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LLL

'HFODUDWLRQ RI $XWKRUVKLS

, 6RSKEMaYaGHFODUH WKDW WKLV WKHVLY WLWOHG 66WLPXODWL
PRGHOOLQJWUDQVFUDQLDO GLUHFW FXUUHQW VWLPXODWLRQ RI\
SUHVHQWHG LQLWDUHP\RZQ ,FRQBDUP WKDW

U7KLV ZRUN KDV QRWEHHQ VXEPLWWHG LQ VXEVWDQFHIRUDQ\R
WKLV RUDQ\RWKHU XQLYHUVLW\RU SODFH RIOHDUQLQJ QRUL
UHOWO\LQ FDQGLGDWXUH IRUDQ\GHJUHH RURWKHU DZDUG

U7KLV WKHVLV LV EHLQJ VXEPLWWHG LQ SDUWLDO IXODPOPHQW R
GHJUHH RI 3K

U7KLVWKHVLVLVWKHUHVXOWRIP\RZQLQGHSHQGHQW ZRUN LQ°

RWKHUZLVHVWDWHG DQGWKHWKHVLVKDVQRWEHHQHGLWHG
LVSHUPLWWHG E\&DUGLI8QLYHUVLW\8V 3ROLF\RQ WKH8VHRI7
VHDUFK'HJUHH 6 WXGHQWY 2WKHU VRXUFHVDUHDFNQRZOHGJI
7KHYLHZV H[SUHVVHG DUH P\ RZQ

u, KHUHE\JLYHFRQVHQW IRUP\WKHVLYV LIDFFHSWHG WREHDYI
YHUVLW\dV 2SHQ $FFHVV UHSRVLWRU\IRU LQWHU OLEUDU\ ORE
DFFHVV SUHYLRXVO\DSSURYHG E\ WKH $FDGHPLF6WDQGDUGV

6LIQHG

'DWH







(YHU\WWKLQJVLPSOHLVIDOVH (YHU\WKLQJFRPSOH[LV XQXVDEOH

3DX0O 9D O« U\






YLL

&$5',))81,9(56,7<

SEVWUDFW

6WLPXODWLQJYLVLRQ PHDVXULQJDQG PRGHOOLQJWUDQVFUD
VWLPXODWLRQ RIWKH YLVXDO FRUWH]

7UDQVFUDQLDO GLUHFW FXUUHQW VWLPXODWLRQ W'&6 KDV HQ
VDQFHLQ QHXURVFLHQWLPF UHVHDUFK KRZHYHU WKLV KDV QRW E
PHQVXUDWHLQFUHDVHLQRXUXQGHUVWDQGLQJRILWVY QHXURELRC
WKHUH UHPDLQV D ODUJH H[SODQDWRU\JDS EHWZHHQ WRH VWLP X
YLYRLQ YLWWRGLHY DQG WKH ZLGH YDULHW\RIEHKDYLRXUDO PQGL
&RQVHTXHQWO\ W'&6 UHVHDUFK LV FXUUHQWO\ FRQIURQWHG ZLW
WXDO DQG PHWKRGRORJLFDO FKDOOHQJHV WKDW KDYH KDPSHUHG
UDWLRQDOHV IRULWYV XVHLQ KHDOWK\DQG FOLQLFDO SRSXODWLR

7KLV WKHVLV DLPHG WR DGGUHVV VRPHRIWKHVH FKDOOHQJHV E
KDYLRXUDO DQG QHXURLPDJLQJ H[SHULPHQWYV ZLWK PQGLQJV IUR
RIW'&6 LQGXFHG HOHFWULF DPHOGV ([SHULPHQWV IRFXVHG RQ WK
WLYHO\VLPSOH SDUDGLJPV EDVHG RQ SDWWHUQ UHYHUVLQJFKHF
RIDFKURPDWLF GRW VWLPXOLWRLQYHVWLIJDWH VWLPXODWLRQ H
UROH RI LQWHU LQGLYLGXDO YDULDELOLW\ & ERWK LQ EDVHOLQH
KHDG DQDWRP\ & UHFHLYHG SDUWLFXODU DWWHQWLRQ LQ WKH GHYV

,Q WKHVHFRQG FKDSWHU RI WKH WKHVLV WKHTXHVWLRQ RI VXLV
GRXEOH EOLQG VKDP FRQWUROOHG W'&6 VWXGLHV LV GLVFXVVH(
JDWHV WKH UROH RI HOHFWURGH PRQWDJH LQ HOLFLWLQJ W'&6 HT
FHQWUDO DQG SHULSKHUDO YLVXDO PHOG ORFDWLRQV ,Q &KDSWH
IHUHQFHV LQ DQDWRP\DUH TXDQWLDPHG XVLQJ FRPSXWDWLRQDO F
DQG QHXURLPDJLQJ PHWKRGV :RUN SUHVHQWHG LQ &KDSWHU HJ!
DFTXLULQJFRQFXUUHQW W'&6 1,56 0(* GDWD

7RIJHWKHU UHVXOWYV IURP WKHVH VWXGLHV VXJJHVW WKDW WKH
VLIQLQIJDQG LQWHUSUHWLQJKXPDQ W'&6 H[SHULPHQWY FDOOV IR!
RORJLFDODGYDQFHV LQ IXWXUH W'&6 UHVHDUFK






L[

SFNQRZOHGJHPHQWYV

7TKHZRUNSUHVHQWHG LQ WKLV WKHVLVZDV SDUWLDOO\IXQGHGE\V
6FLHQFHV5HVHDUFK &RXQFLO (365& ,QDGGLWLRQ WKHH[SHULP!
DQRG ZRXOG QRW KDYHEHHQ SRVVLEOH ZLWKRXW WKHHTXLSPHQ
SHUWLVHVRNLQGO\SURYLGHG E\%UDLQER[/WG DV SDUW RIWKH %
&KDOOHQJH

, ZRXOG OLNHWR WKDQNP\VXSHUYLVRU 'DYLGOF*RQLJOH $IWH
WRIJHWKHU ,DP FRQYLQFHG WKDW \RXUFRPPLWPHQW WR ULJRURX
EV\\RXUERXQGOHVV HQWKXVLDVP IRU SXQV ,DP H[WUHPHO\JUDW
\RXKDYHIJLYHQ PHWRGHYHORSDQG H[SORUHP\RZQLGHDV ééDQG\
SURYLGHG ZKHQ , LQHYLWDEO\PDGH P\RZQ PLVWDNHYV

, DP DOVR GHHSO\LQGHEWHG WR PDQ\ ORYHO\DQG WDOHQWHG |
SDUWLFXODU

U/RUHQ]R ODJD]]LQL DQG 'LDQD 'LPD IRU VR JHQHURXVO\ VKDUL
FKHHVHIRQGXHV DQG 0(* HISHUWLVH <RXPDGHPHIHHO ZHOFF
DW &8%5,& lURP WKH YHU\DPUVW WR DOPRVW WKHYHU\ODVW G
U.DWAB8QZLQ IRUNHHSLQJIDLWK GXULQJWKH XSVDQG GRZQV RI
u6bDUD 6SRUWHOOL /HLJK $EERW +DQQDK -RKQVWRQ DQG /DXUt
KDUG ZRUNDV LQWHUQV DQG 06F VWXGHQWYV

U&\ULO &KDUURQ *DYLQ 3HUU\ &KULV $OOHQ DQG $GDP 3DUWULC
VLVWDQFH ZLWK ,7DQG ODEHTXLSPHQW

U7TRQ\5HGPRQG DQG /LQGVH\ 5RXQWUHH IRU WKHLU LQYDOXDEC
SHULPHWULFDQG HIWHQGHG ORDQ RI &56 HTXLSPHQW ,ZLOO U
U/HDQGUR %HOWUDFFKLQL IRUKHOSLQJPHPDNHVHQVHRI)(0 L¢
USDFKDHO 6WLFNODQG IRUVKDULQJKHULQVLIJKWVY RQGHVLJIQL
U'RP'Z\HU IRUKLV UHOLDEO\LQVLIJKWIXO TXHVWLRQV RYHU WKt
U&DULDG 6HDOH\DQG =DLQDE +DVVDQ IRUWKHLU XQIDJHG JXLGL
LVWUDWLYH KXUGOHV QRW WR PHQWLRQ WKHLU VXSSRUW RI P
PDNHU

U7RPODUVKDOO IRUJHWWLQJPHLQWR WKLV W'&6 PDODUNH\LQ

,ZRXOGDOVROLNHWRWKDQNP\IDPLO\IRUWKHLU XQZDYHULQJF
P\FXULRVLW\ IURP WKHBDUVW WLPH, HYHUDVNHG 0% XW ZK\y"6

J)LQDOO\V 'RPLQLN , FRXOG QRW ZLVK IRU D PRUH FDULQJ RU VXS
P\HQGHDYRXUV é VFLHQWLPF RURWKHUZLVH , FDQOW ZDLW WR V\
ZLWK\RX
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ILVW RI$SEEUHYLDWLRQV

$$/ $XWRPDWHG $QDWRPLFDO /DEHOOLQJ
$129% $QDO\WLVRIYDULDQFH

$3 $FWLRQ SRWHQWLDO

$6/ $UWHULDO VSLQ ODEHOOLQJ

%'1) %UDLQ GHULYHG QHXURWURSKLFIDFWRU
%2/ %ORRG R[\JHQ OHYHO GHSHQGHQW

ESP %HDWV SHU PLQXWH

&%) &HUHEUDO EORRG NRZ

&%9 &HUHEUDO EORRG YROXPH

&, &RQPGHQFH LQWHUYDO

&052 &HUHEUDO PHWDEROLF UDWH RIR[\JHQ
&16 &HQWUDO QHUYRXV V\VWHP

&6) &HUHEUR VSLQDO NXLG

FZ &RQWLQXRXV ZDYH

‘& 'LUHFW FXUUHQW

GHJ 'HJUHHV RI YLVXDO DQJOH

"13)& 'RUVRODWHUDO SUHIURQWDO FRUWH]
'3) 'LTHUHQWLDO SDWKOHQJWK IDFWRU

‘7, 'LIXVLRQ WHQVRU LPDJLQJ

(&7 (OHFWURFRQYXOVLYH WKHUDS\

((* (OHFWURHQFHSKDORJUDSK\

( PHOG (OHFWULF PHOG

(363 ([FLWDWRU\ SRVWV\QDSWLF SRWHQWLDO
|G JUHTXHQF\ GRPDLQ

)'5 YDOVH GLVFRYHU\ UDWH

) (0 JLQLWH HOHPHQW PHWKRG PRGHO

105, YXQFWLRQDO PDJQHWLF UHVRQDQFHLPDJLQJ
)26 JUHTXHQF\ RI VHHLQJ

)6) JDGH LQ ¢ VKRUW VWLPXODWLRQ & IDGH RXW
*$%$ *DPPD DPLQREXW\ULF DFLG

*/0 *HQHUDO OLQHDU PRGHO

*0 *UH\PDWWHU



+E2 2[\KHPRJORELQ

+E5 '"HR[\KHPRJORELQ

+' W'&6 +LJK GHPQLWLRQ WUDQVFUDQLDO GLUHFW FXUUHQW VWLP X
+5) +HPRG\QDPLFUHVSRQVHIXQFWLRQ
,363 ,QKLELWRU\ SRVWV\QDSWLF SRWHQWLDO
.45 ,QWHUTXDUWLOH UDQJH

-1 -XVW QRWLFHDEOH GLIHUHQFH

/*1 ODWHUDO JHQLFXODWH QXFOHXYV

17" /IRQJ WHUP GHSUHVVLRQ

/173 /RQJ WHUP SRWHQWLDWLRQ

0 BULPDU\PRWRU FRUWH]

0%// ORGLPHG %HHU /DPEHUW ODZ

0(* ODJQHWRHQFHSKDORJUDSK\

0(3 ORWRU HYRNHG SRWHQWLDO

02&6 OHWKRG RIFRQVWDQW VWLPXOL

05, ODJQHWLF UHVRQDQFH LPDJLQJ

056 ODJQHWLF UHVRQDQFH VSHFWURVFRS\
065 ODJQHWLFDOO\VKLHOGHG URRP

Q $)& Q DOWHUQDWLYH IRUFHG FKRLFH

1,56 1HDU LQIUD UHG VSHFWURVERS\

10'$ 1 PHWK\O ' DVSDUWDWH

105 1XFOHDU PDJQHWLF UHVRQDQFH

19& 1HXUR YDVFXODU FRXOSOLQJ

2" 2SWLFDO GHQVLW\

230 2SWLFDOO\SXPSHG PDJQHWRPHWHUYV
33) 3DUWLDO SDWKOHQJWK IDFWRU

36) 3RLQW VSUHDG IXQFWLRQ

363 3RVW VI\QDSWLF SRWHQWLDO

U&%) B5HJLRQDOFHUHEUDO EORRG NRZ

5) 5HFHSWLYH DPHOG

507 5HVWLQJ PRWRU WKUHVKROG

52, 5HJLRQ RI LQWHUHVW

6& 6XSHULRU FROOLFXOXYV

6 BWDQGDUG GHYLDWLRQ

6 ( 6WDQGDUG HUURU

615 6LJQDO WR QRLVH UDWLR

648, 6XSHUFRQGXFWLQJTXDQWXPLQWHUIHUHQFH GHYLFH

W$&6 7TUDQVFUDQLDO DOWHUQDWLQJ FXUUHQW VWLPXODWLRQ



W (6
WG
W'&6
706
W516
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[LLL

7UDQVFUDQLDO HOHFWULFDO VWLPXODWLRQ
7LPH GRPDLQ
7UDQVFUDQLDO GLUHFW FXUUHQW VWLPXODWLRQ
7UDQVFUDQLDO PDJQHWLF VWLPXODWLRQ
7UDQVFUDQLDO UDQGRP QRLVH VWLPXODWLRQ
BULPDU\YLVXDO FRUWH]

9LVXDO HYRNHG SRWHQWLDO
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&RQWHQWYV

'HFODUDWLRQ RI $XWKRUVKLS
$EVWUDFW YLL
$FNQRZOHGJIJHPHQWYV L[

*HQHUDO ,QWURGXFWLRQ
7UDQVFUDQLDO 'LUHFW &XUUHQW 6WLPXODWLRQ
JURP DVK WR DPULQJ UDWHYV
&RQWHPSRUDU\PHWKRGRORJ\DQG FRQFHSWXDO PRGHOC
&RQFHSWXDO PRGHOV RI W'&6
<RX ZLOO \RX ZRQA8W \RX GR \RX GRQ3W RSHQ TXHVWL
OHQJHV LQ W'&6 UHVHDUFK
$LPVDQG VWUXFWXUH RI WKLV WKHVLV
BWUXFWXUHDQG IXQFWLRQ RI WKH YLVXDO VI\VWHP
3V\FKRSK\VLFV
OHDVXUHPHQW RI GHWHFWLRQ WKUHVKROGYV
$XWRPDWHG WKUHVKROG SHULPHWU\
9LVXDO VWLPXOXV SDUDPHWHUYV
3V\IFKRPHWULF IXQFWLRQV DQG WKH PHWKRG RI FRQVWD
OHWKRG RIFRQVWDQW VWLPXOL
3V\FKRPHWULF IXQFWLRQ DWWLQJ
1IHXURLPDJLQJ
ODJQHWRHQFHSKDORJUDSK\ 0(*
1HXURQDO VLJQDO JHQHUDWLRQ LQ 0(*
0(* LQVWUXPHQWDWLRQ
)XQFWLRQDO LPDJLQJ ZLWK O(*
1HDU LQIUDUHG VSHFWURVFRS\ 1,56
2SWLFDO SURSHUWLHV RIELRORJLFDO WLVVXHV
%UDLQ YROXPH VDPSOLQJZLWK 1,56
1,56 LQVWUXPHQWDWLRQ
3KRWRQ PLJUDWLRQ PRGHOOLQJ
BWUXFWXUDO PDJQHWLF UHVRQDQFH LPDJLQJ 05,



[YL

JLQLWH HOHPHQW PRGHOOLQJRIW'&6
05, VHIPHQWDWLRQ YROXPHFRQGXFWRUPRGHOOLQJ
(OHFWURPDJIJQHWLF DHOGV
4XDVL VWDWLFDSSUR[LPDWLRQ ERXQGDU\FRQGLWLRQV
7TKHDQLWHHOHPHQW PHWKRG
(YDOXDWLQJ( PHOG HVWLPDWHV IURP ) (O

6LQJOH YV GRXEOHFXUUHQW UDPS SURWRFROV IRUGRXEOH EOLQG W'&

,QWURGXFWLRQ

OHWKRGYV
BWXG\GHVLIJQ DQG SDUWLFLSDQWV
7UDQVFUDQLDO GLUHFW FXUUHQW VWLPXODWLRQ
BWLPXODWLRQ ZDYHIRUPV IRU SDUWLFLSDQW EOLQGLQJ
([SHULPHQWHU EOLQGLQJ
([SHULPHQWDO WDVN
$VVHVVPHQW RI SDUWLFLSDQW H[SHULHQFHV DQG EOLQGLQJ
$VVHVVPHQW RIH[SHULPHQWHU EOLQGLQJ
'DWD DQDO\VLV

5HVXOWYV
‘:DVK RXW SHULRGYV
BWUHQJIJWK RI VHQVDWLRQ
BOHHSLQHVYV
3DUWLFLSDQW EOLQGLQJ
6HQVRU\H[SHULHQFHV RI SDUWLFLSDQWY GXULQJ W'&6
([SHULPHQWHU EOLQGLQJ

'LVEFXVVLRQ

ORGXODWLQJFRQWUDVW VHQVLWLYLW\ ZLWK W'&6
,QWURGXFWLRQ
OHWKRGYV
BWXG\GHVLIJQ DQG SDUWLFLSDQWYV
7UDQVFUDQLDO GLUHFW FXUUHQW VWLPXODWLRQ
$SSDUDWXV DQG VWLPXOL
3V\FKRSK\VLFDO SURFHGXUH
6WDJH
6WDJH
6WDJH
'DWD DQDO\VLYV
5HVXOWYV



[YLL

:DVK RXW SHULRGYV
(IHFWV RQ FRQWUDVW GHWHFWLRQ WKUHVKROG
(IHFWV RQ WKH VORSH RI WKH SV\IFKRPHWULF IXQFWLRQ
(IHFWVRQUHVSRQVH WLPHYV
*RRGQHVV RI PW RI SVI\FKRPHWULF IXQFWLRQV
3DUWLFLSDQW EOLQGLQJ

'LVFXVVLRQ

9DULDELOLW\RIW'&6 HIHFWV UHODWLQJEHKDYLRXUWR HOHFW
,QWURGXFWLRQ
OHWKRGYV
3DUWLFLSDQWYV
%HKDYLRXUDO GDWD DFTXLVLWLRQ W'&6
05, DEFTXLVLWLRQ
+HDG GLJLWLVDWLRQ
J)LQLWH HOHPHQW PRGHOOLQJ
9ROXPH FRQGXFWRU PRGHOV
)(0 VHW XS DQG VROYLQJ
5HJLRQ RI LQWHUHVW GHPQLWLRQ DQG PHOG PDJQLWXG
'DWD DQDO\VLV
5HVXOWYV
OHDQ HOHFWULF PHOG VWUHQJWK LQ YLVXDO 52,
(OHFWULF PHOG GLVWULEXWLRQ LQ WKH ZKROH EUDLQ
&RUUHODWLRQ RI W'&6 LQGXFHG EHKDYLRXUDO FKDQJH
HOHFWULF DPHOG VWUHQJWK
$JUHHPHQW R152$67 DQG 6LP1,%6 PHOG VWUHQJWK HV W]
'LVFXVVLRQ

(OHFWURGH RSWRGH SODFHPHQW IRU W'&6 1,56 RI WKH YLVXDO F

,QWURGXFWLRQ

OHWKRGYV
05, DFTXLVLWLRQ VHJPHQWDWLRQ
+HDG GLIJLWLVDWLRQ
2SWRGH DUUD\PRGHOOLQJ XVLQJ$WODVOLHZHU
BUREH GHVLJQ
$FFRXQWLQJIRULQGLYLGXDO KHDG VL]H
SURMHFWLRQ WR WKH FRUWLFDO VXUIDFH
3KRWRQ PLJUDWLRQ PRGHOOLQJRIYLVXDO FRUWH[ 1,56
(OHFWULF DPHOG PRGHOOLQJRIYLVXDO FRUWH[W'&6



[YLLL

SHVXOWYV
&RUWLFDO SURMHFWLRQ SRLQWV IRU 1,56 SUREH
1,56 SUREH VHQVLWLYLW\SURDOHYV
W'&6 LQGXFHG HOHFWULFBbHOG VWUHQJWK
'LVFEXVVLRQ
1,56 VHQVLWLYLW\
W'&6 LQGXFHG HOHFWULFBbHOGYV

2Q WKH IHDVLELOLW\RI FRQFXUUHQW W'&6 1,56 0(*

,QWURGXFWLRQ

OHWKRGV
BWXG\GHVLIJQ DQG SDUWLFLSDQWV
3DUWLFLSDQW DWWULWLRQ
9LVXDO VWLPXODWLRQ WDVN
7UDQVFUDQLDO GLUHFW FXUUHQW VWLPXODWLRQ
(\HWUDFNLQJ

0(*

$FTXLVLWLRQ

$QDO\VLV

+HDG PRWLRQ

(&*

5HVSLUDWLRQ

05,

1HXURQDYLJDWLRQ

1,56

$FTXLVLWLRQ

$QDO\VLV

J)LQLWH HOHPHQW PRGHOOLQJRIW'&6
5HVXOWYV

W'&6 LQGXFHG HOHFWULF DPHOG PDJQLWXGH

(&*

SHVSLUDWLRQ
0(* 1RLVHGXULQJDFWLYHDQG VKDP W'&6

0(* W'&6 HIHFWV RQ WKHWD DQG JDPPD SRZHU FKDQJH

1,56 W'&6 HIHFWV RQ R[\ DQG GHR[\KHPRJORELQ
'LVFXVVLRQ

*HQHUDO 'LVFXVVLRQ
&RQFOXGLQJUHPDUNYV



[LI

%LEOLRJUDSK\
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/[LVW RI )LIXUHYV

7UHDWPHQW RIPHQWDO GLVRUGHUV ZLWK VFDOS JDOYDQLF F
&RPSOHWH QHUYH FHOO GLDJUDP

6FKHPDWLF LOOXVWUDWLRQ RIDFWLRQ SRWHQWLDO SKDVHYV
(IHFW RI GLUHFW FXUUHQW VWLPXODWLRQ RQ QHXURQV LQ FD
7\SLFDO HOHFWURGH PRQWDJH IRUW'&6 RI WKH YLVXDO FRUW
JHYHOV RI GHVFULSWLRQ IRURXWFRPHV RI GLUHFW FXUUHQW
'LDJUDP RI WKH YLVXDO SDWKZD\

&RUWLFDO DUHDV LQYROYHG LQ YLVXDO SURFHVVLQJ
([DPSOHV RI SVA\FKRPHWULF IXQFWLRQV ZLWK GLIHUHQW WKU
&HOOXODU RULJLQV RIO(*VLIQDOV

)OX[ WUDQVIRUPHU JHRPHWULHV IRU 0(*

$EVRUSWLRQ VSHFWUD IRU R[\KHPRJORELQ DQG GHR[\KHPRJC
WLVVXHV

6FKHPDWLFRIWG IG DQGFZ 1,56 WHFKQLTXHYV

6FKHPDWLF LOOXVWUDWLRQVRID 1,56 PRQWDJHDQG WKH QH
&RQWLQXRXV ZDYHDQG WLPH UHVROYHG VROXWLRQV RI SKR
6FKHPDWLF RI 05, VLIQDO JHQHUDWLRQ

BWHSV LQ FUHDWLQJD YROXPH FRQGXFWRU PRGHO IRU )(0 RI
(YDOXDWLRQ RI HOHFWULF PHOG HVWLPDWHYV

9LVXDO VXPPDU\RIVWXG\GHVLJQ IRUWHVWLQJW'&6 VKDP SL
BWHSV IRU SUHSDULQJ WKH VFDOS HOHFWURGH LQWHUIDFH R
&XUUHQW ZDYHIRUPV IRUYHUXP DQG VKDP W'&6

&RYHUHG GLVSOD\RI1HXUR&RQQ '& 67,08/$7253/86 GHYLFH |
LPHQWHU EOLQGLQJ

([SHULPHQWDO SURWRFRO IRUDVVHVVLQJ SDUWLFLSDQW HI[¢
WLIJDWRUEOLQGLQJ

BWUHQJIJWK RI VHQVDWLRQV H[SHULHQFHG E\ SDUWLFLSDQWV
3DUWLFLSDQW DOHUWQHVV EHIRUHDQG DIWHU WKH H[SHULP

J(ORILQGXFHG HOHFWULFBbHOG PDJQLWXGHV LQ WKHO1, E
9LVXDO VXPPDU\RIVWXG\GHVLJQ



[[LL

,OOXVWUDWLRQ RIWKH IRXU YLVXDO VWLPXOXV ORFDWLRQV
'LDJUDP RI WKUHH VWDJH SURFHVV IRUGHWHUPLQLQJWKUHVKROG Y
3URWRFRO IRUBWDJH RIWKHDXWRPDWHG SHULPHWU\WHVW SURFH
,QWHUDFWLRQ@JUDSK IRU

,QWHUDFWLRQJ'JUDSK IRU

,QWHUDFWLRQ JUDSKIRUUHVSRQVH WLPHV

ORGHO GHYLDQFH IRU SHULSKHUDO DQG FHQWUDO YLVXDO PHOG ORF
LPHQW

ORGHO GHYLDQFH IRU SHULSKHUDO DQG FHQWUDO YLVXDO DPHOG ORF
LPHQW

'"HYLDQFH UHVLGXDOV DFURVV OXPLQDQFH ELQV ([SHULPHQW
'"HYLDQFH UHVLGXDOV DFURVV OXPLQDQFH ELQV ([SHULPHQW

6FKHPDWLF RI)(0 ZRUNRNRZ

9LVXDO 52, GHPQLWLRQ EDVHG RQ -X%UDLQ $WODYV
3HUFHQWDJH RIRPLWWHG 52, YR[HOV XVLQJ52$67
3HUFHQWDJH RIRPLWWHG 52, YR[HOV XVLQJ6LP1,%6
9DULDELOLW\RIPHDQ HOHFWULF DPHOG VWUHQJWK IRU 52%$67
9DULDELOLW\RIPHDQ HOHFWULF PHOG VWUHQJWK IRU 6LP1,%6
'LVWULEXWLRQ RIHOHFWULF DPHOG VWUHQJWK 3DUWLFLSDQWYV &
'LVWULEXWLRQ RIHOHFWULF PHOG VWUHQJWK 3DUWLFLSDQWV &
'LVWULEXWLRQ RIHOHFWULF PHOG VWUHQJWK 3DUWLFLSDQWYV
'LVWULEXWLRQ RIHOHFWULF PHOG VWUHQJWK 3DUWLFLSDQWYV &
'LVWULEXWLRQ RIHOHFWULF DPHOG VWUHQJWK 3DUWLFLSDQWYV & ¢
'LVWULEXWLRQ RIHOHFWULF DPHOG VWUHQJWK 3DUWLFLSDQWYV
'LVWULEXWLRQ RIHOHFWULF PHOG VWUHQJWK 3DUWLFLSDQWYV &
'LVWULEXWLRQ RIHOHFWULF PHOG VWUHQJWK 3DUWLFLSDQWYV &
'LTHUHQFHV RIEHKDYLRXUDO RXWFRPHV IRUVKDP YV DQRGDO W'&6
&RUUHODWLRQFRHOFLHQWVIRUEHKDYLRXUDORXWFRPHVDQGPHDC
VWUHQJWK 52$67
&RUUHODWLRQFRHOFLHQWVIRUEHKDYLRXUDORXWFRPHVDQG PHDOC
VWUHQJWK 6LP1,%6

OHDQ HOHFWULF PHOG VWUHQJWKVY HVWLPDWHG ZLWK 52$67 DQG 6LP
%ODQG $OWPDQ SORW RI PHDQ HOHFWULF DPHOG VWUHQJWKYV
,QWHUDFWLRQ JUDSKIRUPHDQ HOHFWULF DPHOG VWUHQJWKYV

v

D

[}

6FKHPDWLF GLDJUDP RIPRGHOOLQJ SLSHOLQHIRUW'&6 1,56
(OHFWURGH RSWRGHPRQWDJHIRUW'&6 1,56 RI YLVXDO FRUWH]
1,56 SUREH JHRPHWU\DV GHPQHG LQ $WODV9LHZHU
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6LOLFRQH UXEEHU HOHFWURGHV IRU W'&6
'LVWULEXWLRQRIDJJUHJDWH VHQVLWLYLW\WR 2' FKDQJH
6FKHPDWLF LOOXVWUDWLRQ RI FRURQDO DQG WUDQVYHUVH F
VDWLRQ

6XSHULRU DQG SRVWHULRU YLHZV RIW'&6 LQGXFHG ( PHOG
6DJLWWDO YLHZV RIW'&6 LQGXFHG ( DPHOG

7UDQVYHUVH YLHZV RIW'&6 LQGXFHG ( PHOG

&RURQDO YLHZVRIW'&6 LQGXFHG ( PHOG

&RURQDO YLHZVRIW'&6 LQGXFHG ( PHOG

&RPSDULVRQ RIHOHFWULF PHOG PDJQLWXGH IRU 2] &] DQG 32

6FKHPDWLF LOOXVWUDWLRQ RIH[SHULPHQWDO SDUDGLJP IR
&DEOHDUUDQJHPHQW IRU W'&6 O(*

SBDUWLFLSDQW VHW XS IRUW'&6 1,56 0(* DFTXLVLWLRQ

SBHDN GHWHFWLRQ IRU (&*DQG 2 WUDFHV

(VWLPDWHG PHDQ HOHFWULFPHOG VWUHQJIJWK LQ YLVXDO 52,
'LVWULEXWLRQRIPHDQHOHFWULFPHOGVWUHQJIJWKLQGXFHC
HOHFWURGH PRQWDJH

+HDUW UDWH IRU VWLPXOXV 21YV 2))DQGDFWLYHYV VKDPYV
&2 UDWHDQG GHSWK GXULQJDFWLYHYV VKDP W'&6
9DULDQFH DQG NXUWRVLV ZLWKLQ 0O(* FKDQQHOV IRUDFWLYH
7TRSRIJUDSK\RI YDULDQFHLQO(* FKDQQHOV IRUDFWLYH YV VI
5HODWLYHFKDQJHLQPHDQ WKHWD SRZHU IRUDFWLYH YV VK
SHODWLYHFKDQJHLQ PHDQ WKHWD SRZHU IRUDFWLYH YV VK
,QWHU LQGLYLGXDO YDULDELOLWA\LQ PHDQ JDPPDDQG WKHW
DFWLYHYV VKDP W'&6

*URXSDYHUDJHVRIUHODWLYHR[\ DQGGHR[\KHPRJORELQ FR(
,QWHU LQGLYLGXDO YDULDELOLW\RIR[\ DQG GHR[\KHPRJOR!
FKDQJHV
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ILVW RI 7TDEOHYV

/RILVWLF UHJUHVVLRQUHVXOWVIRUUHODWLRQVKLSEHWZHF
DQG W'&6 FRQGLWLRQ UDWLQJDFFXUDF\ ([SHULPHQW $
/RILVWLF UHJUHVVLRQUHVXOWVIRUUHODWLRQVKLSEHWZHF
DQG W'&6 FRQGLWLRQ UDWLQJDFFXUDF\ ([SHULPHQW %
/RILVWLF UHJUHVVLRQ UHVXOWYV IRUUHODWLRQVKLS EHWZH
GHQFHLQUDWLQJW'&6 ([SHULPHQW $

/RILVWLF UHJUHVVLRQ UHVXOWYV IRUUHODWLRQVKLS EHWZH
GHQFHLQUDWLQJW'&6 ([SHULPHQW %

OHDQ VWUHQJWK RI VHQVRU\ SHUFHSWLRQV UHSRUWHG DIWH
,QYHVWLIJDWRUEOLQGLQJEHIRUHDQGDIWHU HOHFWURGH Ul
,QYHVWLIJDWRUEOLQGLQJEHIRUHDQG DIWHUHOHFWURGH Ul
/RILVWLFUHJUHVVLRQDQDO\VLVRIUHODWLRQVKLSRIH[SHU!
FRQDGHQFH ([SHULPHQW $
/RILVWLFUHJUHVVLRQDQDO\VLVRIUHODWLRQVKLSRIH[SHU!
FRQDPGHQFH ([SHULPHQW %

OHDQ ORJ HQHUJ\ W K(SINKIRFOHQ W

OHDQ ORJ HQHUJ\ W K(SNKIRFOHQ W

OHD®Q ([SHULPHQW

OHDQ ([SHULPHQW

5HVSRQVH WLPHV IRUFRQWUDVW GHWHFWLRQ GXULQJW'&6 |
5HVSRQVH WLPHV IRUFRQWUDVW GHWHFWLRQ GXULQJW'&6 |

7TLVVXHFRQGXFWLYLWLHV IRU)(O
OHDQ 6' DQGUDQJHRIHVWLPDWHG PHDQ HOHFWULF BDHOG PC

+HDG PHDVXUHPHQWYVY RI SLORW SDUWLFLSDQWYV

2SWLFDO SURSHUWLHV IRUVFDWWHULQJDQGDEVRUSWLRQL
1RPLQDO FXUUHQW GHQVH@WHRWURWGHFP

01, FRRUGLQDWHV RIFRUWLFDO SURMHFWLRQ SRLOQWV RI 1,5¢
SHDN HOHFWULFBPHOG VWUHQJWKYV DWLQFUHDVLQJLQSXW F’

*URXS PHDQV RIJOREDO PHDQ EHWD IRU+E2DQG +ES5
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1,56 FKDQQHOV ZLWK VLIQLPFDQWDFWLYDWLRQ FKDQJHIRUDFWLY'}



&KDSWHU

*HQHUDO ,QWURGXFWLRQ

7UDQVFUDQLDO GLUHFWFXUUHQW VWLPXODWLRQ W'&6 LVDQRQ L
QLTXH WKDW GHOLYHUV ZHDN HOHFWULFDO FXUUHQWY WR WKH KXF
‘KLOHDPUVWUH LQWURGXFHGWRPDLQVWUHDP QHXURVFLHQFH QHC
DQG 3DXOXV BULRUL HW DO WKH WHFKQLTXH KDV LWV UR
FDWLRQV WKDW XVHHOHFWULFDO VWLPXODWLRQ ZLWK KLJK IUHTX
FDXVH QHXURQDO DFWLYDWLRQ LQ WKH EUDLQ VXFK DV HOHFWUR
WURDQDHVWKHVLD 3ULRUL ,Q FRQWUDVW FXUUHQW XVH RI\
EUDLQ DFWLYLW\LQ D WDUJHWHG PDQQHU ZLWKRXW GLUHFWO\ HO
WLDOV $VD QHXURPRGXODWRU\DSSURDFK W'&6 KDVEHHQ XVHG W
EUDLQ IXQFWLRQLQ ERWK KHDOWK\DQG SDWLHQW SRSXODWLRQV
+RZHYHU WKH ZLGHVSUHDG XVH RI W'&6 LV LQ VWDUN FRQWUDV
VWDQGLQJRI LWV HIHFWV DFURVYV GLIHUHQW OHYHOV RI GHVFULS!
OHYHO WKH PHFKDQLVPV RIDFWLRQ RIW'&6 DUHLQFRPSOHWHO\ X
FOHDU KRZ WKH\UHODWH WR EHKDYLRXUDO RXWFRPHV &RQVHTXF
H[SODQDWRU\ JDS EHWZHHQ WKH FHOOXODU VWLPXODWLRQ HiHFW
DQG WKH ZLGH YDULHW\ RI EHKDYLRXUDO PQGLQJV LQ KXPDQ W'&6
7R GDWH WKH YDVW PDMRULW\RIW'&6 VWXGLHV KDYH IRFXVHG R
PHDVXUHV IURP W\SLFDO SV\FKRORJLFDO H[SHULPHQWY ZKHUH W
EHKDYLRXUDO SHUIRUPDQFH &RIPDQHW DO +RUYDWK HW DO
,Q SDUDOOHO WKHUHKDYHEHHQ D QXPEHU RIUHVHDUFK JUR>
SDVVLYHO\DSSOLHG H[SHULPHQWDO SURFHGXUHV WR REWDLQ REN
WKUHVKROGY VXFKDVPRWRU HYRNHG SRWHQWLDOV LQGXFHG E\
706 $W SUHVHQW WKHVH VWXGLHV DUH KDPSHUHG LQ WKHLU FR
PDSSLQJV EHWZHHQ HOHFWULFDO VWLPXODWLRQ SDUDPHWHUV Q
LQ WKHEUDLQ DQG WKHLU VXEVHTXHQW HIHFWV RQ EHKDYLRXU
,QDGGLWLRQ WKHLPSRUWDQFHRIERWKEHWZHHQ DQG ZLWKLQ
VWLPXODWLRQ RXWFRPHV KDV QRW EHHQ IXOO\ GHWHUPLQHG 7KH
WKH JURZLQJ DSSUHFLDWLRQ RI LQGLYLGXDO GLIHUHQFHV LQ ED\



&KDSWHU *HQHUDO  QWURGXFWLRQ

PHDQW WKDWD ZLGHUDQJHRIW' &6 VWXGLHVY KDYH\LHOGHG KHWHURJHQF
LFLVP RI WKHWHFKQLTXH KDV EHFRPHPRUH YRFDO

7R WHDVH DSDUW WKH WUXH HIHFWV RI W'&6 RQ EHKDYLRXU ZH PXVW C
WKHVSUHDG RI WKHLQGXFHG HOHFWULFPHOGDQG LWV LPSDFW RQ FHOO
UHJLRQ EXWDOVRKRZWKLV HIHFWVXEVHTXHQWO\LQNXHQFHV WKHVSHF
ULHG RXW E\ WKLV UHJLRQDQG WKHLUHIHFWRQ SDUWLFLSDQW EHKDYLRX

,Q GHYHORSLQJ VXFK D PRGHO OHVV FRPSOH[ H[SHULPHQWDO SDUDGL
HOHPHQWDU\VWLPXOLDQG VLPSOHEHKDYLRXUDO GHPDQGV DUHOLNHO\YV
WKHHWKRORJLFDOO\LPSODXVLEOH SDUDGLJPV XVHG WR HYRNH 0(3V DQC
7TKXV VWXG\LQJ EHKDYLRXULQDVHQVRU\VA\VWHP VXFKDV YLVLRQ VHHPYV
EHIJILQ WR H[SORUH WKH XQGHUO\LQJ QHXURELRORJ\RIW'&6 7KHQHXUDO
VWLPXOXV SURFHVVLQJ LQ SDUWLFXODU DUHEHWWHU XQGHUVWRRG WKI
VHQVRU\ VA\VWHPV RU KLJKHU RUGHU FRIJQLWLYH IXQFWLRQV

7UDQVFUDQLDO 'LUHFW &XUUHQWG6WLPXODWLR

JURP DVK WR BDULQJUDWHYV

7KH XVH Rl HOHFWULF FXUUHQWVY LQ PHGLFLQH GDWHV EDFN WR FODVVLF
5RPDQ SK\VLFLDQ 6FULERQLXV /DUJXV & $' UHFRPPHQGHG WKH XVH RI
FKDUJHV IURP OLYH WRUSHGR DPVK WR DOOHYLDWH KHDGDFKH DQG JRXW L
&RPSRVLWLRQHWPHIGERQHXYV /DUJXV

2YHUWKHIROORZLQJFHQWXULHV WKHPHGLFLQDO XVHRIWRUSHGR BVK
WKHZRUNVRI$QFLHQW *UHHNDQG5RPDQ SK\VLFLDQV 3HUVLDQ SK\VLFLD
FRQVLGHUHG WUHDWPHQW ZLWK WRUSHGR DVK HIHFWLYHIRUKHDGDFKH F
WLFVHL]XUBDPQA®RVYOHEDPMWBQGDUG PHGLFDO WH[W DW XQLYHUVLWLHV \
RXW OHGLHYDO (XURSHDQG WKH ,VODPLF ZRUOG ZKLFKWHPDLQHG LQ XVH
FHQWXU\ /HLERZLW] OF*LQQLYV

,Q WKM¥HQWXU\ WRUSHGR PVK ZHUH RQFH DJDLQ XVHG LQ D VHULHV RI
WKDW ODLG WKH JURXQGZRUN IRUPRGHUQ HOHFWURSK\VLRORJ\ :DOVK D
,QDFRQWURYHUVLDO EXW VHPLQDO VFLHQWLDF H[FKDQJH ,WDOLDQ SK\V|
SK\VLFLVW $OHVVDQGUR 9ROWD GHEDWHG WKH QDWXUH RI WKH HOHFWUL
PXVFOH FRQWUDFWLRQ LQ DQLPDO H[SHULPHQWYV 7R GLVSURYH *DOYDQL
PDOHOHFWULFRNXLG6 VHFUHWHG E\WKHEUDLQDQGFDUULHGWRWKHPXVF
LQYHQWHG WKHPUVW HOHFWULFDO EDWWHU\ WKH8YROWDLFFHOOb DQG
IRUD GLUHFW FXUUHQW RI HOHFWULFLW\ SURGXFHG E\ FKHPLFDO UHDFWL
9ROWD ,Q *DOYDQLSV QHSKHZ *LRYDQQL $OGLQL SUHVHQWH
OHFWXUHV RQ WKH VXFFHVVIXO WUHDWPHQW RI SV\FKLDWULF SDWLHQWV
6JDOYDQLF FXUUHQWV6 RYHU WKH KHDG $0GLQL YLIXUH



7TUDQVFUDQLDO 'LUHFW &XUUHQW 6WLPXODWLRQ

JLIXUH 7RS SD@NOFKLDWULF SDWLHQWY UHFHLYLQJJDOYDQLF VWLP:

IHUHQW VFDOS ORFDWLRQVYLDHOHFWURGHVY FRQQHFWHG WRDYROW

GOH BPJXUH VKRZV /XLJL /DQ]DULQL D \HDU ROG IDUPHU VXIHULQJ

FKRO\PDGQHVV6 EHLQIJWUHDWHG DWG6DQWR 2UVRRYIHYRVSLWDO LQ %

SDQH2RUHFHQWO\GHFHDVHG SDWLHQWV FRQQHFWHGWR YROWDLF FI

WKH:HOOFRPH ,PDJHVFROOHFWLRQDW WKH:HOOFRPH/LEUDU\ /RQGF
OLFHQVH

/HVV WKDQ D FHQWXU\ODWHU *XVWDY )ULWVFKDQG (GXDUG +LW
FDO VWLPXODWLRQ RI WKH FHUHEUDO FRUWH[ SURGXFHG GLVFUHYV
DQG +LW]LJ +LW]LJ 7KHLU H[SHULPHQWV LQ WKH PRWF
VHYHUDO FRQWURYHUVLHY DPRQJVW QHXURSK\VLRORJLVWV RI Wi
VKRZ WKDW WKH FRUWH[ ZDV HOHFWULFDOO\ H[FLWDEOH WKH\ DO\
EHLQJDQLQVLIJQLDPFDQW 6ULQGS6 WKH FRUWH[ ZDV IXQFWLRQDOO
ZHUH WRSRJUDSKLFDOO\RUJDQLVHG LQ WKHEUDLQ 7KHLUPQGLQ
FDWHG DQG VWUHQJWKHQHG WKH LGHD RI WKH EUDLQ DV D SRWHQ
ZLWK HOHFWULFDO FXUUHQWYV

,Q WKH IROORZLQJ GHFDGHV HYLGHQFH IURP GLIHUHQW DPHOGYV
FRQDUP WKDW LQIRUPDWLRQ WUDQVIHU EHWZHHQ SHULSKHUDO DQ
QHUYRXV VI\VWHP ZDV DQ HOHFWURFKHPLFDO SURFHVV 1HXURQYV
VLGHUHG WR EH WKH PDLQ FRPSRQHQW RI WKH QHUYRXV WLVVXH D
LQ WKH EUDLQ ZDV YLHZHG WR UHO\RQ QHXURQDO DFWLYLW\ $OWK
ZDV LGHQWLDPHG LQ WKH EUDLQ ZKLFK DSSHDUHG WR JUHDWO\ RX'

6FKZDQQ 9LUFKRZ WKHVH 6QHXURJOLD® ZHUH UHOH
QRQ IXQFWLRQDO UROH DV WKH FHOOXODU 6JOXHO VXUURXQGLQJ
YLHZ KDV RQO\ UHFHQWO\ EHHQ FKDOOHQJHG E\ D ZHDOWK RI QHZ
HTXDO UDWLR RI JOLD DQG QHXURQV LQ WKH EUDLQ %DUWKHOG HV



&KDSWHU *HQHUDO  QWURGXFWLRQ

JLIXUH 'LDJUDP RI D W\SLFDO QHUYH FHOO ZLWK LWV FKDUDFWHULVWLF RUJD

HOQOWLUH FHOO LV HQFORVHG E\D SODVPD PHPEUDQH ZKLFK DFWV DV DQ HOH

ODWRU 1HXURQDO VLIJIQDOOLQJ UHOLHV RQ WKHFRQWUROOHG PRYHPHQW R

SODVPD PHPEUDQH ,I VLIQDOV H[FHHG D FULWLFDO YROWDJH WKUHVKROG

WHQWLDO LVJIJHQHUDWHG DW WKH D[RQ KLOORFNDQG SURSDJDWHG DORQJ W

WRU\FRQGXFWLRQ PRVWSRVW VIQDSWLFHOHPHQWVDUHGHQGULWHYV LPDJI
SXEOLF GRPDLQ E\WKH FUHDWRU

DFWLYH SDUWLFLSDWLRQ RI JOLDO FHOOV LQ LQIRUPDWLRQ SURFHVVLQJ
$00HQ DQG (URJOX J)LHOGV DQG 6WHYHQV *UDKDP +DODVVD DQG
3HUHD HW DO BWRJVGLOO DQG (URJOX 9ROWHUUD DQG OHOGROH
LQVSLWHRIUHFHQW LQWHUHVW LQ JOLDO FHOOV WKHVWUXFWXUHDQG IX
EHHQ PXFK PRUH WKRURXJKO\ FKDUDFWHULVHG RYHU WKH ODVW FHQW XU\
1HXURQVUHFHLYHDQG WUDQVPLWHOHFWURFKHPLFDOLPSXOVHV YLD QI
LRQLF DQG PROHFXODU LQWHUDFWLRQV DFURVV WKHLU FHOO PHPEUDQH\
ELOD\HURIWKH QHXURQDO SODVPD PHPEUDQH DFWV DV DQHOHFWULFDO L
LPSHUPHDEOH WR WKH VPDOO LQRUJDQLFLRQV WKDW FDUU\HOHFWULFDO
1D FDOFLXP SRWDVVLXPU FKORULGEHSHFRLDOLVHG SRUH IRUPLQJ SUR
WHLQVDUHSUHVHQWLQWKHSODVPDPHPEUDQH ZKLFKVHOHFWLYHO\DOC
ODQ\GLIHUHQW W\SHV RI VXFK 6LRQ FKDQQHOV6 KDYH EHHQ LGHQWLDHG L
FRPELQH WR JHQHUDWH WKH FRPSOH[ SDWWHUQV RI QHXURQDO BULQJ
'KHQ D QHXURQ LV DW UHVW LWV LQWHULRU LV QHJDWLYHO\ FKDUJHG U
E\DVPDOOPDUJLQ L H S\RODQHXHBGERODULVDWLRQLY GXHWR WZRIDFW
JLUVW WKH QHXURQ&8YV FHOOXODU PHPEUDQH LY VHOHFWLYHO\SHUPHDEO
PROHFXOHV WR SDVV LQWR RU RXW Rl WKH FHOO EXW QRW RWKHUV 6HFI
PROHFXODU SXPSVUHOHDVH VRGLXP LRQV DQG UHWULHYH SRWDVVLXP LR
$W UHVW D FRQFHQWUDWLRQ JUDGLHQW GHYHORSV DFURVV WKH FHOO PH



7TUDQVFUDQLDO 'LUHFW &XUUHQW 6WLPXODWLRQ

JLIXUH 6FKHPDWLF LOOXVWUDWLRQ RI WKH W\SLFDO SKDVHV RIDQ DF

$WUHVW WKHUHLVDQHWQHJIJDWLYHPHPEUDQH SRWHQWLDORIDSSU

WKHVWUHQJWK RID SRODULVLQJVWLPXOXVLVLQFUHDVHG DWKUHV}

JDWHG FBEDQQHOV RSHNR@® H1QWR WKH FHOO FDXVLQJ GHSRODULYV
5HSRODULVDWLRQ RFFXUV ZKHQ WK FH KSIRQ\TH/O\. RSH QWG ..

NRZV RXW RI WKH FHOO +\SHUSRODULVDWLRQDY EQXXHG E\DQ HO

RIFKORULGHR@W :KLOH K\SHUSRODULVHG WKH QHXURQ LV LQDUHIUI
DSSUR[ PV GXULQJZKLFKLWFDQQRWJHQHUDWH IXUWKHU DFW |

ODUJHU QXPEHU RI VRGLXP LRQV RXWVLGH WKH FHOO LQFUHDVLQ
FHOO 6LPLODUO\ LQVLGHWKHFHOO DFRQFHQWUDWLRQJUDGLHQ
LRQV RXW Rl WKH FHOO 7KH UHVXOWLQJ FKDUJH GLIHUHQFH EHWZ
DQG H[WHULRURIWKH QHXURQ DPRXQWYV WR DSSUR[LPDWHO\ P9
dbUHVWLQJ PHPEUDQH SRWHQWLDO®S )LJIJXUH

,IPHPEUDQH SHUPHDELOLW\LQFUHDVHV IRU DIQQ N KDIVR® HD Q L QK
NX[RI.UHVXOWV $VWKHLRQV VHHN WRHTXDOLVH WKHLU GLVWULE
WHPSRUDULO\EHFRPHV SRVLWLYH UHODWLYH WR LWV H{WHULRU L
X UH &HUWDLQ QHXURWUDQVPLWWHU UHFHSWRULQWHUDFWL
DELOLW\ SURGXFLQJD SDUWLDO GHSRODULVDWLRQ GXHWRDQ LQ:
DQ HIFLWDWRU\ SRVWV\QDSWLF SRWHQWLDO (363 WHQGV WR SX\
2WKHU LQWHUDFWLRQV IXUWKHU GHFUHDVH SHUPHDELOLW\ OHDG
WLRQ K\SHUSRODULVDWLRQ )LJXUH WKDW LQKLELWY WKH QH
SRVWV\QDSWLF SRWHQWLDO RU,363

YRUD VLIJQDO WR EH SURSDIJDWHG WKH VWUHQJWK RI WKH LQS X\
WKH PHPEUDQH SRWHQWLDO $ QHXURQ XVXDOO\LQWHJUDWHYV PD
LQKLELWRU\VLJQDOV IURP RWKHU QHXURQV DW DQ\JLYHQ WLPH :
WLRQ IURP LQFRPLQJ (363V FURVVHV D FULWLFDO WKUHVKROG WK
SRWHQWLDO



&KDSWHU *HQHUDO  QWURGXFWLRQ

JLIXUH (IHFWRIWUDQVFRUWLFDO '& VWLPXODWLRQRQVSRQWDQHRXV HBULQJ

((* ERWWRP RIQHXURQVLQFDWYLVXDO FRUWH[ D 6XUIDFH QHJDWLYH FD)

UHQW E %DVHOLQH UHVWLQJ DFWLYLW\ F 6XUIDFH SRVLWLYH DQRGDO
GXFHG IURP &UHXW]IHOGW HW DO

7KXV DOWHULQJWKHYROWDJHGLIHUHQFHDFURVVWKHFHOOPHPEUDQ
URQDO H[FLWDELOLW\DQG LQNXHQFHV WKH QHXURQ3V DULQJEHKDYLRXU
QLDO EUDLQ VWLPXODWLRQ UHVWYV R QHIRHHIQER-EI W W D WFIDDS D O] VD R
WKH FRUWH[ ZLOO DIHFW QHXURQDO H[FLWDELOLW\ & DQG HYHQWXDOO\ b
ODWLQJWKHWUDQVPHPEUDQH SRWHQWLDO

%DVHG RQ WKHVH SULQFLSOHV WUDQVFUDQLDO EUDLQ VWLPXODWLRQ
FHLYHG UHQHZHG DWWHQWLRQ IURP UHVHQUAKMBR LIPWRW E\V $Q
7HU]XROR DQG %XOORFN GHPRQVWUDWHG WKDW DQ LPSRVHG YROWI
UDQJHRI P9ZDV VXOFLHQW WR PRGXODWH VSRQWDQHRXV QHXURQDO D!
SUHSDUDWLRQV IURP FUD\PVK DQG OREVWHUV 7KHLW2RWNRZDYV IROORZH
VWXGLHV LQ ZKLFK '& VWLPXODWLRQ ZDV DSSOLHG GLUHFWO\ WR WKH FR
DQLPDOV

&UHXW]IHOGW HW DO LQYHVWLIJDWHG VWLPXODWLRQ HIHFWV RQ \
HYRNHG DFWLYLW\ RI QHXURQV LQ WKH YLVXDO DQG PRWRU FRUWLFHYV RI
PLQLPXPLQSXWFXUUSDOMWRIHTXLUHG WR HOLFLW HIHFWV RQ QHXURQDO G
SDWWHUQV ,PSRUWDQWO\ QHWDFWLYLW\FKDQJHZDVGHSHQGHQW RQ Wk
DSSOLHG FXUUHQW PRVW QHXURQV VKRZHG DQ LQFUHDVH LQ PULQJ UDW]|
8DQRGDO6 FXUUHQWV DQGDGHFUHDVHLQDULQJUDWH IRUVXUIDFH QHJ
UHQWYV )LIXUH

BXEVHTXHQWH[SHULPHQWVE\%LQGPDQDQGFROOHDJXHVUHSOLFDWHG
PQGLQJV Rl &UHXW]IHOGW HW DO DQG DOVR KLJKOLJKWHG WKH HIHFW R
RQ QHXURQDO PULQJ SDWWHUQV %LQGPDQ HW DO 3RWHQWLDO
PDWRVHQVRU\FRUWH[RI UDWV WKURXJK WKH VWLPXODWLRQ RI WKH FRQW
HQKDQFHG E\VXUIDFH SRVLWLYH FXUUHRWRWO RKHWROVIH RY SSRQ V H
FKDQJHW\SLFDOO\SHDNHG RQO\DIWHU VWLPXODWLRQ ZDV DSSOLHG IRU V
RYHU LIWKHGXUDWLRQRIVWLPXODWLRQH[FHHGHG PLQXWHV WKLV DFW



7TUDQVFUDQLDO 'LUHFW &XUUHQW 6WLPXODWLRQ

PDLQWDLQHG IRU X SDWARWWKIRROU/DWLRQ RIVHW 6XUIDFH QHJDWLY
VLPLODUO\HOLFLWHG D ORQJ ODVWLQJUHGXFWLRQLQ WKH VL]H R
$QLQ YIWRXG\LQ WKH FDW PRWRU FRUWH[E\3XUSXUDDQG OFOXUV
WKHUHVSRQVLYHQHVV RIERWK S\UDPLGDO WUDFW 37 DQG QRQ S\
& $ PP DQGVWURQJ $ PP '& VWLPXODWLRQ DSSOLHG IRU SH!
& RU & V ,QDJUHHPHQW ZLWK SUHYLRXV PQGLQJV WKH\IRXQ
VWLPXODWLRQ GHSRODULVHG ZKHUHDV FDWKRGDO VWLPXODWLR
DQG QRQ 37 FHOOV +RZHYHU VXSHUDFLDOO\ORFDWHG QRQ 37 FH
& WKH\ ZHUH W\SLFDOO\K\SHUSRODULVHG E\DQRGDO FXUUHQW YV D¢
FXUUHQWY :HDN FXUUHQW GHQVLWLHV PRGXODWHG HYRNHG UHVS
PHPEUDQH SRWHQWLDO RU (363V RI37 QHXURQV ,Q FRPSDULVRQ ¢
UHVSRQVLYH WR ZHDN SRODULVDWLRQ $IWHU HIHFWV RI'& VWLPX
IRUP RI SURORQJHG SRWHQWLDWLRQRIHYRNHG DFWLYLW\DQG LQF
WKHLU GXUDWLRQ ZDV VKRUWHU WKDQ HIHFWV UHSRUWHG E\ %LQ
DPUPHG WKDW WKH GXUDWLRQ RI VWLPXODWLRQ SOD\HG DQ LPSRUYV
SURORQJHG VWLPXODWLRQ RXWFRPHV ORVW FULWLFDOO\ UHVXO
WKDW GLIHUHQW FHOO W\SHV DQG FHOOV DW GLIHUHQW FRUWLEDO
WDWLRQV PD\EH GLIHUHQWLDOO\DIHFWHG E\ VXUIDFH SRODULVLQ
+HQFH WKHVHDQLPDO VWXGLHV GHPRQVWUDWHG WKDW HYHQ Z
DW WKH VFDOS FRXOG UHDFK FRUWLFDO FHOOV DQG LQGXFH D VX0
HQFH WR PRGXODWH QHXURQDO PULQJ 7KHLU FROOHFWLYH PQGI
IRUPRGHUQ WUDQVFUDQLDO GLUHFW FXUUHQW VWLPXODWLRQ W'
+RZHYHU DOWKRXJKVHYHUDOHDUO\FOLQLFDOVWXGLHV UHSRUW
XODWLRQ IRU WKH WUHDWPHQW RI SV\FKLDWULF SDWLHQWYV &DU
+HUMDQLF DQG ORVV +HUMDQLF 5DPVD\DQG 6 FKODJHQDX|
DO VWLPXODWLRQUHVXOWV LQKXPDQV SURYHG GLOFXOW WF
ZDVJUDGXDOO\DEDQGRQHG +DOOHWDO /IRODV 1LDV
EUD\

&RQWHPSRUDU\PHWKRGRORJ\DQG FRQFHSWXDO P

L (OQWHUHVWLQ XVLQJ ZHDN HOHFWULFDO FXUUHQWYV WR QRQ LQYDYV
UHNLQGOHG DW W K HWFXIQQVRIUW EHZRUN IURP 3ULRUL HW DO DQ
DQG 3DXOXYV 7TKHVHVWXGLHVY ZHUH WKHDUVWWRLQYHVWL
FDO HI[FLWDELOLW\ XVLQJWUDQVFUDQLDO PDIQHWLF VWLPXODWL|
W'&6 FRXOG LQGXFH SURORQJHG DQG SRODULW\ GHSHQGHQW HI[FI
PDQ PRWRU FRUWH]

SULRULHWDO XVHG PRWRUHYRNHG SRWHQWLDOV 0(3V DV |
FLWDELOLW\WRHYDOXDWHWKHLPSDFWRIDQRGDO RUFDWKRGDO
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,QD VHULHV RI H[SHULPHQWYV ZHDN '& VWLPXODWLRQ P$ ZDV DSSOLH
YLD WZR VFDOS HOHFWURGHY SRVLWLRQHG RYHU WKH SULPDU\ PRWRU FRI
ORWRUWKUHVKROGV ZHUH PHDVXUHG XVLQJVLQJOH SXOVH 706 EHIRUH DQ
,QDVDPSOHRI SDUWLFLSDQWVY FDWKRGDO W'&6 DW P$ GLG QRW DIH
ROGV EXW DQRGDO W'&6 ZDV DVVRFLDWHG ZLWK DQ DYHUDJH GHFUHDVH |

7KH DXWKRUV LQWHUSUHWHG WKLV VXSSUHVVLRQ DV D K\SHUSRODULV
FLDO H[FLWDWR U\ QHXUR QVQ LYQBMUGRHEIMN K RFKBHXUSXUD DQG 0F0XUW U\

ORUHRYHU D VHFRQG H[SHULPHQW LQ DYH SDUWLFLSDQWV IRXQG WKE
IROORZLQJ DQRGDO W'&6 LQFUHDVHG ZLWK LQSXW FXUUHQW LQWHQVLW\
HYHU LQ WKHVH LQLWLDO H[SHULPHQWY FDWKRGDO VWLPXODWLRQ SUHI
ZLWKLQ WKH VDPH WULDO $ WKLUG H[SHULPHQW WKHUHIRUH DVVHVVHG F
DQRGDOW'&6 DW P$ZLWKRXW SULRUFDWKRGDO VWLPXODWLRQDQG IRX
0(3VL]H ,QUHVSRQVH 3ULRULHWDO VSHFXODWHG WKDW PRWRU QHXUR
FRPSHQVDWH IRU '& VWLPXODWLRQ DQG WKDW WKH DOWHUQDWLQJ DQRGLI
SURWRFRO PD\KDYH UHVWUDLQHG VXFK DGDSWDWLRQ

,QFRQWUDVW 1LWVFKHDQG 3DXOXV IRXQGHYLGHQFHIRUSRODULW
RQ H[FLWDELOLW\ WKDW IROORZHG WKH RSSRVLWH SDWWHUQ Rl UHVXOW

DQRGDO W'&6 GHOLYBBHBDWRIBP SOLWXGH E\ ZKHUHDV FDWKR
G DO WGE&HF UH D Y3VGE \ +RZHYHU D QXPEHU RI PHWKRGRORJLFDO GLIHUH¢
LQWKHWZR VWXGLHVY ZHUH WDNHQ WR H[SODLQ WKHLU GLYHUJHQW DPQGLC
WLRQ RI LQGXFHG HOHFWULF PHOGY OLNHO\ GLIHUHG GXH WR WKH GLIHUF
OHIW 0O DQG FRQWUDODWHUDO RUELWD YV 0 DQG FKLQ 6HFRQGO\ WK
OLYHU\GLIHUHG JUHDWO\ 3ULRULHW DO DSSOLHG ERWKDQRGDO DQG FLC
VDPH H[SHULPHQWDO VHVVLRQ ZKHUHDV 1LWVFKH HW DO WHVWHG WKH F
RQ VHSDUDWH GD\V 7KLV DSSURDFKIRUDYRLGLQJ SRWHQWLDO FDUU\ RY
WLRQ KDV VLQFH EHFRPH VWDQGDUG SUDFWLFH LQ WKH PHOG 6WLPXOD)\
PRQO\ VHSDUDWHG E\ DW OHDVW & KRXUV WR DOORZ QHXURQDO H[FLW
EDVHOLQH )LQDOO\ 1LWVFKHHW DO YDULHG FXUUHQW LQWHQVLW\ IURF
DFFRUGDQFH ZLWK 3ULRUL HW DO 8 IRXQG QR DIWHU HIHFWV IRU VWLF
WLHV EHORZ P$ %\ YDU\LQJ ERWK FXUUHQW LQWHQVLW\DQG GXUDWLR
1ILWVFKHDQG FROOHDJXHV FRXOG VKRZ WKDW VWLPXODWLRQ DIWHU HiHF
VXOFLHQWO\VWURQJ P$ PLQ RUVXOFLHQWO\ORQJ P$ PLQ VWLP)
FRQFOXGHG WKDW H[FLWDELOLW\ FKDQJHV REVHUYHG GXULQJ V RIW'&6 I
GXHWRVKLIWVLQ QHXURQDO UHVWLQJPHPEUDQHSRWHQWLDOV EXW WKEC
RIW'&6 PXVW EH SURGXFHG E\D GLIHUHQW QHXURSK\VLRORJLFDO PHFKDQ
IURP FKDQJHV LQ VSRQWDQHRXV DULQJ

)XUWKHU VXSSRUW IRU W'&6 HIHFWV RQ QHXURSODVWLFLW\ ZDV SURYL
VWXG\ LQ ZKLFK W'&6 DW P$ ZDV DSSOLHG WR O IRU & PLQLQVWHSVF
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1ILWVFKHDQG 3DXOXV :KLOH VWLPXODWLRQIRU DQG PLQXV
SOLWXGH IRUXSWR PLQXWHV SRVW RiIVHW VWLPXODWLRQ IRU
H[FLWDELOLW\ FKDQJHV IRU XS WR PLQXWHV 6RPHLQWHU LQGL
VL]H ZDV REVHUYHG EXW RYHUDOO UHVXOWV IURP WKLV VWXG\ Z
GHQFHIRUWKHDELOLW\RIW'&6 WR QRQ LQYDVLYHO\DQG UHYHUV!
H[FLWDELOLW\FKDQJHYV

7KH PQGLQJV DQG PHWKRGRORJ\ RI WKHVH WKUHH VWXGLHV KDC
W'&6 UHVHDUFK LQ WKH VXEVHTXHQW WZR GHFDGHV $V D UHVXOW
DJDLQ EHJXQ WR XVH W'&6 LQ WKH KRSH RI HQKDQFLQJ KHDOWK\ F
OHYLDWLQJQHXUR SV\FKLDWULF GLVRUGHUV ,Q FRPSDULVRQ WR
QLTXHV VXFKDV706 RUGHHSEUDLQVWLPXODWLRQ W'&6LVHDV\ W
PDNLQJLWLGHDOO\VXLWDEOHIRUFOLQLFDOVWXGLHV %UXQRQL
OLFDWLRQVEDVHGRQW'&6 KDVEHHQ VWHDGLO\ULVLQJ 6DQWDUQ
VWDQGDUGLVDWLRQ KDV PHDQW WKDW PRVW FRQWHPSRUDU\ W'&6
PHWKRGRORJLFDO DSSURDFKHV

7KH HIHFWV RI W'&6 DUH WKRXJKW WR EH SULPDULO\ GHWHUPLQH
SOLHG DW WKH VFDOS WKH UHVXOWLQJ HIHFWLYH SRODULVDWLR
LQWHUHVW WKHQHXURSK\VLRORJLFDO UHVSRQVH WR LW DQG WKH
LV PHDVXUHG +RZHYHU PDQ\RIWKHIDFWRUV LQNXHQFLQJW'&6 R
RUVWDWH GHSHQGHQW LQGLYLGXDO GLIHUHQFHY DUH GLOFXOW \
JOHFWHG LQ WKH GHVLJQ DQG UHSRUWLQJRIH[SHULPHQWYV
1RQHWKHOHVV WKHUH DUH VRPH EDVLF VLPLODULWLHV WR PRV
SRUWHG LQ WKH OLWHUDWXUH &RPPRQO\ ORZ LQWHQVLW\ HOHF\
WZR ODUJH VFDOS HOHFWURGHY SODFHG RYHU FRUWLFDO DUHDV F
VRU\ RU FRIJQLWLYH SURFHVV RI LQWHUHVW VHH )LJXUH IRU DQ
HOHFWURGH PRQWDJH IRU W'&6 RI WKH YLVXDO FRUWH[ (OHFWUR
& FPDQGFXUUHQWLQWHQVLW\YDULHVEHWZHHQ & P$ UHVX
WLHVY WKDW IDOO ZLWKLQ FXUUHQWO\DFFHSWHG VDIHW\OLPLWYV *|
3DXOXV 6WLPXODWLRQ LV DSSOLHG XVLQJ FDUERQ DOOHG V
ZKLFK DUH HLWKHU SODFHG LQ VDOLQH VRDNHG VSRQJH HQYHORS
RIFRQGXFWLYH SDVWH (OHFWURGHV DUHPRVW IUHTXHQWO\ SRVL
WR WKH ,QWHUQDWLRQDO VAVWHP IRU ((* $OWHUQDWLYHO\ H(
JXLGHG E\QHXURQDYLJDWLRQ VI\VWHPV XVLQJ SDUWLFLSDQW VSH|
DQDSSURDFK WKDW LV JDLQLQJ WUDFWLRQ EXW LV QRW \HW ZLGH¢
$ FRQVWDQW FXUUHQW LV DSSOLHG EHWZHHQ WKH WZR HOHFWUF
LQFUHDVLQJWKH FXUUHQW RYHU VWRPLQLPLVH XQSOHDVDQW
HW DO 9HUXP W'&6 LV JHQHUDOO\ DSSOLHG IRU & PLQXWH)\
FRPPRQO\DFKLHYHG E\EULHRN\IDGLQJFXUUHQWLQDQG RXW WR PL
VDWLRQV WKDW RIWHQ DFFRPSDQ\ YHUXP VWLPXODWLRQ *DQGLJD
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J)LIXUH $ 7\SLFDO PRQWDJH IRU W'&6 RI WKH YLVXDO FRUWH[ ZLWK HOHFW
SODFHG RYHU ((* SRVLWLRQV &]DQG 2] $W WKH VFDOS VXUIDFHRYHU WKH FRU
DUHD WKH DSSOLHG FXUUHQW SRODULW\ LY HLWKHU DQRGDO OHIW RU FDW

6WLPXODWLRQ GHYLFH ZLWK WZR [ FPVLOLFRQHUXEEHU VFDOS HOHFWU

RIDSSURSULDWHVWLPXODWLRQ SURWRFROV IRUGRXEOH EOLQG VKDP FI
GLVFXVVHG LQ IXUWKHU GHWDLO LQ &KDSWHU
2XWFRPHV RI W'&6 DUH P H IBWULME HRXMXKIHWLRQ 6RQBAIMQLR6 RU

XODWLRQ RIVHW 6ROLQH6 DQG GLIHUHQW QHXURSK\VLRORJLFDO PHFKD
EHHQ SURSRVHG IRURQOLQH YV ROLQHW'&6 $V GLVFXVVHG DERYH RQOL
GLUHFW FXUUHQWV LV ZLGHO\ & EXW SHUKDSV VLPSOLVWLFDOO\&DVVXPH:
FLWDELOLW\ E\ WUDQVLHQWO\ DOWHULQJ QHXURQDO UHVWLQJ SRWHQWL
OLNHOLKRRG RIQHXURQDO PULQJZLWKRXW GLUHFWO\HOLFLWLQJDQ DFW
ROLQHW'&6 HIHFWV DUH QRZWKRXJKW WRLQYROYHORQJ WHUP SRWHQWL
OLNH QHXURSODVWLFLW\ YLD PRGXODWHG 10'$ UHFHSWRU HOFDF\ DQG D
&D OHYHOV 6WDJJDQG 1LWVFKH 6WDJJ HW DO $00 W'&6 H[SHU!
RXW DV SDUW RI WKLV WKHVLV ZHUH EDVHG RQ RQOLQH VWLPXODWLRQ SUF

&RQFHSWXDO PRGHOV RIW'&6

7TKH W'&6 PHFKDQLVPY SURSRVHG WR GDWH HDFK DWWHPSW WR GHVFULEF
DWD GLIHUHQW OHYHO RIDQDO\VLV 7KHUHIRUH LWLV XQUHDOLVWLF WF
PHFKDQLVPV WR IXOO\H[SODLQ W'&6 RXWFRPHV :LWKRXW D GRXEW WKH I
VA\VWHP ZKRVH EHKDYLRXU HPHUJHV IURP WKHLQWHUDFWLRQV RIPDQ\PLC
V\VWHP +HQFH ZHPXVW GHYHORS VXLWDEOH WUDQVIHUIXQFWLRQV IRU \
GHVFULSWLRQWRJDLQDJOREDO SHUVSHFWLYHRIW'&6 LQ WKH KXPDQ EU
HOVRIW' &6 WKDW DWWHPSW WR OLQNPXOWLSOHOHYHOV RIGHVFULSWLR
WR EH IRUPXODWHG H[SOLFLWO\ E\W'&6 UHVHDUFKHUYV :KLOH WKH\DOO I
WKH VDPH LVVXH WKH\GR VR IURP GLIHUHQW SHUVSHFWLYHV DQG PDNH G
WLRQV RI WKH EUDLQOV FRPSOH[LW\



7TUDQVFUDQLDO 'LUHFW &XUUHQW 6WLPXODWLRQ

JLIXUH /HYHOV RI GHVFULSWLRQ IRURXWFRPHV RI GLUHFW FXUUHQW

GDWH WKH WUDQVIHU IXQFWLRQV EHWZHHQ VWLPXODWLRQ HIHFWV

OXODUOHYHO WR KXPDQ EHKDYLRXU UHPDLQ ODUJHO\ XQGHUGHWHUF
%HVWPDQQ HW DO

TKHVWDUWLQJSRLQWRIWKHUHFHQW UHVXUDRR BB DQHY F& GMIDHAWLH
FDWKRGDO LQKLELWLRRLBK®VWRGHONKDW WKHEUDLQLVDOGOGSDVYV
RIW'&6 DQG WKDW VWLPXODWLRQ HIHFWV FDQ EH 6GLDOOHG XS RU
FRUWLFDO HIFLWDELOLW\ZLWKDQRGDO FXUUHQWV RUGHFUHDVLC
UHQWYV 2XWFRPHVDWWKHQHXURQDOOHYHODUHWKHQEHOLHYHG
HJ VWLPXODWLRQZLWKDQRGDOW'&6 GHSRODULVHVY WKHPHPEUI
KDYLRXUDO SHUIRUPDQFHRQDJLYHQ WDVN &ULWLFDOO\ WKH PR
RIWKHLQWHUPHGLDWHOHYHOVLQYROYHGLQWKHPHGLDWLRQRIV
VLPSOLPFDWLRQ PLJKW EHDSSURSULDWH IRUFRPSDUDWLYHO\ FO
VXFKDVWKHO(3LQPRWRUSK\WVLRORJ\ EXWIDLOVWRDGHTXDWHO\
FRQVLVWHQWDBDbQGLQJV RIEHKDYLRXUDO W'&6 VWXGLHV (YLGHQFH
KDV FKDOOHQJHG WKH GLUHFW OLQHDU UHODWLRQVKLS EHWZHHC
DQGDBPQDO VWLPXODWLRQ RXWFRPH SRVLWHG E\ WKH $H&L PRGHO

,Q FRQWUDVW WR WKH 6VWD\I ERAL $H &\ BRIG H GGRINRGHR \PHRWG\W R D W
W'&6 HIHFWV GHSHQG RQ WKH VWDWH RI WKH EUDLQ L H WKHDFW
WLPH RIFXUUHQW VWLPXODWLRQ ,WLVJHQHUDOO\DVVXPHG WKD
URQV QHDU WR WKHLU PULQJ WKUHVKROG DQG WKXV RQO\DIHFWYV
JDJHG LQ WDVN HIHFXWLRQ %LNVRQDQG 5DKPDQ OLQLXVVLH
PRGHO H[SDQGVWR GHVFULELQJH[FLWDELOLW\LQFUHDVHV RU GH|
LWQHIJOHFWYV WKHQHWZRUN OHYHO G\QDPLFVLQYROYHGLQ VHQV
WKH EUDLQ

,QSULQFLSOH LWLV SODWWXRECGHH A DWW\ G HS HEG BMHWV P/RXE MO C
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WR FKDUDFWHULVLQJ KLJK OHYHO EHKDYLRXUDO RXWFRPHV DFKLHYHG Z
OHDVWSDUWLDOO\DGGUHVVWKHLVVXHRIWKHWHFKQLTXHOVORZVSDWLI
DVVXPHV WKDWHOHFWULFDO VWLPXODWLRQ QRWRQO\OHDGVWRDFWLYL
WKH WDUJHWHG FRUWLFDO UHJLRQ EXW DOVRLQ UHODWHG QHWZRUNYV /X
KDV EHHQ VKRZQ WKDW QHXURQDO QHWZRUNV DUH PRUH DIHFWHG E\ FKD
FXUUHQWYVY WKDQ WKH DYHUDJH VLQJOH QHXURQ )UDQFLV HW DO )
SUREDEOHFDVHWKDWWZRIXQFWLRQDO QHWZRUNVRYHUODSLQDFRUWLF
H[SHFWHG WR SULPDULO\DIHFWWKHQHWZRUNPRVWVWURQJO\DFWLYDWF
RIUHFHQW VWXGLHY KDYH VXSSRUWHG WKH QRWLRQ WKDW EHKDYLRXUDC

WDVN LQGXFHG QHXUDO DFWLYLW\ HJ %RUWROHWWRHW DO ) XU X\
7TVHQJHWDO
$Q DOWHUQDWLYH PRGHO SURSRVHG E\ .UDXVH HW DO IRFXVHV RQ

WZHHQ H[FLWDWRU\DQG LQKLELWRU\ FRUWLFDO LQSXWV IRUWKH PDLQW!
IXQFWLRQHIRHWDWLRQ LQKLELWILREPDE06 ROHDRREHAIYV IURP PDJQHWLF
UHVRQDQFH VSHFWURVFRS\ 056 VWXGLHV VKRZLQJWKDW DQRGDO DQG F
ORFDO FRQFHQWUDWLRQV RI LQKLELWRU\ *$%$ DQG H[FLWDWRU\ JOXW
WLYHO\ &0ODUNHW DO 6WDJJHW DO 6WDJJDQG -RKDQVHQ %HUJ
DUJXHWKDWWKHGLUHFWLRQRIUHJLRQDOH[FLWDWLRQ LQKLELWLRQ ( ,
E\JOXWDPDWH *$%$ UDWLRY GHWHUPLQHV EHKDYLRXUDO W'&6 HIHFWV D
XVHG WR UHVWRUH DQ RSWLPDO ( , EDODQFH IRUWDVN SHUIRUPDQFH 7KL
WR WKH SULQFLSOHY SURSRVHG E\ WKH $H&L PRGHO DW D KLJKHU OHYHO
SODLQLQGLYLGXDO GLIHUHQFHVLQW'&6 RXWFRPHVERWKLQKHDOWK\DQ(
+RZHYHU DWWKHFXUUHQW VWDJHRIUHVHDUFK WKHHIHFWVRIW'&6 RQ Q
FHQWUDWLRQV DUH SRRUO\ XQGHUVWRRG DQG WKH PRGHO LV SHUKDSV W
VSHFLDF W'&6 RXWFRPHV )XUWKHUPRUH WRIXOO\XQGHUVWDQG WKH PHF
(, EDODQFH IDFWRUV VXFK DV OHYHOV RI %'1) RUFRUWLFDO DGHQRVLQH
WDNHQ LQWR DFFRXQW

ORUH UHFHQWO\ WKHFRQFHSW RIOLPLWHG UHVRXUFHV LQ WKH EUDLQ
QLWLYH PRGHOV LQ SV\FKRORJ\ KDV DOVR EHHQ GLVFXVVHG LQ WKH FRQ
QLVPV %UHP HW DO IXEHWUR VXF RRIGWWY RQ WKH LGHD WKDW LW LV
LPSRVVLEOHWR ERRVW FRIJQLWLYH IXQFWLRQLQJZLWK W'&6 ZLWKRXW LQ\
6ORVVOLQDQRWKHUFRJQLWLYHDVSHFW +RZHYHU WKHYDOLGLW\RIWKL
WHVWHG VLQFH LW LV GLOFXOW WR PHDVXUH PXOWLSOH FRJQLWLYH IXQF
IDU RQO\RQH H[SHULPHQW E\ ,XFXODQR DQG &RKHQ .DGRVK KDV UHSR
LQJHYLGHQFHIRUWKHPRGHO ORUHRYHU WKH]JHUR VXPPRGHO PLJKW HE
E\QHWZRUNDFWLYLW\ GHSHQGHQW PRGHOV

&ROOHFWLYHO\ FRQFHSWXDO PRGHOV RIW'&6 WKDW DLP WR VSDQ GLITHL
WLRQ VWUXJJOH WR UHGXFH WKH EUDLQ3V FRPSOH[LW\DQG IUHTXHQWO\
DQDORJRXV FRQFHSWXDOLVDWLRQV WKDW DUH GLOFXOW WR WHVW GLUHF
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XVHISRBVW KRFODQDWLRQV RIREVHUYHG RXWFRPHV WKHLU SK\VLR
LFDO YDOLGLW\ PXVW EH FDOOHG LQWR TXHVWLRQ &RQVHTXHQW
VWXGLHY EDVH WKHLU DSSURDFK SULPDULO\RQ SUHYLRXVO\ UHSRK
WKHGHYHORSPHQW RIWKHRUHWLFDO IUDPHZRUNV LVDWULVNRIV
HOHFWULFDO VWLPXODWLRQ WR HIHFWLYHO\O0FRDFK® WKH EUDLQ
FOLQLFDO SRSXODWLRQV WKHWDVNDKHDGLY QRWD WULYLDO RQ

<RX ZLOO \RX ZRQAOW \RX GR \RX GRQAOW RSHQ T.
FKDOOHQJHV LQW'&6 UHVHDUFK
7TKHGLYHUVLW\RIERWKVWLPXODWLRQ SURWRFROVDQGFRQFHSW?

E\WKH KHWHURJHQHLW\ RIHPSLULFDO PQGLQJV LQ WKH PHOG 5H
VHYHUDO VHQVRU\DQG FRIJIQLWLYH GRPDLQV LQGLFDWH WKDW WK

UHVXOWY RIUHSRUWHG VWXGLHY '"HGRQFNHU HW DO +DVKHP
+RUYDWK HW DO -DFREVRQ HW DO ODQFXVR HW D
HW DO OHGLQD DQG &DVRQ SULFHHWDO 9DVHJKL HW

BWLPXODWLRQ RXWFRPHV YDU\ VWURQJO\QRW RQO\LQ HIHFW VL
RI VWLPXODWLRQ HIHFWV ,Q SDUW WKLV KHWHURJHQHLW\ FDQ E|
PHWKRGRORJ\ )RU H[DPSOH WKH GRVHV DSSOLHG LQ VHQVRU\ DQ
DUH QRW DGHTXDWHO\VWDQGDUGLVHG ZKLFKKLQGHUV GLUHFW F
WKHUPRUH DODFNRIULJRURXVUHSRUWLQJRIH[SHULPHQWDO SUF
DQG LQWHUSUHWDWLRQ RI SXEOLVKHG VWXGLHV +RZHYHU DSDUW
RJ\ UHVHDUFKHUV LQ WKH PHOG DUH FRQIURQWHG ZLWK D YDULH:
FROQOWULEXWH WR WKH GLVSDUDWH DPQGLQJV UHSRUWHG LQ WKH OL"

J)LUVW DQG IRUHPRVW ERWK WKHRUHWLFDO FRQVLGHUDWLRQV |
VXJJHVW WKDW WKHFODVVLFDVVXPSWLRQRI6G6DQRGDO H[FLWDWR
LV JURVVO\ RYHUVLPSOLDPHG $V GLVFXVVHG DERYH WKLV FRQFH:
RI ODQGPDUN DQLPDO VWXGLHV LQ WKH V ZKLFK GHPRQVWUDW
XODWLRQ HQKDQFHG PULQJ UDWHV ZKHUHDV FDWKRGDO '& VWLPX
%LQGPDQ HW DO &UHXW]IHOGW HW DO 3XUSXUDDQG 0FO
ZHOO HVWDEOLVKHG WKDW WKLV IRUPRI'& VWLPXODWLRQ FRQFXU L
SXW DQG VSLNLQJ RXWSXW $QLPDO VWXGLHV KDYH VKRZQ WKDW P
VXFKDV SUH VIQDSWLFDFWLYDWLRQ DQG VIQDSWLF WUDQVPLVVLI
PHDVXUHV VXFKDVBHULQJUDWHRUQHWZRUNRVFLOODWLRQV DU}
UHFW FXUUHQWVY HJ %DF]\NDQG -DQNRZVND %RO]JRQL HW C
OEUTXH] 5XL] HW DO 5DKPDQ HW DO 5HDWR HW DO 7
UDLVHG WKH TXHVWLRQ RI KRZPXFK FKDQJHV LQ PULQJ EHKDYLRXL
FXUUHQWVY HQWHULQJWKHQHXURQDV RSSRVHG WR FKDQJHV LQ WK
UHFHQW VWXG\ LQW HJ U D WIHBG YU MMSKFOUN VP HORP DQG FRPSXWDWLRQDO
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WR VKRZ WKDW '& VWLPXODWLRQ OHDGV WR RSSRVLQJ SRODULVDWLRQ RI
GHQGULWHY /DIRQHWDO SHVXOWYV VXJIJHVWHG WKDW IRUDQRGDO
IHFWV FRPELQHWRVLPXOWDQHRXVO\LQFUHDVHWKHGULYLQJIRUFHRIV\
SUREDELOLW\RIVSLNLQJDW WKHVRPD ,Q FRQWUDVW IRUFDWKRGDO VW
HIHFWV RQ VRPDDQG GHQGULWHYVY WHQG WR FDQFHO RXW &RQVHTXHQWO)
VWUHQIJWK RIDQRGDO DQG FDWKRGDO VWLPXODWLRQLVWREHH[SHFWHG

+RZHYHU WKH YDOLGLW\RI WKHVH PQGLQJV IRUWUDQVFUDQLDO VWLP
VWLOO XQFOHDU 1RWRQO\GRKXPDQEHKDYLRXUDO VWXGLHV WHVWDOLF
WHQVLWLHV é P$ ZKLFKWUDQVODWHWRORZHU SRODULVDWLRQ WKD(
PHOGVLQDQLPDO VWXGLHVY EXW LW KDV DOVR SURYHQ GLOFXOW WR H[WU
FRQWURQOHRMWRYIDRLPDO VWXGLHVY WR WKHPXFKPRUHFRPSOH[PRUSKRC
IXQFWLRQDOO\FRKHVLYH FRUWLFDO DUHDV LQ KXPDQV

7KLV LV SHUKDSVY H{HPSOLPHG E\D PHWD DQDO\VLV RI W'&6 VWXGLHV E\

ZKLFK VKRZHG WKDW WKH OLNHOLKRRG RI DFKLHYLQJ WKH FODVVLF $

IRUPRWRUW'&6 VWXGLHVY EXW RQO\ IRUFRIJIQLWLYHW'&6 VWXGLHV ORI
HQFH ZDV SULPDULO\GULYHQ E\WKH GLOFXOW\RIDFKLHYLQJFDWKRGDO
WKHFRJQLWLYH YV PRWRUGRPDLQ 8QIRUWXQDWHO\ ZH SUHVH
LQVLIKWV RQVR PDQ\LQWHUPHGLDU\OHYHOV RIGHVFULSWLRQ WKDW LW
LQJVDUHGXH WR FDWKRGDO HIHFWV EHLQJPRUH GLOFXOW WR DFKLHYF
DV VXJJHVWHG E\/DIRQ HW DO PRWRU W'&6 VWXGLHYV KDYLQJ SULF
O(BVWRDVVHVVPRWRUFRUWH[VWLPXODWLRQéEDFRPSDUDWLYHO\ZHOO |
PHDVXUH IRUW'&6 LQ KXPDQV FRUWLFDODQG RUFHOO PRUSKRORJ\LQ
EHLQJ PRUH DPHQDEOH WR HI[RIJIHQRXV SRODULVDWLRQ RU DFRPELQDW
IDFWRUV

IDPLQDU VWUXFWXUHDQGFHOOPRUSKRORJ\GLIHUWRVRPHGHJUHH ER\
DQGFRUWLFDOUHJLRQV 5DGPDQHWDO HIDPLQHG QHXURQDO PRUSK|
FRUWH[VOLFHVDQGFRQFOXGHG WKDW ODUJHU PRUHDV\PPHWULFFHOOV
VRPDWLF SRODULVDWLRQ OHQJWK 7KHUHIRUH WKH\ SUHGLFWHG WKDW V
PLGDO QHXURQV LV PRVW VHQVLWLYH WR SRODULVDWLRQ E\RSWLPDOO\
HOHFWULF PHOGV $ GLVWLQJXLVKLQJ IHDWXUH RI WKH PRWRU FRUWHI[ L
FHOOV LQ OD\HU 9E 7KHVH JLDQW S\UDPLGDO QHXURQWFDQ KDYH D GLDP
DQG GLVSOD\DJUHDW QXPEHU RISULPDU\GHQGULWLF VKDIWV EUDQFKLQ.
DWPDQ\GLIHUHQW SRLQWV %UDDNDQG %UDDN OH\HU SLYDUD HW
WR WKHLU XQLTXH PRUSKRORJ\ %HW] FHOOV FRXOG WKXV FRQVWLWXWH D
YHUJHQW VWLPXODWLRQ RXWFRPHVRIW'&6 LQ WKHPRWRUFRUWH[YV RW
+RUYDWK HW DO IRUD UHYLHZ

,Q DGGLWLRQ WKHHIHFWV RIW'&6 DUH DOVR GHWHUPLQHG E\ WKH RULF
UHODWLYH WR WKHHOHFWULFDO DPHOG 3XUSXUDDQG OFOXUWU\ 5DQF
SURSRVHGWKDWDUDGLDO FXUUHQW NRZDORQJWKHD[RQLVPRVWHIHFW|
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SRODULVDWLRQ ZKHUHDV WDQJHQWLDO FXUUHQWY DUH PRVW Hit
ODULVDWLRQ 5DKPDQ HW DO &RQVHTXHQWO\ FRUWLFDO IR
RYHUDOO RXWFRPH RI VWLPXODWLRQ 7KH XQLIRUP FXUUHQWYV DS
LHV DUH XQOLNHO\ WR RFFXU LQ KXPDQ HOHFWULFDO VWLPXODWL]
DUHDV DUH WDUJHWHG DQG LQGXFHG HOHFWULF PHOGV DUH PXFK |
LV OLNHO\ WR VLIJQLDPFDQWO\FRQIRXQG DQ\PHDQLQJIXO FRPSDUL
PQGLQJV

%DVHG RQ WKHVH FRQVLGHUDWLRQV LW VHHPV KLJKO\LPSODXV
DSSOLHG YLD ODUJH VFDOS HOHFWURGHYV ZRXOG EH JOREDOO\ GH S
DV KDV FRPPRQO\EHHQ DVVXPHG LQ KXPDQ W'&6 VWXGLHV EDVHG F
GHHG QXPHURXV UHFHQW VWXGLHV KDYH KLJKOLJKWHG WKDW W'
FDQ EHFRPH QRQ OLQHDU XQGHU FHUWDLQ FRQGLWLRQV )RU LQV
UHSRUWHG LQ WKH VHPLQDO SDSHU E\ 1ILWVFKH DQG 3DXOXV
LQWHQVLW\ GRHY QRW QHFHVVDULO\LQFUHDVH VWLPXODWLRQ HO

.LGJHOO HW DO DQG PLJKW LQVWHDG FKDQJH WKH GLUHFV

DWLRQV %DWVLNDG]HHW DO (VPDHLOSRXUHW DO UHFH
SK\VLFDO PRGHOV SUHGLFW HOHFWULF PHOGV LQ WKH EUDLQ WR L
UHQW LQWHQVLW\ DW WKH VFDOS FXUUHQW HPSLULFDO HYLGHQF
DVVXPSWLRQ RI D VLPSOH PRQRWRQLF UHODWLRQVKLS EHWZHHQ
JLYHQ EUDLQ UHJLRQ DQG WKH HIHFW VL]H RI QHXURSK\VLRORJLFC
%H\RQG VWLPXODWLRQ LQWHQVLW\ WKH WLPLQJ RI VWLPXODWLR
WR QRQ OLQHDU HIHFWV RI W'&6 &RQWUDGLFWLQJ RXWFRPHV RI R
EHHQHVWDEOLVKHG LQ WKHFRQWH[W RIPRWRU 6ULUDPDQ HW DO
FRJQLWLYH SHUIRUPDQFH ODUWLQ HW DO 2KQ HW DO

+RZHYHU SHUKDSV WKH PRVW VLIJQLDFDQW PHWKRGRORJLFDO F
WRGD\LV SRVHG E\ WKH FRQVLGHUDEOH QXPEHU RILQWHU DQG LQ
DUHLQYROYHGLQ GHWHUPLQLQJVWLPXODWLRQRXWFRPHV EXW DU
WLI\ DQG FRQWURO IRU 2Q WKH RQH KDQG WUDLW GHSHQGHQW C
SDQWY HJ LQ QHXURDQDWRP\ QHXURFKHPLVWU\RU EDVHOLQH ¢
HGO\VKDSH W'&6 HIHFWV 2Q WKH RWKHU KDQG H[SHULPHQWYV DUH
E\D YDULHW\ Rl VWDWH GHSHQGHQW DVSHFWV VXFK DV WKH SDU\
IDWLJXH PHWDEROLVP RUKRUPRQDO EDODQFH DW WKH WLPH RI GI
WUDLW DQG VWDWH GHSHQGHQW IDFWRUV LQWHUDFW ZLWK WKH O
SURWRFROV

,Q UHFHQW \HDUV VHYHUDO HPSLULFDO VWXGLHV KDYH DWWHP
LQWHU LQGLYLGXDO YDULDELOLW\ LQ UHVSRQVH WR QRQ LQYDVL
LQ JHQHUDO DQG WR W'&6 LQ SDUWLFXODU H J $PPDQQ HW DO
"\NH HW DO E /LHW DO /uSH] $ORQVR HW DO 6W L
7UHPEOD\ HW DO :LHWKRI HW DO 2QFH PRUH GLIHUHQ
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PHWKRGRORJ\LPSHGH D FOHDU FRPSDULVRQ EXW WKH HPHUJLQJ FRQVHC
WKDW D FRQVLGHUDEOH SURSRUWLRQ RI SDUWLFLSDQWY GR QRW UHVSRQ
$ UHYLHZ E\/LHW DO LGHQWLPHG WKDW IDFWRUV UHVXOWLQJ LQ Gl
UHFWLRQ RIW'&6 LQGXFHG FKDQJH DUH OLNHO\ WR LQWURGXFH PRUH YD L
OHYHO RI DQDO\VLVY WKDQ IDFWRUV WKDW RQO\ DIHFW WKH VL]H RI WKH |
DXWKRUV SURSRVH WKDW EHVW SUDFWLFH PD\ EH WR KRPRJHQLVH SDUWL
WKDW DUH HDVLHVW WR FRQWURO VXFK DV DJHDQG EDVHOLQH DELOLW\
WKDW WKHLPSDFWRILQWHU LQGLYLGXDO GLIHUHQFHV GHSHQGV RQ H[SH
GDWD FROOHFWHG LQ FURVVRYHU GHVLJQV LV PRUHDIHFWHG E\RUGHU RU
VHFWLRQ VWXGLHV DUH SDUWLFXODUO\YXOQHUDEOHWR WKHHIHFWV RIL
VLQFHW'&6 LQWHUYHQWLRQ DQRGDO FDWKRGDO RUVKDP EHFRPHVDEH
/JUSH] $ORQVR HW DO DFTXLUHG GDWD IURP SDUWLFLSDQWYV DQG
DFURVV WZR VHVVLRQV VHSDUDWHG E\ DW OHDVW VL[ PRQWKYV LQWUD L¢
ORZHU WKDQ LQWHU LQGLYLGXDO YDULDELOLW\ ,Q WKHLU VDPSOH DQ
UHVSRQGHG WR DQRGDO W'&6 ZLWK WKH H[SHFWHG H[FLWDWRU\ HIHFW LG
VHVVLRQ UHVSHFWLYHO\ DQG RIWKHOGUHVSRQGHUVOLQ WKHDUVW VH\
WHQW UHVSRQVH LQ WKH VHFRQG VHVVLRQ ,QDGGLWLRQ WKHLU PQGLQ.
LQ FRUWLFDO H[FLWDELOLW\GXULQJWKHBDUVW PLQDIWHUVWLPXODWL
WKH UHVSRQVHLQ D VXEVHTXHQW VHVVLRQ
,Q DUHODWHG H[SHULPHQW &KHZ HW DO H[SORUHG LQWHU LQGLY
DW D UDQJH RI FXUUHQW LQWHQVLWLHYV DQG P$ DV ZHOO DV |
UHOLDELOLW\ DFURVV WZR LGHQWLFDO DQRGDO W'&6 VHVVLRQV LQ SDL
WKDW VWLPXODWLRQ DW P$ZDV OHVV HIHFWLYH DW HOLFLWLQJ D UHV:
RU P$ $WDJURXSOHYHO QRQHRIWKHGLIHUHQW FXUUHQW LQWHQVLW
FDQWLQFUHDVHLQH[FLWDELOLW\FRPSDUHG WREDVHOLQH +RZHYHU IXL
GLVWLQFW FOXVWHUV IRU WKH DQG P$ FRQGLWLRQV DQG LGHQWLBH
UHVSRQGHUV ZLWKLQ HDFK FRQGLWLRQ 7HVW UHWHVW UHOLDELOLW\ ZL
VHVVLRQVDW P$ EXWIRXQG WREHYHU\ORZDWDQLQGLYLGXDO OHYHC
$QRWKHU VWXG\ E\ :LHWKRT HW DO FRPSDUHG PLQ RIDQRGDO DQ
W'&6 DW P$LQ SDUWLFLSDQWV DQGIRXQG WKDW DQRGDO VWLPXODWL
ZKHUHDV FDWKRGDO VWLPXODWLRQ HOLFLWHG QRVLJQLDFDQW HIHFW $F
WKDW URXJKO\ RISDUWLFLSDQWVLQWKHVDPSOHKDGQRRURQO\DVPD
UHPDLQLQJKDOIRISDUWLFLSDQWY VKRZHG DQ H[FLWDWRU\ HIHFW IRU ER
BWUXEH DQG FROOHDJXHYV FRPSDUHG UHVSRQGHUV DQG QRQ UHVSR
RI' P$DQRGDOW'&6 DQG SDLUHG DVVRFLDWLYH VWLPXODWLRQ 3%$6 S
SOHRI SDUWLFLSDQWY &RQWUDU\WR RWKHU UHFHQW UHVXOWYV ERWK
FDQW JURXS OHYHO HIHFWV 2YHUDOO IRUD ! FXW RIUHODWLYH WR EI
RIWKHLU SDUWLFLSDQWY UHVSRQGHG WR ERWK VWLPXODWLRQ W\SHV
3$6 DQG RQO\ WR W'&6 ZKHUHDV  RI SDUWLFLSDQWY VKRZHG QR HIiHF\
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VWLPXODWLRQ WKH\DOVR IRXQG WKDW UHVSRQGHUV VKRZHG KLJ
DWEDVHOLQH

5HNHFWLQJ WKH PHOG8V JHQHUDO ELDV WRZDUGV WKH PRWRU G
YDULDELOLW\RIW'&6 HIHFWV KDYH IRFXVHG RQ WKH PRWRU FRUW
QRWH WKDW 0(3VéWKHFXUUHQW 6JROG VWDQGDUGS6 PHDVXUHRIW
FRUWH[é DUHVXEMHFW WR VLPLODU EXW FULWLFDOO\LQGHSHQGI
YDULDELOLW\DV W'&6 /LHWDO

$W SUHVHQW QR FRQVHQVXV RQ WKH PRVW DSSURSULDWH WHFK
WKHU FDWHJRULVH H[SHULPHQWDO SDUWLFLSDQWY DV 6UHVSRQGC
EHHQ UHDFKHG DPRQJVW UHVHDUFKHUV LQ WKH BHOG 3HOOHJULQ
OHFWLYHO\ WKHVHVWXGLHY SURYLGHFRPSHOOLQJHYLGHQFHIRL
RI SUHGLFWLYH PDUNHUV IRU LQGLYLGXDOLVLQJ RU OBWLWUDWLQJ
HUHG E\ W'&6

$Q REYLRXV VWDUWLQJ SRLQW WR DGGUHVV WKLV LVVXH LV WKH
DQDWRPLFDO DQG IXQFWLRQDO FRUWLFDO GLIHUHQFHV EHWZHHQ
FLDODQG RSHQ VRXUFH VRIWZDUH SDFNDJHV KDYH UHFHQWO\ VWL
UHVHDUFKHUVLQWHUHVWHGLQVLPXODWLQIJW'&6 LQGXFHG HOHFV
HW DO 'RXJKHUW\ADQG 7XUQHU +XDQJHWDO /HH HW L
HW DO 7TKHVH DPQLWH HOHPHQW PRGHOOLQJ )(0 SLSHOLQHYV
DQDWRPLFDO O5LPDJHVDQG KDYHSURYLGHG VXSSRUW IRUWKH QR
HURJHQHLW\DFURVYV SDUWLFLSDQWY SRVHV D VLIJQLDFDQW FRQIR:
WLFDOWDUJHW UHJLRQV YDU\LQJ E\ XS WR DFURVV LQGLYLGXDO
HW DO 2SLW]J]HWDO

KLOH WKH OLWHUDWXUH RQ VLPXODWLRQ VWXGLHV RIW'&6 LV JL
SDUDPHWHUV DUH QRW \HW ZHOO HVWDEOLVKHG 5XOQL HW DO
JRULQVWDQFH WKH SUHFLVH YDOXHV DQG LPSDFW RI GLTHUHQW E
RI'WLVVXHDQLVRWURS\DUH VWLOO D PDWWHU RI GHEDWH ORUHR
FDO YDOLGDWLRQ RIHOHFWULF PHOG VWLPXODWLRQV \HW UHPDL(
:DUG &XUUHQWO\ WKH OLWHUDWXUH RI VWXGLHY FRPELQLQJ
QHXURSK\VLRORJLFDO GDWD RQ W'&6 HIHFWV LV HIWUHPHO\ VSDU"
H[SORUHV WKLV LVVXHLQ IXUWKHU GHWDLO

1RQHWKHOHVYV HOHFWULF DPHOG PRGHOOLQJFDQ QRW RQO\ LQIF
FDQ DOVR EH IUXLWIXOO\ LQWHJUDWHG ZLWK QHXURLPDJLQJ $I1V
YDULDELOLW\ZDV SHUIHFWO\ FDSWXUHG E\ )(O EDVHG RQ DQDWRPI
YDULDELOLW\PLJKW QRWUHODWH WR WKHH[DFW VDPH DQDWRPLF
$PXQWYVY HW DO 5RODQG DQG =LOOHYV 7TKXV HOHFWULF D
URLPDJLQJFDQEHPXWXDOO\LQIRUPDWLYH

7KHLQWHJUDWLRQRIW'&6 ZLWK QHXURLPDJLQJRIHUV D SURPLYV
OLJKWRQWKH SK\WVLRORJLFDO PHFKDQLVPVRIW' &6 LQ KXPDQV DQ(
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SURWRFROV ,QWHUDFWLRQV EHWZHHQ EHKDYLRXUDO VWLPXODWLRQ HI|
FDQ EH FKDUDFWHULVHG OLQNLQJGLIHUHQW OHYHOV RI GHVFULSWLRQ IF
7KHUHIRUH LQ VSLWH RI LQKHUH Q VW M&HBSQLHFDY AKP® O HD JHRZLQJ
ERG\ RI ZRUN KDV H[SORUHG WKH IHDVLELOLW\ Rl FRPELQLQJ HOHFWULFLE
ZLWK QHXURLPDJLQJ %HUJPDQQ HW DO

7KH HIHFWV RI W'&6 KDYH EHHQ LQYHVWLJDWHG XVLQJ IXQFWLRQDO PD
LPDJLQJ 105, DQG PDJQHWLF UHVRQDQFH VSHFWURVFRS\ 056 7XUL HW
ULDO VSLQ ODEHOOLQJ $6/ 6WDJJ HW DO =KHQJ HW DO DQG QH
WURVFRS\ 1,56 'XWWD OF.HQGULFN HW DO DV ZHOO DV HOHF W |
WHFKQLTXHV VXFK DV PDJQHWRHQFHSKDORJUDSK\ 0(* +DQOH\HW DO
DO 1RXU\HW DO 6RHNDGDU HW DO DQG HOHFWURHQFHSKD
)DULD HW DO *HERGK HW DO

'HSHQGLQJRQ WKH LPDJLQJPRGDOLW\ DKRVW RI SUDFWLFDO FRQFHUQ
ELQLQJW'&6 ZLWK QHXURLPDJLQJ EXWFRPPRQWRDOODSSURDFKHV LV WK
WR DFTXLUH GDWD VHTXHQWLDOO\ RU VLPXOWDQHRXVO\ 7KH ODWWHU DS
VWLPXODWLRQEMIO@HIRURGPDJILQJ RIHUVVHYHUDODGYDQWDJHV )LUVW
LQJDQGDIWHUW'&6 LWLV SUHIHUDEOHWR OLPLW WKH SDUWLFLSDQW3V PR
VHQVRU\VWLPXODWLRQWRDYRLG FRQIRXQGLQJHIHFWV ,WLVWKHUHIRU
SDUWLFLSDQW WR DOUHDG\EH VLWXDWHG LQ WKH VFDQQHU ZKHQ W'&6 LV
FXUUHQW DFTXLVLWLRQ SURYLGHV D FRQWH[W VSHFLDF EDVHOLQH IRU FR
SUH SHUL DQG SRVW W'&6 )LQDOO\ ZKLOHPDQ\W'&6 VWXGLHV LQ KXPDQ
W'&6 DIWHU HIHFWV FRQFXUUHQW GDWD DFTXLVLWLRQ DOORZV WR UHDC
DULVLQJ GXULQJRU MXVW VHFRQGV DIWHU VWLPXODWLRQLV DSSOLHG

7KXV VXFK PXOWLPRGDO DSSURDFKHV SRVH FHUWDLQ FRQVWUDLQWYV
LQ EULGJLQJ WKH JDS EHWZHHQ QHXURQDO DQG EHKDYLRXUDO VWLPXODYV
WHFKQLFDODQG FRQFHSWXDO OLPLWDWLRQV DUH FDUHIXOO\FRQVLGHUF
VLIQ

$LPVDQG VWUXFWXUH RI WKLV WKHVLYV

,QVXPPDU\ W'&6 UHVHDUFK LY FXUUHQWO\FRQIURQWHG ZLWK D ZLGH YDU
DQGPHWKRGRORJLFDO FKDOOHQJHV WKDW KDYHKDPSHUHG WKHGHYHOR:
QDOHV IRULWYV XVHLQ KHDOWK\DQG FOLQLFDO SRSXODWLRQV &RQVHTX
VFUDQLDO HOHFWULFDO VWLPXODWLRQ KDVUHFHQWO\EHFRPHPRUH YRF
UHVHDUFKHUV WR QRZ GLUHFW WKHDHOG WRZDUG D PRUH XQLPHG FRQFH:
ZHOO FKDUDFWHULVHG UHOLDEOH VWLPXODWLRQ SURWRFROV
7TRXQGHUVWDQG WKHWUXHHIHFWV RIW'& RQKXPDQEHKDYLRXU ZHPX)
DFWHULVH WKH HOHFWULF PHOGY LQGXFHG LQ WKH EUDLQ DQG KRZ WKH\
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WDUJHW UHJLRQ EXW DOVR WKH FRQVHTXHQFHV RIDOWHUHG FHOC
FDUULHG RXWE\WKLVUHJLRQDQG WKHVXEVHTXHQWFHYHFWYV RQ SD
XUH

,QGHYHORSLQJVXFKDFRPSUHKHQVLYHGHVFULSWLRQ OHVYV FRI
EDVHG RQ VLPSOH VHQVRU\ VWLPXOL DQG EHKDYLRXUDO GHPDQG
WKDQ SDUDGLIJPVWKDWDUHHWKRORJLFDOO\PXFKOHVV SODXVLE(
DQG YLVXDO SKRVSKHQHYV RU SDUDGLJPV LQYHVWLIDWLQJ KLIJKHL
BWXG\LQIJW'&6 HIHFWV LQD VHQVRU\V\VWHP VXFKDV YLVLRQ VHHP
WR H[SORUHWKHLU XQGHUO\LQJPHFKDQLVPYVY 7KHQHXUDO FRUUH:
FHVVLQJKDYHEHHQ HIWHQVLYHO\LQYHVWLIJDWHG DQG DUH FXUU
WKRVH XQGHUO\LQJ RWKHU VHQVRU\ VIVWHPV ,Q SDUWLFXODU Ol
LQWKHHDUO\N\YLVXDO FRUWH[ VXFKDV WKHLQWHJUDWLRQ RILQIR
DQG RULHQWDWLRQ LVFRPSDUDWLYHO\ZHOO GHVFULEHG

7TKLVWKHVLYVDLPHGWRDGGUHVV VHYHUDO FXUUHQW PHWKRGRC
VHDUFK E\ EULQJLQIJ WRIJHWKHU EHKDYLRXUDO DQG QHXURLPDJLQ
DV ZHOO DV PQGLQJV IURP SDUWLFLSDQW VSHFLDBF PRGHOV RI LQ
SHULPHQWV IRFXVHG RQ WKH YLVXDO VI\VWHP XVLQJUHODWLYHO\
SDWWHUQ UHYHUVLQJ FKHFNHUERDUGV RUWKHGHWHFWLRQ RIDF|
JDWH W'&6 HIHFWV RQ YLVXDO SURFHVVLQJ 7KHUROHRILQWHU L
LQEDVHOLQHVHQVRU\SHUIRUPDQFHDQGLQKHDGDQDWRP\é& UHFH
LQWKHVWXG\GHVLJIQV

,Q&KDSWHU WKHTXHVWLRQRIVXLWDEOHVWLPXODWLRQ SURW
FRQWUROOHGW'&6 VWXGLHVRIWKHYLVXDO FRUWH[LVGLVFEXVVHG
RIHOHFWURGH PRQWDJH LQ HOLFLWLQJ W'&6 HIHFWV RQ FRQWUDV
DQG WKHUROHRILQWHU LQGLYLGXDO GLIHUHQFHV LQ DQDWRP\ 1
WLRQDO PRGHOOLQJDQG QHXURLPDJLQJ PHWKRGV &KDSWHU SU
WKHVLVY GLVFXVVHV WKHPDLQ PQGLQJVLQ UHODWLRQ WR HDFK R
IXWXUH UHVHDUFK 7KH UHPDLQGHU RI WKH SUHVHQW FKDSWHU JL
VWUXFWXUHDQG IXQFWLRQ RI WKH YLVXDO VI\VWHP DQG LQWURGX|
JURXQGRISV\FKRSK\VLFDO QHXURLPDJLQJDQGPRGHOOLQJZRUN

6BWUXFWXUHDQG IXQFWLRQ RI WKH YLVXDQG

+XPDQV OLNHDOO SULPDWHV UHO\KHDYLO\RQ YLVXDO LQIRUPDYV
EHKDYLRXUV HJ DQGLQJIRRG RUVKHOWHU DQG PRUH FRPSOH]
QXUVLQJRIVSULQJ &RQVHTXHQWO\ EUDLQV KDYHDGDSWHG WR L
WR YLVXDO LQIRUPDWLRQ LQ LQFUHDVLQJO\ HIHFWLYH ZD\V WKUR
WLRQ
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JLIXUH 'LDJUDP RI WKH YLVXDO SDWKZD\ IURP WKH H\HWR WKH SULPDU\ YLV
FRUWH[ UHSURGXFHG IURP5HPLQJIJWRQ

,Q SULPDWHYV D ODUJH SURSRUWLRQ RI WKH EUDLQ VXEVHUYHYV YLVLRC
HPHUJHVIURPDQLQWHUDFWLRQRIFHOOXODUDFWLYLW\LQWKHUHWLQD
WLSOH DUHDV RI WKH FHUHEUDO FRUWH[ .DQGHO HW DO 7KH SDWK
LOQOIRUPDWLRQ IURP WKHHQYLURQPHQW WR WKHEUDLQLQFOXGHYV WKH UH'
FKLDVP RSWLF WUDFW ODWHUDO JHQLFXODWH QXFOHL /*1 RSWLF UDG
FRUWH[ DOVRUHIHUUHG WR DV VWULDWH FRUWH[RU9 DQG H[WUDVWULD

+XEHODQG :LHVHO PUVW SURSRVHG WKDW UHFHSWLYH PHOGV 5)V RIF
WKH YLVXDO VIVWHP DUH HIHFWLYHO\VKDSHG E\WKHLQSXW IURP FHOOV L
VAVWHP 7TKHLUWKHRU\ZDVVXEVHTXHQWO\DGDSWHGWRLQFOXGHO6W
ORRSV DOORZLQJFHOOVDWDKLIJKHUOHYHO WRPRGXODWH WKHDFWLYL
2YHU WKH SDVW FHQWXU\ UHFHSWLYHDPHOGY KDYHEHHQ PDSSHG IRU FHC
YLVXDO V\VWHP IURP UHWLQDO SKRWRUHFHSWRUV WR HIWUDVWULDWH F
HILVWHQFHRIIHHGEDFNORRSVDFURVVWKHZKROHV\VWHP DQ\OORFDOG
UHFHSWLYHDPHOGLY KRZHYHU LQHYLWDEO\LQFRPSOHWH

7TKHBPUVW VWHS LQ WKH YLVXDO SDWKZD\LV WKHWUDQVIRUPDWLRQRIH
OLJKW LQWR ELRHOHFWULF VLIJQDOV E\ SKRWRUHFHSWRU FHOOV LQ WKH
NH[LEO\WR FKDQJLQJFRQGLWLRQV IRU YLVLRQ VXFKDV WKH ODUJH GLXL
PLQDWLRQ 7KHUHDUHWZR GLIHUHQW W\SHV RI SKRWRUHFHSWRUV HQFR
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LQ GLIHUHQW LQWHQVLW\UDQJHV éd URGV DQG FRQHV &RQHV DUH |
IRYHD DW WKH FHQWUH RI WKH YLVXDO PHOG 7KH\UHVSRQG UDSLC
VLRQ DQG VHUYH SKRWRSLF YLVLRQ L H XQGHUKLJK RU GD\ OLJK
URGV UHVSRQG WR OLJKW PRUH VORZO\ FRQIHU DFKURPDWLF YLVL
VLRQ L H XQGHU ORZ OLJKW RU QLJKW WLPH FRQGLWLRQV 7KH)
WKDQ FRQHV DQG DUH SULPDULO\ORFDWHG LQ WKH SHULSKHU\ DQ

%RWK SKRWRUHFHSWRUV W\SHV VLJQDO WKH DEVRUSWLRQ RI SK
WDPDWH UHOHDVH WR ELSRODU FHOOV &RQHV FRQQHFW GLUHFW
TXHQWO\H[FLWH UHWLQDO JDQJOLRQ FHOOV ZKHUHDV URGV V\QD
ODU FHOOV ZKRVH VLJQDOV DUH OLQNHG YLD DPDFULQH FHOOV WR
YHUWLFDO H[FLWDWRU\ SDWKZD\V DUH PRGXODWHG E\ SULPDULO\
QHFWLRQV 7KH RUJDQLVDWLRQ RIJDQJOLRQ FHOO UHFHSWLYH D
FRQWUDVW IRU H[DPSOH LQ WKH SHUFHSWLRQ RI REMHFW HGJHV
FHQWUDO UHJLRQ WKH 6FHQWUHO DQG D FRQFHQWULF ULQJDURX
DUHDV UHVSRQG RSSRVLWHO\ WR OLJKW DQG DUH PXWXDOO\ LQKL
WKH 5) FHQWUH PLJKW LQFUHDVH WKH DPULQJ UDWH RI D JDQJOLRC
VXUURXQG ZRXOG GHFUHDVH LWV PULQJ 8QLIRUP VWLPXODWLRQ R
ZRXOG HOLFLW D UHVSRQVH FRUUHVSRQGLQJ WR VWLPXODWLRQ R
VPDOOHU DPSOLWXGH

7R GDWH DERXW GLIHUHQW W\SHV RI JDQJOLRQ FHOOV VHOHF
IHUHQW VWLPXOXV DVSHFWV KDYH EHHQ LGHQWLDHG &HOOV FRYF
IDVKLRQ VXFK WKDW DQ\ SRLQW RQ WKH UHWLQD OLHV ZLWKLQ WKH
JOLRQ FHOO ,IRQHFRQFHSWXDOLVHV HDFKFHOO SRSXODWLRQ D\
UHSUHVHQWDWLRQ RI WKH YLVXDO PHOG WKH PULQJ EHKDYLRXU
EH LQWHUSUHWHG DV RQH SL[HO 7KXV DERXW QHXUDO UHSUH"
DUH FRQYH\HG WR WKH EUDLQ GLIHULQJLQ SRODULW\ 21 YV 2))
QHVV VXVWDLQHG YV WUDQVLHQW VSDWLDO UHVROXWLRQ DPQ
EURDGEDQG YV GRPLQDWHG E\5 * % FRORXU DQG VHOHFWLYLW
WXUHV VXFK DV PRWLRQ ,QWHUHVWLQJO\ UHFHQW ZRUN KDV XQ
DGGLWLRQDO SKRWRUHFHSWLYH PHFKDQLVP LQ WKH IRUP RIJDQJ
FDOO\ OLJKW VHQVLWLYH EDVHG RQ WKH H[SUHVVLRQ RI PHODQRS
WKDW EOLQG SDWLHQWYV ZLWKRXW IXQFWLRQDO URGV DQG FRQHV
GRFULQHDQG QHXUREHKDYLRUDO UHVSRQVHVY WR OLJKW DQG HYH
RIOLJKW 7KHVHDPQGLQJVFKDOOHQJHWKHFRQYHQWLRQDODVVXP
WR OLJKW DUH H[FOXVLYHO\PHGLDWHG E\URG DQG FRQH EDVHG S
$00 SULPDWHVY VKDUH WZR PDLQ SDWKZD\V I[URP WKH H\H WR WKF
SDWKZD\LV IRUPHG E\UHWLQDO JDQJOLRQ FHOOV WKDW SURMHFW
LQ WKH PLGEUDLQ 7KH JHQLFXORVWULDWH SDWKZD\ EHJLQV ZLW
UHWLQDO JDQJOLRQ FHOOV ZKRVH D[RQV H[LW WKH UHWLQD YLD W
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FKLDVP DQG WHUPLQDWH DW WKH GRUVDO ODWHUDO JHQLFXODWH QXFOH
SURMHFW WR WKH SULPDU\ YLVXDO FRUWH]|

,Q HDFK KHPLVSKHUH WKH /*1 UHFHLYHV D UHWLQDO VLJQDO IURP ERWK
KDOI RI WKH YLVXDO PHOG :LWKLQ WKH /*1 LQIRUPDWLRQ DERXW WKH H\
VHUYHG VLQFH PEUHV IURP HDFK H\H FRQQHFW WR GLTHUHQW /*1 OD\HUV
PDJQRFHOOXODU SDUYRFHOOXODU DQGNRQLRFHOOXODU OD\HUV RIWKH
FRUUHVSRQGLQJO\ QDPHG W\SHV RI UHWLQDO JDQJOLRQ FHOOV & 636 JDC
LQIRUPDWLRQ IURP URGV DQG VIQDSVH RQWR WKH SDUYRFHOOXODU OD\H
WUDQVPLW LQIRUPDWLRQ IURP FRQHV DQG FRQQHFW WR WKH PDJQRFHO
JDQJOLRQ FHOOV VHQG D[RQV WR WKH NRQLRFHOOXODU OD\HU 7KH URO
UHPDLQV XQFOHDU EXW LV K\SRWKHVLVHG WR LQYROYH WKH SURFHVVLQ
VKRUW ZDYHOHQJWK 6EOXH6 21 FHOOV ODUWLQ HW DO

7KH ODWHUDO JHQLFXODWH QXFOHL KDYH FRPPRQO\ EHHQ FKDUDFWHU
OD\6 VWDWLRQV EHWZHHQ UHWLQD DQG FHUHEUDO FRUWH[ +RZHYHU Ql
WKDW WKH /*1 UHFHLYH VWURQJIHHGEDFN FRQQHFWLRQV IURP 9 DQG QXP
VWUXFWXUHV &XGHLUR DQG 6LOOLWR *XLOOHU\ DQG 6KHUPDQ
URLPDJLQJVWXGLHV KDYHGHPRQVWUDWHG WKDW GLUHFWHG DWWHQWLR
PRGXODWH QHXUDO DFWLYLW\LQ WKH /*1 .DVWQHU HW DO

7KH VSDWLDO SRVLWLRQ RIJDQJOLRQ FHOOV ZLWKLQ WKH UHWLQD LV P|
RUJDQLVDWLRQ RI FHOOV ZLWKLQ WKH /*1 OD\HUV 7KLV UHWLQRWRSLF RL
VHUYHG LQ WKH SULPDU\ YLVXDO FRUWH[ +RZHYHU WKH YLVXDO DPHOG LI
KRULIJRQWDOO\DQG YHUWLFDOO\ZLWKLQ9 HJ FHOOVLQWKHXSSHUULJ
VXOFXV UHVSRQG VWURQJO\WR WKRIQIRZHIHOHIW YLVXDO PHOG

9LVXDO SHUIRUPDQFH FUXFLDOO\ GHSHQGY RQ WKH DPRXQW RI FHOOV ¢
DQG WKH VDPH 6FRUWLFDO PDJQLDFDWLRQS6 EHWZHHQ WKH SHULSKHUDO
FRUWLFDO DUHDO UHSUHVHQWDWLRQ VHHQ LQ SULPDWH DXGLWRU\DQG V
DOVR IRXQG LQ YLVLRQ $PRQJSULPDWHV D ODUJH SRUWLRQRI9 LV PDS
FHQWUDO SRUWLRQ RI WKH YLVXDO PHOG & FHOOV SURFHVVLQJ LQSXW IU

WLPHV PRUH SUHYDOHQW WKDQ FHOOV SURFHVVLQJ VWLPXOL IURP W

'DQLHO DQG :KLWWHULGJH 6WUDVEXUJHU HW DO 7KH FRUWLF
IDFWREDV RULJLQDOO\ GHPQHG E\ 'DQLHO DQG :KLWWHULGJH DV WKH
9 LH PPRIFRUWLFDO VXUIDFH RQWR ZKLFK GHJUHH RI WKH YLVXDO D
LQYHUYHRFUHDVHV OLQHDUO\ZLWKHFFHQWULFLW\LQWKHYLVXDOPHOG
FHOOVDUHGHYRWHG WRDVPDOOYLVXDODQJOH KLJKSURFHVVLQJFDSDF
DUHD RIWKH YLVXDO PHOG $FRQVHTXHQFHRIWKLV RUJDQLVDWLRQ LV Wi
LQ WKH FHQWUH RI WKH YLVXDO PHOG DQG SRRUHVW LQ WKH IDU SHULSKF
H[SHULPHQWV RQ YLVLRQ SHUIRUPDQFH YDULDWLRQV DFURVV WKH YLVX
RIWHQ HTXDOLVHG E\ LQFUHDVLQJ WKH VWLPXOXV GLDPHWHU GHSHQGLQ
H[DPSOH WKLV LV W\SLFDOO\ GRQH LQ DXWRPDWHG WKUHVKROG SHULPH



6WUXFWXUHDQG IXQFWLRQ RIWKH YLVXDO V\VWHP

J)LIXUH &RUWLFDO DUHDVLQYROYHGLQ YLVXDO SURFHVVLQJ ,Q WKH
DUHDV9 9 9 9 DQGO7 LQWHJUDWH ORFDO VWLPXOXV IHDWXUHV \
WRXUV DQG VXUIDFHV DQG WR VHJUHJDWH IRUHJURXQG IURP EDFNJU
LQWUDSDULHWDO FRUWH[ )() IURQWDO H\HBDPHOGV ,7 LQIHULRU WHI
HUDO LQWUDSDULHWDO FRUWH[ 0,3 PHGLDO LQWUDSDULHWDO FRUW
WHPSRUDO FRUWH[ 07 PLGGOH WHPSRUDO FRUWH[ 3) SUHIURQWDO
SUHPRWRU FRUWH[ 30Y YHQWUDO SUHPRWRU FRUWH[ 7(2 RFFLSLW
9,3 YHQWUDO LQWUDSDULHWDO FRUWH[ 9 9 9 9 SULPDU\ VHFR
IRXUWK YLVXDO DUHDV UHSURGXFHG IURP .DQGHO HW DO

GHWHUPLQHFRQWUDVW GHWHFWLRQ WKUHVKROGY ,WLVZRUWK Q
H[SHULPHQWY SUHVHQW HG &KDB KLHUW KHW L F X OXRBVGANIK ¥ 'V G W R
FRPSHQVDWH IRU FRUWLFDO PDJQLDFDWLRQ +RZHYHU GLiIHUHQF
DFURVV WKH YLVXDO PHOG YDULHV ZLGHO\EHWZHHQ GLTHUHQW YL\
DEXLW\ SDWWHUQ UHFRJQLWLRQ RUPRWLRQ SHUFHSWLRQ DQG F
RQHRIPDQ\IDFWRUV WKDW GHWHUPLQH YLVXDO SHUIRUPDQFH

7KH SULPDU\ YLVXDO FRUWH[ LV RUJDQLVHG LQ FROXPQV RI QH>
VWLPXOXV FKDUDFWHULVWLFV +XEHODQG :LHVHO GHVFULEHG
LQ9 O6VLPSOHG6 DQG 6FRPSOH[6 FHOOV ZKLFK DUH VHOHFWLYH WR
RULHQWDWLRQV 6LPSOHFHOOVDUHIRXQGPDLQO\LQOD\HUV DQC
FLWDWRU\DQG LQKLELWRU\ UHJLRQV ZLWKLQ WKHLU UHFHSWLYH £
PDLQO\LQ OD\HUYV DQG DQG KDYHRYHUODSSLQJ 21 DQG 2)) UH
VSRQG FRQWLQXRXVO\DVDOLQHRUHGJIJHFURVVHVY WKH5)DORQJT
5) RULHQWDWLRQ

6LJQDOV IURP WKH UHWLQD UHSUHVHQWLQJ VWLPXOXV FRQWUL
FHVVHG LQ 9 WR DQDO\VH WKH VKDSH RI REMHFWV ,Q WZR GLVWL
LGHQWLPHV REMHFWERXQGDULHY ZKLFKDUHUHSUHVHQWHG E\PX
DVSHFLDF RULHQWDWLRQ ORZ OHYHO SURFHVVLQJ DQG WKHQ LG
DSURWRW\SLFDO REMHFW UHSUHVHQWDWLRQ LQWHUPHGLDWH Ol

$ W\SLFDO YLVXDO VFHQH HQFRPSDVVHV D ODUJH QXPEHU RI OLQ
&RQVHTXHQWO\ WKH WDVN RI GHWHUPLQLQJ ZKLFK HOHPHQWYV EH
KLIJKO\FRPSOH[SUREOHP 7RRYHUFRPHWKLVDPELJXLW\ QHXURQ!
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FRUWH[ LY VWURQJO\ FRQWH[W GHSHQGHQW ,Q DGGLWLRQ PXOWLSOH I
KRULIRQWDO DQG IHHGEDFN FRQQHFWLRQV H[LVW EHWZHHQ 9 DQG H[WUD
YLVXDO FRUWH[ )LIXUH ORUHRYHU LQWHUPHGLDWH OHYHO YLVLRQ |
XS6 SURFHVV EXW LV DOVR LQNXHQFHG E\ 6WRS GRZQ6 IHHGEDFN LQIRUPI
RUGHU FRUWLFDO DUHDV 7KH IXQFWLRQDO SURSHUWLHV RI QHXURQV LG
WKHUHIRUHEHPRGXODWHG E\YLVXDO H[SHULHQFH SHUFHSWXDO OHDUQI
WDWLRQ

SVI\FKRSK\VLFV

OHDVXUHPHQW RIGHWHFWLRQ WKUHVKROGYV

7KH WHOORFKRSKRDLWBUVW LQWURGXFHG E\ *XVWDY 7KHRGRU )HFKQHU D
SKLORVRSKHU SK\VLFLVW DQG HDUO\ H[SHULPHQWDO S&\FKRORJLVW ,Q
HPHQWH GHU 3V\FKRSKOWIPMQWYV RI 3V\FKRBKKQIHRWVSURSRVHG WKDW
PLQG DQG ERG\ ZKLOH VHHPLQJO\ VHSDUDWH HQWLWLHV ZHUH LQ IDFW
WKHVDPHUHDOLW\ ,QKLVYLHZ WKHPLQGZDVDPHQDEOHWRPHDVXUHPH
LFDO GHVFULSWLRQ DQG WKHUHIRUH SVI\IFKRORJ\KDG WKH SRWHQWLDO W
VFLHQFH

,Q WKH *HUPDQ SKLORVRSKHU - ) +HUEDUW KDG H[SUHVVHG WKH LG
HYHQWY KDG WR FURVV D OLPHQ EHWZHHQ WKH FRQVFLRXV DQG XQFRQVFL
VWURQJHU WKDQ VRPH FULWLFDO WKUHVKROG WR EH FRQVFLRXVO\ H[SHU
JHFKQHU DSSOLHG +HUEDUW3V FRQFHSW WR WKH PHDVXUHPHQW RI WKH K>
DQG GHYHORSHG H[SHULPHQWDO PHWKRGV IRUUHODWLQJVXEMHFWLYH V
PDJQLWXGHRIVWLPXOL ,PSRUWDQWO\ KH H[S MXEMWCRRMWNIKHBSBOEFLSOH
GLIHUHQFH SUHYLRXVO\SURSRVHG E\ (UQVW +HLQULFKGHEHU 7KH -1
IHUHQFH WKUWWKRIORA QLPDO GLIHUHQFHEHWZHHQ WZR VWLPXOL WKDW OH
LQ FRQVFLRXV H[SHULHQFH

JHFKQHU FRQFHLYHG RIWKH -1'DV D EDVLF XQLW RI PHDVXUHPHQW IRU V
WXGH & WKH 6DWRP6 Rl SV\FKRORJLFDO H[SHULHQFH &ULWLFDOO\ KH PD(

WKDW WKH -1'LV D FRQVWDQW IUDFWLRQ RI WKH VWLPXOXV DQG  UHJ
SK\VLFDO XQLWYV WKH-1'FRQVWLWXWHYV WKH VPDOOHVW GHWHFWDEOH L
LVWKHUHIRUHDOZD\VVXEMHFWLYHO\WKHVDPHVL]H L H RQH-1'LV SHUI
RWKHU -1' %DVHG RQ WKHVH DVVXPSWLRQV KHGHYHORSHG D VFDOH RI V|
E\FRXQWLQJ-1'V ZKHUH WKH]JHUR SRLQW RQ WKH VFDOH ZDV UHSUHVHQW
LQ SK\WLFDO XQLWV RI D VWLPXOXV DW WKH ERXQGDU\ EHWZHHQ VHQVDW
L H WKHROXWHWKUHVKROG

7KH QRQ OLQHDU UHODWLRQVKLS EHWZHHQ SV\FKRORJLFDO VHQVDWLR
WHQVLW\ RI D VWLPXOXV LV IRUPDOLVHG E\ WKH :HEHU&)HFKQHU ODZ JLY}F



3V\FKRSK\VLFV

DV VWLPXOXV LQWHQVLW\ LQFUHDVHYV JUHDWHU D Q& MXMHDWWHU FK
DERYH DEVROXWH WKUHVKROG DUH UHTXLUHG WR FKD@YH WKH PC
DFRQVWDQW DPRXQW 7KH YDOXH RI WIGHBRIQ\GW RQWVAOHOSADLLB/DLLFHX
VHQVRU\GLPHQVLRQ DQG PRGDOLW\

= Nog

JRURYHUD FHQWXU\ )HFKQHUOS8V ZRUN ZDV ZLGHO\DFFHSWHG LQ
FHSW RHQVRU\ WKEHNBERWBEHQWUDO WR SV\FKRSK\VLFV +RZHYHU
VKRZHG WKDW WKH ODZ SURSRVHG E\ )HFKQHU DSSOLHG RQO\ ZLW
XOXVLQWHQVLW\EXWQRWDW WKHH[WUHPHYVY ORUHRYHU FRQWUI
DUHVXEMHFWLYHO\VHTXDO VWXGLHV DLPLQJWR PHDVXUH -1'V VX,
WKUHVKROG ZDV QRW D B[HG TXDQWLW\IRU VRPH VHQVRU\PRGDOL
RIVRXQGRUWKHLQWHQVLWARIHOHFWULFVKRFNV HJ 'XUXSDQG
6WHYHQV HW DO 6WHYHQV UH IRUPXODWHG WKH UHODWLRQ\
VLWA\DQG VHQVRU\PDJQLWXGH DV WKH SRZHU ODZJLYHQ LQ (TXDW

= N"

, I WKH SRZHU UHSURQVYWOQOWWGWKDQ WKLV HTXDWLRQ URXJKO\F
JHFKQHUOV QDZ WKH HTXDWLRQ UHSUHVHQWY VWLPXOL WKDW DUF
WR EH YHU\ VLPLODU WR WKHLU REMHFWLYH LQWHQVLW\ VXFK DV
WKHH[SRQHQW LV JUHDWHU WKDQ WKHHTXDWLRQ GHVFULEHYV V\
QLWXGH H[SRQHQWLDOO\ LQFUHDVHV ZLWK WKHLU SK\VLFDO LQW
-XVW DV )HFKQHUS8Y ODZ 6WHYHQOV ODZLVDQDSSUR[LPDWLRQ WK
WKH PLGUDQJH RI VWLPXOXVY LQWHQVLWLHV DQG YDULHV DFURVYV
LQGLYLGXDOV

,Q PRGHUQ SV\FKRSK\VLFV WKH -1' KDV WKHUHIRUH EHHQ UHGH
GLIHUHQFH WKDW FDQ EH GLVFULPLQDWHG ZLWK D FHUWDLQ SURE
JRU HI[DPSOH D FRQWUDVW GHWHFWLRQ WKUHVKROG LV GHPQHG |
FRQWUDVW UHTXLUHG IRUD YLVXDO VWLPXOXV WR EH MXVW GHW!
WKHVLY GHWHFWLRQ WKUHVKROGY ZHUH GHWHUPLQHG DW WKH

$XWRPDWHG WKUHVKROG SHULPHWU\

7KH WHSHULPHMAUMUY WR WKH VA\VWHPDWLF PHDVXUHPHQW RI YLV
5HIHUHQFHV WR WKH HYDOXDWLRQ RI WKH YLVXDO PHOG GDWH ELC
+LSSRFUDWHY GHVFULEHG KHPEBQRXWLADLY WIRHKHQVRQ HW DO

FDUDWRV DQG ODUNHWRYV +RZHWHAH Q@ WULO WK BPIOGDHOG WH)
ZDV PRVWO\TXDOLWDWLYH 7KHLQWURGXFWLRQRITXDQWLWDWLY
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FOLQLFDO RSKWKDOPRORJ\LV ZLGHO\ DWWULEXWHG WR $OEUHFKW YRQ *
JODXFRPD *UDHIH

2YHU WKH SDVW  \HDUV D PXOWLWXGH RI TXDQWLWDWLYH SHULPHWU
GHYHORSHG $Q HDUO\ H[DPSOH LV WKH WDQJHQW VFUHHQ SURFHGXUH S
LVK RSKWKDOPRORJLVWYV -DQQLN 3HWHUVRQ %MHUUXP DQG +HQQLQJ 5°Q
8VLQJ WKLV DSSURDFK VPDOO WDUJHWV W\SLFDOO\ZKLWH JUH\RU FROF
VHQWHG RQ WKH WLS RI D ZDQG LQ IURQW RI D XQLIRUPO\ GDUN RDW VFU!
PHWKRG ZDV OLPLWHG WR PHDVXULQJ WKH FHQWUDO r UDGLXV RI WKH Y|
FRPH WKLV $XEHUW DQG ) UVWHU LQWURGXFHG WKH DUF SHULPHWHU ZK
HYDOXDWH WKH IXO0 YLVXDO PHOG EXW IDLOHG WR SURYLGHD FRQVLVWH
OHYHO -RKQVRQ HW DO 7R DGGUHVV WKLY SUREOHP +DQV *ROGPD
ERZO SHULPHWHU LQ WKH V *ROGPDQQ 'LWK WKH *ROGPDQQ S
XQLIRUP EDFNJURXQG LOOXPLQDWLRQ FRXOG EH DFKLHYHG IRU WKH ZKR
VWLPXOL FRXOG EH SURMHFWHG RQWR WKH EDFNJURXQG WR PHDVXUH WK
,Q KLV ZRUN *ROGPDQQ V\VWHPDWLFDOO\H[SORUHG WKHUHODWLRQVKLS
WHQVLW\ VWLPXOXV VLIH DQG EDFNJURXQG OXPLQDQFH DQG KLV FRQWUL
LOQNXHQWLDO LQ VWDQGDUGLVLQJSHULPHWU\

+RZHYHU WKH *ROGPDQQ SHULPHWHU GLG QRW HOLPLQDWH DOO VRXUF
VWHPPLQJIURPWKHLQVWUXPHQWDO KDUGZDUH H[DPLQHUDQG SDWLHQW
VXHRIHUURUDQG YDULDELOLW\LQ SHULPHWU\ZDV ZLGHO\UHFRJQLVHG D
HW DO D +HLMO DQG .UDNDX NQQ 3RUWQH\DQG .URKQ
SURSRVHG WKDW ZKLOH SDWLHQW UHODWHG YDULDELOLW)\ ZDV GLOFXO\
UHODWHG HUURU FRXOG EH UHGXFHG E\DXWRPDWLQJWKH PHDVXUHPHQW
WHPSWV WR DXWRPDWH WKHNLQHWLFDVSHFWV RIWKH*ROGPDQQ SHULPH
WHFKQLFDO GLOFXOWLHV DQG IDLOHG WRLPSURYHRQ PDQXDO NLQHWLF ¢
HW DO D *ORRU 3RUWQH\DQG .URKQ &RQVHTXHQWO\ VXEVH
IRFXVHG RQ GHYHORSLQJ DXW R R DWDSVEUPLHPW KRG V)IRRIJQ N JUDQNKD XV HU
DQG KLV WHDP ZHUH VXFFHVVIXO LQ GHYHORSLQJ WKH DUVW WUXO\ DXWR
YLFH WKH 2FWRSXV SHULPHWHU ZKLFKLVVWLOO FRPPHUFLDOO\DYDLOD
ODWHU %HELH HW DO )DQNKDXVHU HW DO E 1XPHURXV RWKHU
VHPL DXWRPDWHG SHULPHWHUV KDYHEHHQ LQWURGXFHG VLQFHDQG WKH
SHUVHGHG E\ WKH +XPSKUH\ )LHOG $QDO\]HU DV WKH UHIHUHQFH VWDQGT
-RKQVRQ HW DO 1,&(

9LVXDO VWLPXOXV SDUDPHWHUYV

7TRGD\ *ROGPDQQ NLQHWLF SHULPHWU\ DQG WKUHVKROG VWDWLF DXWRP
WLQXHWREHWKHPRVWZLGHO\XVHGPHWKRGVRISHULPHWU\ ,QNLQHWLF
LVPRYHG IURP D VXEWKUHVKROG DUHD WR D VXSUDWKUHVKROG DUHD DW
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DQG WKH ORFDWLRQ ZKHUH WKH VWLPXOXV LV BDUVW GHWHFWHG LV
VWDWLRQDU\VWLPXOLDUH SUHVHQWHG DWBHD[HG SRLQWYV LQ WKH Y
'"XHWR WKHVSDWLDO VXPPDWLRQ RI YLVXDO LQIRUPDWLRQ ODU

WREHVHHQ -RQVRQHWDO ORGHUQ SHULPHWHUV IUHTXHQW (
YHQWLRQ IRUVWLPXOXV VL]H ZKLFK GHPQHV VL[ GLIHUHQW VWLP X
S5RPDQ QXPHUDOV , WKURXJK 9 *ROGPDQQ (DFK VWLPXO>

IROG ODUJHU DUHD UDQJLAWIRJRP BHEWBWLF DQG NLQHWLF SHUL
W\SLFDOO\UHO\RQ GLIHUHQW VWLPXOXV VL]IHV NLQHWLF SURFHG
GRJRI D[HG OXPLQDQFH ZKHUHDV VWDWLF SURFHGXUHV PRVW

PDQQ,,, VWLPXOEBE ZLWHIVYDU\LQJ OXPLQDQFH

7KH KXPDQ EUDLQ LV VHQVLWLYH WR YHU\ IDVW WHPSRUDO FKD ¢
XQGHU FHUWDLQ FRQGLWLRQV WKH YLVXDO VI\VWHP DOVR LQWHJL
WLDO SHULRGV RI WLPH IRULQVWDQFH LQ ORZ FRQWUDVW VHWW
KXQGUHG PLOOLVHFRQGY LQ GXUDWLRQ WHPSRUDO LQWHJUDWLR
%ORFK&V ODZ %ORFK WKH YLVLELOLW\ RI RWKHUZLVH LGHQ
RQO\ E\ WKH SURGXFW RI WKHLU OXPLQDQFH DQG GXUDWLRQ L H
QDQFHRIDVWLPXOXVLVUHGXFHG E\ WKHVWLPXOXV FDQ VWLOC
LV GRXEOHG (TXDOO\ DVWDWLFVWLPXOXV SUHVHQWHG IRU PV Z
EOH DV RQH SUHVHQWHG IRU PV %H\RQG D FHUWDLQ VWLPXOXV G
WR WKH VWLPXOXV ZLOO QRW OHDG WR KLJKHU GHWHFWDELOLW\
HUHG ODUJHO\FRPSOHWHE\ PVDQGDXWRPDWHG SHULPHWHUV W
GXUDWLRQVRI RU PV +DDJ 6WUHLW $* =HLVV D E

7KH FRQWUDVW GHWHFWLRQ H[SHULPHQWYV UHSRUWHG LQ WKLV
DXWRPDWHG SHULPHWU\SURFHGXUH LQ ZKLFK*ROGPDQQ,,, HTXL
VHQWHG IRU PVRQDVWDQGDUG *ROGPDQ® EDFNJURXQG RI FG

SVI\FKRPHWULF IXQFWLRQVDQG WKHPHWKRG RIFR

SBVI\IFKRPHWULF IXQFWLRQV UHODWH WKH REVHUYHUO®V EHKDYLRXL
WDVN HJ SURSRUWLRQRIFRUUHFWUHVSRQVHVRQDGHWHFWLR(
WKHVWLPXOXV HJ LWV OXPLQDQFHFRQWUDVW 7\SLFDOO\ SV\I
VXUHG ZLWK WKH DLP RI VXPPDULVLQJ EHKDYLRXU XVLQJ RQH RU F
WKUHVKROG FRQWUDVW LQ WKHFDVHRIDXWRPDWHG WKUHVKROG
VLRQ RI SVA\IFKRPHWULF IXQFWLRQ DWWLQJLV EH\RQG WKHVFRSHR
UDWLRQDOHLV EULHN\VXPPDULVHG KHUH

7KH NH\DVSHFWV RI PHDVXULQJDQG HVWLPDWLQJ SV\FKRPHWU
OHFWLQJ DSSURSULDWH VWLPXOXV OHYHOV FKRRVLQJD IXQFW
WKHIXQFWLRQ HVWLPDWLQJ WKH HUURUV DVVRFLDWHG ZLWK W
PDWHYV HYDOXDWLQJWKHIXQFWLRQOV IRRGQHVV RI BW
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OHWKRG RIFRQVWDQW VWLPXOL

7TKHBDUVW VWHS LQ XVLQJIRUFHG FKRLFH SURFHGXUHYVY VXFK DV VWDWLF \
WR VHOHFW VWLPXOXV LOQOWHQVLWLHY WKDW ZLOO RSWLPDOO\ VDPSOH R
PRQDSSURDFK LV WKHPHWKRGRIFRQVWDQW VWLPXOL 02&6 ZKLFK ZDV
FKRSK\VLFDO H[SHULPHQWY SUHVHQWHG LQ &KDSWHUV DQG 'LWK WKLV
QLTXH WKHVWLPXOXVLQWHQVLW\LQ HDFKWULDOLVUDQGRPO\VHOHFWF
VHWRIYDOXHYV 7KHUDQJHRIOXPLQDQFHYDOXHVLVFKRVHQWRVSDQ WK
WKUHVKROG VXFK WKDW REVHUYHU SHUIRUPDQFH UDQJHV IURP QHYHU GH
WR DOZD\VGHWHFWHG L H VHHQ (DFKVWLPXOXVLQWHQVLW\LV UDC
WKH REVHUYHU PDQ\WLPHVY RYHU WKH FRXUVH RI WKH SURFHGXUH )RU HI
WKH QXPEHU RI WULDOV ZKHUH WKH REVHUYHU UHVSRQGHG FRUUHFWO\ L
WR FRQVWUXFW D IUHTXHQF\ RI VHHLQJ )26 FXUYH ,IDQDSSURSULDWH
WLRQLVDOWWHG WR WKH GDWD WKLV PHWKRG SURYLGHY DFFXUDWH HVW
WKUHVKRIMVGZHOO DV RWKHU SDUDPHWHUV VXFKDV WKHIXQFWLRQJV VOR

6RPHSLORWGDWD LV XVXDOO\DFTXLUHG WR REDIMHMEXYWWVW URXJIK HV\
LQJDQDGDSWLYHVWDLUFDVHSURFHGXUH ZKHUHWKHVWLPXOXV LQWHQ\
PLQHGEDVHGRQWKHUHVSRQVHLQ WKHSUHYLRXVWULDO 7KLV SLORWGL
DQDSSURSULDWHUDQJHRIVWLPXOXVYDOXHVIRUWKHPHWKRGRIFRQVW|
,QDGGLWLRQ WKHQXPEHU RI SUHVHQWDWLRQV SHUVWLPXOXV OHYHO DC
)26 FXUYH KDYH EHHQ VKRZQ WR DIHFW WKH WKUHVKROG DQG VORSH SDU
+LOO LQYHVWLIJDWHG WKHHIHFW RIGLIHUHQW VDPSOLQJVFKHPHV IR
SVIFKRSK\VLFDO SURFHGXUHV DQG IRXQG WKDW DJLYHQ VDPSOLQJ SURFI
PDOIRUWKHVKROG HVWLPDWLRQ EXW VXE RSWLPDO IRUHVWLPDWLQJ WK
:KLOH QRW FRPSOHWHO\LGHQWLFDO WKH <HV 1RGHVLJQ GHVFULEHG E\ 4
SUR[LPDWHV WKHFRQWUDVW GHWHFWLRQ WDVN XVHG LQ WKLV WKHVLYV DC
VWUDWHJI\ ZKLFKFRPSULVHG RIHLIJKW VWLPXOXVLQWHQVLWLHVDQG SL
VLWN\YDOXH 7KLVDSSURDFKUHSUHVHQWHGDFRPSURPLVHWRHQVXUH WK
VORSHRIWKH SV\FKRPHWULF IXQFWLRQ FRXOG EHHVWLPDWHG ZLWK VXO
WDLOHG GHVFULSWLRQ RIRXUVDPSOLQJ SURFHGXUHLY SURYLGHG LQ &Kl
LQ)LIXUH

BVAIFKRPHWULF IXQFWLRQ PWWLQJ

(TXDWLRQ JLYHV WKHJHQHULF IRUP RI WK KKSV SHERPH WY U WKIKQFWLRQ
UHODWLRQVKLS EHWZHHQ WKH SUREDELOLW\RID FRUUHFW UHVSRQVH DQ
[ ;LFKPDQQ DQG +LOO

;55 )= +(@ )X )



3V\FKRSK\VLFV

YLIXUH /HIW([DPSOHV RI SVA\FKRPHWULF IXQFWLRQV ZLWK GLTHUHQ)\

ROGYV VHHQ EXW WKH ¥DKNMVIFRKRFPHWULF IXQFWLRQV ZLWK WKH

VDPH WKUHVKROG EXW GLITHUHQW VORSHV 0$7/$% FRGH FRXUWHYV'

HKXQWHU ZS VW DQGUHZV DF XN PWWLQJ D SVIFKRPHWULF |
FHVVHG RQ

$V LOOXVWUDWHG LQ )LIXUH WKH )26 FXUYH W\SLFDOO\ WDN
DVI\PSWRWHV DW VXE DQG VXSUD WKUHVKROG VWLPXOXV OHYHOV
WHUPLQHG E\WKH SDWBRPHWKRMBRSH XHVVY UDWBSVHUDWH DQG
ZKLFKLV XVXDOO\DVLIJPRLGIXQFWLRQVXFKDVWKHORJLVWLF FXI
*XPEHO GLVWULEXWLRQ %DVHGRQ WKHPQGLQJV UHSRUWHG E\ 5R
PHWULF IXQFWLRQV SUHVHQWHG LQ WKLV WKHVLVY ZHUH DWWHG XV
ODWHUDO SRVLWLRQ RI WKH )26 FXUYH LQGLFDWHY WKH REVHUYH
LH ZKHUHDV WKHVORSH RGWXHUFFLD>EHMHWKH UHODWLRQVKLS EHW.
LQREVHUYHUUHVSRQVHDQG VWLPXOXVFKDQJH L H EHWZHHQ FR
XOXVVWUHQJIJWK 7K HBE@P®DWPHMWMDUM FWHULVWLFV RIWKHREVHUY |
YDOXHV FDQ RQO\EHHVWLPDWHG DQG WKH\ DUMDVMKEH UHIRUH W\SLF

JRU WKH SXUSRVH RI WKH FRQWUDVW GHWHFWLRQ H[SHULPHQW\
ZDV GHWHUPLQHG DV WKH SRLQW RQ WKH SVI\FKRPHWULF IXQFWLR
SHUFHLYHG RIWKHWLPH L H ZKHUHS VHHQ

7KH H[SUHVVLROQURHY EHWZHHQ GLIHUHQW W\SHV RI SV\FKRPHWU
WZR DSSURDFKHV DUH FRPPRQO\ WDNHQ LQ YLVLRQ UMBNDUFK W
WKH )26 FXUYHOV JUDGLHQW DW WKH ORFDWLRQ RI WKUHVKROG :L|
VHFRQG LV WR H[SUHVV WKH UHVSRQVH YDULDELOLW\DV WKH VSUHI
EHWZHHQ WZR QRQ DV\PSWRWLF SRLQWY DORQJWKHFXUYH HLWK
&KDXKDQ HW DO 6WUDVEXUJHU RUWKH VWDQGDUG GHY
GRP 7TXUSLQHWDO

8QOLNMHQG WKH SDUDPBWEGR QRW HVWLPDWH SURSHUWLHV RI'W
LQJVHQVRU\ PHFKDQLVP EXW UDWKHU DLP WR GHVFULEH WKH EHK
REVHUYHU 7KH JXHEGEMWAUM.BEHY FKDQFH OHYHO SHUIRUPDQFH L H
LW\ RI D FRUUHFW UHVSRQVH GHVSLWH WKH VWLPXOXV QRW EHLQ



&KDSWHU *HQHUDO  QWURGXFWLRQ

VHQVRU\PHFKDQLVP 7KHJXHVV UDWHLV JHQHUDOO\DVVXPHG WR EH GHW
SHULPHQWDO SURFHGXUH IRU H[DPSOH PIRUD\W>PUR) WAKDHVAD SV H UD W H

FKDUDFWHULVHY REVHUYHU YLJLODQFH RUPRWLYDWLRQ DQG WKH SURI
UHVSRQVH GHVSLWH WKH VWLPXOXV EHLQJ VXOFLHQWO\ VXSUD WKUHVKF
WKH XQGHUO\LQJ VHQVRU\PHFKDQLVP

.l QR DOORZDQFH LV JLYHQ IRU JXHVV DQG ODSVH UDWHV RU LI LQDSS
FKRVHQ GXULQJ IXQFWLRQ PWWLQJ WKH WKUHVKROG DQG VORSH HVWLP
IXQFWLRQ PD\EHVHYHUHO\ELDVHG 3ULQV 7UHXWZHLQ DQG 6 WUDVE X
PDQQ DQG +LOO 7RDYRLG WKLV LVVXH WKHIUHTXHQF\ Rl VHHLQJ FX
WKLV WKHVLVY ZHUH PWWHG XVLQJ WKH %D\HVLDQ SV\FKRPHWULF LQIHUH
E\6FKXWW HW DO ZLWK JXHVV DQG ODSVH UDWHV FRQVWUDLQHG EH\

7KH JRRGQHVV RI PW IRUD JLYHQ SV\FKRPHWULF PRGHO LV GHVFULEHC
UHVLGXDOV L H WKHUHVLGXDO GLIHUHQFH EHWZHHQ WKH GDWD DQG W
IXQFWLRQ

IHXURLPDJLQJ

ODIQHWRHQFHSKDORJUDSK\ 0(*

7TKHXVHRIPDIQHWRHQFHSKDORJUDSK\ 0(* DVDWHFKQLTXHIRUPHDVXUL
PHOGV SURGXFHG E\EUDLQ DFWLYLW\ZDV SLRQHHUHG E\'DYLG &RKHQ

1IHXURQDO VLIQDO JHQHUDWLRQ LQ O(*

1HXUDO DFWLYLW\JHQHUDWHY WLPH YDU\LQJHOHFWULFDO FXUUHQWYV W|
DQLVPV UDSLG GHSRODULVDWLRQRIWKHQHXURQDOPHPEUDQHUHVXOWIL
$3V DQG VORZHU SRVW V\QDSWLF SRWHQWLDOV 363V PHGLDWHG E\ YDU
WHU VIVWHPV :KLOH WKH VORZHU FRPSRQHQWV RI WKH 363V DUH PXFK V
WXGH WKDQ $3V DW WKH VFDOH RI FHOO SRSXODWLRQV WKHFRPELQHG H!
WKDQ WKDW RI $3V )LIXUH 7KHUHIRUH WKHLQWUDFHOOXODU 363V SL
GHQGULWHV RI S\UDPLGDO QHXURQV DUH WKRXJKW WR EH WKH SULPDU\ VF
%DLOOHW 'D 6LOYD HW DO %RWK WKHRUHWLFDO PRGHOV DQG
KDYHVKRZQ WKDW WKH VIQFKURQRXV DULQJ RIDW OHDVW 8 FHOO
JHQHUDWH D VLIJQDO GHWHFWDEOH ZLWK 0(* OXUDNDPL DQG 2NDGD
3\UDPLGDO QHXURQV LQ WKH FRUWLFDO VKHHW DUHDUUDQJHG LQ SDOL)\
GHQGULWHY DOLJQHG RUWKRJRQDOO\ WR WKH FRUWLFDO VXUIDFH 'XH V
WLRQ WKH\IRUP 6RSHQ PHOGV6 DQG HIHFWLYHO\DFW DV FXUUHQW GLSRO
YOHPLQJ3V ULJKW KDQG UXOH&D ZHDNPDJQHWLFPHOG LV JHQHUDWHG RU
URQDO GHQGULWH 'H 1R +DQVHQ HW DO 6LQFH WKH FRUWH[ LV



IHXURLPDJLQJ

JLIXUH &HOOXODURULJLQVRIO(*VLIQDOV D 7KHPRUSKRORJ\RI WEK

QHXURQVUHVXOWV LQJUHDWHULQGXFHG PDIQHWLFDHOG VWUHQJIW

VWHOODWH FHOOXODU PRUSKRORJLHV E $W WKH SRSXODWLRQ OHY

VORZHU 363V LV VWURQJHU WKDQ WKDW RI $3V LIDPULQJEHKDYLRXU L
JURXS RIFHOOV UHSURGXFHG IURP %DLOOHW

J\ULDQG VXOFL VRPHFHOODVVHPEOLHVKDYHGHQGULWHY WKDW
VXUIDFH ZKHUHDV WKRVH RI RWKHU SRSXODWLRQV DUH SDUDOOH
FRQVLGHUDWLRQIRUO(* PHDVXUHPHQWY DV O(*VHQVRUV DUH SUL!
QHWLFPHOGV ZLWK FRPSRQHQWYVY WKDWDUH QRUPDO WR WKH VNXO
E\QHXURQDO FXUUHQWYVY RULHQWHG WDQJHQWLDOO\WR WKH VNXO

0(* LQVWUXPHQWDWLRQ

7KH H{IWUDFUDQLDO PDJQHWLF PHOGYV SURGXFHG E\ QHXURQDO F;
LO\ ZHDN DQG W\SLFDOO\ PHDVXUHG RQ D VEBOM ®ILGR Y RWH\O DV
$FFRUGLQJO\ VHQVRU WHFKQRORJ\IRU O(* PXVW EH VHQVLW
DERXW & PLOOLRQ WLPHV VPDOOHU WKDQ WKH HDUWK&8V PDJQH
H[WUHPHVHQVLWLYLW\ VXSHUFRQGXFWLQJTXDQWXPLQWHUIHUH
=LPPHUPDQ HW DO .l WKHVH VPDOO FRLOV DUH FRROHG WR D
FRXSOHG ZLWK NX[ WUDQVIRUPHUV DOVR UHIHUUHG WR DV SLFN X
VPDOO HOHFWULFDO FXUUHQWV LQGXFHG E\QHXURQDO PDJQHWLF
$V PDJQHWLF LQGXFWLRQ WUDYHOV IUHHO\ WKURXJK ERWK ELRC
VHQVRUV & XQOLNH ((* HOHFWURGHYV &€ GR QRW QHHG WR DWWDFK
PRVW FXUUHQW 0(* VIVWHPV DUUD\VRIDERXW VHQVRUV DUHHP
LQVXODWHG GHZDU POOHG ZLWK OLTXLG KHOLXP 7KH SDUWLFLSE
6KHOPHWS® UHVXOWLQJLQDW\SLFDO VHQVRU VFDOS GLVWDQFH R
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JLIXUH )OX[WUDQVIRUPHUJHRPHWULHVIRUO(* D PDJQHWRPHWHU E SOD
JUDGLRPHWHU F D[LDOJUDGLRPHWHU UHSURGXFHGIURP +DQVHQ HW DO

0(*VLIJQDOV GHSHQG RQ WKH ORFDWLRQ DQG RULHQWDWLRQ RI WKH

ODWLRQ WR WKH QHXURQDO FXUUHQW VRXUFHV &RQVHTXHQWO\ WKH SD!
LQVLGH WKH GHZDU LV FULWLFDO IRU ORFDOLVLQJ PHDVXUHG VLJQDOV L
WKHPRQLWRULQJRIKHDG PRYHPHQWY GXULQJGDWDDFTXLVLWLRQLVDQ
GDWD TXDOLW\ :LWK WKH UHFHQW DGYHQW RID QHZ 0(* VHQVRU WHFKQR
RSWLFDOO\SXPSHG PDJQHWRPHWHUYV 230V DQDOWHUQDWLYH WR FU\RJ
LQJ O(* VIVWHPV KDV HPHUJHG ZKHUH VHQVRUV DUH GLUHFWO\ DWWDFKH
PHDVXUHG VLJQDOV DUH OHVV VHQVLWLYH WR KHDG PRWLRQ 7LHUQH\HW

'XHWR WKHLU DFXWH VHQVLWLYLW\ 648,' VHQVRUV DUH VXEMHFW WR P
QXLVDQFH VRXUFHV ORYLQJREMHFWYV é UDQJLQJIURP FDU WUDOF WR PHYV
WLFLSDQW3YV FORWKLQJé&ERUHOHFWULFDOO\SRZHUHGLQVWUXPHQWV JHQ
DUH VHYHUDO RUGHUV RI PDJQLWXGH VWURQJHU WKDQ QHXURQDO VLJQDC
PDJQHWLF QRLVHLY SDUWLFXODU SHUWLQHQW ZKHQ O(*LV FRPELQHG ZLW
LQ &KDSWHU RIWKLV WKHVLV

7R VRPH GHJUHH H[WHUQDO QRLVH FDQ EH UHGXFHG E\ WKH GHVLJQ RI &
VLPSOHVW FRQPJXUDWLRQ LVARLOYOW BREMHIE PRULI® D 7KLV LV
VHW XS LV YHU\ VHQVLWLYH WR QHDUE\ VRXUFHV EXW LV DOVR WR IDU D
7KH VHQVLWLYLW\ WR GLVWDQFH VRXUFHYV FDQ EH GHFUHDVHG E\ DGGLQJ
ZKLFK PRVWO\ PHDVXJWH\GQREWMWH YLIJXUHV EF $[LDOJUDGLRPHWHUV
FRPELQHDSLFN XSFRLOZLWKDFRPSHQVDWLRQFRLOWKDWLVZRXQGLQW
DQG VKLIWHG E\DERXW PP )RUQHDUE\VRXUFHV WKH\DUH PD[LPDOO\V
ULP RI WKH VHQVRU ,Q FRQWUDVW SODQDU JUDGLRPHWHUV SODFH WKH
UHVXOWLQJLQ SHDN VHQVLWLYLW\GLUHFWO\XQGHUQHDWK WKH VHQVRU

7KHO(* VIVWHP &7)0(* QWHUQDWLRQDO 6HUYLFHV /3 &RTXLWODP &DQ
0(* UHFRUGLQJV GHVFULEHG LQ &KDSW¥MWUGHRPBLIMHYUDGLRPHWHUYV
DQG UHIHUHQFH PDJQHWRPHWHUYV ZKLFK DUH XVHG WR UHJUHVV RXW O
GDWD SRVW SURFHVVLQJ DQG WR UPBOGIH b QWD\GIQRAPKHWWHILFY 9UED DQG



IHXURLPDJLQJ

5RELQVRQ D
,QDGGLWLRQ O0(*LQVWUXPHQWDWLRQLV W\SLFDOO\KRXVHG LQ
HOHFWURPDJQHWLF VKLHOGLQJ FRPPRQO\UHIHUUHG WR DV 60650

)XQFWLRQDO LPDJLQJ ZLWK 0(*

$OWKRXJK HOHFWURPDJQHWLF QRLVH IURP HIWUDFUDQLDO VRXU!|
PHDVXUHY EUDLQ DFWLYLW\ DV DQ DEVROXWH SK\VLFDO TXDQWLYV
PDQQHU 7KHIUHTXHQF\EDQGRIO(*VLIQDOV LV DSSUR[LPDWHO\

WRPHDVXUH QHXURQDO G\QDPLFV ZLWK D PLOOLVHFRQG WHPSRUD
,Q FRPSDULVRQ WR ((* ZKLFK RIHUV D VLPLODUO\ KLJK WHPSRUDO
VXVFHSWLEOH WR PXVFOHDUWHIDFWY DV YROXPHFRQGXFWRU HII

+RZHYHU WKHDQDWRPLFDO ORFDOLVDWLRQRIPHDVXUHG VLJQL
WDO SUREOHP LQO(* 7KHVHQVLWLYLW\RIO(*LVQRWHTXDOO\GLYV
,ULPLD HW DO W KDV EHHQ VKRZQ WKDW FRUWLFDO VRXUF|
SURGXFHVLIJQDOV XS WR WLPHVVWURQJHU WKDQ VXEFRUWLFDO
+LOOHEUDQGDQG %DUQHV S WLVWKHUHIRUHFRPPRQO\EF
GHHSHU O\LQJ VWUXFWXUHV VXFKDV WKH WKDODPXV RUDP\IGDO
5HFHQW HYLGHQFH IURP HPSLULFDO DQG PRGHOOLQJ ZRUN KRZH
VWUXFWXUH FDQ EH VXFHVVIXOO\ORFDOLVHG LIDSSURSULDWH VL
XVHG HJ $WWDODQG 6FKZDUW] &RUQZHOO HW DO
6RXUFH ORFDOLVDWLRQLQO(*LVDQLOO SRVHGLQYHUVHPRGHO
QHWLF PHOG PHDVXUHG DW WKH VHQVRU OHYHO FRXOG KDYH EHFE
QXPEHU RI XQGHUO\LQJ QHXURQDO VRXUFH GLVWULEXWLRQV 6DU
HUDO PDWKHPDWLFDO DSSURDFKHVIRUDGGUHVVLQJWKHLQYHUV
FRQVWUDLQWY 6RXUFH DQDO\WHYV SUHVHQWHG LQ WKLV WKHVLV
VWUDLQHG PLQLPXP YDULDQFH EHDPIRUPLQJ /&09 DSSURDFK +L¢
9DQ 9HHQ HW DO 7KH /&09 PHWKRG LV D VSDWLDOO\ DGD
DOORZV WR HVWLPDWH WKHDPRXQW RIQHXURQDO DFWLYLW\DW D
JRUZDUG PRGHOV IRU 0(* VRXUFH ORFDOLVDWLRQ DUH WASLFDOO\
VFDQV RI WKH SDUWLFLSDQWdV KHDG REWDLQHG XVLQJ 05, 7KH EI
'JULG DQG WKH VRXUFH VWUHQJWK DW HDFK JULG SRLQW LV FRPS
LVEDVHG RQ PLQLPLVLQJ WKH VRXUFH VLJQDO RUYDULDQFH DW
DVVXPSWLRQ WKDW VRXUFHV LQ GLIHUHQW SDUWV RI WKH EUDLQ D
7KH /&09 DSSURDFK UHOLHVY RQ HVYWLPDWHY WKDW DUH FDOFXODW
SURGXFHVY D WKUHH GLPHQVLRQDO VSDWLDO GLVWULEXWLRQ RI' W
ZKLFKFDQEHRYHUODLG RQ WKH EUDLQ
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%HDPIRUPLQJFDQ DWWHQXDWH QRLVH VRXWUANRBAEWKRDMWLRKDPT XLULQJ

RIWKHQXPEHU RIDFWLYH VRXUFHY 9UED DQG 5RELQVRQ E :KLOHEH
DIJHV PD\KDYH QRQ XQLIRUP VSDWLDO UHVROXWLRQV WKH\FDQ UHVROY
DUHVROXWLRQ RIDSSUR[LPDWHO\ PP %DUQHV HW DO +LOOHEUL

7KH IHDVLELOLW\ RI XVLQJ EHDPIRUPLQJ DSSURDFKHV WR DWWHQXD
E\W'&6 LV GLVFXVVHG LQ &KDSWHU

1HDU LQIUDUHG VSHFWURVFRS\ 1,56

1HDU LQIUDUHG VSHFWURVFRS\ 1,56 LVDQRQ LQYDVLYH RSWLFDO WHF#
WKH KHPRG\QDPLF FKDQJHV DVVRFLDWHG ZLWK EUDLQ DFWLYLW\ 7KH XV
WLRQDO LPDJLQJPHWKRG UHOLHV RQ WKH SULQFLSOH RI QHXUR YDVFXOD
DVWKH KHPRG\QDPLF UHVSRQVH 7KLV SULQFLSOHDOVRIRUPV WKH EDVL"
QHWLFUHVRQDQFHLPDJLQJ 105, ZKLFKPHDVXUHVEUDLQDFWLYLW\DVD |
GHSHQGHQW %2/' VLJQDO 7KURXJK QHXUR YDVFXODU FRXSOLQJ QHXU
EUDLQ UHJLRQ RI LQWHUHVW LV OLQNHG WR UHODWHG FKDQJHV LQ WKH O
YJLIXUH E

2SWLFDO SURSHUWLHV RIELRORJLFDO WLVVXHV

7TKHXVHRIFRQWLQXRXV OLJKWWRQRQ LQYDVLYHO\LQYHVWLJDWH KXPD(
WKH' FHQWXU\ :KHQ OLJKW HQWHUV WLVVXH SKRWRQV DUHHLWKHU DEVF
FRPSRXQGV FKURPRSKRUHV RUVFDWWHUHGRQWKHLUWUDMHFWRU\ WKL
SURSRUWLRQVRIDEVRUSWLRQDQG VFDWWHULQJGHSHQGRQWKHRSWLFL
UuLbo ,Q WKHEUDLQ WKHKHPRJORELQLQ EORRG YHVVHOV DFWV DV WKH &
,WLVPDLQO\SUHVHQW LQ WZR IRUPV RQH VDWXUDWHG ZLWK R[\JHQ RIJ[\K
DQG RQH ZLWKRXW R[\JHQ GHR[\KHPRJORELQ +E5 ,Q WKH V *HUPDQ S
JHOL[+RSSH 6H\OHUDQG $QJOR ,ULVKSK\VWLFLVW*HRUJH*DEULHO 6WRNH
RI\JHQWUDQVSRUWIXQFWLRQRIKHPRIJORELQDQG GHVFULEHG WKHRSWLF
RIR[\JHQDWHG DQG GHR[\JHQDWHG KHPRJORELQ 3HUXW]
7KH GLVFRYHU\ RI WKH %YHHU /DPEHUW ODZ E\ )UHQFK PDWKHPDWLFLDQ
ZDVDIXUWKHUHVVHQWLDO VWHS WRZDUGV TXDQWLI\LQJ KHPRJORELQ FR
FKDUDFWHULVHG WKHORJDULWKPLFUHODWLRQVKLSEHWZHHQ WKH GHFU
WKH WKLFNQHVY RI WKH PDWHULDO LW WUDYHUVHYVY L H SKRWRQ SDWK
7KHODZ LV RIWHQ HUURQHRXVO\ DWWULEXWHG WR 6ZLVV VFLHQWLVW -R
+RZHYHU LQKLV SXEOLFDWLRQV /DPEHUWGLUHFWO\TXRWHGIURP %RXJX
, Q *HUPDQ SK\VLFLVW $XJXVW %HHU H{IWHQGHG WKH ODZ WR UHNH
ZDVOLJKWDEVRUEDQFH SURSRUWLRQDO WR PDWHULDO WKLFENQHVYV EXW |
RIWKHDWWHQXDWLQJ FKURPRSKRUHV LQ WKHPDWHULDO %HHU



IHXURLPDJLQJ

+RZHYHU WKH %HHU /DPEHUWODZRQO\DSSOLHVLQQRQ VFDWW
QRW KROG IRUSKRWRQ SURSDIJDWLRQLQ ELRORJLFDO WLVVXHV ,C
/IDPEHUWODZ 0%// ZDVLQWURGXFHG ZKLFKLQFRUSRUDWHV D GLI|
WRU '3) 'HOS\HW DO 6FDWWHULQJVLIJQLPFDQWO\LQFUHDYV
WUDYHOOHG E\ SKRWRQV DQG WKHUHIRUHLQFUHDVHY WKH SUREDE
$GGLQJ D GLPHQVLRQOHVYV '")3 DFFRXQWYV IRU WKLV LQFUHDVH LQ ¢
SHQGV RQ ZDYHOHQJWK DV ZHOO DV WKH WL V.V OH) B BAFFDUBW/HL B IQQRIR
FRHOFLHQWKHIDFWRULV HLWKHU PHDVXUHG H[SHULPHQWDOO\RU
EDVHG RQ SUHYLRXV SXEOLFDWLRQV UHSRUWLQJ WKH '3) IRUGLTH!
OHQJWKV HJ 'XQFDQ HW DO E 6FKRONPDQQ DQG :ROI ¢

YXUWKHUPRUH VLQFH FKURPRSKRUH FRQFHQWUDWLRQV DUF
DQG FROOHDJXHV SURSRVHG WR FDOFXODWH FRQFHQWUDWLRQ FK
PHQWYV DW WZR GLITHUHQMD\WGP HVKEKQWM W WKH 0%// ZDV UHIRUP X (
DV (TXDWLRQ

A( t )= logio(

Nt ), _ X
)" o G (t)DPF ( )d

ZKHUH

$ DWWHQXDWLRQRIOLJKW

., OLJKWLQWHQVLW\
ZDYHOHQJWK RILQFLGHQW OLJKW
PRODU H[WLQFWLRQ FRHOFLHQW

F FKURPRSKRUHFRQFHQWUDWLRQ

G RSWLFDO SDWK OHQJWK

'3) GLIHUHQWLDO SDWKOHQJWK IDFWRU

%UDLQ YROXPHVDPSOLQJ ZLWK 1,56

)UDQV - EVLVLVZLGHO\FUHGLWHG ZLWK WKH HDUO\GHYHORSPHQV
FDOOHG LW QLURVFRS\&DV D QHXURLPDJLQJ WH F&KRLIHTQEHH ,Q D VHF
GHPRQVWUDWHG WKDW WKH KLJK WUDQVSDUHQF\RI EUDLQ WLVVX]
OLJKW FRXOG EHH[SORLWHG WRFRQWLQXRXVO\PRQLWRU EORRG R
- EVLV

7KH XVH RI 1,56 IRU IXQFWLRQDO EUDLQ LPDJLQJ WDNHV DGYDQW
GRZ6 LQ ZKLFK VNLQ VNXOO DQG EUDLQ WLVVXHV DUH PRVWO\ WU
OLJKW DSSUR[LPDWHORI)LEXUBP 7KH R[\JHQDWHG DQG GHR[\JH
KHPRJORELQ SUHVHQW LQ WKH EUDLQ3V EORRG YHVVHOV DEVRUEV
VXUURXQGLQJWLVVXHV 7KHGLIHULQJDEVRUSWLRQ VSHFWUD RI +
VXUHPHQW RI FKDQJHV LQ KHPRJORELQ FRQFHQWUDWLRQ E\ FRPST
PXOWLSOH 1,5 ZDYHOHQJWKYV
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JLIXUH $EVRUSWLRQ VSHFWUD ORJDULWKPLF EP¥H IRU R[\KHPRJORELQ 2
GHR[\KHPRJORELQ ++E SURWHLQV ZDWHU FROODJHQ IDWDQG F\WRFKUREF
&W2[ SUHVHQW LQ KXPDQ WLVVXHV 7KHLVRVEHVWLF SRLQW ZLWKLQ WKH RS
DWZKLFKR[\KHPRJORELQDQG GHR[\KHPRJORELQ KDYHWKHVDPHDEVRUSWLF
FLHQW OLHVDWDSSUR[LPDWHO\ QP UHSURGXFHG IURP 6FKRONPDQQ HW |

7\SLFDOO\ DW OHDVW WZR GLIHUHQW 1,5 ZDYHOHQJWKV DUH XVHG ZL\
DERYHDQGRQHEHORZWKHLVRVEHVWLFSRLQW QP DWZKLFKR[\ DQGC
KDYH WKH VDPH DEVRUSWLRQ FRHOFLHQW 7KH VHOHFWLRQ RIZDYHOHQJ
WR PHDVXUH >+E2@ DQG >+E5@ GHSHQGV RQ D FRPSOH[ LQWHUSOD\ RI IL
WKHWLVVXH W\SHVY WKHFKURPRSKRUHVY WKHKRPRJHQHLW\RIWLVVXHV
DSSURDFK WDNHQ WR VROYH WKLV RSWLPLVDWLRQ SUREOHP $ QXPEHU F
EDVHGRQ WKHRUHWLFDO RUH[SHULPHQWDO DSSURDFKHVKDYHEHHQ SUR
VHOHFWLRQDQGDUH VXPPDULVHG LQ 6FKRONPDQQ HW DO 7KH GDWI
WKHVLVY ZDVDFTXLUHG XVLQJ FRQWLQXRXV OLJKW ZLWK ZDYHOHQJWKYV RI

, | RINKHPRJORELQ DQG GHR[\KHPRJORELQ DUH HYDOXDWHG DW PXOWLS
DQG WLPH SRLQWYV WKHLU UHODWLY H; FRDQFEHK WDORMXLARIMNAKD VMR OY
LQIJWKHORGLDPHG %HHU /DPEHUW ODZ DV

2 3 2 T
At
4[ HbR]5: 1 4 HBR; 1+ HBO; 4 4W(11)5

[ HbO] d e 2 HbO; %ﬁzé)
1,56 LQVWUXPHQWDWLRAQ

1,56 GDWD FDQEHDFTXLUHG XVLQJWKUHH GLIHUHQW RSWLFDO WHFKQLTX
WKH EUDLKRQWLQXRX¥ZDOYH6 ZKLFK LV EDVHG RQ FRQVWDQW WLVVXH LC
QDWLRQ DQG VLPSO\PHDVXUHV OLUKWXHOWH Q R® ML ZKILFK
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