘˚ pȷffl DVZHOODVLQ +“ ODQGΩVSDSHUȷ ( YHQ WKRXJK WKH UHDOL]DELOLW“ WRSRVLVQRZ P RUHWKDQWHQ“ HDUVROGfflWKHUHDUHVWLOORSHQTXHVWLRQV DERXWLWffl IRUH[DP SOHffl ZKHWKHULQWHUQDOUHDOL]DELOLW“ LVWKHVDP HDVH[WHUQDO UHDOL]DELOLW“ȷ^˘

5HFHQWZRUNRI 3KRD¿¸˘@UHSUHVHQWVWKHODWHVWZRUGIURP WKLVGLUHFWLRQRI UHVHDUFKÆ 3KRDFRQVWUXFWVDQ ?HpHFWLYHWRSRVΠ RYHUDWHUP P RGHORI WKHzı FDOFXOXVLQZKLFKFORVHGWHUP VDUHLGHQWLqHGLI WKH“ KDYHWKHVDP H%�RKP WUHHȷ

0 HWULF 6HP DQWLFVȷ 6FRWWΩVP RGHOFRQVWUXFWLRQ ZDVEDVHG WKHFDWHJRU“ RI FRP SOHWHSDUWLDORUGHUVȷ$ QDWXUDOTXHVWLRQLVZKHWKHUWKHUHDUHRWKHULQWHUHVWı LQJ FDWHJRULHVWKDWSHUP LWWKHFRQVWUXFWLRQRI P RGHOVRI W“ SHWKHRU“ LQZKLFK ?GRP DLQHTXDWLRQVΠ VXFKDVϖ ÷ ϖ ϖ FDQ EHVROYHGȷ 2 QHLQWHUHVWLQJ DQı VZHULVP HWULF VHP DQWLFVffl LQYHQWHG E“ GH%DNNHUDQG =XFNHUffLQ FRQQHFWLRQ ZLWKDVWXG“ RI ?SURFHVVDOJHEUDVΠ LQFRP SXWHUVFLHQFHfiȷ ,QP HWULF VHP DQWLFVffl W“ SHVDUHP HWULF VSDFHVZLWK GLDP HWHUDWP RVW̌ ȷ ϖ ÷ ϱ JHWVWKHVXS P HWı ULFȷ0 RUSKLVP VLQWKLVFDWHJRU“ DUHP DSVWKDWGRQRWLQFUHDVHGLVWDQFHfflWKDWLV GffI ♭ ϕI ♮ fi� Gff♭ ϕ♮ fiȷ’ LUHFWOLP LWVLQWKLVFDWHJRU“ ς JHQHUDOO“ GRQΩWH[LVWfflEXWDV $ P HULFDDQG5 XWWHQ¿ˇ@VKRZHGfflWKHVHTXHQFHVDULVLQJ LQ6FRWWΩVFRQVWUXFWLRQGR KDYHGLUHFWOLP LWVfflSURYLGHGZHLQVHUWFRQWUDFWLRQVE“ VRP Ht χ ˇ DWHDFKVWDJHffl VR6FRWWΩVFRQVWUXFWLRQFDQEHWUDQVSRVHGWRWKLVFDWHJRU“fflDOP RVWΞ 7KHUHVXOW LVWKDWLI ZHFRQVLGHUHTXLYDOHQFHFODVVHVRI P HWULFVSDFHVffWZREHLQJ HTXLYDOHQW LI WKH“ KDYHWKHVDP HVKDSHEXWSRVVLEO“ GLpHUHQWVL]HfiWKHQLQWKLVFDWHJRU“ ZH FDQVROYHGRP DLQHTXDWLRQVȷ

: DJQHU¿ß¸@QRWLFHGWKDWWKHFDWHJRU“ ς LVQRW&DUWHVLDQFORVHGfflEHFDXVHWKH HYDOXDWLRQP DSFDQLQFUHDVHGLVWDQFHVfflDQGVRLVQRWDP RUSKLVP LQWKHFDWHJRU“ȷ^¯ $ P HWULF VSDFHLVFDOOHGXOWUDıP HWULF LI Gff♭ ϕ♮ fi� P D[IGff♭ ϕ♯fiϕGff♯ϕ♮ fiJȷ : DJQHU SURYHGWKDWWKHVXEFDWHJRU“ . RI ς IRUP HGE“ XOWUDıP HWULFVSDFHVLV&DUWHVLDQ FORVHGȷ 0 RUHRYHUfflLI DVHTXHQFHRI XOWUDıP HWULF VSDFHVKDVDGLUHFWOLP LWLQςffl WKDWGLUHFWOLP LWLVLQ. WRRȷ

8 S WR WKLVSRLQWWKHXOWUDP HWULF VHP DQWLFVORRNVOLNHDIRUP DOIRRWQRWHWR P HWULFVHP DQWLFVfflEXW: DJQHUVKRZHGWKDWLWLVYHU“ QDWXUDOȷ( YHU“ XOWUDP HWULF VSDFHLQ FDWHJRU“ ς FDQ EHDVVRFLDWHG ZLWK DQ oıVHWEDVHG RQ WKHFRP SOHWH +H“ WLQJ DOJHEUD¿´ϕˇ@ȷ ff/ HW¿¿♭ ♮ @@ Gff♭ ϕ♮ fiffl VR GLVWDQFH]HUR P HDQVWUXHffl GLVWDQFHˇ P HDQVIDOVHȷfi 1 RZ WKHFRQGLWLRQWKDWP RUSKLVP VEHGLVWDQFHıQRQı LQFUHDVLQJ EHFRP HVWKHLQWHUQDOYHUVLRQRI DQHTXDOLW“ D[LRP ♭ ♮ ÷ I ♭ I ♮ ȷ

˘ ,QDULWKP HWLFffl≪HffHUϖ fi LVHTXLYDOHQWWRLWVUHDOL]DELOLW“ LQWHUSUHWDWLRQfflEHFDXVHWKHIRUP XOD HUϖ EHORQJVWRWKHV“ QWDFWLF FODVVRI DOP RVWıQHJDWLYHIRUP XODHȷ 7 KLVDUJXP HQWGRHVQΩWH[ WHQG LP P HGLDWHO“ WR KLJKHUW“ SHVȷ ¯ GffI ♭ ϕJ♮ fi FDQ EHJUHDWHUWKDQ GffffI ϕ♭ fiϕffJϕ♮ fifi VXS IGff♭ ϕ♮ fiϕGffIϕJfiJ æ

7UDQVLWLYLW“ RI HTXDOLW“ LVGLUHFWO“ YHULqHGXVLQJ WKHVWURQJ WULDQJOHLQHTXDOLW“ȷ

7KHLQWHUQDOHTXDOLW“ EHWZHHQHOHP HQWVRI WKHSRZHUVHWRI DQoıVHWWXUQVRXW

WREHWKH+DXVGRUp GLVWDQFHEHWZHHQVXEVHWVRI DP HWULFVSDFHfflZKLFKKDVORQJ

EHHQDQLP SRUWDQWP DWKHP DWLFDOWRROȷ_˚

) UDFWDOP RGHOVRI ODP EGDıFDOFXOXVȷ )UDFWDOVDUHGLUHFWOLP LWVRI VXEVHWVRI D P HWULF VSDFHffXVXDOO“ WKHSODQHfiLQWKH+DXVGRUp P HWULFfflVRWKHLUFRP SOHP HQWV DUHLQYHUVHOLP LWVȷ,QDGDSWLQJ 6FRWWΩVFRQVWUXFWLRQRIDP RGHORIODP EGDFDOFXOXV WRWKHP HWULF VHP DQWLFVfflZHXVHLQYHUVHOLP LWVRI P HWULF VSDFHVϖ_Q ffGHqQHGE“ ϖ_´ 1 DQGϖ_{Qffi ˇ} ϖ_Q ÷ ϖ_Qfi WR FRQVWUXFWDP RGHOφ ZKLFKKDVFRSLHVRI HDFKϖ_Q DVVXEVHWVDQGLVHTXDOWRWKHXQLRQRI WKHVHFRSLHVȷ φ FDQWKXVEH FRQVLGHUHGDJHQHUDOL]HGIUDFWDOȷ* HQHUDOL]HGfflEHFDXVHZHGRQΩWVHHKRZ WRJLYH WKHVHP RGHOVDJHRP HWULFDOIRUP ŒWKH“ LQYROYHREMHFWVRIKLJKHUW“ SHZKLFKGRQΩW OHQGWKHP VHOYHVWRFRP SXWHUJUDSKLFVȷ

&RKHUHQFHıVSDFH VHP DQWLFVȷ ,Q ˇøœøffl * LUDUGΩVERRN ¿¯¯@LQWURGXFHG WKH FRKHUHQFHıVSDFHVHP DQWLFVffl WKHVWXG“ RI ZKLFKOHG WR OLQHDUORJLFȷ 7KHHpRUW WRXQGHUVWDQGDQGDSSO“ OLQHDUORJLFLVQRZDGD“ VDEVRUELQJ WKHHpRUWVRI P DQ“ UHVHDUFKHUVDURXQGWKHZRUOGȷ6WLOOWKHFRKHUHQFHıVSDFHVHP DQWLFVLVRI LQGHSHQı GHQWLQWHUHVWIRULQWXLWLRQLVWLFV“ VWHP Vȷ

3( 5 VHP DQWLFVȷ 0 RJJLDQG+“ ODQG¿˚ˇ@VKRZHGKRZ WRXVHSDUWLDOHTXLYDı OHQFHUHODWLRQVff3( 5fi WRGHqQHDVHP DQWLFVȷ 7KHGHqQLWLRQRI 3( 5 LVLQVSLUHG E“ UHDOL]DELOLW“ Æ ZKDWNLQGVRI ELQDU“ UHODWLRQVFDQ LQWHUSUHWHTXDOLW“ ” 7KLV VHP DQWLFVOHGWRWKHFRQVWUXFWLRQRI P RGHOVIRUSRO“ P RUSKLFW“ SHVfflLQSDUWLFXODU * LUDUGΩV6“ VWHP ) ȷ3ULRUWRWKH3( 5 VHP DQWLFVfflRQO“ WHUP P RGHOVFRQVWUXFWHG E“ 7DLWΩVP HWKRGZHUHNQRZQIRUSRO“ P RUSKLF V“ VWHP Vȷ

¸ $ FWXDOLP SOHP HQWDWLRQRI FRQVWUXFWLYHIRUP DO V“ VWHP V

2 QHRI WKHP RVWH[FLWLQJ VWUDQGVRI FRQVWUXFWLYLW“ LQWKHQLQHWLHVLVWKHXVHRI FRQVWUXFWLYHIRUP DOV“ VWHP VLQWKH?FRP SXWHUL]DWLRQRI P DWKHP DWLFVΠȷ 3HRSOH DURXQGWKHZRUOGDUHWU“ LQJ WRFRQVWUXFWV“ VWHP VLQZKLFKP DWKHP DWLFVFDQEH GRQHRQDFRP SXWHUȷ7KDWLVfflDSURRI ZLOOEHUHSUHVHQWHGE“ DQH[SOLFLWLQWHUQDO GDWDREMHFWȷ 6XFKSURRIVP D“ EHFRQVWUXFWHGLQWHUDFWLYHO“ E“ DKXP DQ XVHUffl RUDXWRP DWLFDOO“ E“ DWKHRUHP ıSURYHUfflRUfflLQWKHIXWXUHfflLQWHUDFWOYHO“ E“ DXVHU ZLWKVRP HDVVLVWDQFHIURP WKHFRP SXWHUȷ , ZLOOGHVFULEHVRP HRI WKHSURMHFWV WKDWDUHZRUNLQJ LQWKLVGLUHFWLRQȷ^¸

7KHP RVWH[WHQVLYHLP SOHP HQWDWLRQRI DFRQVWUXFWLYHV“ VWHP LV1 XSUOfflGHı YHORSHGXQGHUWKHGLUHFWLRQRI 5ȷ&RQVWDEOHDW&RUQHOO¿ˇæ@1 XSUOLVEDVHGRQ

˚ 7 KH+DXVGRUp GLVWDQFHLVDP HDVXUHRI WKHVL]HRI WKHVHWıWKHRUHWLF GLpHUHQFHRI WZRVHWV ϖ DQGϱfflQDP HO“ WKHVXSUHP XP RYHU♭ ≥ ϖ RI WKHLQqP XP RYHU♮ ≥ ϱ RI Gff♭ ϕ♮ fiȷ ¸ , KDYHDOUHDG“ P HQWLRQHG WKHSLRQHHULQJ HpRUW$ 8 7 2 0 $ 7 +ȷ , ZDVDEOHWR H[SHULP HQW ZLWK$ 8 7 2 0 $7 + LQˇ øœ¯ fflEXW, EHOLHYH$ 8 7 2 0 $7 + LVKLVWRU“ QRZfflLQWKHVHQVHWKDWLWLV QR ORQJHUUXQQLQJ RQ DQ“ FRP SXWHUȷ

œ

DFRQVWUXFWLYHW“ SHWKHRU“ VLP LODUWRWKRVHRI 0 DUWLQı/ �RIfflEXWLQFOXGLQJ VRP H

IDFLOLWLHVIRUVXEW“ SLQJȷ 7KH35/ VWDQGVIRU3URRI 5HqQHP HQW/ RJLFȷ 7KLV

HVVHQWLDOO“ P HDQVWKDWSURRIVDUHFRQVWUXFWHGIURP WKHJRDOEDFNZDUGVȷ ,QWKH

WUDGLWLRQDOZD“ RI ZULWLQJ SURRIVfflWKDWZRXOGEHIURP WKHERWWRP XSȷff,Q1 XSUOffl

JRDOVDUHZULWWHQDWWKHWRS DQGWKHGHULYDWLRQVRQZKLFKWKH“ GHSHQGDUHZULWı

WHQEHORZ DQGLQGHQWHGȷfi 1 XSUOLQFOXGHVDQLQWHUDFWLYHSURRIHGLWRUȷ7KLVP HDQV

WKDWWKHXVHUFRQVWUXFWVDSURRI LQWHUDFWLYHO“fflJHWWLQJ RQHOLQHDWDWLP HDFFHSWHG

E“ 1 XSUOȷ 7KHXVHUFDQGHqQHQHZ UXOHVRI LQIHUHQFHLQWKH0 / SURJUDP P LQJ

ODQJXDJHŒWKHVHDUHFDOOHG?WDFWLFVΠȷ

1 XSUOKDVEHHQXVHGE“ P DQ“ JUDGXDWHVWXGHQWVDQGUHVHDUFKHUVDW&RUQHOOffl

DQG LVQRZ LQVWDOOHG DWVHYHUDORWKHUVLWHVDURXQG WKHZRUOGȷ 1 XP HURXVFDVH

VWXGLHVKDYHEHHQP DGHRI IRUP DOL]LQJ SURRIVLQ1 XSUOȷ 2 QHP D“ SRLQWWR’ ȷ

+RZHΩVIRUP DOL]DWLRQRI WKHSURRI RI * LUDUGΩVSDUDGR[ ffWKHIDFWWKDW“ RXFDQΩW

KDYHDW“ SHRI DOOW“ SHVLQ0 DUWLQı/ �RIΩVWKHRULHVfiȷ

$ IHZ “ HDUVDJR, ZURWHDUHYLHZ RI 1 XSUOLQWKH-6/ ¿ø@fflLQZKLFK, ZURWH

WKDWWKHDFLG WHVWRI VXFK V“ VWHP VLVZKHWKHUWKH“ DUHXVHG E“ SHRSOHRWKHU

WKDQWKHFUHDWRUVDQGWKHLUVWXGHQWVȷ 1 XSUOLVSDVVLQJ WKLVWHVWQRZDGD“ VÆ LWLV

EHLQJ XVHGIRUSUDFWLFDOSXUSRVHVfflLQKDUGZDUHYHULqFDWLRQȷ( OHFWULFDOHQJLQHHUV

ERWKLQ&RUQHOODQGLQ/ HHGVDUHXVLQJ 1 XSUOWRFRQVWUXFWIRUP DOSURRIVRI WKH

FRUUHFWQHVVRI FLUFXLWGHVLJQVIRUFKLSVȷ

)HIHUP DQΩVV“ VWHP VIRUP HGWKHEDVLVIRU+D“DVKLΩVSURJUDP 3; ¿¯ß@ȷ 3; ffl

ZKLFKVWDQGVIRUSURRI H[WUDFWLRQfflSHUP LWVRQHWRFRQVWUXFWDIRUP DOSURRIfflDQG

WKHQDXWRP DWLFDOO“ H[WUDFWDQDOJRULWKP IURP LWfflE“ UHDOL]DELOLW“ȷ7KHDOJRULWKP

FRP HVRXWLQ/ ,63 DQGFDQEHH[HFXWHGȷ 7RP DNHWKHDOJRULWKP VFRP HRXWLQ

/ ,63ffl+D“DVKLP RGLqHG)HIHUP DQΩVWKHRULHVVRWKDWWKH“ DUHEDVHGGLUHFWO“ RQ

/ ,63fflUDWKHUWKDQRQzıFDOFXOXVȷ 7KHP DLQH[DP SOHJLYHQLQ¿¯ß@LVDGHFLVLRQ

SURFHGXUHIRUSURSRVLWLRQDOFDOFXOXVȷ

,Q6HQGDLffl-DSDQffl0 ȷ6DWRKDVGHYHORSHGDV“ VWHP FDOOHG537 ¿¸ß@fflZKLFKLV

EDVHGRQ$ F]HOΩVLGHDRI) UHJHVWUXFWXUHVfflRUP RUHSUHFLVHO“ RQDIRUP DOWKHRU“ RI

)UHJHVWUXFWXUHVVLP LODUWRWKDWVHWRXWLQWKHODVWFKDSWHURI ¿˚@ȷ7KHDGYDQWDJH

RI WKLVDSSURDFK LVWKDWSURRIVDUH?qUVWFODVVREMHFWVΠ ZKLFKFDQEHGLUHFWO“

P DQLSXODWHG ZLWKLQWKHWKHRU“ȷ : LWKWKHKHOS RI . DP H“ DP Dffl5 37 KDVEHHQ

LP SOHP HQWHGRQWKHFRP SXWHUfflDQG. DP H“ DP DKDVXVHGWKHLP SOHP HQWDWLRQWR

FKHFNDSURRI RI WKH&KXUFKı5RVVHUWKHRUHP IRU5 37ΩVUHGXFWLRQUXOHVȷ

,&2 7 GHYHORSHGDWKHRUHP ıSURYHU0 * 73fflDQGDVVRFLDWHGZLWKLWDSURRIı

H[WUDFWRU3DS“ UXVȷ,Q6HSWHP EHUfflˇøøˇffl, VDZ DGHP RQVWUDWLRQLQZKLFK0 * 73

FKHFNHGDFRQVWUXFWLYHSURRI RI WKH&KLQHVHUHP DLQGHUWKHRUHP fflDQG3DS“ UXV

H[WUDFWHGDQH[HFXWDEOHDOJRULWKP IURP WKHSURRIȷ

5RG%XUVWDOODQG5 DQG“ 3ROODFNKDYHEXLOWDSURRIıFKHFNHUWKH“ FDOO/ HJRffl

DW( GLQEXUJKȷ ,Q/ HJRfflWKH“ KDYHGHqQHGUHDOQXP EHUVYLD&DXFK“ VHTXHQFHVffl

DQGWKH“ KDYHSURYHGWKDWP HWULFVSDFHVKDYHDFRP SOHWLRQfflWKXVP DNLQJ DJRRG

VWDUWRQWKHFRP SXWHUL]DWLRQRI WKHqUVWFKDSWHUVRI %LVKRSΩVERRNȷ

,VDEHOOH¿¸ˇ@LVDSURJUDP ZKLFKDOORZVLWVXVHUWRVSHFLI“ DW“ SHWKHRU“fflDQG

WKHQWRFKHFNSURRIVLQLWȷ ø

’ DOH0 LOOHU¿˚ø@KDVGHVLJQHGDSURJUDP P LQJ ODQJXDJHFDOOHGzı3URORJfflZKLFK LVEDVHGRQLQWXLWLRQLVWLFW“ SHWKHRU“ȷ-XVWDV3URORJ ZRUNVZLWKWKH+RUQIUDJı P HQWRI qUVWıRUGHUORJLFfflzı3URORJ ZRUNVZLWK WKH+RUQ IUDJP HQWffDFWXDOO“ D VRP HZKDWP RUHJHQHUDOIUDJP HQWfi RI KLJKHUıRUGHUORJLFȷ 7KHNH“ WR WKLVHQı WHUSULVHLVWKHXVHRI +XHWΩVzıXQLqFDWLRQDOJRULWKP ¿¯ø@LQSODFHRI 5RELQVRQΩV qUVWıRUGHUXQLqFDWLRQȷzı3URORJ KDVEHHQXVHGE“ $ P “ )HOW“ ¿˘ø@DVDP HDQVRI LP SOHP HQWLQJ WKHRUHP ıSURYHUVDQGSURRIıFKHFNHUVIRURWKHUFRQVWUXFWLYHORJLFVȷ

ß &RP SXWHU$ OJHEUDDV&RQVWUXFWLYH0 DWKHP DWı LFV 6LQFHDERXW̌ øæ´fflWKHVXEMHFWRI &RP SXWHU$ OJHEUDfflZKLFKLQFOXGHVFRP SXWHU FDOFXOXVfflKDVJURZQE“ OHDSVDQGERXQGVȷ 2 QHZLVKLQJ DQLQWURGXFWLRQWRWKH VXEMHFWVKRXOGEHJLQZLWK¿˚˘@DQG¿ˇø@ȷ7KHSURMHFWEHLQJ XQGHUWDNHQLVQRWKLQJ OHVVWKDQWKHFRQVWUXFWLYL]DWLRQRI DOJHEUDȷ $ OJRULWKP VZHUHSURYLGHGIRUWKH IXQGDP HQWDORSHUDWLRQVVXFKDVSRO“ QRP LDOJUHDWHVWFRP P RQGLYLVRUfflIDFWRULQJ SRO“ QRP LDOVfflDQGLQWHJUDWLQJ HOHP HQWDU“ IXQFWLRQVȷ$ OJRULWKP VIRUGHDOLQJ ZLWK DOJHEUDLFQXP EHUVKDYHDOVREHHQVWXGLHGȷ %HUOHNDP SΩVIDFWRULQJ DOJRULWKP IRU SRO“ QRP LDOVLQWURGXFHG WKHXVHRI SıDGLF P HWKRGVEDVHG RQ +HQVHOΩVOHP P Dffl ZKLFKZHUHVRRQDSSOLHGWRRWKHUDOJHEUDLF SUREOHP VfflIRUH[DP SOHIDVWSRO“ QRı P LDOJFGFRP SXWDWLRQVȷ

7KHVLP SOLqFDWLRQRI H[SUHVVLRQVLQYROYLQJ UDGLFDOVOHGWRGLs FXOWSUREOHP Vffl ZKLFK ZHUHVROYHG UHFHQWO“ ffLQ WKHRU“ DWOHDVWfi E“ 6ȷ/ DQGDX ¿˚æ@ȷ / DQGDXΩV P HWKRGVKDYHKDYHQRW“ HWEHHQLP SOHP HQWHGfflVRLWLVVWLOOHDV“ WRqQGH[SUHVı VLRQVZLWKUDGLFDOVWKDWDUHQRWSURSHUO“ VLP SOLqHGE“ SRSXODUV“ P EROLFFRP SXı WDWLRQSURJUDP Vȷ 6LP LODUO“fflWKHLP SOHP HQWDWLRQRI WKH5 LVFKLQWHJUDWLRQDOJRı ULWKP OHGWRGLs FXOWDOJHEUDLF TXHVWLRQVȷ , EHOLHYHWKHIXOO5 LVFKDOJRULWKP KDV EHHQLP SOHP HQWHGIRUWKHqUVWWLP HLQ0 DWKHP DWLFDYHUVLRQ˘ȷ́ ȷ 7KH* U�REQHU EDVLVDOJRULWKP GLVFRYHUHGE“ %XFKEHUJHU¿ˇ˘@ffl¿ˇ¯@KDVEHHQIXQGDP HQWDOIRU GHDOLQJ ZLWK SRO“ QRP LDOVRI VHYHUDOYDULDEOHVȷ 8 QGHUWKHGLUHFWLRQ RI %XFKı EHUJHUfflWKHJURXS DW5,6&ı/ LQ] KDVEHHQVWXG“ LQJ RWKHUDOJRULWKP VIRUVROYLQJ VHYHUDOSRO“ QRP LDOHTXDWLRQVDVZHOOfflQRWDEO“ WKHP HWKRGRI FKDUDFWHULVWLFVHWV DQGWKHP HWKRGRI SRO“ QRP LDOUHP DLQGHUVHTXHQFHVȷ

,WLVLQWHUHVWLQJ DQG LP SRUWDQWWR FRP SDUHWKHFRQFHUQVRI WKHFRP SXWHU DOJHEUDLVWVZLWKWKRVHRI WKHIROORZHUVRI %LVKRSȷ 7KHUHLVDJUHDWGHDORI RYHUı ODSÆ ERWK ZDQWWKHRUHP VWR KDYHFRP SXWDWLRQDOP HDQLQJȷ %XWWKHIRFXVRI WKHFRP SXWHUDOJHEUDLVWVLVRQWKHDOJRULWKP VWKHP VHOYHVȷ 7KH%LVKRS VFKRROΩV IRFXVLVRQ WKHWKHRUHP VDQG SURRIVȷ 7KHDOJRULWKP VDUHOHIWLP SOLFLWLQ WKH SURRIVȷ 7KH%LVKRS VFKRROLVQRWFRQFHUQHG ZLWK WKHHs FLHQF“ RI WKHDOJRı ULWKP Vȷ. URQHFNHUΩVIDFWRUL]DWLRQDOJRULWKP IRUSRO“ QRP LDOVLVJRRGHQRXJKIRU WKHP fflEHFDXVHLWVKRZVWKDWLQSULQFLSOHSRO“ QRP LDOVFDQEHIDFWRUHGȷ$WDERXW WKHVDP HWLP HDV’ DYHQSRUWΩVERRNRQFRP SXWHUDOJHEUDDSSHDUHGffl5 LFKP DQffl

ˇ´

5D“fflDQG 0 LQHVSXEOLVKHG D%LVKRSıVW“ OHWUHDWP HQWRI DOJHEUDȷ 7KHP DLQ HIı

IRUWVRI WKLVERRNDUHWR GHDOZLWK WKHGHSHQGHQFHRI WKHDOJHEUDLF VWUXFWXUH

RQSDUDP HWHUVŒWKHUHDUHP DQ“ FRXQWHUH[DP SOHVRI WKHIRUP 5 ffDfifflZKHUHDLVD

QXP EHUffSDUDP HWHUfiZKLFKP D“ RUP D“ QRWKDYH]HURLP DJLQDU“ SDUWŒLI LWGRHVffl

WKHqHOGLVςfflLI QRWLWLV5 ȷ &RP SXWHUDOJHEUDfflVRIDUfflGHDOVRQO“ ZLWKVSHFLqF ffFRQFUHWHfi DOJHEUDLF VWUXFWXUHVŒLQWKDWUHVSHFWLWLVQRW“HW?P RGHUQDOJHEUDΠȷ

5LFKP DQffl 5D“ffl DQG 0 LQHVffl RQ WKHRWKHUKDQGffl IDFHDQG VROYHWKHGLs FXOWLHV

RI DFRQVWUXFWLYHIRUP XODWLRQRI P RGHUQDOJHEUDfflEXWZLWKRXWFRQFHUQIRUWKH

LP SOHP HQWDELOLW“ RUXVDELOLW“ RI WKHDOJRULWKP Vȷ

7KHFRP SXWHUDOJHEUD V“ VWHP Vffl VXFK DV0 DWKHP DWLFDffl 0 DSOHffl DQG 0 $&ı

6¡0 $ ffl DUHVR IDUFDOFXODWRUVRQO“ffl UDWKHUWKDQ LP SOHP HQWDWLRQVRI FRKHUHQW

IRUP DOV“ VWHP VIRUP DWKHP DWLFVȷ ,QGHHGfflLWLVHDV“ WRGHULYHFRQWUDGLFWLRQVLQ

WKHVHV“ VWHP Vȷ ) RUH[DP SOHfflLQ0 $&6¡0 $ fflLI ZHVHWD ´fflDQGWKHQGLYLGH

ERWKVLGHVRI WKHHTXDWLRQE“ DfflXVLQJ WKHFRP P DQGΦ ψ DfflZHZLOOJHW̌ ´ffl

EHFDXVH0 $&6¡0 $ WKLQNVDψ D ˇ DQG´ψ D ´ȷ ) XUWKHUH[DP SOHVDUHJLYHQ

LQ¿¸@DQG¿ß˘@ȷ7KHVHDUHQRWVLP SO“ ?EXJVΠ WKDWFRXOGEHHDVLO“ UHP RYHGȷ7KH

XQGHUO“ LQJ GLs FXOW“ LVWKDWV“ P EROLF RSHUDWLRQVRIWHQKDYHSUHıFRQGLWLRQVfflRU

VLGHFRQGLWLRQVfflWKDWP XVWEHP HWEHIRUHWKH“ FDQEHDSSOLHGȷ. HHSLQJ WUDFNRI

WKHVHVLGHFRQGLWLRQVUHTXLUHVDIXOOıEORZQORJLFDODSSDUDWXVȷ,QHVVHQFHHDFKOLQH

RI FRP SXWDWLRQLVWKHVXFFHGHQWRI D* HQW]HQVHTXHQWfflDQGWKHDQWHFHGHQWOLVWV

WKHFRQGLWLRQVRUDVVXP SWLRQVRQZKLFKLWGHSHQGVȷ3UHVHQWıGD“ V“ P EROLFFRP ı

SXWDWLRQV“ VWHP VWUDFNRQO“ WKHVXFFHGHQWfflOHDYLQJ WKHORJLFDQGWKHMXGJHP HQW

RI WKHFRUUHFWQHVVRI WKHUHVXOWWRWKHXVHUȷ

7KHQH[WVWHS LVWKHFRQVWUXFWLRQ RI FRP SXWHUL]HG V“ VWHP VLQFRUSRUDWLQJ

VHULRXVP DWKHP DWLFDODOJRULWKP VfflOLNH0 $&6¡0 $ fflEXWEXLOWRQDVROLGORJLFDO

IRXQGDWLRQffl OLNH1 XSUOȷ 7KLVLVRQHRI WKHWDVNVRI WKHQH[WGHFDGHȷ , KDYH

P DGHDVWDUWLQ WKLVGLUHFWLRQ E“ EXLOGLQJ DV“ VWHP DGHTXDWHIRULQVWUXFWLRQ

LQ DOJHEUDffl WULJRQRP HWU“ffl DQG FDOFXOXV¿¸@ffl ¿ß@ffl ¿æ@ȷ ,WLVOLP LWHG LQ ERWK LWV

ORJLFDODQG FRP SXWDWLRQDOIHDWXUHVWR ZKDWLVUHTXLUHG LQ WKRVHFRXUVHVffl EXW

VWLOOfflLQLQWHJUDWLQJ FRP SXWDWLRQDODQGORJLFDOIHDWXUHVfflLWJRHVEH“ RQGDQ“ RWKHU

V“ VWHP ȷ

æ 6SUHDG RI LQr XHQFH RI FRP SXWDWLRQDOYLHZı

SRLQWLQ P DWKHP DWLFV

( YHU“ ZKHUHWRGD“ RQHFDQVHHWKHLQr XHQFHRI WKHFRP SXWHURQP DWKHP DWLFVȷ

)URP WKHFRP SXWHUıDVVLVWHGSURRI RI WKHIRXUıFRORUWKHRUHP fflWRWKHXELTXLWXRXV

JUDSKLF LP DJHVRI IUDFWDOVfflRQHFDQVHHWKDWWKHIHHOLQJ LVEHFRP LQJ P RUHDQG

P RUHZLGHVSUHDGWKDWDSUREOHP LVQΩWVROYHGXQWLO“ RXFDQFRP SXWHWKHDQVZHUȷ

7KHVKLIWLQSKLORVRSK“ WKDW%LVKRS KRSHGKLVERRNZRXOGEULQJ DERXWfflLVRFı

FXUULQJ WRGD“ GXHWR WKHLQrXHQFHRI WKHFRP SXWHUȷ 7KHSURFHHGLQJVRI WKH

&RP SXWHUVDQG0 DWKHP DWLFVFRQIHUHQFHVVKRZ WKDWWKHFRP SXWHULVEHLQJ XVHG

ˇˇ

LQDOOEUDQFKHVRI P DWKHP DWLFVȷ7KHUHLVfflIRUH[DP SOHfflDSURJUDP 6QDS3HDWKDW LVXVHGE“ WRSRORJLVWVWRKHOS WKHP XQGHUVWDQG¯ıP DQLIROGVȷ 6RP HP DWKHP DWLı FLDQVDUHWXUQLQJ WKHLUDWWHQWLRQWRLVVXHVRI FRQVWUXFWLYLW“ DQGFRP SXWDELOLW“ȷ )RUH[DP SOHffl6P DOHffl%OXP DQG6KXE KDYHZRUNHGRQGHqQLWLRQVRI FRP SXWDELOı LW“ RI UHDODQGFRP SOH[ IXQFWLRQV¿¸ø@fflDQG6P DOHKDVDOVRWDNHQXS FRP SOH[LW“ LVVXHVLQOLQHDUSURJUDP P LQJ ¿ß´@fflDQGWKHVSHHGDQGGRP DLQRI FRQYHUJHQFHRI 1 HZWRQΩVP HWKRG¿ßˇ@ȷ0 DQ“fflSHUKDSVP RVWfflP DWKHP DWLFVGHSDUWP HQWVKDYHDW OHDVWRQHSHUVRQFRQYHUVDQWZLWKVRP HFRP SXWHUDOJHEUDV“ VWHP ȷ 3HUKDSVLWLV VDIHWRVD“ WKDWQRERG“ WRGD“ SXEOLVKHVDQH[LVWHQFHWKHRUHP ZLWKRXWDWOHDVW WKLQNLQJ DERXWKRZ WRFRP SXWHWKHVROXWLRQȷ

: HVWLOOKDYHDORQJ ZD“ WRJRfflWKRXJKȷ, DVNHGTXLWHDIHZ P DWKHP DWLFLDQVffl LQFOXGLQJ D FRXSOHRI DOJHEUDLF JHRP HWHUVffl IRUD JRRG DOJRULWKP WR JUDSK D SRO“ QRP LDOUHODWLRQI ff♭ ϕ♮ fi ´ RYHUDVSHFLqHGSODQHUHFWDQJOHȷ$ SSDUHQWO“ WKH DFFXP XODWHGNQRZOHGJHRI WKHFHQWXULHVGRHVQRWRpHUXVRQHELWRI KHOS ZLWK WKLVSUREOHP ȷ^ß

œ &RQVWUXFWLYLW“ DQG WKH6FLHQFHV

$ UHFXUUHQWTXHVWLRQLVWKHUHODWLRQVKLS RI FRQVWUXFWLYLW“ WRVFLHQFHfflRUSKLORVRı SK“ RI VFLHQFHȷ, SXWIRUZDUGWKHYLHZ WKDWWKHLQWHUHVWLQJ TXHVWLRQVLQWKLVDUHD KDYHWKXVIDUQRWEHHQDQVZHUHGȷ ) RUH[DP SOHfflRQHRI WKHP RVWIXQGDP HQWDO TXHVWLRQVZDVqUVWIRUP XODWHGE“ . UHLVHOP RUHWKDQWKLUW“ “ HDUVDJRȷ* LYHQWKH LQLWLDOSRVLWLRQV♭ DQGYHORFLWLHVYRI WKUHH1 HZWRQLDQERGLHVRI XQLWP DVVffVD“ VSKHUHVRI UDGLXVˇfflRULGHDOL]HGSRLQWSDUWLFOHVLI “ RXSUHIHUŒDQGIRUVLP SOLFLW“ VXSSRVHWKHLQLWLDOFRQGLWLRQVWREHJLYHQE“ UDWLRQDOQXP EHUVfiȷ ’ HqQHI ff♭ϕYfi WREHˇ LI WKHERGLHVHYHQWXDOO“ FROOLGHfflDQG´ LI QRWfflZKHQWKHV“ VWHP HYROYHV XQGHUWKHODZVRI 1 HZWRQLDQJUDYLW“ DQGP HFKDQLFVȷ,VI FRP SXWDEOH” 3RXUı( ODQG 5LFKDUGV¿¸¯@KDYHVKRZQ WKDWWKHZDYHHTXDWLRQ KDVQRQı FRP SXWDEOHVROXWLRQVIRUVRP HFRP SXWDEOHLQLWLDOGDWDȷ7KLVUHVXOWGHSHQGVRQ WKHIDFWWKDWWKHZDYHHTXDWLRQFRQYHUWVZLJJOHVLQWKHLQLWLDOGDWDΩVGHULYDWLYH WR ZLJJOHVLQ WKHIXQFWLRQ LWVHOI DWDODWHUWLP Hȷ 7R JHWQRQFRP SXWDEOHGDWD DWWLP Hˇffl“RXP XVWVWDUWZLWKQRQFRP SXWDEOHGHULYDWLYHVDWWLP H´ȷ ff6HH¿˚@ffl SSȷ œ´ıœˇ IRUGHWDLOVŒVHHDOVR. UHLVHOΩVUHYLHZ RI 3RXUı( ODQG5LFKDUGVLQ¿˚¸@ȷ 7KRVHZKRZRXOGDWWDFKSKLORVRSKLFDOVLJQLIDQFHWRWKHUHVXOWVP XVWWKHQDUJXH WKDWFRP SXWDEOHGDWDZLWKQRQıFRP SXWDEOHGHULYDWLYHVDUHSK“ VLFDOO“ UHDOL]DEOHffl EXWQRQıFRP SXWDEOHGDWDDUHQRWSK“ VLFDOO“ UHDOL]DEOHȷ &RQWHP SODWLRQRI WKH LVVXHVUDLVHGE“ WKLVTXHVWLRQfflSDUWLFXODUO“ WKHTXHVWLRQRI ZKDWLWP HDQVIRUD IXQFWLRQWREHSK“ VLFDOO“ UHDOL]DEOHfflOHDGVRQWKHRQHKDQGWRWKHSKLORVRSKLFDO P RUDVVRI GLVFUHWHQHVVYHUVXVFRQWLQXLW“fflDQGRQWKHRWKHUKDQGWRWKHP “ VWHULHV RI TXDQWXP P HFKDQLFVDQGP HDVXUHP HQWȷ

ß7 KHGLs FXOW“ LVWKDWZHGR QRWNQRZ KRZ P DQ“ FRQQHFWHG FRP SRQHQWVWKHJUDSK ZLOO KDYHȷ $ OWKRXJK ZHFDQ qQG D]HUR DQG WUDFHRXWWKHFXUYHFRQWDLQLQJ WKDW]HURfflKRZ GR ZH NQRZ ZKHWKHURUZKHQZHKDYHIRXQG DOOWKHFRQQHFWHGFRP SRQHQWV”

ˇ˘

7KHUHGRHVVHHP WR EHDQ RSHQ WHFKQLFDOTXHVWLRQ LQ WKLVDUHDÆ GR WKH

0 D[ZHOOHTXDWLRQVEHKDYHVLP LODUO“ WRWKHZDYHHTXDWLRQLQWKLVUHVSHFW”

,QWKHIRXQGDWLRQVRI TXDQWXP P HFKDQLFVfflWKHUHLVDIRUP DOWKHRU“ RI RSHUı

DWRUVRQ+LOEHUWVSDFHVȷ 6RP HRI WKHIXQGDP HQWDOWKHRUHP VRI WKLVWKHRU“ DUH

QRQıFRQVWUXFWLYHRQWKHIDFHRI WKHP DWWHUfflDOWKRXJKWKH“ GRKDYHFRQVWUXFWLYH

YHUVLRQVȷ $ JDLQfflLWLVGLs FXOWWRGHFLGHWKHSKLORVRSKLFDOVLJQLqFDQFHRI WKHVH

REVHUYDWLRQVȷ

ø $ 3 KLORVRSKLFDO7 KHVLV

7KHP DWKHP DWLFLDQ7UXHVGHOOSUHGLFWHGWKDWWKHFRP SXWHUZLOOLQrXHQFHP DWKı

HP DWLFVDVP XFKDVWKHWHOHVFRSHLQrXHQFHGDVWURQRP “ RUWKHP LFURVFRSHLQrXı

HQFHELRORJ“ȷ , EHOLHYHWKDWWKHSKLORVRSK“ RI FRQVWUXFWLYHP DWKHP DWLFVP XVW

DOVR UHVSRQGȷ $ SKLORVRSK“ UHVWLQJ RQ WKHFRQFHSWRI FRP SXWDWLRQDOP HDQı

LQJ FDQQRWLJQRUHWKHFKDQJHVLQRXUDELOLW“ WRSHUIRUP FRP SXWDWLRQVȷ ,I WKHVH

FKDQJHVZHUHQRWVRGUDP DWLFfflRQHFRXOGDUJXHWKDWWKHFRQFHSWRIFRP SXWDWLRQDO

P HDQLQJ LVQRWDpHFWHGE“ WKHP ȷ%XWWKHFKDQJHVLQRXUDELOLW“ WRFRP SXWHKDYH

EHHQGUDP DWLFfflVRP XFKVRWKDWRXUFRQFHSWVDERXWFRP SXWDWLRQKDYHDOVREHHQ

DpHFWHGȷ

%URXZHUffl+H“ WLQJfflDQG%LVKRS ZHUHXQLWHGLQWKHLUIHHOLQJ WKDWWKHHs FLHQF“

RI FRP SXWDWLRQZDVQΩWWKHSRLQWȷ: KDWP DWWHUHGZDVZKHWKHUDVROXWLRQFRXOG

EHFRP SXWHGLQSULQFLSOHȷ7KDWP D“ KDYHEHHQDQDSSURSULDWHYLHZSRLQWfflZKHQ

ZHZHUHOLP LWHG WR SHQFLOıDQGıSDSHUFRP SXWDWLRQVȷ 1 RZ WKDWZHKDYHFRP ı

SXWHUVfflLWKDVWR EHUHWKRXJKWȷ ,WGRHVP DWWHUfflZKHQ ZHZDQWWR SURYHWKDW

SRO“ QRP LDOVFDQ EHIDFWRUHGfflZKHWKHUZHWDNH. URQHFNHUΩVSURRI ZLWKLWVXQı

XVDEO“ LQHs FLHQWDOJRULWKP fflRU%HUOHNDP SΩVSURRI WKDWDFWXDOO“ HQDEOHVXVWR

IDFWRUSRO“ QRP LDOVRI LQWHUHVWȷ 1 RZfflRQHP D“ VD“ WKDWWKLVLVDP DWWHURI SUDFı

WLFDOfflEXWQRWSKLORVRSKLFDOfflLQWHUHVWȷ %XW, ZLOOP DNHWKHP DWWHURI Hs FLHQF“

LQWRDSKLORVRSKLFDOSRLQWȷ, SXWIRUZDUGWKHIROORZLQJ WKHVLVÆ

&RQVWUXFWLYLW“ LVDQDWWULEXWHRI SURRIVfflOLNHHOHJDQFHRUEHDXW“ fflWKDWFDQEH

SRVVHVVHG LQ JUHDWHURUOHVVHUGHJUHĤ LWLVQRWDQ DOOıRUıQRWKLQJ TXDQWLW“ OLNH

FRUUHFWQHVVȷ

)RUH[DP SOHffl%HUOHNDP SΩVSURRI LVP RUHFRQVWUXFWLYHWKDQ. URQHFNHUΩVfflEHFDXVH

WKHDOJRULWKP LQYROYHGLVP RUHHs FLHQWȷ ( YHQEHWZHHQWZRSURRIVfflQHLWKHURQH

RI ZKLFKLVFRQVWUXFWLYHLQWKHWUDGLWLRQDOVHQVHfflRQHP D“ EHDEOHWRVD“ WKDW

RQHLV?P RUHFRQVWUXFWLYHΠ WKDQ WKHRWKHUȷ ) RUH[DP SOHffl . �RQLJΩVOHP P DIRU

ELQDU“ WUHHVLVP RUHFRQVWUXFWLYHWKDQ =HUP HORΩVSURRI WKDWWKHUHDOVFDQ EH

ZHOOıRUGHUHGȷ

,QP RUHWHFKQLFDOWHUP VfflRQHFDQFODVVLI“ SURRIVDFFRUGLQJ WRWKHFRP SOH[LW“

RI WKHDOJRULWKP VZKLFKLP SOLFLWLQWKHSURRIVȷ ff9DULRXVWHFKQLFDOQRWLRQVVXFK

DVUHDOL]DELOLW“ FRXOGEHXVHGWRP DNHWKLVSUHFLVHȷfi 7UDGLWLRQDOO“fflFRQVWUXFWLYLW“

KDVGUDZQWKHOLQHDW7XULQJ FRP SXWDELOLW“fflFRQVLGHULQJ HYHU“ WKLQJ RQRQHVLGH

ˇ¯

FRQVWUXFWLYHDQGHYHU“ WKLQJ RQWKHRWKHUVLGHEH“ RQGWKHSDOHȷ8 QWLOWKHDGYHQW RI WKHFRP SXWHUfflRQO“ DKDQGIXORI VSHFLDOLVWVFDUHGDERXWWKLVGLVWLQFWLRQȷ1 RZffl SUDFWLFLQJ P DWKHP DWLFLDQVDUHLQWHUHVWHGfflEXWWKH“ DUHGUDZLQJ WKHOLQHORZHUÆ WKH“ DUHLQWHUHVWHGLQSURRIVWKDWFDQEHSURJUDP P HGDQGUXQȷ

)HIHUP DQKDVORQJ SURSRVHGDWHFKQLFDOVWXG“ RQWKHVHOLQHVÆRQHVKRXOGJR WKURXJK%LVKRSΩVERRNDQGVHHKRZ P XFKRI LWFDQEHGRQH?IHDVLEO“ ΠfflHȷJȷZLWK SRO“ QRP LDOıWLP HDOJRULWKP Vȷ 6WHSVLQWKLVGLUHFWLRQZHUHDOUHDG“ WDNHQE“ . R DQG) ULHGP DQ¿˚¯@ffl¿¯´@ffl¿˚˚@ȷ7KHUHLVVWLOOP RUHZRUNWREHGRQHȷ , ZLOOQRZ P DNHDGLUHFWDUJXP HQWIRUWKHWKHVLVȷ ?&RQVWUXFWLYLW“ Π DVXVHG LQ WKHWLWOHRI WKLVSDSHUUHIHUVWR WKLVÆ ZKHQRQHKDVVROYHG DSUREOHP FRQı VWUXFWLYHO“ffl RQHFDQ H[KLELWWKHVROXWLRQŒ RULI LWGHSHQGVRQ VRP HGDWDffl RQH FDQVKRZ KRZ WRFRP SXWHWKHVROXWLRQIURP WKHGDWDȷ 7KHWUDGLWLRQDOQRWLRQ RI FRQVWUXFWLYLW“ DURVHE“ LGHQWLI“ LQJ FRP SXWDELOLW“ ZLWK7XULQJ FRP SXWDELOLW“ȷ %XWHYHU“ ERG“ ZKRKDVSOD“ HGZLWKFRP SXWHUVNQRZVWKLVLVXQUHDOLVWLFŒP DQ“ 7XULQJ FRP SXWDEOHIXQFWLRQVFDQΩWDFWXDOO“ EHUXQȷ0 RUHYHUfflZHDUHDEOHWRXQı GHUVWDQGQRWLRQVRI UHODWLYHFRP SXWDELOLW“fflRUGLQDOFRP SXWDELOLW“fflHWFȷfflWKDWJR EH“ RQG7XULQJ FRP SXWDELOLW“ȷ2 QFHZHDGP LWWKDWWKHVHGLVWLQFWLRQVDUHSRVVLı EOHDQGP HDQLQJIXOfflWKHJHQHUDOSULQFLSOHWKDWP HDQLQJIXOGLVWLQFWLRQVVKRXOGEH P DGHLP SOLHVWKDWWKHQRWLRQRI FRQVWUXFWLYLW“ P XVWIUDJP HQWLQWRP DQ“ UHODWHG QRWLRQVȷ

6XSSRUWIRUWKHDERYHSKLORVRSKLFDOWKHVLVFDQ EHGUDZQ LQGLUHFWO“ IURP WHFKQLFDOUHVHDUFKLQSURRI WKHRU“ FRQGXFWHGRYHUWKHODVWIRUW“ “ HDUVȷ 3URRIı WKHRULVWVKDYHFRQVWUXFWHGDKLHUDUFK“ RI IRUP DOV“ VWHP VfflFRUUHVSRQGLQJ P RUH RUOHVVWRLQFUHDVLQJ QRQıFRQVWUXFWLYLW“ȷ,QWKHVL[WLHV) HIHUP DQ¿˘´@ffl¿˘ˇ@IRUP Xı ODWHGV“ VWHP VFRUUHVSRQGLQJ WRWKHSKLORVRSKLFDOLGHDRI SUHGLFDWLYLW“fflLQZKLFK ffURXJKO“ VSHDNLQJfiVHWVGHqQHGXVLQJ TXDQWLqHUVRYHUSRZHUVHWVQRWFRQVLGHUHG OHJLWLP DWHȷ 7KHP DLQ UHVXOWVRI ) HIHUP DQΩVUHVHDUFK LP SO“ WKDWWKLVUHVWULFı WLRQRQVHWGHqQLWLRQSULQFLSOHVWUDQVODWHVWRDUHVWULFWLRQRQWKHFRP SOH[LW“ RI IXQFWLRQVGHqQDEOHŒWKDWLVfflLI “ RXFDQVROYHDSUREOHP SUHGLFDWLYHO“ffl“ RXFDQ ?H[KLELWΠ WKHVROXWLRQDVDIXQFWLRQRI WKHGDWDfflZKHUHWKHIXQFWLRQLVGHqQHG E“ RUGLQDOUHFXUVLRQXS WRDFHUWDLQRUGLQDOc_´ ȷ7KLVSURJUDP RI UHVHDUFKTXLWH SRVVLEO“ LQVSLUHG) ULHGP DQWRGHYHORS KLVLGHDRI ?UHYHUVHP DWKHP DWLFVΠfflZKLFK ZDVIXUWKHUGHYHORSHG E“ 6LP SVRQȷ ff6HH¿¸æ@ffl RUfflZKHQ LWEHFRP HVDYDLODEOHffl ¿¸œ@fiȷ ,QUHYHUVHP DWKHP DWLFVfflEDVLF WKHRUHP VVXFKDV%RO]DQRı: HLHUVWUDVVDUH VKRZQWR EHHTXLYDOHQWWR D[LRP VFKHP DWDFRQVLGHUHG LQ SURRI WKHRU“ȷ 7KXV P DWKHP DWLFVDVDZKROHLVFODVVLqHGLQWRVWUDWDDFFRUGLQJ WRWKHGHJUHHRI FRQı VWUXFWLYLW“ LQYROYHGȷ ,QWKHODVWGHFDGHfflWKHVHLGHDVKDYHEHHQH[WHQGHGLQWKH RWKHUGLUHFWLRQfflWRFUHDWHDVXEıFRQVWUXFWLYHKLHUDUFK“ RIVXEWKHRULHVRI+H“ WLQJΩV DULWKP HWLFȷ7KHVHWKHRULHVKDYHEHHQGHqQHGDQGVWXGLHGE“ %XVVDQG7DNHXFKLffl DQGVKRZQWRKDYHQDWXUDOFRQQHFWLRQVZLWKWKHKLHUDUFKLHVRI IXQFWLRQVFRQı VLGHUHGLQFRP SOH[LW“ WKHRU“ȷ 7KXV+H“ WLQJΩVDULWKP HWLF +$ fflDQGZLWKLWWKH WUDGLWLRQDOQRWLRQRI FRQVWUXFWLYLW“fflLVMXVWRQHSRLQWRQDVSHFWUXP ȷ2 I FRXUVHffl RQHP D“ WDNHWKHYLHZ WKDWWKHRWKHUSRLQWVKDYHRQO“ WHFKQLFDOVLJQLqFDQFHŒ EXWWKHYLHZ DGYDQFHGKHUHLVUDWKHUWKHRSSRVLWHfflWKDWZKLOH+$ LVFHUWDLQO“ DQ ˇ˚

LQWHUHVWLQJ SRLQWRQWKLVVSHFWUXP fflWKHRWKHUVDOVRKDYHSKLORVRSKLFDOP HDQLQJȷ

ˇ ´ 3 RVWVFULSW

$WWKHP RP HQWfflWKHUHLVWRROLWWOHFRP P XQLFDWLRQEHWZHHQWKHGLpHUHQWJURXSV

GLVFXVVHGLQWKLVSDSHUȷ 7KHFRP SXWHUDOJHEUDLVWVKDYHQRWUHDG%LVKRSȷ 7KH

%LVKRS IROORZHUVKDYHQRWUHDG ’ DYHQSRUWȷ 1 HLWKHURQHNQRZVP XFK DERXW

1 XSUOȷ 6“ VWHP VOLNH1 XSUOGRQRWLQFRUSRUDWHDOJRULWKP VIURP FRP SXWHUDOJHı

EUDfflZKLFK ZRXOGJUHDWO“ LQFUHDVHWKHLUSRZHUWR IRUP DOL]HUHDOP DWKHP DWLFVȷ

&RP SXWHUDOJHEUDV“ VWHP VZRUNHQWLUHO“ ZLWKRXWDQ“ ORJLFDOIRUP DOLVP fflZKLFK

P HDQVWKDWWKH“ DUHVXEMHFWWRHUURUfflDVWKH“ FDQΩWFKHFNWKHSUHFRQGLWLRQVRI

DOJHEUDLF RSHUDWLRQVȷ ,I WKLVSDSHUKHOSVVRP HRI WKHVHSHRSOHWRJHWLQWHUHVWHG

LQZKDWVRP HRI WKHRWKHUVDUHGRLQJffl, ZLOOKDYHDFKLHYHGP “ DLP LQZULWLQJ LWȷ

5 HIHUHQFHV

¿ˇ@3ȷ$ P HULFDffl-ȷ5 XWWHQffl6ROYLQJ UHrH[LYHGRP DLQHTXDWLRQVLQ DFDWHJRU“

RI FRP SOHWHP HWULFVSDFHVffl&HQWUHIRU0 DWKHP DWLFVDQG&RP SXWHU6FLHQFHffl

5HSRUW&6ı5œ´æøffl) HEUXDU“ ˇøœæȷ

¿˘@-ȷ: ȷGH%DNNHUffl-ȷ=XFNHUffl3URFHVVHVDQGWKHGHQRWDWLRQDOVHP DQWLFVRI

FRQFXUUHQF“ffl,QIRUP DWLRQDQG&RQWURO

¸ ˚ ffˇ´œ˘fiæ´ıˇ˘´

¿¯@+ȷ%DUHQGUHJWffl7KH/ DP EGD&DOFXOXVÆ ,WV6“QWD[ DQG6HP DQWLFVffl1 RUWKı +ROODQGffˇøœˇfiȷ

¿˚@0 ȷ %HHVRQffl ) RXQGDWLRQV RI &RQVWUXFWLYH 0 DWKHP DWLFVffl 6SULQJHUı9HUODJ ffˇøœ¸fiȷ

¿¸@0 ȷ %HHVRQffl / RJLF DQG FRP SXWDWLRQ LQ 0 DWKSHUWÆ DQ H[SHUWV“ VWHP IRU OHDUQLQJ P DWKHP DWLFVfflLQÆ . DOWRIHQffl( ȷfflDQG: DWWffl6ȷ0 ȷffl&RP SXWHUVDQG 0 DWKHP DWLFVfflSSȷ˘´˘ı˘ˇ˚ffl6SULQJHUı9HUODJ ffˇøœøfiȷ

¿ß@0 ȷ%HHVRQffl 0 DWKSHUWÆ DFRP SXWHUL]HG HQYLURQP HQWIRUOHDUQLQJ DOJHEUDffl WULJffl DQG FDOFXOXVffl -ȷ £UWLqFLDO,QWHOOLJHQFHDQG( GXFDWLRQ ˘ ffˇøø´fiffl SSȷ ˇı̌ ˇȷ

¿æ@0 ȷ%HHVRQffl0 DWKSHUWÆ &RP SXWHU6XSSRUWIRU/ HDUQLQJ $ OJHEUDffl7ULJfflDQG &DOFXOXVfflLQWKHSURFHHGLQJVRI WKHFRQIHUHQFHRQ/ RJLF 3URJUDP P LQJ DQG £XWRP DWHG 5HDVRQLQJffl 6Wȷ 3HWHUVEXUJffl 5XVVLDffl -XO“ffl ˇøø˘ffl WR DSSHDULQ 6SULQJHU/ HFWXUH1 RWHVLQ&RP SXWHU6FLHQFHȷ

¿œ@0 ȷ%HHVRQffl7RZDUGVDFRP SXWDWLRQV“ VWHP EDVHGRQVHWWKHRU“ffl7KHRUHWLFDO &RP SXWHU6FLHQFHß´ Æ˘øæ^¯˚´ ffˇøœœfiȷ

ˇ¸

¿ø@0 ȷ%HHVRQffl5 HYLHZ RI ¿ˇæ@ffl-ȷ6“P EROLF / RJLF ¸ ¸ ffˇøø´fiSȷˇ˘øøȷ

¿ˇ´@0 ȷ %HHVRQffl 6RP HDSSOLFDWLRQVRI * HQW]HQΩVSURRI WKHRU“ LQ DXWRP DWHG

GHGXFWLRQffl LQÆ 6FKURHGHUı+HLVWHUffl 3ȷffl ( [WHQVLRQ RI / RJLF 3URJUDP P LQJffl

6SULQJHU/ HFWXUH1 RWHVLQ&RP SXWHU6FLHQFH˚ æ¸ fflSSȷˇ´ˇı̌ ¸ßffl6SULQJHUı

9HUODJ ffˇøøˇfi

¿ˇˇ@( ȷ%LVKRSffl) RXQGDWLRQVRI &RQVWUXFWLYH£QDO“VLVffl0 F* UDZı+LOOffl1 HZ ¡RUN ffˇøßæfiȷ7KHRULJLQDOHGLWLRQLVRXWRISULQWȷ7KHUHLVDDUHYLVHGDQGH[WHQGHG

VHFRQGHGLWLRQffl( ȷ%LVKRS DQG’ ȷ%ULGJHVffl&RQVWUXFWLYH£QDO“VLVffl6SULQJHUı

9HUODJ ffˇøœ¸fiȷ

¿ˇ˘@%XFKEHUJHUffl%ȷffl+LVWRU“ DQGEDVLF IHDWXUHVRI WKHFULWLFDOıSDLUFRP SOHWLRQ

SURFHGXUHffl-ȷ6“P EROLF &RP SXWDWLRQ¯ Æ¯ı¯œ ffˇøœæfi

¿ˇ¯@%XFKEHUJHUffl%ȷffl* U�REQHUEDVHVÆDQDOJRULWKP LFP HWKRGLQSRO“ QRP LDOLGHDO

WKHRU“fflSSȷˇœ˚ı˘¯˘ LQÆ%RVHffHGȷfiffl0 XOWLGLP HQVLRQDO6“VWHP V7KHRU“ffl5 HLı

GHOffl’ RUGUHFKWffˇøœ¸fiȷ

¿ˇ˚@1 ȷ’ H%UXLMQffl$ VXUYH“ RI WKHSURMHFW$8 72 0 $7+fflLQÆ-ȷ5ȷ+LQGOH“ DQG

-ȷ3ȷ6HOGLQffHGVȷfiffl7R+ȷ%ȷ&XUU“Æ &RP ELQDWRU“ / RJLFffl/ DP EGD&DOFXOXVffl

DQG) RUP DOLVP ffl$ FDGHP LF3UHVVffˇøœ´fiȷ

¿ˇ¸@/ ȷ&DUGHOOLffl 6ȷ0 DUWLQLffl -ȷ0 LWFKHOOffl $ ȷ6FHGURYffl$ Q H[WHQVLRQ RI V“ VWHP

) ZLWKVXEW“ SLQJfflLQÆ ,WRffl7ȷfflDQG0 H“HUffl$ ȷ5fflffHGVfiffl7KHRUHWLFDO£ VSHFWV

RI &RP SXWHU6RIWZDUHfflSSȷæ¸´ıææ´ffl6SULQJHU/ HFWXUH1 RWHVLQ&RP SXWHU

6FLHQFH¸ ˘ ß ffˇøøˇfiȷ

¿ˇß@3ȷ&XULHQDQG* ȷ* KHOOLffl6XEW“ SLQJ ffi H[WHQVLRQDOLW“ ÆFRQrXHQFHRI qv WRS

UHGXFWLRQ LQ ↽^� ffl LQÆ 7ȷ ,WR DQG $ ȷ5 ȷ0 H“HUffHGVfiffl 7KHRUHWLFDO£ VSHFWV

RI &RP SXWHU6RIWZDUHfflSSȷæ¯ˇıæ˚øffl6SULQJHU/ HFWXUH1 RWHVLQ&RP SXWHU

6FLHQFH¸ ˘ ß ffˇøøˇfiȷ

¿ˇæ@5ȷ&RQVWDEOHfflHWȷDOȷffl,P SOHP HQWLQJ 0 DWKHP DWLFVZLWKWKH1XSUO3URRI ’ Hı

YHORSP HQW6“ VWHP ffl3UHQWLFHı+DOOffl( QJOHZRRG&OLpVffl1 HZ -HUVH“ ffˇøœßfiȷ

¿ˇœ@7ȷ&RTXDQGDQG* ȷ+XHWffl7KHFDOFXOXVRI FRQVWUXFWLRQVffl,QIRUP DWLRQDQG

&RP SXWDWLRQæßÆø¸ıˇ˘´ ffˇøœœfiȷ

¿ˇø@-ȷ ’ DYHQSRUWffl ¡ȷ 6LUHWffl DQG ( ȷ 7RXUQLHUffl &RP SXWHU£OJHEUDffl $ FDGHP LF

3UHVVffl/ RQGRQ̀ 6DQ’ LHJRffˇøœœfiȷ

¿˘´@6ȷ) HIHUP DQffl6“ VWHP VRI SUHGLFDWLYHDQDO“ VLVffl-RXUQDORI 6“P EROLF / RJLF˘ ø ffˇøß˚fiˇı¯´ȷ

¿˘ˇ@6ȷ) HIHUP DQffl6“ VWHP VRI SUHGLFDWLYHDQDO“ VLV,,ÆUHSUHVHQWDWLRQVRI RUGLQDOVffl

-RXUQDORI 6“P EROLF / RJLF ¯ ¯ ffˇøßœfiˇø¯ı˘˘´ȷ

ˇß

¿˘˘@6ȷ) HIHUP DQffl &RQVWUXFWLYHWKHRULHVRI IXQFWLRQVDQG FODVVHVffl SSȷˇ¸øı̆ ˘˚ LQÆ0 ȷ%RpDffl’ ȷYDQ’ DOHQfflDQG. ȷ0 F$ ORRQffHGVȷfiffl/ RJLF &ROORTXLXP ΩæœÆ 3URFHHGLQJVRI WKH/ RJLF &ROORTXLXP DW0 RQVffl1 RUWKı+ROODQGffl$ P VWHUGDP ffˇøæøfiȷ

¿˘¯@6ȷ) HIHUP DQffl/ RJLFVIRUWHUP LQDWLRQDQGFRUUHFWQHVVRI IXQFWLRQDOSURJUDP Vffl LQÆ ¡ȷ0 RVFKRYDNLVffHGȷfiffl/ RJLF DQG&RP SXWHU6FLHQFHÆ 3URFȷ RI WKHΩœø 0 65 , &RQIHUHQFHffl6SULQJHUffˇøœøfiȷ

¿˘˚@6ȷ )HIHUP DQffl 3RO“ P RUSKLF W“ SHODP EGDıFDOFXOLLQ D W“ SHıIUHHD[LRP DWLF IUDP HZRUNfflP DQXVFULSWffl0 D“fflˇøœœȷ

¿˘¸@6ȷ) HIHUP DQffl/ RJLFVIRUWHUP LQDWLRQDQGFRUUHFWQHVVRI IXQFWLRQDOSURJUDP Vffl ,,Æ/ RJLFVRI VWUHQJWK35$ fflWRDSSHDULQ3URFHHGLQJVRI/ HHGV3URRI7KHRU“ Ωø´ &RQIHUHQFH

¿˘ß@6ȷ) HIHUP DQffl$ QHZ DSSURDFKWRDEVWUDFWGDWDW“ SHVffl,ȷ,QIRUP DOGHYHORSı P HQWffl0 DWKȷ6WUXFWXUHVLQ&RP SXWHU6FLHQFH˘ ffˇøø˘fiˇø¯ı̆ ˘øȷ

¿˘æ@6ȷ) HIHUP DQffl$ QHZ DSSURDFKWRDEVWUDFWGDWDW“ SHVffl,,ȷ&RP SXWDWLRQRQ $ ’ 7VDVRUGLQDU“ FRP SXWDWLRQffl LQÆ ( ȷ %RHUJHUHWȷ DOȷ ffHGVȷfi &RP SXWHU 6FLHQFH/ RJLFfflSSȷæøıø¸ȷ6SULQJHU/ HFWXUH1 RWHVLQ&RP SXWHU6FLHQFHß˘ ß ffˇøø˘fiȷ

¿˘œ@-ȷ)DUP HUHWȷDOȷffl0 ,75( 7HFKQLFDO5HSRUWVȷ

¿˘ø@$ ȷ) HOW“ DQG’ ȷ0 LOOHUffl6SHFLI“ LQJ WKHRUHP SURYHUVLQDKLJKHUıRUGHUSURı JUDP P LQJ ODQJXDJHffl LQÆ 3URFȷ RI WKH1 LQWK ,QWHUQDWLRQDO&RQIHUHQFHRQ £XWRP DWHG’ HGXFWLRQffl£UJRQQHffl,OOȷffl0 D“ ˇøœœfflSSȷßˇıœ´ffl/ HFWXUH1 RWHV LQ&RP SXWHU6FLHQFH¯ ˇ ´ ffl6SULQJHUı9HUODJffl%HUOLQ̀ +HLGHOEHUJ` 1 HZ ¡RUN ffˇøœœfiȷ

¿¯´@+ȷ)ULHGP DQffl7KHFRP SXWDWLRQDOFRP SOH[LW“ RI P D[LP L]DWLRQDQGLQWHJUDı WLRQffl£GYDQFHVLQ0 DWKHP DWLFV¸ ¯ ffˇøœ˚fiœ´ıøœȷ

¿¯ˇ@0 ȷ) RXUP DQDQG’ ȷ6FRWWffl6KHDYHVDQG/ RJLFfflLQ)RXUP DQffl0 XOYH“fflDQG 6FRWWffHGVȷfiffl£ SSOLFDWLRQVRI 6KHDYHVffl3URFHHGLQJVffl’ XUKDP ˇøææffl/ HFWXUH 1 RWHVLQ0 DWKHP DWLFVæ¸ ¯ ffl6SULQJHUı9HUODJȷ

¿¯˘@0 ȷ ) XMLWDffl 5 ȷ +DVHJDZDDQG ¡ȷ 6KLUDLffl 3URJUDP 6“ QWKHVLVE“ $ 0 RGHO * HQHUDWLRQ7KHRUHP 3URYHUffl,&2 7ı75 ıß˘ø ffˇøøˇfiȷ

¿¯¯@-ȷ* LUDUGffl¡ȷ/ DIRQWfflDQG3ȷ7D“ ORUffl3URRIVDQG7“SHVffl&DP EULGJH8 QLYHUı VLW“ 3UHVVffˇøœøfiȷ

¿¯˚@5ȷ* ROGEODWWffl7RSRLÆ7KH&DWHJRULDO£QDO“VLVRI / RJLFffl1 RUWKı+ROODQGffl$ P ı VWHUGDP ffˇøœ˚fiȷ

ˇæ

¿¯¸@5ȷ+DVHJDZDffl+ȷ) XMLWDDQG0 ȷ) XMLWDffl$ 3DUDOOHO7KHRUHP 3URYHULQ. /ˇ

DQG,WV$ SSOLFDWLRQWR3URJUDP 6“ QWKHVLVffl,WDO“ ı-DSDQı6ZHGHQ: RUNVKRSffl

,&2 7ı75ı¸œœ ffˇøø´fiȷ

¿¯ß@6ȷ+D“ DVKLDQG+ȷ1 DNDQRffl3; Æ£ &RP SXWDWLRQDO/ RJLFffl0 ,7 3UHVVffl&DP ı

EULGJHffl0 DVVȷffˇøœœfiȷ

¿¯æ@’ ȷ+RZHffl£XWRP DWHG’ HGXFWLRQLQ&RQVWUXFWLYH7“SH7KHRU“ffl%LUNK�DXVHUı

%RVWRQffl1 HZ ¡RUNffˇøøˇfiȷ

¿¯œ@%ȷ . XW]OHUffl 2 Q WKHDSSOLFDWLRQ RI %XFKEHUJHUΩVDOJRULWKP WR DXWRP DWHG

JHRP HWU“ WKHRUHP SURYLQJffl-ȷ6“P EROLF &RP SXWDWLRQ˘ ffˇøœßfi¯œøı¯øæȷ

¿¯ø@* ȷ +XHWffl $ XQLqFDWLRQ DOJRULWKP IRUW“ SHODP EGDıFDOFXOXVffl 7KHRUHWLFDO

&RP SXWHU6FLHQFHˇ Æ˘æı¸æ ffˇøæ¸fiȷ

¿˚´@0 ȷ+“ ODQGffl7KHHpHFWLYHWRSRVfflLQÆ7KH/ ȷ( ȷ-ȷ%URXZHU&HQWHQDU“ 6“P ı

SRVLXP fflSSȷˇß¸ı˘ˇßffl1 RUWKı+ROODQGffl$ P VWHUGDP ffˇøœ˘fiȷ

¿˚ˇ@0 ȷ+“ ODQGffl( ȷ3ȷ5RELQVRQfflDQG * ȷ5RVROLQLffl7KHGLVFUHWHREMHFWVLQ WKH

HpHFWLYHWRSRVffl3URFȷ/ RQGȷ0 DWKȷ6RFȷff¯fiß´ ffˇøø´fiˇı¯ßȷ

¿˚˘@’ ȷ. QXWKffl6HP LQXP HULFDO£OJRULWKP Vffl£UWRI &RP SXWHU3URJUDP P LQJ ˘ ffl

$ GGLVRQı: HVOH“ȷ

¿˚¯@. ȷ. RDQG+ȷ)ULHGP DQffl&RP SXWDWLRQDOFRP SOH[LW“ RI UHDOIXQFWLRQVffl7KHı

RUHWLFDO&RP SXWHU6FLHQFH˘ ´ ffˇøœ˘fi¯˘¯ı¯¸˘ȷ

¿˚˚@. ȷ. Rffl) HDVLEOH£QDO“VLVffl%LUNDXVHUffl%RVWRQffˇøøˇfiȷ

¿˚¸@* ȷ. UHLVHOffl5 HYLHZ RI ¿¸¯@ffl-ȷ6“P EROLF / RJLF ˚ æ ffˇøœ˘fiø´´ıø´˘ȷ

¿˚ß@-ȷ/ DP EHNDQG3ȷ6FRWWffl,QWURGXFWLRQWRKLJKHURUGHUFDWHJRULFDOORJLFffl&DP ı

EULGJH8 QLYHUVLW“ 3UHVVffˇøœßfiȷ

¿˚æ@6ȷ/ DQGDXffl6LP SOLI“ LQJ QHVWHGUDGLFDOVffl-RXUQDORI 6“P EROLF &RP SXWDWLRQffl

-DQXDU“ ˇøø˘ȷ

¿˚œ@3ȷ0 DUWLQı/ �RIffl,QWXLWLRQLVWLF 7“SH7KHRU“ffl%LEOLSROLVffl1 DSOHVffˇøœ˚fiȷ

¿˚ø@’ ȷ 0 LOOHUffl DQG * ȷ 1 DGDWKXUffl $ Q RYHUYLHZ RI z 3URORJffl SSȷ œˇ´ıœ˘æ LQÆ

. RZDOVNLffl5ȷfflDQG%RZHQffl. ȷffHGVȷfiffl) LIWK,QWHUQDWLRQDO&RQIHUHQFH6“P ı

SRVLXP RQ/ RJLF 3URJUDP P LQJffl0 ,7 3UHVVffl&DP EULGJHffl0 DVVȷffˇøœœfi

¿¸´@0 “ KLOOffl-ȷffl&RQVWUXFWLYHVHWWKHRU“ffl-ȷ6“P EROLF / RJLF ˚ ´ ffˇøæ¸fi¯˚æı¯œ˘ȷ

¿¸ˇ@/ ȷ3DXOVRQffl,VDEHOOHÆ7KHQH[Wæ´´ WKHRUHP SURYHUVfflLQÆ3ȷ2 GLIUHGGLffHGȷfiffl

/ RJLF DQG&RP SXWHU6FLHQFHfflSSȷ¯ßˇı̄ œ¸ffl$ FDGHP LF3UHVVffˇøø´fiȷ

ˇœ

¿¸˘@: ȷ3KRDffl)URP WHUP P RGHOVWRGRP DLQVfflLQÆ,WRffl7ȷfflDQG0 H“ HUffl$ ȷ5fflffHGVfiffl 7KHRUHWLFDO£ VSHFWVRI &RP SXWHU6RIWZDUHffl SSȷ œœıˇˇˇffl 6SULQJHU/ HFWXUH 1 RWHVLQ&RP SXWHU6FLHQFH¸ ˘ ß ffˇøøˇfiȷ

¿¸¯@0 ȷ3RXUı( OfflDQG,ȷ5 LFKDUGVffl7KHZDYHHTXDWLRQZLWKFRP SXWDEOHLQLWLDO GDWDVXFKWKDWLWVXQLTXHVROXWLRQLVQRWFRP SXWDEOHffl£GYDQFHVLQ0 DWKHı P DWLFV¯ ø ffˇøœˇfi˘ˇ¸ı˘¯øȷ

¿¸˚@-ȷ&ȷ5 H“ QROGVffl7RZDUGVDWKHRU“ RI W“ SHVWUXFWXUHfflLQÆ 3DULV&ROORTXLXP RQ3URJUDP P LQJffl6SULQJHU/ HFWXUH1 RWHVLQ&RP SXWHU6FLHQFHˇ øfflSSȷ˚´œı ˚˘¸ ffˇøæ˚fiȷ

¿¸¸@1 ȷ6KDQNDUffl3URRI 6HDUFKLQWKH,QWXLWLRQLVWLF6HTXHQW&DOFXOXVfflLQÆ’ ȷ. Dı SXUffl3URFHHGLQJVRI &£ ’ ( ıˇˇffl/ HFWXUH1 RWHVLQ&RP SXWHU6FLHQFHffˇøø˘fiȷ

¿¸ß@0 ȷ6DWRffl$ GGLQJ SURRIREMHFWVDQGLQGXFWLYHGHqQLWLRQP HFKDQLVP VWR) UHJH VWUXFWXUHVfflLQÆ,WRffl7ȷfflDQG0 H“ HUffl$ ȷ5fflffHGVfiffl7KHRUHWLFDO£ VSHFWVRI &RP ı SXWHU6RIWZDUHfflSSȷ¸¯ıœæffl6SULQJHU/ HFWXUH1 RWHVLQ&RP SXWHU6FLHQFH¸ ˘ ß ffˇøøˇfiȷ

¿¸æ@6ȷ6LP SVRQffl$ SSHQGL[ WRWKHVHFRQGHGLWLRQRI3URRI 7KHRU“ fflE“ * ȷ7DNHXWLffl 1 RUWKı+ROODQGffl$ P VWHUGDP ffˇøœæfiȷ

¿¸œ@6ȷ6LP SVRQffl6XEV“VWHP VRI 6HFRQG2 UGHU£ULWKP HWLFfflWRDSSHDUȷ

¿¸ø@6ȷ6P DOHffl/ ȷ%OXP fflDQG0 ȷ6KXEffl2 QDWKHRU“ RI FRP SXWDWLRQDQGFRP ı SOH[LW“ RYHUWKHUHDOQXP EHUVÆ 1 3 FRP SOHWHQHVVfflUHFXUVLYHIXQFWLRQVfflDQG XQLYHUVDOP DFKLQHVffl%XOOHWLQRI WKH£ ȷ0 ȷ6ȷ˘ ˇ ffˇøœøfiˇı˚ßȷ

¿ß´@6ȷ6P DOHffl2 QWKHDYHUDJHQXP EHURI VWHSVRI WKHVLP SOH[ P HWKRGRI OLQHDU SURJUDP P LQJffl0 DWKȷ3URJUDP P LQJ ˘ æ ffˇøœ¯fi˘˚ˇı˘ß˘ȷ

¿ßˇ@6ȷ6P DOHffl$ OJRULWKP VIRUVROYLQJ HTXDWLRQVffl3URFȷ,QWHUQDWLRQDO&RQJUHVV RI 0 DWKHP DWLFLDQVffl%HUNHOH“fflˇøœßffl$ ȷ0 ȷ6ȷffl3URYLGHQFHffl5 ȷ,ȷffˇøœæfiȷ

¿ß˘@5ȷ6WRXWHP H“HUffl&ULP HVDQGP LVGHP HDQRUVLQWKHFRP SXWHUDOJHEUDWUDGHffl 1 RWLFHVRI WKH£ ȷ0 ȷ6ȷ¯ œffæfiææøıæœ¸ffl6HSWHP EHUˇøøˇȷ

¿ß¯@$ ȷ 6ȷ 7URHOVWUDffl 0 HWDP DWKHP DWLFDO,QYHVWLJDWLRQ RI ,QWXLWLRQLVWLF £ULWKı P HWLF DQG£QDO“VLVffl6SULQJHU/ HFWXUH1 RWHVLQ0 DWKHP DWLFVæ¸ ˚ ffˇøæ¯fiȷ

¿ß˚@$ ȷ 6ȷ 7URHOVWUDDQG ’ ȷ YDQ ’ DOHQffl &RQVWUXFWLYLVP LQ 0 DWKHP DWLFVÆ £Q ,QWURGXFWLRQfflWZRYROXP HVffl1 RUWKı+ROODQGffl$ P VWHUGDP ffˇøœœfiȷ

¿ß¸@. ȷ: DJQHUfflZRUNLQSURJUHVVDW5 ,6&ı/ LQ]ffl$ XVWULDȷ

ˇø