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LV IRXQG VLP LODU WR VRP H RWHU VWW VWW Q LV
GHOHWG IURP =

) ROORZ LQJ DUH VRP H LQWUHVWQJ CHP P DV
FRQFHUQLQJ SURSHUWHV RI DF\ FOF 1 ) $ V 7 KH DVW

RQH SURYHV WKH FRUUHFWQHVV Rl WH DQJ RULWK P

/ HP P D ) RU HYHU\ Q» = . Q _
D oer Q
3 URRI 7 KLV SURSHUW LV VHO HYLGHQWDWS6 WJ H

Z KHUH DOO VWWYV LQ = IRUP D VXFFHVVLRQ IURP

VRXUFH W VLQN ' XULQJ 6 WJ HV DQG VWWYV DQG

WDQVLWRQV DUH GHOMHWG IURP WH HGJHV RI WH

VXFFHVVLRQ RQO 7 KHUHI RUH WK H S URS HUW Lv

P DLQWLQHG WURXJKRXWWH Z KRG SURFHVV "
/ HP P D D 7KHUH LV RQO RQH VWW Q» =

VXFK WDWH[LVW S QF Z LW S» 4 = E 7 KHUH LV

RQO RQH VWW Q» = VXFK WDWH[LVW QT F Z LW
T» 4 =

3 URRI D 6 XSSRVH WHUH DUH Q P » = DQG
S» 4 = VXFK WDWERW S QF DQG S P G H[LVW
% XW VLQFH Q DQG P EHORQJ W WH VDP H

VXFFHVVLRQ RQH P XVWEH VXFFHVVRU RI WH RWHU

/ HWP WH VXFFHVVRUDQG Q WKH SUHGHFHVVRU 7 KHQ
WK HUH VKRXOG DO/R H[ LVWD WDQVLWRQ N P H Z KHUH
N» = 7 KDW LP SAHV ) , Q ! FRQWDGLFWQJ W
/ HP P D E 6\P P HWLFDOW D ~
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Lemma 5: 7 «vun pun QR HTXLYDCHQWVW WHV LQ

3 URRI 6 XSSRVH WHUH DUH W R HTXLYDGOHQW

VWWYV LQ = 7 KHQ E\ / HP P D WHUH DUH W R

VLP LODU VWWYV LQ = /| HWS T» = EH WHVH VWWYV

7 KHQ WHUH DUH HLWHU W R WDQVLWRQV QS F

QTF RUW R WDQVLIWRQV S QF T QF ,Q HLWHU

FDVH Q FDQQRW EHORQJ W = GXH W / HP P D

7 KHUHIRUH Q» 4 = DQG E\ [/ HP P D S DQG T

FDQQRWERW EHORQJ W = ~

Lemma 6: 7 «vun pun QR HTXLYDCHQWVW WHV LQ

VWKH VHW4 =

3 URRI 6 XSSRVH WKHUH DUH W R HTXLYDCHQW
VWWYV LQ 4 = 7 KHQ E\ / HP P D Z H FDQ I1LQG
W R VLP LODU VWWHV S T» 4 = 6 LQFH WH\ DUH

VLP LODU WKH\ VKRXOG EH GLUHFW QQNHG WR DWOHDVW

RQH VWW Q %\ / HP P D Q FDQQRWEH®RQJ W =

,WVKRX0G EHRQJ W 4 = % XW LQ WDW FDVH WH

RULJ LQDO1 ) $ DOVR FRQWILQV S T DQG Q DQG WXV LW

FRXOG QRWEH FRP SDFW "~

Lemma 7: ( YHU\ VWW LQ = KDV DWP RVWRQH
HT X LYD CHQWVWD WA

3 URRI / HW Q» = S T» 4 VXFK WDW Q LV
HT XLYDCGHQWWR ERVK S DQG T %\ / HP P D QHLWK HU
S QRUT FDQ EHORQJ W = VLQFH Q» = 7 KXV WKH\

words

7 HYWUHVX OW DQG FRP SDULVRQ Z LW

ot

) $

P LQLP DO*

P XVWERW EHRQJ W 4 = % XWVLQFH S DQG T DUH

DOVR HT XLYDOHQW WKLV FRQWDGLFW / HP P D »
Lemma 8: .1 z v xvi WKH GHVFULEHG DQ RULWK P

W DGG D QHZ Z RUG W D FRP SDFWDF\FQF 1) $

WHQ WKH XSGDWG 1) $ LVDODR FRP SDFW

3 URRI 6 XSSRVH WKDWDIWU WH HQG RI 6 WJH

WH XSGDWG 1) $ LV. QRW FRP SDFW 7 KHQ E\

/ HP P D WHUH VKRXOG EH W R VLP LODU VWWV LQ

4 / HWXV H[ DP LQH LQ Z KDWVHW WHVH W R VWWV

FDQ EHRQJ W %\ / HP P D WH\ FDQQRW ERWK

EHORQJ W = %\ / HP P D WHQ FDQQRW ERW

EHORQJ W 4 = 7 KHUHIRUH RQH P XVWEH®RQJ W =

DQG WKH RWHU W 4 = % XWVLQFH WH SURFHVV KDV

EHHQ FRP SCHWG 6 WJHV DQG KDYH DQUHDG\

IRU VLP LODU VWWYV 7 KHUHIRUH LWLV QRW

FKHFNHG =

SRVVLEGH WR ILQG W R VLP LODU RUHTXLYDOHQW VWWYV

LQ 4 7 KXV WH XSGDWG 1 ) $ LVFRP SDFW"”

( [ SHULP HQWDO5 HVX OW

7 KH GHVFULEHG DQI RULWKP KDV EHHQ WHVWG XVLQJ D

CH[ LFRQ RI * UHHN Z RUGV LQ UDQGRP

RUGHU 7 KH DYHUDJH Z RUG CHQJW LQ WH OH[ LFRQ

Z DV FKDUDFWUVY WH VLJH RI WKH DB KDEHWZ DV

7 KH QXP EHU RI VWWYV WDQVLWRQV DQG WH

FRQVWXFWRQ WP H Z HUH P HDVXUHG 7 KH UHVXOWN



DUH VKRZ Q LQ ) W 7 KH WLFN QQHV UHIHU WR WH

1)$ WH WLQ QAQHV UHIHU W VWKH FRUUHVSRQGLQJ
P LQLP DO ' ) $ ) RU WH FRQVWXFWRQ RI WH
P LQLP DO ' ) $ DQ LQFUHP HQWO DQ RUMMKP Z DV

XVHG 6 JDUEDV HW DO D Z LWK 2 Q WP H

SHU RUP DQFH 7 KH WHWVWZ DV SHURUP HG RQ D

0 +] 3&

) LJXUHV D E DQG F GLVS M\ UHVSHFWYHO WH

QXP EHU RI VWWYV WH QXP EHU Rl WDQVLWRQV DQG

WH FRQVWXFWRQ WP H RI WH DXWP DWQ LQ

UHVSHFW W WH VLIH RI WH OH[ LFRQ QXP EHU RI

Z RUGV ,W LV HYLGHQW WDW WH FRP SDFW 1 ) $

FRQVWXFWG E\ WKH SURSRVHG DQJ RULWKP KDG P XFK

IHZ HU VWWV WDQ WH FRUUHVSRQGLQJ P LQLP DO

"')$ DQG LW FRQVWXFWRQ WP H Z DV QRWEOQ

VKRUW + RZ HYHU |IRU OH[ LFRQ VL] H JUDWU WDQ

Z RUGV WH DQ RUMWP Z DV HVV HIILFLHQW

FRQFHUQLQJ WH QXP EHU RI WDQVLWRQV VHH

)y E
7KH VDP H UHVXOW DUH DO/R VKRZ Q LQ
RJIDULWKP LF VFDOHV LQ )LV G H DQG |

UHVS HF WY HO 7 KH VORSHV RI WH QQHV LQGLFDWH

AQHDU JURZ W RI

WDQVLWR QV

CHVV WK DQ OLQHDU

JURZ W RI VWWYV DQG WP H FRP SCH[ LW EHW HHQ
2 Q DQG 2 Q
VWD WH V V VWD WHV
WD QVLWR Q V WD QVLWR QV
D E
) LI X UH ,QVHUNRQ RUGHUDIITHFW 1 ) $ VL] H

& RQFOX VLRQ

H KDYH SUHVHQWG DQ DQ RULWKP IRU DGGLQJ

Z RUGV VWILQJV LQ DF\FQF 1 ) $ V DQG SURYHG LW

FRP SDFW EHKDYLRU LH LI WLV DQ RULWKP Lv
DSSAHG W D FRP SDFW DF\ FQF 1) $ WHQ WH
UHVX OALQJ 1)8$ Z L0 DOVR EH FRP SDFW 7 KLV

DQJ RULWKP SURYLGHV DQ HIILFLHQWDQG HOHJ DQWZ D\

W XSGDW DF\ FOF 1 ) $ V Z LWKRXWKDYLQJ W EXLGCG

W HP IURP VF UDW K ,Q H[ SHULP HQW Z LW * UHHN

H[ LFRQV FRP SDFW 1 ) $ V FRQVWXFWG E\ W H

GHVFULEHG DQJ RULWK P W SLFDOO UHT X LUHG

VLI QLILFDQW) CHVV VWWYV WKDQ WKH FRUUHVSRQGLQJ

P LQLP DO ' ) $ V DQG DERXWWH VDP H QXP EHU RI

WDQVLWRQV Z KLOH WHLU FRQVWXFWRQ WP H Z DV

VKRUWHQRXJK W EH XVHG IRU RQ OQQH XSGDWV RI

H[ LFRQV + RZ HYHU W H SURSRVHG DQ) RULWK P

SURGXFHV FRP SDFW EXWQRWQHFHVVDULO P LQLP DO

1)$V EHFDXVH WH RUGHU RI WKH LQVHUWG Z RUGV

DITHFW WH VLJH RI WH DXWP DWQ 7 R LOOXVWDW

WLV FRQVLGHU ) W %RW 1)$V RI )L

UHS UHVHQW W H VDP H CH[ LFRQ DQG WH\ KDYH ERW

EHHQ SURGXFHG E\ WK H GHVFULEHG DQ) RULWK P

+ RZ HYHU LQ WH FDVH RI ) LJ D WKH Z RUGV Z HUH
LQVHUWHG LQ WKH RUGHU >LQ LW DW RQ@ Z KLOH LQ WH
FDVH RI ) L E WH Z RUGV Z HUH LQVHUWHG LQ WH

RUGHU >LQ RQ DW LWQ ( YLGHQWSL ERW 1 ) $ V DUH

FRP SDFW EXWRQO WH RQH RI ) LJ E LV P LQLP DO

$ SDUW IURP Lw WK HR UHWF LQWUHVW WK LV

DQ) RULWKP KDV GLUHFWSUDFWFDOXVHV 2 Q QQH Z RUG
LQVHUWRQ LV KLJ KO GHVLUDECH LQ HYHU DSSQOFDWRQ
Z KHUH WKH GDW QHHG W EH XSGDWG UHJ X CDuQ HJ
VSHQO FKHFNHUV

DQG WH VLIH RI WH VWXFWUH LV

LP SRUWDQW

$ FNQRZ QHGJHP HQW

7 KH Z RUN SUHVHQWG LQ WKLV SDSHU Z DV SDUWRI WH
(126 (3(7 ., I'T

WH * UHHN 0 LQLVWA RI '

5 ' SURMFW
IXQGHG E\ HYHORSP HQW

* HQHUDO 6 HF UHWD ULDW RI 5 HVHDUFK DQG
7 HFKQRORJ\

7 KH DXWKRUV Z RX0G ANH W WDQN WH P HP EHUV

RlI ) 6$ 5 HVHDUFK# \ DKRRJURXSV FRP HVS HF LD OO
* HUWDQ YDQ 1 RRUG 0 DUN -DQ 1 HGHUKRI -DQ
' DFLXN ' DOH * HUGHP DQQ DQG % UXFH DWRQ IRU

WHLU GLVFXVVLRQV RQ 1)$ P LQLP L] DWRQ DQG

% XUDN ( P LUIRU KLV KHG8 RQ SRUWQJ WH $ 0 R5 (

SURJUDP W / LQX][

5 HIHUHQFHV

- $ RH 0 RULP RW DQG 0 + DVH $ Q

$ Q RULWK P IRU & RP SUHVVLQJ & RP P RQ 6 XIIL[ HV

8 VHG LQ 7 ULH 6 WUXFWUHV 6\ VWHP V DQG & RP SXWUV LQ

-bDsSDQ 7 UDQVODWG I URP 7 UDQV
L& O - B
$ $ UQROG 8 ‘' LFN\ 0 1 LYDW $ 1 RW $ ERXW

0 LQLP DO 1 RQ GHVWHUP LQLVWF $ XWRP DW %X OHWQ RI

VKH ($78&6

$ % OXP HU + DXVVCHU DQG $ ( KUHQIHXFKW

$ YHUDJH 6 L] HV RI 6XIIL[ 7 UHHV DQG ' $ : * V

' LVFUHW $ SSAHG 0 DWHP DWFV



6

& LXUD DQG 6 ' HRURZ LF] ( [ SHULP HQWO

6 WG\ RI ) LQLW $ XVWRP DW 6 WVRULQJ 6 WWF / H[ LFRQV

5 HSRUW % : 5% X $ OVR DW KW8 2z Z Z
]JR LLQI SROVOJ OZ LFH SOa VGHRU SXE KW

& URFKHP RUH DQG 5 9 HULQ LUHF W
& RQVWXFWRQ RI & RP SDFW' LUHFWG $ F\ FAF : RUG

w
* UDSKV $ QQXDO6\P SRVLXP &30 $ DUKXV
' HQP DUN
" DFLXN 6 0 LKRY % DWRQ DQG 5 DWR Q
,QFUHP HQWO & RQVWXFWRQ RI 0 LQLP DO

$ F\FOF ) LQLW 6 WW $ XWP DW & RP SXWWRQDO

/I LQJ X LVWF V

DFLXN 5 ( DWRQ DQG % DWR Q
,QFUHP HQWO & RQVWXFWRQ RI $ F\ FOF ) LQLW 6 WW
$ XWP DW DQG 7 UDQVGXFHU 3 URFHHGLQJV RI ) LQLWA
6WW 0 HWRGV LQ 1 DWUDO / DQJXDJH 3 URFHVVLQJ

% LONHQW8 QLYHUVLW $ QNDUD 7 XUNH\

( + RSFURIWDQG - ' 8 OOP DQ , QWRGXFWRQ
VR $ XWRP DWW 7 KHRU\ / DQJ XDJ HV DQG
& RP SXWWRQ $ GGLVRQ : HVCH\ 8 6%
DP HGD 3 HLQHU 2 Q VWKH 6WW
0 LQLP L] DWRQ RI 1 RQGHWUP LQLVWF ) LQLVH
$ XWRP DW ,( ( ( 7UDQV & RP S &
LP 6 WD W 0 LQLP L] DWRQ RQ
1 RQGHWUP LQLVWF 0 DFKLQHV ,%0 7 - DWR Q

5 HV & HQWU 5 HS 5 &

/| DFRXWUH DQG 5 H 0 RUL / H[ LFDO 7 UHH

QG

& RP SUHVVLRQ ( XUR6 SHHFK 1 ( XURSHDQ

& RQIHUHQFH RQ 6SHHFK & RP P XQLFDWRQV DQG

7 HFKQLT XHV * HQRYD ,WO

0O DW $ 0 LOHU $ 3 RWKRII 7 KRP DV DQG (
9 DONHP D 5 HSRUWRQ WH 3 URJUDP $ 0 R5 (
% HULF K W ,QVWWW I XU ,QIRUP DWN X QG

3 UDNWVFKH 0 DWHP DWN & KULVWDQ $ CEUHFKW

8 QLY HUWLWW ] X LHO $ O/R DW IV IV LQIRUP DWN

XQL NLHOGH SXE NLHODP RUH

0 DW DQG $ 3 RWKRII & RP SXWQJ 6P D

1 RQGHWUP LQLVWF ) LQLWH $ XWP DW 3 URF

RUNVKRS RQ 7RRO/ DQG $ QRULWP V [IRU WH
& RQVWXFWRQ DQG $ QDO VLV RI 6\ VWP V ' HSW RI

& 6 8 QLY RI $ DUKXV

0 LKRY ' LUHFW & RQVWXFWRQ RI 0 LQLP DO

$ F\ FOAF ) LQLWH 6 WWV $ XWP DW $ QQXDLUH GH O

8 QLYHUVLWH GH 6RILD 6W O 2 KULGVNL ) DFXOM GH

0 DWHP DWTXH HW ,QIRUP DWTXH 6 RILD % X Q) DULD

3 DUN - $ RH 0 RULP RW DQG 0 6 KLVKLE RUL

$ Q $ WRULWP IRU \ QDP LF 3 URFHVVLQJ RI

$: * VvV , QW HUQDWRQDO -RXUQDO RI & RP SXWU

0 DWHP DWFV * RUGRQ DQG % UHDFK 3 XEQVKHUV 6 $

2 3% $ P VWUGDP %9

3 HUULQ ) LQLWH $ XWRP DW ,Q - YDQ

I HHXZ HQ HG + DQGERRN RI 7 KHRUHWFDO & RP SXWU

6 FLHQFH ( OVJHYLHU $ P VWHUGDP 9 RO $
5 HYX] 0 LQLP L] DWRQ RI $ F\ FOF
HWHUP LQLVWF $ XWP DW LQ / LQHDU 7LP H
7 KHRUHWFDO & RP SXWU 6 FLHQFH ( O/HYLHU
5 HY X] " \QDP LF $ F\ FOF 0 LQLP DO
A0S

$ XWP DWQ &.,% % , QWHUQDWR QDO
& RQIHUHQFH RQ ,P SCHP HQWWRQ DQG $ SSAFDWRQ RI

$ XWRP DW / RQGRQ & DQDGD SS

6 JDUEDV 1 ) DNRWNLV DQG * RNNLQDNLV

7Z R $ ORUMWP V IRU ,QFUHP HQWO & RQVWXFWRQ RI

LUHFWG $ F\ FAF : RUG * UDSKV ,QWUQDWRQDO
-RXUQDO RQ $ UWILFLDO ,QWOOLI HQFH 7 RRO/ : RUGG
6 FLHQWI LF
6 JDUEDV 1 ) DNRWNLV DQG * RNNLQDNLV D
2 SWP DO ,QVHUWRQ LQ ' HWUP LQLVWF ' § : * V
7 HFKQLFDO 5 HSRUW : &/ 6/ 7 : LUH
& RP P XQLFDWRQV / DE HSW Rl ( CHFWLFDO DQG

& RP SXWU ( QJLQHHULQJ 8 QLYHUVLW Rl 3 DWDV

* UHHFH $ O/R bw K W8 VONZ FOHH XSDWDV J U

VIDUEDV 3 XEGS EV( 1 KW

6 JDUEDV 1 ) DNRWNLV DQG * RNNLQDNLV E

$ 6WDLIKWRUZ DUG $ SSURDFK W 0 RUSKRCRJLFDO

$ QDO VLV DQG 6\ QWHVLY 3 URF &2 0 / (;
RUNVKRS RQ & RP SXWWRQDO / H[LFRJUDSK\ DQG

0 XOMP HGLD

LFWR QD ULHV DW $ FKDLD * UHHFH

DWR Q $ 7D[RQRP\ RI ) LQLW $ XWP DW
0 LQLP LJDWRQ $ QJRULWKP V & RP SXWUG6 FLHQFH 1 RW
( LQGKRYHQ 8 QLYHUWLW RI 7 HFKQRORJ\ 7 KH

1 HKHUDQGYV $ OVR DWKW®B Z ZZ 2 SHQ) .,5 ( RW



